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oparticle–SILP catalysts
(NPs@SILP) for the selective deoxygenation of
biomass substrates†

Kylie L. Luska,a Jennifer Julis,ac Eli Stavitski,d Dmitri N. Zakharov,e Alina Adamsa

and Walter Leitner*ab

Ruthenium nanoparticles were immobilized onto an acidic supported ionic liquid phase (RuNPs@SILP) in

the development of bifunctional catalysts for the selective deoxygenation of biomass substrates.

RuNPs@SILPs possessed high catalytic activities, selectivities and recyclabilities in the hydrogenolytic

deoxygenation and ring opening of C8- and C9-substrates derived from furfural or 5-

hydroxymethylfurfural and acetone. Tailoring the acidity of the SILP through the ionic liquid loading

provided a molecular parameter by which the catalytic activity and selectivity of the RuNPs@SILPs were

controlled to provide a flexible catalyst system toward the formation of different classes of value-added

products: cyclic ethers, primary alcohols or aliphatic ethers.
Introduction

Declining petrochemical resources and climate change are a
signicant challenge, but at the same time a remarkable
opportunity for the chemical industry to develop and imple-
ment novel sustainable synthetic routes for the production of
ne chemicals and fuels from renewable resources.1–6 Ligno-
cellulosic materials, such as agricultural and forestry residues,
are a viable feedstock for the chemical industry as they repre-
sent the largest source of terrestrial carbon which is renewable
in short enough time frames to be useful for mankind. The
utilization of lignocellulose requires the development of effec-
tive catalytic transformations to selectively generate a variety of
value-added products from carbohydrate-derived platform
chemicals.7–9

Our group has developed the concept of “pathway design” to
identify catalytic routes to tailor-made chemicals in analogy to
the retrosynthetic analysis used by organic chemists.8,10,11 Aer
successful application to the development of molecular
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catalysts for the synthesis of C5-lactones, diols and cyclic ethers,
we recently applied this strategy to the synthesis of 1-octanol
from furfural and acetone.9,12 The production of medium chain
alcohols from lignocellulosic biomass13 opens a new approach
to important industrial chemicals in the production of deter-
gents, surfactants, perfumes and avours.14 Furthermore,
medium chain alcohols have been identied as attractive 3rd

generation biofuels with highly desirable combustion
properties.15,16

In general, the pentose- and hexose-derived platform
chemicals furfural and 5-hydroxymethylfurfural can be upgra-
ded to higher carbon intermediates (C8–C9) through an aldol
condensation with acetone (a ketone that can be synthesized
from biomass feedstocks through Acetone–Butanol–Ethanol
(ABE) fermentation).17,18 The complete deoxygenation of these
furanic substrates has been used to synthesize alkanes as bio-
based surrogates of diesel and jet fuels.18–24 In contrast, their
selective deoxygenation toward C8- and C9-oxygenates has been
challenging to accomplish,20,25–32 as it requires judicious control
over a complex network of multiple acid and metal catalyzed
reactions (i.e. dehydration, hydrogenation, hydrogenolysis).3,33

The combination of an acid and metal component in a
bifunctional catalyst material offers a potential strategy to
address this challenge.

In our present work, we describe a molecular approach to the
preparation of tuneable bifunctional catalytic materials as a
means to control the C–O deoxygenation of biomass substrates
towards different classes of value-added products: cyclic ethers,
alcohols and aliphatic ethers (Scheme 1).

The design of our bifunctional catalysts involved the
immobilization of an acid-functionalized imidazolium ionic
liquid (IL) onto silica as inorganic matrix to provide both an
Chem. Sci.
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Scheme 1 Retrosynthetic analysis toward the synthesis of C8- and
C9-oxygenates as value-added products from lignocellulosic biomass.

Fig. 1 Bifunctional catalysts composed of an acid-functionalized sup-
ported ionic liquid phase and ruthenium nanoparticles (RuNPs@SILP)
employed for the selective hydrogenolytic deoxygenation of biomass
substrates (for R ¼ –CH2SO3H, –CH3).

Table 1 Synthesis and characterization of supported ionic liquid
phases (SILPs)

Sample
Acid
loadinga

Total IL loadingb

(mmol IL per g
SiO2)

Surface
area
(m2 g�1)

Pore
radius
(Å)

SiO2 — — 344 48.3
SILP-0.00 — 0.78 208 35.7
SILP-0.33 0.33 0.81 182 40.1
SILP-0.66 0.66 0.85 181 40.5
SILP-1.00 1.00 0.88 146 45.2
RuNPs@SILP-1.00 1.00 0.88 151 46.3

a Acid loading ¼ IL 1/[IL 1 + IL 2]. b Total IL loading ¼ theoretical IL
loading – recovered residual IL (for theoretical IL loading ¼ 0.88
mmol IL per g SiO2).

Chemical Science Edge Article

Pu
bl

is
he

d 
on

 0
9 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 N
or

th
 D

ak
ot

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
28

/1
0/

20
14

 0
8:

40
:2

7.
 

View Article Online
acid catalyst and stabilization medium for ruthenium nano-
particles (Ru NPs) generated from organometallic complexes as
precursors (Fig. 1). Immobilized ILs are generally referred to as
supported ionic liquid phases (SILPs) and involve either the
physisorption34–37 or covalent attachment37,38 of IL structures
onto a support material. The major application of SILPs has
been as supports for the immobilization of homogeneous metal
complexes to allow for catalyst recovery, reuse and employment
under continuous ow conditions.34–36,38,39 Task-specic ILs40

have also been employed in the formation of SILPs to provide
heterogenized ILs as metal-free organocatalysts of various
organic transformations.37,41–46 A much less explored applica-
tion of SILPs has been as supports in the formation of metal
nanoparticle (NP) catalysts,47–52 even though unsupported ILs
have been shown to be effective solvents and stabilizers in the
formation of stable suspensions of catalytically active metal
NPs.53–60
Results and discussion
Synthesis of supported ionic liquid phases and bifunctional
catalysts

The syntheses of SILPs were achieved through the condensation
of an acid-functionalized IL, [1-(4-sulfobutyl)-3-(3-triethoxysilyl-
propyl)imidazolium]NTf2 (1), and a non-functionalized IL,
[1-butyl-3-(3-triethoxysilylpropyl)-imidazolium]NTf2 (2), with
dehydroxylated SiO2 (see ESI† for complete SILP characteriza-
tion data). Combination of an acid-functionalized IL 1 and a
non-functionalized IL 2 allowed for the quantity of sulfonic acid
moieties graed onto SiO2 (dened herein as the SILP acidity or
Chem. Sci.
acid loading ¼ IL 1/[IL 1 + IL 2]) to be varied between 0.00 and
1.00 with respect to the total loading of IL (Table 1). Charac-
terization of the SILPs using Brunauer–Emmett–Teller (BET)
analysis showed a decrease in the surface area and pore radius
in comparison to dehydroxylated SiO2, which is an effect that
has been previously reported in the literature for the graing of
ILs onto SiO2.46,61 DRIFT FTIR analysis (Fig. S10†) of the SILPs
revealed signals resulting from the functionalization of ILs 1
and 2 on SiO2 including the C–H stretch of the imidazolium ring
and the aliphatic chain (3160 and 2947 cm�1) and the
symmetric ring stretch of the imidazolium moiety (1566 and
1452 cm�1).43,46,61 Solid-state 29Si MAS NMR of SILP-1.00
(Fig. S11 and Table S1†) revealed two different types of Si
bonding: (1) tetra-functionalized (Q) signals at �110 (Q4 ¼
(Si(OSi)4) and �102 ppm (Q3 ¼ (Si(OSi)3OH); and (2) tri-func-
tionalized (T) signals at �67 (T3 ¼ (R–Si(OSi)3) and �57 ppm
(T2 ¼ (R–Si(OSi)2OR0, for R0 ¼ H or Et).46,61,62 The T3 and T2

signals correspond to the Si atoms of IL 1 bound to the SiO2

surface and thus proved that IL 1 was covalently attached to the
silica material.

The synthesis of Ru NPs immobilized on SILPs (RuNPs@SILPs)
involved the wet impregnation of the SILP (0.50 g) with a solution
of [Ru(2-methylallyl)2(cod)] (5.1 mg, 0.016 mol) in dichloro-
methane (DCM) (5 mL) (Scheme 2). Upon addition of the
[Ru(2-methylallyl)2(cod)] solution, the SILP transformed from a
white to a bright yellow colour, which indicated the adsorption
of the Ru precursor into the SILP. Upon evaporation of the
solvent in vacuo, the impregnated SILP powder was subjected to
an atmosphere of H2(g) (100 bar) at 100 �C for 16 h. Under these
conditions, the bright yellow powder turned black in colour and
signied the formation of Ru NPs. Characterization of
RuNPs@SILP-1.00 showed the formation of small, well-
dispersed Ru NPs (1.7 � 0.4 nm) by STEM (Fig. 3a) and a Ru
loading of 0.25 wt% as determined by ICP.63 Furthermore, BET
This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Synthetic pathway and photographs of ruthenium nano-
particles immobilized on supported ionic liquid phases (RuNPs@SILPs).
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analysis of RuNPs@SILP-1.00 indicated that the synthesis of Ru
NPs within the SILP did not affect the textural properties of the
SILP (Table 1). Formation of small and well-dispersed Ru
particles thus demonstrated the ability of the SILPs to stabilize
metal NPs.
Fig. 2 Reaction profile for the hydrogenolysis of 3 using (a)
RuNPs@SILP-0.33 and (b) RuNPs@SILP-0.66 (for substrate 3¼ orange ,
cyclic ethers (4+ 5)¼ green , alcohol 6¼ blue , aliphatic ethers (7+ 8)
¼ purple , others (isomers + condensation products of 3) ¼ red ,
C8-OL yield (6+ 7+ 8)¼ pink ). Reaction conditions: [Ru] (0.016mmol),
SILP (0.5 g), [EMIM]NTf2 (2.9 mL) (for [EMIM]NTf2 ¼ 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide), substrate (1.6 mmol), H2

(120 bar), 150 �C.
Bifunctional catalysis in the hydrogenolysis of 4-(2-
tetrahydrofuryl)-2-butanol (3)

Whereas the saturation of the C]C and C]O bonds of the
primary condensation product of furfural and acetone is readily
achieved by hydrogenation over conventional heterogeneous
catalysts,9 the deoxygenation of 4-(2-tetrahydrofuryl)-2-butanol
(3) comprises a complex reaction network of acid and metal
catalyzed transformations as outlined in Scheme 3.9 In the
presence of an acid catalyst, self-etherication and isomeriza-
tion of substrate 3 can occur. The etherication equilibrium is
reversed as the deoxygenation of 3 takes place at the secondary
OH group to form 2-butyltetrahydrofuran (4) that may isomerize
to 2-propyltetrahydropyran (5). Selective ring opening of the
tetrahydrofuran ring of 4 by hydrogenolysis at the secondary
C–O bond produces the linear primary alcohol 1-octanol (6),
which under acidic conditions can form 1,1-dioctylether (7) via
self-etherication. In the present study, ethyloctylether (8) was
also observed in small quantities as a result of the etherication
of 6 with EtOH, in which the remaining R–Si(OSi)2OEt moieties
within the SILP introduced EtOH equivalents into the system.
Finally, complete deoxygenation of 3 can occur to form n-octane
(9). The RuNPs@SILP bifunctional catalysts were investigated
for their potential to allow control of this reaction network in
Scheme 3 Reaction network for the deoxygenation of 4-(2-tetrahy-
drofuryl)-2-butanol (3) catalyzed by RuNPs@SILPs.

This journal is © The Royal Society of Chemistry 2014
the selective formation of the oxygenated products, whereby the
combined yield of the linear C8-alcohol derivatives was dened
as the C8-OL yield (C8-OL ¼ 1-octanol (6) + 1,1-dioctylether (7) +
ethyloctylether (8)).

The reaction proles for the deoxygenation of 3 using
RuNPs@SILP catalysts at 0.33 and 0.66 acid loadings are
shown in Fig. 2. The conversion of 3 was rapid, reaching >99%
aer 1 h for both RuNPs@SILP-0.33 and RuNPs@SILP-0.66.
The least acidic catalyst, RuNPs@SILP-0.33 (Fig. 2a), showed a
signicant formation of cyclic ether 4 aer 1 h, which was
gradually converted into alcohol 6 and aliphatic ethers 7 and 8
upon further reaction. In comparison, the more acidic catalyst,
RuNPs@SILP-0.66 (Fig. 2b), possessed a much higher activity
for the hydrogenolysis of cyclic ether 4 as complete conversion
to alcohol 6 and aliphatic ethers 7 and 8 was reached within
5 h. The most acidic catalyst RuNPs@SILP-1.00 (Fig. S13†),
possessed a similar reaction prole to RuNPs@SILP-0.66, but
showed a higher tendency for etherication towards 7 and 8.
The distinct reaction proles illustrate that the quantity of
acid sites within RuNPs@SILP have a signicant inuence on
the activity of these bifunctional catalysts.

A series of control experiments were performed to examine
the individual role of the two active components forming the
bifunctional catalyst for the deoxygenation of 3 (reaction
Chem. Sci.
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Table 2 Hydrogenolysis of 4-(2-tetrahydrofuryl)-2-butanol (3) using RuNPs@SILPa

SILP Time (h)

Product yieldb (%)

Cyclic ethers Alcohol Aliphatic ethers Alkane C8-OL yield

4 5 6 7 8 9 (6 + 7 + 8)

0.33 16 3 3 42 46 6 0 94
0.66 4 0 2 32 62 3 1 97
1.00 4 0 1 25 66 7 1 98
1.00c 4 1 2 29 66 0 2 95
1.00d 4 5 6 28 60 0 1 88

a Reaction conditions: [Ru] (0.016 mmol), SILP (0.5 g), [EMIM]NTf2 (2.9 mL), substrate (1.6 mmol), H2 (120 bar), 150 �C. b Conversion >99%, C8-OL
yield ¼ 1-octanol (6) + 1,1-dioctylether (7) + ethyloctylether (8). c 2nd cycle. d 3rd cycle.
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conditions: 150 �C, 120 bar H2(g), 4 h). The reaction of
substrate 3 over a Ru-free acid catalyst, SILP-1.00 (0.44 mmol),
caused the decomposition of 3 into humins. In the presence of a
Ru–SILP catalyst without incorporation of the acidic IL 1
(RuNPs@SILP-0.00, 0.016 mmol), no reaction of 3 occurred. The
combination of RuNPs@SILP-0.00 (0.016 mmol) with an
external acid additive, [1-butyl-3-(4-sulfobutyl)-imidazolium]-
NTf2 (0.44 mmol), provided a system capable of deoxygenating 3
(C8-OL ¼ 81%); although, the catalytic activity was reduced in
comparison to RuNPs@SILP-1.00 (C8-OL ¼ 98%) (Table 2).
Similar results were also obtained with the combination of
commercially available Ru/Al2O3 (0.016 mmol) and [1-butyl-3-(4-
sulfobutyl)-imidazolium]NTf2 (0.44 mmol) (C8-OL ¼ 82%).
These results conrm the synergistic interplay of the two active
components upon immobilization in the bifunctional catalysts
and also the dual role of the SILP to act as both an acid catalyst
and stabilizing medium for highly active Ru NPs.

Very high selectivities for the linear C8-alcohol derivatives
corresponding to C8-OL yields of 94–98% could be achieved with
all three catalysts (Table 2). The less acidic RuNPs@SILP-0.33
catalyst reached a maximum yield of C8-OLs aer 16 h, while
RuNPs@SILP-0.66 and RuNPs@SILP-1.00 obtained a maximum
C8-OL yield already aer 4 h. The etherication of the primary
product 6 towards 7 and 8 increased with an increase in the SILP
acidity, but gratifyingly the selectivity for the hydrogenolysis of
the secondary over the primary C–O bonds was retained as only
small quantities of the over-hydrogenation product (#3%),
n-octane (9) were observed in all cases. The best catalytic condi-
tions to maximize the C8-OL yield were obtained with
RuNPs@SILP-1.00 at 150 �C under 120 bar H2(g) aer 4 h in which
the total C8-OL yield was 98%. Upon removal of the catalytic
products by extraction of the RuNPs@SILP-1.00 with DCM and
subsequent extraction of [EMIM]NTf2 with pentane, the bifunc-
tional catalyst and IL were dried in vacuo for 1 h and re-used in
subsequent runs. The principle reactivity prole was well retained
with only a slight decrease in activity (C8-OL $ 88%) over three
consecutive cycles under these non-optimized recycling conditions.
Catalyst characterization and stability

The structural stability of the bifunctional catalyst was investi-
gated by detailed analysis of the RuNPs@SILP-1.00 material
Chem. Sci.
before and aer catalysis (Table 3, Fig. 3). BET analysis showed
a small increase in the surface area and a decrease in the pore
radius for RuNPs@SILP-1.00 aer catalysis. This minor change
in the textural properties of the bifunctional catalyst likely
resulted from the mechanical forces under magnetically stirred
conditions. Inductively coupled plasma (ICP) analysis revealed a
decrease in the sulfur content of RuNPs@SILP-1.00 during the
1st cycle of catalysis; however, the sulfur content remained
constant over the 2nd and 3rd cycles. This nding is consistent
with hydrolysis64 of weakly bound equivalents of IL 1 from the
SiO2 surface in the 1st cycle.65 An accumulation of water within
the catalyst system due to the stoichiometric production of
water during the deoxygenation of 3 was conrmed by Karl-
Fischer titration of the IL phase before catalysis (67 ppm) and
aer the 3rd catalysis cycle (>650 ppm).

The ICP measurements also demonstrated that the Ru
content of the bifunctional catalysts remained constant within
experimental error throughout the recycling experiments. High
angle annular dark eld scanning transmission electron
microscopy (HAADF STEM) of RuNPs@SILP-1.00 before catalysis
showed the presence of small, well-dispersed Ru NPs (1.7 � 0.4
nm) (Fig. 3a). Aer three cycles of catalysis, the Ru NP size
remained small (2.1 � 0.4 nm); however, some of the Ru NPs
were observed to aggregate into small clusters (Fig. 3b).

The Ru K-edge X-ray absorption near-edge structure (XANES)
spectra of RuNPs@SILP-1.00 showed a similar edge position
compared to the reference (Ru foil), which indicated a predomi-
nately zero-valent state of the bifunctional catalysts before and
aer catalysis (Fig. 4a). The Fourier-transformed Ru K-edge
extended X-ray absorption ne structure (EXAFS) spectra of
RuNPs@SILP-1.00 contained two signals at 1.7 and 2.3 Å (Fig. 4b).
The later signal was due to the Ru–Ru scattering of the NPs, while
the former signal originated from Ru–O scattering of oxygen
stabilizing species on the Ru surface. The spectral simulation,
using rst-shell Ru–Ru and Ru–O scattering paths, led to good
quality ts with the experimental data (see ESI† for complete XAS
experimental details). In comparison to the reference sample (Ru
foil), the heights of the RuNPs@SILP-1.00 signals were much
smaller due to the low coordination numbers (CNs) of the Ru NPs.
Before catalysis, RuNPs@SILP-1.00 possessed a CN of 4.6, while
aer the 3rd cycle of catalysis the CN increased to 6.9. Aer
catalysis, an increase in the CN (i.e., EXAFS scattering height)
This journal is © The Royal Society of Chemistry 2014
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Table 3 Characterization of RuNPs@SILP-1.00 before and after catalysis

Sample Surface area (m2 g�1) Pore radius (Å)

ICPa (wt%)

Water content of IL phaseb (ppm)Ru S

Before 151 46.3 0.25 4.93 67
Aer 1st cycle 168 40.8 0.23 3.97 —
Aer 3rd cycle 163 41.9 0.26 3.93 >650

a ICP experimental error ¼ �0.01%. b Water content of [EMIM]NTf2, in the absence of RuNPs@SILP-1.00, as determined by Karl-Fischer titration.

Fig. 3 STEM image (top) and histogram (bottom) of RuNPs@SILP-1.00
(a) before catalysis and (b) after the 3rd catalytic cycle.

Fig. 4 Ru K-edge spectra of the (a) XANES and (b) EXAFS regions for
RuNPs@SILP-1.00 before (blue) and after the 3rd catalytic cycle (green)
with reference to Ru foil (red).
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showed that some NP growth and aggregation occurred under the
catalytic conditions, which was in agreement with the STEM data.
However, the CNs for RuNPs@SILP-1.00 were lower than
expected for a Ru hcp crystalline structure.66 Direct determination
of the NP size using the CNs obtained from EXAFS for the
RuNPs@SILP-1.00 samples provided Ru NP sizes < 1 nm,66 which
were smaller values than that obtained from the STEM data. As
such, the EXAFS analysis offered possible evidence for a bimodal
Ru NP population in which the RuNPs@SILP-1.00 samples
contain �2 nm Ru NPs (as observed in STEM) and NPs < 1 nm
which were not seen in STEM. Lastly, the EXAFS data also showed
that the Ru NPs were interacting with an oxygen-based species
due to the presence of a Ru–O scattering signal. As the XANES
edge position was in agreement with Ru(0) NPs, this data sup-
ported the involvement of the surface moieties within SiO2 and/or
the sulfonic acid moieties of IL 1 in the stabilization of the
Ru NPs.67

Overall, the analytical data conrm the principal stability of
the two active components of the RuNPs@SILP material under
catalytic conditions. The slight loss of activity during batch-wise
recycling (ca. 10% over three cycles) may reect minor changes
in the agglomeration of the Ru NPs or accumulation of water
within the catalyst system. Thus, using the materials for
This journal is © The Royal Society of Chemistry 2014
continuous-ow operation seems an attractive future
development.
Optimization of product selectivity for C8-oxygenates

Aer assessment of the principal performance of the
RuNPs@SILP materials as bifunctional catalysts, we aimed at
the selective formation of cyclic ether 4, alcohol 6 or aliphatic
ether 7 as individual products in which the acidity of the SILP
and the reaction parameters (i.e. temperature, pressure, time,
H2O content) were systematically optimized towards the desired
product distribution.

As seen in Fig. 2, the cleavage of the tetrahydrofuran ring
within 4 was dependent on the acid loading of the SILP and
consequently the lowest acid loaded bifunctional catalyst
RuNPs@SILP-0.33 was chosen for optimization of reaction
Chem. Sci.
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Scheme 4 Synthetic pathway for the selective deoxygenation of 4-(2-
tetrahydrofuryl)-2-butanol (3) toward 2-butyltetrahydrofuran (4), 1-
octanol (6) and 1,1-dioctylether (7) using RuNPs@SILP.
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temperature and pressure to maximize the yield of 4 (Table S3†).
Lowering the reaction temperature from 150 �C to 100 �C
dramatically decreased the conversion of substrate 3, while at a
medium temperature of 125 �C the deoxygenation rate of 3
remained high while suppressing the hydrogenolysis of the
tetrahydrofuran ring (cyclic ether 4 yield ¼ 74%). The H2(g)

pressure had a smaller, yet signicant inuence on the yield of
cyclic ether 4, in which decreasing the H2(g) pressure to 80 bar
improved the yield of 4 to 83% (Scheme 4). It should be noted
that the isomerization of 4 to pyran derivative 5 did not occur to
a signicant extent under these conditions (#1%) and thus
allowed for a high selectivity to cyclic ether 4.

RuNPs@SILP-1.00 was employed as a bifunctional catalyst to
obtain selectivity to alcohol 6 since the higher acidity increased
the catalytic activity for the hydrogenolysis of cyclic ether 4.
Shiing the product distribution towards the free alcohol 6 was
achieved by adding H2O to the catalyst mixture at the outset of
the reaction to prevent the etherication to aliphatic ethers 7
and 8 (Fig. S13†). The simplex algorithm was employed to
optimize the parameter set consisting of reaction temperature,
time and initial H2O content towards the maximum yield of
alcohol 6 (Table S4†). The results from this optimization are
shown in Fig. 5, in which high selectivities toward alcohol 6
stabilized around a series of reaction parameters that provided
Fig. 5 Optimization of the reaction parameters for the deoxygenation
of 4-(2-tetrahydrofuryl)-2-butanol (3) using RuNPs@SILP-1.00 (size
and colour of data points correspond to the yield of 1-octanol (6)).
Reaction conditions: [Ru] (0.016 mmol), SILP-1.00 (0.5 g), total volume
¼ [EMIM]NTf + H2O (2.9 mL), substrate (1.6 mmol), H2 (120 bar).

Chem. Sci.
good yields of alcohol 6 (>55%, >99% conversion of 3). The
optimum conditions were determined to be 150 �C with 0.125
mL H2O aer 16 h to obtain a 1-octanol yield of 60% (Fig. 5,
Entry 15). In comparison to the reaction conditions optimized
for the total C8-OL yield (150 �C, 0.00 mL H2O, 4 h), the selec-
tivity of the product was reversed from the aliphatic ethers
(aliphatic ether yield (7 + 8) ¼ 73%) to the alcohol (alcohol 6
yield ¼ 60%) using this procedure.

Finally, excellent selectivity toward aliphatic ether 7 was
achieved using a two-step reaction in which the C8-OL product
mixture obtained using RuNPs@SILP-1.00 under the favoured
conditions (150 �C, 0.00 mL H2O, 4 h; C8-OL yield: alcohol 6 ¼
25%, aliphatic ether 7 ¼ 66%) was isolated from the bifunc-
tional catalyst and subsequently reacted as a neat mixture with
Naon® as an acid catalyst.68 The mixture of alcohol 6 and
aliphatic ether 7 was converted to 95% 7 at 150 �C in 3 h (ref. 69)
and the two-step yield from substrate 3 to aliphatic ether 7 was
90%.

The results of this optimization study conrm the exibility
of the catalytic system. The preferred combinations of the
catalyst and reaction conditions to synthesize the cyclic ether
4, the free alcohol 6 or the linear ether 7 are summarized in
Scheme 4.
Synthesis of C9-oxygenates via hydrogenolysis of 4-(5-
(hydroxymethyl)-2-tetrahydrofuryl)-2-butanol (10)

A retrosynthetic analysis of 1-nonanol revealed a reaction
pathway starting from 5-hydroxymethylfurfural and acetone
(Scheme 1). This synthetic scheme involves an aldol conden-
sation of 5-hydroxymethylfurfural and acetone to form 4-(5-
hydroxymethylfuryl)-2-but-3-en-2-one,56 hydrogenation of the
aldol condensation adduct to 4-(5-(hydroxymethyl)-2-tetrahy-
drofuryl)-2-butanol (10) (see ESI† for synthetic details) and
selective deoxygenation of 10 to yield 1-nonanol (13).

The deoxygenation of 10 involves a similar reaction network
to substrate 3 (Scheme 5). The removal of the secondary alcohol
from 10 leads to the formation of cyclic ethers 11 and 12.
Cleavage of the tetrahydrofuran ring of 11 produces either 1,5-
or 1,2-nonanediol. Selective deoxygenation of the secondary
alcohol moiety within nonanediol provides alcohol 13. Under
Scheme 5 Reaction network for the deoxygenation of 4-(5-
(hydroxymethyl)-2-tetrahydrofuryl)-2-butanol (10) catalyzed by
RuNPs@SILPs.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Optimization of the reaction parameters for the hydrogenolysis
of 4-(5-(hydroxymethyl)-2-tetrahydrofuryl)-2-butanol (10) using
RuNPs@SILP-1.00 (size and colour of data points correspond to the
yield of 1-nonanol (13)). Reaction conditions: [Ru] (0.016 mmol),
SILP-1.00 (0.5 g), total volume ¼ [EMIM]NTf + H2O (2.9 mL), substrate
(1.6 mmol), H2 (120 bar).
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acidic conditions, 13 can undergo etherication to form 1,1-
dinonylether (14) or ethylnonylether (15), while complete
deoxygenation of 10 can also occur to form n-nonane (16).
However, the reaction network of substrate 10 differs from
substrate 3 in an important point: the primary OH function is
already present in the starting material. Thus, the formation of
alcohol 13 requires the selective cleavage of three secondary
C–O bonds, while retaining a primary C–O bond throughout the
reaction.

Based on the experience with the C8-network, RuNPs@SILP-
1.00 was chosen as the catalyst material to address this chal-
lenge and H2O was added at the outset of the reaction to favour
the formation of the free alcohol 13. The simplex algorithm was
employed again to optimize the reaction temperature, time and
initial H2O content to maximum the yield of alcohol 13
(Table S5†). The results from this optimization are shown in
Fig. 6, in which two areas within the optimization provided
good selectivities to alcohol 13 (>50%). The optimum condi-
tions were determined to be 155 �C with 0.090 mL H2O aer
17 h to obtain a free alcohol 13 yield of 57% (Scheme 5, Entry 12)
and a total C9-OL yield of 66% (C9-OL yield ¼ 1-nonanol (13) +
1,1-dinonylether (14) + ethylnonylether (15)). The remainder of
the reaction mixture was composed mainly of the cyclic ethers
11 and 12. Complete deoxygenation of 10 to n-nonane (16) was
again largely suppressed under these reactions conditions (4%),
highlighting again the remarkable selectivity of the bifunctional
catalyst for the secondary C–O bond cleavage.
Summary and conclusions

An acid-functionalized imidazolium ionic liquid was covalently
attached to SiO2 to provide a supported ionic liquid phase (SILP)
as an acid catalyst and stabilizationmedium for metal NPs. This
SILP material was chosen in the development of bifunctional
catalysts to provide a molecular design tool by which the acidity
of the support material could be systematically altered. Upon
immobilization of Ru NPs from organometallic precursors
within the SILPs, bifunctional catalysts were obtained that
This journal is © The Royal Society of Chemistry 2014
possessed high catalytic activities, selectivities and recycla-
bilities in the hydrogenolytic deoxygenation of 4-(2-tetrahy-
drofuryl)-2-butanol (3) and of 4-(5-(hydroxymethyl)-2-
tetrahydrofuryl)-2-butanol (10). The higher acid loaded catalysts
RuNPs@SILP-0.66 and RuNPs@SILP-1.00 possessed increased
catalytic activities, reaching nearly quantitative yields of C8-OL
products (1-octanol (6), 1,1-dioctylether (7) and ethyloctylether
(8)), in comparison to RuNPs@SILP-0.33. Combined optimiza-
tion of the SILP acidity and the reaction conditions allowed for a
control of the product selectivity to produce 2-butyltetrahy-
drofuran (4), 1-octanol (6) or 1,1-dioctylether (7) in good to
excellent yields (Scheme 4). This opens an attractive and exible
pathway to C8-oxygenates from furfural and acetone as bio-
based feedstocks. The strategy was extended to the synthesis of
the C9-alcohol 1-nonanol (13) via 5-hydroxymethylfurfural
(HMF) as platform chemical. Future studies within our group
involve the use of these bifunctional catalysts in the develop-
ment of continuous-ow processes for the selective deoxygen-
ation of biomass-derived substrates.
Experimental section
Safety warning

High-pressure experiments with compressed H2(g) must be
carried out only with appropriate equipment and under
rigorous safety precautions.
General

If not otherwise stated, the synthesis of ionic liquids (ILs),
supported ionic liquid phases (SILPs) and ruthenium nano-
particles supported on SILPs (RuNPs@SILP) were carried out
under an inert atmosphere using standard Schlenk techniques.
Aer synthesis, ILs, SILPs and RuNPs@SILPs were stored under
an inert atmosphere. The catalysis substrates 4-(2-tetrahy-
drofuryl)-2-butanol (3) and 4-(5-(hydroxymethyl)-2-tetrahy-
drofuryl)-2-butanol (10) were stored under atmospheric
conditions prior to use. Catalyst solutions and substrates were
handled under air, but were ushed with H2(g) prior to catalysis.
4-(2-tetrahydrofuryl)-2-butanol (3),9 4-(5-hydroxymethylfuryl)-2-
but-3-en-2-one,56 [1-butyl-3-(3-(triethoxysilyl)propyl)imidazo-
lium]Cl,70 3-iodopropyltriethoxy-silane,71 N-(3-triethoxysilyl)
propyl imidazole,71 1-(4-sulfobutyl)-3-(3-triethoxysilylpropyl)
imidazolium zwitterion,43 [1-butyl-3-(4-sulfobutyl)imidazolium]
NTf2,9 [1-butyl-3-methylimidazolium]SO3(OEt),72 [1-butyl-3-
methylimidazolium]NTf2 (ref. 73) were synthesized according to
known literature methods. SiO2 (Merck Grade 10184, pore size
100 Å, 63–200 mm) was dehydroxylated in vacuo at 500 �C for at
least 16 h prior to use. Anhydrous acetone was prepared by
distillation of pre-dried acetone using 4 Å molecular sieves.
Toluene and THF were prepared by distillation and drying over
activated alumina using a purication system. EtOH (extra dry,
absolute) was purchased from Acros Organics. All other chem-
icals and solvents were purchased from commercial sources
and used without purication.
Chem. Sci.
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Analytics

Solution-state nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AV300, 400 or 600 MHz spectrometer. 1H
and 13C NMR spectra were calibrated to TMS using the residual
solvent signal. Water content of [EMIM]NTf2 phases was
determined using a Metrohm 756 Coulometric Karl-Fischer
titrator. 29Si solid-state NMR spectra were obtained using a
Bruker AV700 spectrometer. FTIR spectra of the SILP were
obtained using a Bruker Alpha spectrometer in the DRIFT
mode. Mass spectra (MS) were recorded in positive electrospray
mode with a Thermo Scientic LTQ Orbitrap ESI/APCI. Induc-
tively coupled plasma (ICP) was performed at Mikroanalytisches
Laboratorium Kolbe (Mülheim an der Ruhr, Germany) on a
Perkin Elmer AAnalyst 200 Atomic Absorption Spectrometer.
High-pressure experiments were performed using in-house
engineered 10 and 20 mL stainless steel nger autoclaves.
Catalytic reactions were performed in glass inlets using a
magnetic stirbar (1000 rpm) and an aluminum heating block.
Gas chromatography (GC) was performed on a Thermo Scien-
tic Chromatograph Tace GC Ultra equipped with a CP-WAX-
52CB column. High angle annular dark eld (HAADF) scanning
transmission electron microscopy (STEM) images were
collected using a Hitachi aberration-corrected scanning trans-
mission electron microscope (HD-2700C) operated at 200 kV.
Extended X-ray absorption ne structure (EXAFS) spectroscopy
was performed on the X18A beamline at the National Synchro-
tron Light Source (NSLS) in the Brookhaven National Laboratory
(NY, USA).
Synthesis of ionic liquids

[1-(4-Sulfobutyl)-3-(3-triethoxysilylpropyl)-imidazolium]NTf2
(IL 1). 1-(4-Sulfobutyl)-3-(3-triethoxysilylpropyl)imidazolium
zwitterion43,71 (10.0 g, 24.4 mmol) and bis(triuoromethane)-
sulfonimide (7.20 g, 25.6 mmol) were dissolved in anhydrous
EtOH (10mL) and stirred at rt for 1 h. Upon solvent removal, the
product was dried in vacuo overnight to yield a viscous amber oil
(14.0 g, 83%). 1H NMR (400 MHz, D2O): d ¼ 8.77 (s, 1H, NCHN),
7.48 (m, 2H, NCHCHN), 4.25–4.11 (m, 4H, NCH2), 3.60 (q, J ¼
7.1 Hz, 6H, OCH2), 2.89 (m, 2H, SCH2), 2.04–1.88 (m, 4H, CH2),
1.69 (m, 2H, CH2), 1.15 (t, J ¼ 7.1 Hz, 9H, OCH2CH3), 0.57 (m,
2H, SiCH2).

13C NMR (100 MHz, D2O): d ¼ 135.2 (s, 1C, NCHN),
122.4 (s, 2C, NCHCHN), 119.9 (q, JCF ¼ 318 Hz, 2C, CF3), 57.4 (s,
3C, OCH2), 51.6 (s, 1C, NCH2), 50.0 (s, 1C, NCH2), 48.9 (s, 1C,
SCH2), 28.0 (s, 1C, CH2), 23.2 (s, 1C, CH2), 20.9 (s, 1C, CH2), 16.7
(s, 3C, OCH2CH3), 8.6 (s, 1C, SiCH2). HRMS/ESI(+) (MeOH) m/z
¼ 395.16669 and 367.13562, calcd for [C15H31N2O6SSi]

+ ¼
395.16721 and [C13H27N2O6SSi]

+ ¼ 367.13591.
[1-Butyl-3-(3-triethoxysilylpropyl)imidazolium]NTf2 (IL 2). 1-

Butyl-3-(3-triethoxysilylpropyl)imidazolium chloride70 (3.23 g,
8.85 mmol) and bis(triuoromethane)sulfonimide lithium salt
(2.65 g, 9.24 mmol) were dissolved in water (15 mL) and stirred
at rt for 10 h. The aqueous phase was extracted with dichloro-
methane (DCM) (5 � 20 mL) and the combined organic phase
was washed with water (3 � 20 mL). The organic phase was
dried over MgSO4 and the solvent was removed under reduced
pressure. The product was dried in vacuo to yield a viscous,
Chem. Sci.
colourless liquid (4.86 g, 90%). 1H NMR (600 MHz, CDCl3): d ¼
13C NMR (150 MHz, CD3Cl): d ¼ 135.4 (s, 1C, NCHN), 122.6 (s,
1C, NCHCHN), 122.5 (s, 1C, NCHCHN), 119.9 (q, JCF ¼ 327 Hz,
2C, CF3), 58.7 (s, 3C, OCH2), 52.0 (s, 1C, NCH2), 50.0 (s, 1C,
NCH2), 32.0 (s, 1C, CH2), 24.3 (s, 1C, CH2), 19.4 (s, 1C, CH2), 18.1
(s, 3C, OCH2CH3), 13.2 (s, 1C, CH3), 7.0 (s, 1C, SiCH2). HRMS/
ESI(+) (MeOH): m/z ¼ 343.24014 and 329.22501, calcd for
[C17H35N2O3Si]

+ ¼ 343.24169 and [C16H33N2O3Si]
+ ¼ 329.22605.
Synthesis of supported ionic liquid phases

SILP-1.00. [1-(4-Sulfobutyl)-3-(3-triethoxysilylpropyl)imidazo-
lium]NTf2 (6.07 g, 8.80 mmol) was dissolved in DCM (20 mL)
and added to a suspension of dehydroxylated SiO2 (10.0 g in
50.0 mL toluene). Aer stirring for 15 min at rt, DCM was
removed in vacuo and the resulting mixture was reuxed for 18
h. Upon removal of the organic phase, the SILP was washed with
DCM (3 � 25 mL) and dried in vacuo. The organic phases were
combined and solvent removed to determine the residual
quantity of IL not graed onto the dehydroxylated SiO2 (total IL
loading ¼ theoretical loading � recovered residual IL).

SILP-0.66. [1-(4-Sulfobutyl)-3-(3-triethoxysilylpropyl)imidazo-
lium]NTf2 (4.05 g, 5.87 mmol) and [1-butyl-3-(3-triethox-
ysilylpropyl)-imidazolium]NTf2 (1.83 g, 2.93 mmol) were
combined and dissolved in DCM (20 mL) and added to a
suspension of dehydroxylated SiO2 (10.0 g in 50.0 mL toluene).
The remainder of the reaction was performed as outline for
SILP-1.00.

SILP-0.33. [1-(4-Sulfobutyl)-3-(3-triethoxysilylpropyl)imidazo-
lium]NTf2 (2.02 g, 2.93 mmol) and [1-butyl-3-(3-triethoxy-
silylpropyl)-imidazolium]NTf2 (3.66 g, 5.87 mmol) were
combined and dissolved in DCM (20 mL) and added to a
suspension of dehydroxylated SiO2 (10.0 g in 50.0 mL toluene).
The remainder of the reaction was performed as outline for
SILP-1.00.

SILP-0.00. [1-Butyl-3-(3-triethoxysilylpropyl)imidazolium]
NTf2 (5.49 g, 8.80 mmol) were combined and dissolved in DCM
(20 mL) and added to a suspension of dehydroxylated SiO2 (10.0
g in 50.0 mL toluene). The remainder of the reaction was per-
formed as outline for SILP-1.00.
Synthesis of ruthenium nanoparticles (RuNPs@SILP)

[Ru(2-methylallyl)2(cod)] (5.1 mg, 0.016 mmol) was dissolved in
DCM (2 mL) and added to a suspension of SILP (0.5 g in 3 mL of
DCM), upon which the SILP changed from a white to a bright
yellow colour. The reactionmixture was stirred at rt for 1 h. Aer
solvent removal and in vacuo drying of the impregnated SILP,
the powder was loaded into a high-pressure autoclave and
subjected to an atmosphere of H2(g) (100 bar) at 100 �C for 16 h.
Under this reducing environment, the impregnated SILP
transformed from a bright yellow to a dark black colour indi-
cating the formation of Ru NPs. Samples were prepared for
STEM by mechanical grinding of RuNPs@SILP followed by
ultrasound dispersion in acetone. A drop of the obtained
suspension was deposited on a copper transmission electron
microscopy grid with lacey carbon support lm.
This journal is © The Royal Society of Chemistry 2014
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Synthesis of catalysis substrates

4-(5-(Hydroxymethyl)-2-tetrahydrofuryl)-2-butanol (10). 5-
Hydroxymethylfurfuralacetone (2.98 g, 17.9 mmol) and Ru/C
(5 wt%, 125 mg) were combined in a high-pressure reactor.
The reaction mixture was heated at 120 �C under an atmo-
sphere of H2(g) (120 bar) for 48 h. The reactor was periodically
pressurized with H2(g) to maintain a constant pressure. The
reaction mixture was puried over SiO2 (EtOAc : MeOH,
99 : 1) to yield a colourless liquid (1.89 g, 61%). 1H NMR (400
MHz, CDCl3): d ¼ 3.96 (m, 1H, CHOH), 3.89–3.66 (m, 2H,
CH2OH), 3.62 (ddd, J ¼ 5.9, 5.6, 1.7 Hz, 1H, furyl-OCH), 3.43
(ddd, J ¼ 5.9, 5.6, 1.7 Hz, 1H, furyl-OCH), 3.04 (s, 2H, OH),
1.97–1.78 (m, 2H, furyl-CH2), 1.73–1.63 (m, 1H, furyl-CH2),
1.63–1.54 (m, 2H, butyl-CH2 and furyl-CH2), 1.54–1.39 (m, 3H,
butyl-CH2), 1.12 (d, J ¼ 6.2 Hz, 3H, CH3).

13C NMR (100 MHz,
CDCl3): d ¼ 80.1 (dd, furyl-OCH), 77.2 (t, furyl-OCH), 67.8 (d,
CHOH), 65.0 (d, CH2OH), 36.0 (d, butyl-CH2), 32.1 (d, butyl-
CH2), 31.5 (d, furyl-CH2), 27.0 (d, furyl-CH2), 23.5 (d, CH3).
HRMS/ESI(+) (MeOH with MeCO2H): m/z ¼ 197.11478, calcd
for [C9H18O3Na]

+ ¼ 197.11482.
Deoxygenation of biomass substrates

Hydrogenolysis of 4-(2-tetrahydrofuryl)-2-butanol. In a
typical experiment, RuNPs@SILP (0.5 g), [EMIM]NTf2 (2.9
mL) and 3 (231 mg, 1.6 mmol) were combined in a glass
insert and placed in a high-pressure autoclave. Aer purging
the autoclave with H2(g), the reaction mixture was stirred at
150 �C in an aluminum heating block under 120 bar H2(g) for
4 h. Once the reaction was nished, the reactor was cooled in
an ice bath, carefully vented and the RuNPs@SILP was
extracted with DCM (3 � 5 mL). Upon removal of the solvent,
the IL phase was extracted with pentane (3 � 8 mL), the
organic phase was dried over MgSO4 and the solvent was
evaporated. The product was obtained as a colourless liquid
and analyzed via GC using tetradecane as an internal stan-
dard. For recyclability experiments, RuNPs@SILP-1.00 and
[EMIM]NTf2 were recombined aer product extraction with
the aid of DCM (1 mL). Upon drying of the catalyst mixture in
vacuo at rt for at least 1 h, 3 (231 mg, 1.6 mmol) was added
and the reaction mixture was stirred at 150 �C under 120 bar
H2(g) for 4 h.

Hydrogenolysis of 4-(5-(hydroxymethyl)tetrahydro-2-furyl)-2-
butanol. In a typical experiment, RuNPs@SILP (0.5 g), [EMIM]
NTf2 + H2O (2.9 mL) and 10 (279 mg, 1.6 mmol) were combined
in a glass insert and placed in a high-pressure autoclave. Aer
purging the autoclave with H2(g), the reaction mixture was
stirred at the desired temperature in an aluminum heating
block under 120 bar H2(g). Once the reaction was nished, the
reactor was cooled in an ice bath, carefully vented and the
RuNPs@SILP was extracted with DCM (3 � 5 mL). Upon
removal of the solvent, the IL phase was extracted with
pentane (3 � 8 mL), the organic phase was dried over MgSO4

and the solvent was evaporated. The product was obtained as a
colourless liquid and analyzed via GC using tetradecane as an
internal standard.
This journal is © The Royal Society of Chemistry 2014
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