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Abstract: Exploiting biomass to synthesise compounds that may replace fossil-based ones is of high
interest in order to reduce dependence on non-renewable resources. 1,2-pentanediol and 1,5-pentane-
diol can be produced from furfural, furfuryl alcohol or tetrahydrofurfuryl alcohol following a metal
catalysed hydrogenation/C-O cleavage procedure. Colloidal ruthenium nanoparticles stabilized with
polyvinylpyrrolidone in situ modified with different organic compounds are able to produce 1,2-pen-
tanediol directly from furfural in a 36% of selectivity at 125 °C under 20 bar of Hz pressure.
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1. Introduction

1,2-pentanediol (1,2-PeD) and 1,5-pentanediol (1,5-PeD) are interesting compounds
due to their applications as monomers for polymer synthesis such as polyesters, polyure-
thanes, and polyamides, as well as potential fuels, or solvents [1]. Both can be produced
from biomass-derived compounds, furfural (FR), or its hydrogenated derivatives furfuryl
alcohol (FA) and tetrahydrofurfuryl alcohol (THFA), by hydrogenation followed by hy-
drogenolysis of a C-O bond (Scheme 1) [2-5]. This route has attracted attention as it can
become an alternative to the use of oil-based products for their production [6,7]. Noble
metal-based catalysts have been described to be highly efficient to produce these two diols
from furfural or its hydrogenated derivatives, Pt- [8-14] and Ru-based [15-19] catalysts
producing mainly 1,2-PeD, and Rh- and Ir-based [20-22] catalysts, 1,5-PeD. Cu-based [23-
25] catalysts produce a mixture of both diols usually needing harsher reaction conditions.
Pt-based catalysts efficiently cleavage the C-O bond of FA to produce 1,2-PeD, several of
these catalysts producing this diol in high yields [8-10]. Already in 1949, platinum oxide
was reported to produce quantitative amounts of 1,2-PeD in acetic acid from FA [8]. From
a point of view of practicality, it is preferable to produce these two diols directly from
furfural as it avoids a multistep procedure. In this case, Pt-based catalysts are still reason-
ably performant, leading to moderate to high yields of 1,2-PeD [11-14]. Recently, 1,5-PeD
could be obtained using a Pt-based catalyst, Pt@ Al2Osin very mild reaction conditions, 45
°C in water, and NaBHs as reducing agent [26]. The selectivity towards 1,5-PeD was of
75%, which is in contrast with the tendency of Pt-based catalysts to produce 1,2-PeD from
FR or FA under He. The different mechanism operating was investigated by the authors;
NaBO: and the Bronsted acidity of the support being key for the high selectivity towards
1,5-PeD. It is clear from the literature that the support of the heterogeneous Pt-catalysts
plays an important role on the outcome of the reaction. As an illustration, Pt on ceria dis-
played better catalytic performances than Pt on silica, alumina or magnesia [14]. Size and
shape of the Pt nanoparticles also have an effect on the selectivity in the hydrogenation of
FA; monodisperse, 2D or 3D Pt catalysts afforded 2-methylfuran (2-MF), THFA, or 1,2-
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PeD, respectively [27]. Rh- and Ir-based catalysts have demonstrated exceptional effi-
ciency for the production of 1,5-PeD from FR, FA or THFA. In 2009, Tomishigue’s group
reported an outstanding catalyst, Rh-ReO:/SiOz, able to produced 1,5-PeD in very high
yields from THFA [20]. Developing further these rhodium catalysts, this group demon-
strated the possibility to obtain 1,5-PeD from furfural and the importance of the support
or the oxide additive (Re, Mo or W) to control both activity and selectivity [21,22]. Cu-
based catalysts are also effective for the production of pentanediols from FA and THFA,
but in general requiring harsher reaction conditions than catalysts based on noble metals.
For instance, a 10 wt % Cu-Mg3sAlOus afforded both diols in a 80 % yield, 1,2-PeD in a 51%
and 1,5-PeD in a 29% selectivity, at 99% conversion of FA at 140 °C under 60 bar of H2 [23].
Similarly, a 10 wt % Cu/Al:Os catalyst gave a 86% conversion of FA with a 70% selectivity
towards the pentanediols (48% 1,2-PeD and 22% 1,5-PeD) at 140 °C and 80 bar of Hz [24].
A series of CuMgA catalysts, whose properties were modulated by controlling the Mg
content, were able to efficiently convert FR or FA at 140 °C and 60 bar of Ha to pentanediols
[25]. Cu1.sMgi2Al converted 95% of FA into 46% of 1,2-PeD and 16% of 1,5-PeD, together
with other minor by-products. Noticeable size effects or the effect of the number of basic
sites on the activity were revealed, which in turn were controlled by the Mg content.

by
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Scheme 1. Simplified reaction scheme of the catalytic hydrogenation of biomass-derived furfural
into several valuable products.

Ru-based catalysts have been studied less for the production of pentanediols from
FR or its derivatives [15-18], even if this metal is able to perform hydrogenation reactions
efficiently, at a reasonable price [28]. Zhang et al. [15] studied the aqueous-phase hydro-
genolysis of FA to 1,2-PeD on a series of supported Ru catalysts (MnOx, MgO, MgAlOs,
NaY, active carbon (AC), ZrO:z and TiOz), and Pd, Pt and Rh over MnOx. Ru/MnOx dis-
played the best catalytic performances affording 1,2-PeD in a 42% yield at 150 °C and 15
bar of H2 in water. Besides the nature of the catalyst other reaction parameters were stud-
ied, allowing to propose a mechanism for the formation of 1,2-PeD, which would be pro-
duced from the partially hydrogenated product, dihydrofurfuryl alcohol (DHFA). Re-
cently, it has also been suggested that DHFA is a key intermediate for the formation of
1,2-PeD when using a Pt supported on Mg(Al)O catalyst [27]. Yamaguchi et al. [19] per-
formed a similar study with Ru-supported catalysts for the hydrogenolysis of FA report-
ing similar conclusions of those of the work of Zhang et al. [15]. Gotz et al. [16] studied a
series of Ru-supported catalysts (carbon, silica, and alumina) for the same reaction, but
using harsher reaction conditions (200 °C, 100 bar of H2) compared to the work of Zhang
et al. [15], in this case affording up to 32% yield of 1,2-PeD. It is worth noting that in aque-
ous media, significant amounts of polymerized product were produced, in contrast with
the work of Zhang et al. [15] in which that side reaction was supressed by the use of a
basic support. Ru-Mn/CNTs catalyst has also been reported as active for the hydrogena-
tion/hydrogenolysis of FA, producing THFA and 1,2-PeD, the latter with a selectivity up
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to 20%. In a previous work carried out by some of us [29], Ru/PVP (polyvinylpyrrolidone)
colloidal catalyst displayed a good efficiency to produce 1,2-PeD from FA. After 22 h of
reaction at 125 °C under 20 bar of Hz, FA in the presence of Ru/PVP in 1-propanol quanti-
tatively produced THFA and 1,2-PeD in a 73% and 27%, respectively, without any by-
product (Figure S1). Taking into consideration this previous result, we examine here the
possibility of using Ru/PVP catalysts to directly transform furfural into 1,2-PeD. Knowing
that this transformation is sensitive to support effects [9,14,15] and our experience of tun-
ing activity and selectivity in catalysed reactions by changing the adsorbates on the me-
tallic surfaces [30-33], we have studied the effect of the in situ addition of organic ligands
in order to examine their impact in the outcome of this chemical transformation. The mod-
ulation of the catalytic properties of heterogeneous catalysts using surface adsorbates is
an important field in catalysis, yet it is in its infancy [34]. The adsorbates are key parame-
ters to modulate a plethora of structural and reactivity parameters of metal surfaces, and
in this sense, it is sometimes difficult to drive exact conclusions on the phenomenon, es-
pecially the effect on catalysis. Even so, it has been demonstrated in some works that or-
ganic ligands are able to change the outcome of catalysed reactions when compared to
bare metallic surfaces, or increasing activity or favouring the synthesis of a selected prod-
uct [31,35-37]. Interesting enough, recently some works point out that basic ligands to-
gether with acidic metallic surfaces could form frustrated Lewis pairs (FLP), which will
be responsible for the modulation of the reactivity of metallic surfaces [38—40]. This phe-
nomenon, not yet fully studied, adds complexity to the understanding of the role of lig-
ands in heterogeneous catalysis.

2. Experimental Section
2.1. General Methods

All operations were carried out under argon atmosphere using standard Schlenk
techniques or in an MBraun glovebox. Solvents were purified by standard methods or by
an MBraun SPS-800 solvent purification system. [Ru(n*CsHi2)(15-CsHio)] was purchased
from Nanomeps Toulouse, polyvinylpyrrolidone (PVP, mol wt 40,000), hexadecylamine
(HDA), 2,2,6,6-tetramethylpiperidine (TMP), tert-butylamine (TBA), furfural, tetrahydro-
furan (THF) and dodecane from Sigma-Aldrich, furfuryl alcohol from Alfa Aesar, diphe-
nyl-2-pyridylphosphine from TCI, Hz from Air Liquid. All of these reactants were used as
received. NHC was synthesised following the procedure described elsewhere [41]. Metal
content was established by inductively coupled plasma optical emission spectroscopy
(ICP-OES) performed at the “Laboratoire de Chimie de Coordination, Toulouse” in a
Thermo Scientific ICAP 6300 instrument. Liquid NMR measurements were performed on
a Bruker Avance 300 instrument or Bruker Avance 400 intrument. ATR-IR spectra were
recorded on a Perkin-Elmer GX2000 spectrometer available in a glovebox, in the range
4000-400 cm™. TEM analyses were performed at the “Centre de microcaracterisation Rai-
mond Castaing, UMS 3623, Toulouse” by using a JEOL JEM 1011 electron microscope op-
erating at 100 kV with a point resolution of 4.5 A or a JEOL JEM 1400 operating at 120 kV
with a point resolution of 2.0 A. The approximation of the particles mean size was stab-
lished through a manual analysis of enlarged micrographs by measuring at least 200 par-
ticles on a given grid of copper. Quantitative analyses of the catalytic reaction mixtures
were performed via GC analyses using internal standard technique and solutions of com-
mercially available products. GC analyses were performed on a SHIMADZU GC-2014
equipped with a SUPELCOWAX 10 capillary polar column (30 m x 0.25 mm x 0.25 um).
The method used for furfural reaction mixture analyses consists on: carrier gas flow, He,
1.25 ml/min; injector temperature, 250 °C; detector (FID) temperature, 250 °C; oven pro-
gram, 50 °C (hold 3 min) to 240 °C at 20 °C/min (hold 10 min) for a total run time of 22.5
min; retention time, dodecane, 6.8 min; furfural, 9.2 min; tetrahydrofurfuryl alcohol, 9.4
min; acetal, 10.0 min; furfuryl alcohol, 10.4 min; 2-propoxymethyl furan, 10.6 min; and 1,2-
pentanediol, 11.1 min. GC-MS analyses were performed in a Shimadzu QP2010 Ultra GC-
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MS (EI mode), equipped with a ZEBRON ZB-5ms capillary column (30 m x 0.25 mm x 0.25
pm). The method used for furfural reaction mixture analyses consists on: carrier gas flow,
He, 1 mL/min; injector temperature, 250 °C; detector (FID) temperature, 250 °C; oven pro-
gram, 40 °C (hold 0.5 min) to 250 °C at 20 °C/min (hold 10 min) for a total run time of 21
min; retention time: furfural, 3.6 min; furfuryl alcohol, 3.8 min; tetrahydrofurfuryl alcohol,
4.0 min; 1,2-pentanediol, 4.3 min; 2-propoxymethyl furan, 4.7 min; dodecane, 6.3 min; and
acetal, 6.7 min.

2.2. Synthesis of Ru/PVP

A total of 140 mg (0.445 mmol) of [Ru(n*-CsHi2)(1n5-CsHi0)] complex was introduced
in a Fisher-Porter bottle, together with 150 mg of PVP, and then dissolved in 40 mL of THF
in a glovebox. The yellow solution reacted with 3 bar of Hzat room temperature. After
some minutes, the solution turned black. The reaction was kept overnight under vigorous
stirring. After this period of time, the H2 excess was removed and pentane was added to
precipitate the NP. After filtration under argon with a cannula, the black solid powder
was washed twice with pentane and filtered again before drying under reduced pressure
overnight. Yield: 79 mg. ICP anal.: 20.08% Ru.

2.3. Catalytic Hydrogenations

The hydrogenation of furfural was carried out in a 50 mL stainless steel high-pressure
batch Top Industrie reactor. In a typical experiment, a mixture of the catalyst (0.02 mmol
of metal), dodecane (0.5 mmol) as internal standard, and furfural (4 mmol) as substrate in
15 mL of 1-propanol were loaded into the autoclave in the glovebox. In catalysis carried
out in the presence of a ligand, 0.06 mmol of HDA, TMP, or TBA, or 0.03 mmol of PN, or
0.02 mmol of NHC, were added to the dispersion. The autoclave was purged three times
with Hz to remove the inert atmosphere, heated to the desired temperature, and charged
with 20 bar of Hz. Reactions carried out at 3 bar of Hz pressure were performed in a Fisher-
Porter bottle, a mixture of the catalyst (0.013 mmol of metal), dodecane (0.33 mmol) as
internal standard, and furfuryl alcohol (2.7 mmol) as substrate in 10 mL of 1-propanol
were loaded into the bottle in the glovebox. The vessel was purged three times with Hz to
remove the inert atmosphere, heated to the desired temperature, and charged with 3 bar
of Hz The stirring rate was fixed at 1200 rpm. Samples of the reaction mixture were taken
at different time intervals and analysed by gas chromatography. Quantitative analyses of
the reaction mixtures were performed via gas chromatography using calibration solutions
of commercially available products.

3. Results and Discussion

As stated above, Ru/PVP catalyst efficiently hydrogenates the C=O bond of FR in 1-
propanol at 125 °C under 20 bar of Hz [29]. The heteroaromatic ring starts to be hydrogen-
ated in turn after 5 h of reaction (Figure S1). This stepwise hydrogenation is rather selec-
tive, but the formation of considerable amounts of acetal by reaction of the aldehyde with
the alcoholic solvent in the first stages of the reaction, make the overall selectivity low. If
the FA hydrogenation is independently studied using the same reaction conditions, it is
observed that 1,2-PeD is produced in a 27% selectivity together with THFA showing a
TOF of 79 h-! without the production of any by-product (Figure 1).
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Figure 1. Time-concentration curve for furfuryl alcohol hydrogenation using Ru/PVP as catalyst.
Furfural (red curve), furfuryl alcohol (green curve), tetrahydrofurfuryl alcohol (blue curve), acetal
(orange curve), 1,2-pentanediol (pink curve). Reaction conditions: 2 x 102 mmol of Ru, 4 mmol of
FA, 0.5 mmol of dodecane (internal standard), 20 bar of H, 125 °C, 15 mL of 1-propanol. Quantities
of products and reagents were determined by GC using an internal standard technique [29].

In a previous work carried out by some of us, the selective hydrogenation of cin-
namaldehyde was investigated by using an electron-deficient Ru nanocatalyst, Ru/Ceo
[42]. This Ru catalyst was prone to promote the acetalisation reaction of the cinnamalde-
hyde with the alcoholic solvent due to its electron deficiency. By adding a base to the
reaction media, this reactivity was supressed, and the selectivity of the hydrogenation re-
action of cinnamaldehyde was modulated depending on the base used, which was at-
tributed to the increase in electronic density of the metallic surface by the presence of the
base. With the aim to use FR as the starting compound to produce 1,2-PeD, and avoid
thus, a multistep procedure, the reaction of the aldehyde with 1-propanol to give the cor-
responding acetal must be supressed to improve the selectivity (Figure S1). According to
that, we decided to use several electron-donating ligands in order to increase the electron
density on the Ru NP surface to hamper the acetalisation reaction, as bare Ru NPS, as
Ru/PVP, only weakly stabilized by the polymer, are electron deficient due to the presence
of hydrides on the surface [29,43,44]. For this purpose, a long chain amine, hexadecyla-
mine (HDA), two bulky amines, 2,2,6,6-tetramethylpiperidine (TMP), and fert-butylamine
(TBA), a N-heterocyclic carbene, 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidiene
(NHC), and a phosphine containing a pyridine moiety, diphenyl-2-pyridylphosphine
(PN) have been chosen, all being electron donor ligands able to coordinate to the Ru NP
surface [28,30]. In addition to the suppression of the acetal, the impact of ligands adsorbed
in the metallic surface in this reaction was assessed. The investigation of the role of the
ligands on heterogeneous catalysis is a crucial topic [30,34]. Nevertheless, as the lig-
ands/stabilizers have an impact modulating the size, shape, chemical, and crystalline
structure, among other parameters and properties of the metallic surfaces and nanoparti-
cles [45], it is difficult to compare its exact role in catalysis. To minimise the impact of the
ligands in structural parameters, they were added directly to the catalytic medium, in or-
der to in situ modify the Ru/PVP nanocatalyst. The results on the selective hydrogenation
of furfural towards 1,2-PeD using modified Ru/PVP are summarized in Table 1. Time-
concentration curves of the reactions are presented in Figure 2.
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Table 1. Selective hydrogenation of furfural in 1-PrOH using Ru/PVP nanocatalysts in situ modi-

fied. 2
Entry Catalyst TOF Time Conversion FA Acetal THFA 1,2-PeD
(h1) be  (h) (%) « (%) (%) (%) < (%) «
1 Ru/PVP 117 (55) 1 44 23 77 - -
2 3 72 35 65 - -
3 24 100 6 32 29 19 *
4 48 100 0 24 42 24 %
5 Ru/PVP+HDA 99 1 31 89 11 - -
6 65 93 7 - -
7 24 97 15 3 45 26 *
8 48 100 0 - 64 36
9 Ru/PVP + TMP 71 1 27 94 3* - -
10 72 90 4* - -
11 24 100 93 3 - -
12 48 100 90 * - - -
13 Ru/PVP+TBA 66 1 26 71 22% - -
14 56 66 23 % - -
15 24 98 84 9* - -
16 48 100 83 3%
17 Ru/PVP + PN 15 1 4 >99 - - -
18 15 >99 - - -
19 24 44 79 21 - -
20 48 69 58 27 - =¥
21 Ru/PVP+NHC 51 1 20 >99 - - -
22 52 >99 - - -
23 24 100 99 - >1 -
24 48 100 80 - 11 9

aReaction conditions: 2 x 102 mmol of metal, 4 mmol of furfural, 0.5 mmol of dodecane (internal
standard), 20 bar of Hz, 125 °C, 15 mL of 1-propanol; entries 5-8, 6 x 102 mmol of HDA, entries 9—-
12, 6 x 102mmol of TMP, entries 13-16, 6 x 102mmol of TBA, entries 17-20, 3 x 102mmol of PN,
entries 21-24, 2 x 102 mmol of NHC. ®* TOFs calculated at 1 h of reaction according to the surface
amount of metal, in brackets TOF calculated for the hydrogenation reaction. Details in the calcula-
tion of the fraction of surface atoms are given in SI. <Determined by GC using an internal standard
technique. * Other unidentified products.
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Figure 2. Time—concentration curves for furfural hydrogenation using in situ modified Ru/PVP as
catalyst together with unmodified Ru/PVP. (a) Ru/PVP; (b) Ru/PVP modified with HDA; (c¢) Ru/PVP
modified with TMP; (d) Ru/PVP modified with TBA; (e) Ru/PVP modified with NHC; and (f)
Ru/PVP modified with PN. Furfural (red curve), furfuryl alcohol (green curve), tetrahydrofurfuryl
alcohol (blue curve), acetal (orange curve), 1,2-pentanediol (pink curve), hydrogenated acetal (black
curve), unidentified products (grey curve). Reaction conditions: 2 x 102mmol of Ru, 4 mmol of FR,
0.5 mmol of dodecane (internal standard), (b) 6 x 10-2mmol of HDA, (c) 6 x 102mmol of TMP (d) 6
x 102mmol of TBA, (e) 2 x 10-2mmol of NHC, (f) 3 x 10-2mmol of PN, 20 bar of Hz, 125 °C, 15 mL of
1-propanol. Quantities of products and reagents were determined by GC using an internal standard
technique.

Ru/PVP is an efficient catalyst for the hydrogenation of furfural, which its aldehyde
moiety was hydrogenated to the corresponding alcohol with a TOF of 55 h™1. In 5 h, the
aldehyde was almost completely consumed to give FA and the corresponding acetal (Fig-
ure 2a). After 24 h of reaction, FA is nearly all reacted producing mainly THFA and 1,2-
PeD in 29% and 19% selectivity, respectively. Besides that, the heteroaromatic ring of the
acetal was hydrogenated to produce the corresponding hydrogenated acetal (black line,
Figure 2a). After 48 h of reaction, the selectivity towards 1,2-PeD slightly increased to 24%,
probably due to the fully consumption of FA. THFA selectivity also increased to 42%,
which it is tentatively attributed to the same reason and to the production of it from the
hydrogenated acetal.

The addition of an amine ligand to the reaction media increased the TOF of the FR
hydrogenation compared to the unmodified Ru/PVP catalyst. HDA, TMP, and TBA
showed TOFs of 99 h™, 71 h!, and 66 h™, respectively, HDA increasing the TOF substan-
tially, almost twice the one without any surface modifier (Table 1, entry 5 vs. entry 1). We
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attribute that to the increase in electron density of the Ru surface by the coordination of
the amines to the metallic surface [30,31,34,35,37]. It is interesting to take into considera-
tion that amines weakly coordinate to the surface of the metallic nanoparticles as shown
experimentally and theoretically in previous works [31,46], and for that reason are in equi-
librium with the solution. Amines and phosphines have been described to form frustrated
Lewis pairs (FLP) [40] with the acidic metallic surfaces of gold [38] and nickel-copper [39]
for instance, and are able to activate H2 or Si-H bonds effectively into those surfaces. We
cannot discard that this phenomenon is also occurring in our catalytic media as amines
are in excess with respect to the ruthenium atoms, thus FLP interactions could help to
accelerate the reaction. Nevertheless, the addition of three equivalents of amine with re-
spect with Ru, drastically supressed the formation of acetal. This can be attributed to the
increase in electronic density of the ruthenium surface due to the presence of a basic lig-
and. The addition of the NHC also supressed the formation of the acetal, having a benefi-
cial effect on selectivity, as FA was quantitatively obtained (Table 1 entries 21-22). The
activity remained similar to the unmodified Ru catalysts, as TOF at 1 h of reaction was of
51 h.

Using HDA as surface modifier allowed the hydrogenation reaction to proceed fur-
ther, 85% of FA was consumed after 24 h of reaction to give rise to THFA in a 45% of
selectivity and 1,2-PeD in a 26% of selectivity (Table 1 entry 7). After 48 h the reaction
mixture remained almost identical, producing 64% of THFA together with 36% of 1,2-
PeD. This result is very stimulating as it is very close to the best reported selectivity for
1,2-PeD using a Ru-based catalyst (42% using Ru/MnOx as catalyst [15]), but in our case
directly from furfural.

In contrast to Ru/PVP and Ru/PVP modified with HDA, the addition of the TMP,
TBA or NHC highly impeded the hydrogenation or opening of the heteroaromatic ring of
FA and only 20% of THFA was produced after 24 h of reaction in the case of NHC, while
for the bulky amines the reaction did not proceed. This behaviour was tentatively at-
tributed to the high steric hindrance of these molecules; nevertheless, this hypothesis has
to be further confirmed. The last ligand chosen, the phosphine containing a pyridine moi-
ety (PN), largely affected the activity in the hydrogenation of the aldehyde moiety of FR,
with a TOF of 15 h!, which is in contrast with the other catalytic systems of this work,
indicating a strong interaction of the ligand with the surface. This is in line with previous
results by Chaudret et al. [47], which demonstrated using spectroscopic techniques that
phosphines coordinated strongly to the Ru surface. The acetalisation reaction was also
strongly influenced by the presence of the phosphine; nevertheless, not completely sup-
pressed, as in the case of using HDA or NHC as surface modifier. After 48 h of reaction,
the conversion of FR was only of 69%, with a selectivity of 58% of FA and 27% of acetal.

According to the results, the addition of a basic ligand supresses the formation of the
acetal by reaction of FR with 1-propanol, which was the first aim of this work. In the case
of NHC, only one equivalent is needed to avoid this side reaction, while for HDA, TMP,
and TBA three equivalents were required. We have attributed that to the different basicity
of the compounds as well as the robustness of the bond to the surface. It has been demon-
strated that NHC coordinates strongly to the metallic surfaces [48], while HDA is in equi-
librium with the solution [46]. It seems that both kinds of ligands are donor enough to
increase the electron density of the metallic surface, and in consequence avoid the acetali-
sation reaction. On the other hand, the fact that NHC gives not as high TOF as HDA-
modified Ru catalyst suggests that the robustness of the bond of the NHC towards the
surface together with its high steric hindrance are detrimental for the coordination of the
substrate. This could be also the scenario for the hydrogenation/C-O cleavage of the het-
eroaromatic ring, which proceeds sluggishly using bulky compounds to modify the Ru
catalyst. PN-modified Ru catalyst was the least active of the series of catalysts and did not
prevent the formation of the acetal, even if using the same ratio of donor atoms than in
the case of amines. We have tentatively attributed this behaviour to its high steric on one
hand, whilst the pyridine moiety, less basic that HDA, is not coordinating strongly
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enough to supress the formation of the acetal. HDA-modified Ru catalyst thus allows to
produce FA efficiently and selectively, while promoting as well the C-O cleavage. Ru/PVP
produces 27% and 24% of 1,2-PeD from FA and FR, respectively, while HDA-modified
Ru/PVP provides up to 36%, which is a substantial increase.

In order to assess the stability of the catalysts, the size and morphology of the spent
catalysts have been analysed by TEM and the Ru content of the filtrated after catalysis
analysed by ICP. All data are summarized in Table S1 and TEM images (Figures S2-58)
after catalysis are given in the SI. The size of the catalysts remained essentially the same
after the hydrogenation reaction. The ICP analysis displayed the presence of Ru in the
supernatant, but always under the quantification limit, making them not accurate enough
for quantification. Nevertheless, an estimation of the leached catalyst was calculated and
is given in the SI, showing a minor leaching; usually below 1% of Ru. Ru/PVP is very
dispersed on 1-propanol and a recycling test could not be performed.

4. Conclusions

Ru/PVP modified in situ with an amine is a promising catalyst to produce 1,2-PeD
directly from furfural. This is the first time that a Ru catalyst produces this diol directly
from furfural in an interesting selectivity (36%). Even if the catalyst is not suitable yet for
industrial applications, as it is difficult to recycle and is activity is overall low, we have
shown that a straightforward modification, only the use of an amine, is an interesting way
to modulate the selectivity and activity of the system. We have shown as well that the in
situ modification of heterogeneous catalysts is possible and the high impact that it pro-
duces in the outcome of this hydrogenation reaction, allowing a straightforward compar-
ison as the initial catalyst is the same in all cases.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/nan012030328/s1, Figure S1: Time-concentration curve for furfural hydrogenation using
Ru/PVP as catalyst; Table S1: Size before and after the hydrogenation of furfural in 1-PrOH using
Ru/PVP nanocatalyst in situ modified; Figure S2: TEM image of Ru/PVP (scale bar 50 nm) together
with the respective size histogram; Figure S3: TEM image of Ru/PVP after the hydrogenation of
furfural in 1-PrOH at 20 bar of Hz pressure (scale bar 50 nm) together with the respective size histo-
gram; Figure S4: TEM image of Ru/PVP after the hydrogenation of furfural in 1-PrOH at 20 bar of
Ho pressure in the presence of HDA (scale bar 50 nm) together with the respective size histogram;
Figure S5: TEM image of Ru/PVP after the hydrogenation of furfural in 1-PrOH at 20 bar of H>
pressure in the presence of TMP (scale bar 50 nm) together with the respective size histogram; Figure
S6: TEM image of Ru/PVP after the hydrogenation of furfural in 1-PrOH at 20 bar of Hz pressure in
the presence of TBA (scale bar 50 nm) together with the respective size histogram; Figure S7: TEM
image of Ru/PVP after the hydrogenation of furfural in 1-PrOH at 20 bar of Hz pressure in the pres-
ence of PN (scale bar 50 nm) together with the respective size histogram; Figure S8: TEM image of
Ru/PVP after the hydrogenation of furfural in 1-PrOH at 20 bar of Hz pressure in the presence of
NHC (scale bar 50 nm) together with the respective size histogram.
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