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This work establishes structure—property relationships in Ru-based catalytic systems for selective
hydrodeoxygenation of ketones to alkenes by combining extensive catalytic testing, in situ X-ray
absorption spectroscopy (XAS) under high pressures and temperatures and ex situ XAS structural
characterization supported by density functional theory (DFT) calculations. Catalytic tests revealed the
difference in hydrogenation selectivity for ketones (exemplified by acetone) or alkenes (exemplified by
propene) upon changing the reaction conditions, more specifically in the presence of CO during
a pretreatment step. XAS data demonstrated the evolution of the local ruthenium structure with different
amounts of Cl/Br and CO ligands. In addition, in the absence of CO, the catalyst was reduced to Ru®,
and this was associated with a significant decrease of the selectivity for ketone hydrogenation. For the
Ru—-bromide carbonyl complex, selectivity towards acetone hydrogenation over propene hydrogenation

Received 15th April 2022 was explained on the basis of different relative energies of the first intermediate states of each reaction.
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These results give a complete understanding of the evolution of the Ru species, used for the catalytic

valorization of biobased polyols to olefins in ionic liquids, identifying the undesired deactivation routes as
well as possibilities for reactivation.
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Introduction

The selection of ligands in the coordination sphere of homo-
geneous catalysts allows for the tuning of process-specific,
chemoselective hydrogenations." As a prominent example, the
chemoselectivity of RuCl,(PPh;), can be shifted from olefin
hydrogenation® to carbonyl hydrogenation,® as discovered by
Noyori and coworkers. This was achieved through the addition
of avicinal diamine, e.g. ethylenediamine, and a base, e.g. KOH,
revealing a new way to catalytically hydrogenate the carbonyl
group.* For the preferential hydrogenation of carbonyl groups
in the presence of C=C functions, this approach allows
replacement of stochiometric metal hydride reagents, such as
NaBH, or LiAlH,, by molecular hydrogen and a catalyst.

Other homogeneous Ru-complexes are also known to be
active catalysts for hydrogenation of aldehydes and ketones, but
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whether they also refrain from reacting with C=C bonds, is not
always clear. Braca et al. reported that Ru halide carbonyls, even
without PPh;, catalyze the hydrogenative dehydroxylation of
glycerol and sugar alcohols, which proceeds in acidic condi-
tions.® For instance, in the presence of [Ru(CO);1,], as a homo-
geneous catalyst, and of hydrogen iodide as a Bregnsted acid,
glycerol is converted to n-propanol. After the Bronsted acidity
dehydrates glycerol to acrolein, the Ru catalyst performs
a complete hydrogenation of both the olefin and aldehyde
functions, yielding 1-propanol and the derived ether. Clearly,
under these acidic dehydration conditions, the Ru catalysts do
not discriminate between C=C and C=0 bonds. In contrast,
our group has developed an alternative approach to the hydro-
deoxygenation of sugar alcohols and glycerol to olefins. When
HBr/Bu,PBr as a Brensted acidic ionic liquid (IL) is combined
with a Ru halide carbonyl hydrogenation catalyst, mono-alkenes
are obtained selectively from sugar alcohols.®” In contrast to
previous work, the dehydration in this process relies on acid-
promoted Br~ substitution-elimination reactions; the hydro-
genation is performed by in situ formed RuBr,(CO),
compounds. These were observed to be generated in situ from
RuBr; and CO, formed by decarbonylation of the formed alde-
hyde intermediates, or by the thermal decomposition of form-
aldehyde.® Later, an additional pretreatment step involving CO
gas proved useful to obtain even higher selectivities in the
valorization of crude waste glycerol to propylene.” Remarkably,
the product alkenes are hardly hydrogenated. However, apart
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from the proof that CO drastically improves the biomass valo-
rization in terms of olefin selectivity, no clear understanding of
the catalytic system is available.

Here, we elucidate the different catalytic steps in the Ru-
catalyzed hydrodeoxygenation of glycerol to propene by moni-
toring the evolution of Ru-species by in situ X-ray absorption
spectroscopy (XAS) and performing additional detailed analysis
of the high-quality ex situ data collected by carefully trapping
different intermediate states in solidified ionic liquid. The
different states are correlated to the separate activation and
deactivation steps. First, we focus on the catalyst dissolution in
the IL, to reveal whether the Ru precursors remain stable or are
converted into new complexes. Then, we investigate the impact
of CO gas, to correlate the actual ligand environment of Ru to
the catalytic performance. Finally, the origin of the selectivity
towards ketone hydrogenation is supported with theoretical
density functional theory (DFT) calculations.

Materials and methods
Catalytic reaction

A typical reaction mixture consists of a homogeneous Ru cata-
lyst (10 umol) dissolved in Bu,PBr (1.7 mmol, 577 mg), acetone
(0.50 mmol, 37.0 pL) or propene (1 bar) as the model reactants,
H, gas as the reducing agent, in the presence of a mixture of
dodecane (1 mL, extraction solvent) and tetradecane (0.5 mmol,
0.13 mL, internal standard). First, all solids and liquids are
loaded into a glass liner (5 ml) inside a stainless steel pressure
reactor. Next, the reactor is flushed 3 times with N, followed by
H,, loaded optionally with propene gas (1 bar) and finally with
40 bar of H,. Occasionally, prior to the actual catalytic reaction,
an additional pretreatment step was performed to generate Ru
bromide carbonyl species through stirring of RuBr; in the IL
under 1 bar of CO gas and 40 bar of H, for 30 minutes at 180 °C.
Catalytic reactions were performed by stirring the total reaction
mixture for 1 h at 220 °C.

After reaction, the reactor was cooled on ice and a gaseous
sample was taken for FTIR gas phase analysis. The yield of
apolar compounds was determined via GC analysis of the
dodecane layer. Finally, a derivatisation reaction was performed
on the polar IL layer wusing N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA, 400 uL), silylating the alcohols
remaining in that layer. All products were analyzed according to
previous literature procedures.®’” Details on the product analysis
and the boundary conditions for the catalytic reaction are
provided in the ESL.{

Synthesis of [RuBr,(CO);],

The Ru bromide carbonyl complex was synthesized according to
a literature procedure.”® Ruz(CO), (0.129 g, 0.20 mmol) was
dissolved in dry benzene resulting in an orange solution. Excess
Br, was added and the solution was stirred vigorously for 3
hours. The solvent and unreacted Br, were removed under
reduced pressure. The crude product was purified by recrystal-
lization in chloroform/hexane resulting in a yellow solid. The
identity of the [RuBr,(CO);], complex was confirmed with FT-IR
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spectroscopy and Electrospray Ionization Mass Spectrometry
(ESI-MS). FTIR analysis was performed in a Bruker IFS 66v/S
FTIR spectrometer under vacuum. The ESI-MS was conducted
in positive ion mode with a Thermo Finnigan LCQ Advantage
mass spectrometer. »(CO): (KBr) 2138 ecm ™" (s), 2078 (s) cm™,
ESI-MS (MH" in CH;CN): 387.75; found, 388.0. XAS analysis
(Fig. S7t) also provided the 3D atomic structure of the

complex.”**

Ex situ XAS data collection

Experimental Ru K-edge XAS data were measured at the BM23
beamline of ESRF (Grenoble, France) and CLAESS beamline of
ALBA (Barcelona, Spain). The powdered reference samples were
pressed into pellets to optimize the absorption jump at the Ru
K-edge. The catalytic samples frozen in the IL were placed in
a self-made teflon container of cylindrical shape, closed from
both sides with Kapton tape. To exclude the effect of dilution in
the IL, the reference complexes were measured both pure in the
crystalline state and diluted in Bu,PBr at high or low concen-
trations. For the diluted reference samples, both powders were
heated 10 °C above the IL melting point (Tmeiting = 100 °C) and
stirred vigorously. High concentrations (Ru: Br ratio of ca.
1:35) resulted in good signal-to-noise ratio in both X-ray
absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) regions. However, in stan-
dard catalytic reactions the system is ~5 times more diluted,
resulting in an Ru: Br ratio of 1:170. The presence of the
strongly absorbing Br limits signal intensity in the lower edge
jump compared to reference samples and, therefore, more noisy
data are obtained in the EXAFS region. All spectra were collected
in the transmission mode, which showed better signal-to-noise
ratio compared to the fluorescence signal collected in similar
acquisition times, with simultaneous measurement of metallic
ruthenium foil for energy alignment. The filling of the 1°¢, 2™¢
and 3™ ionization chambers resulted in the absorption of 20,
80, and 80%, respectively, at the Ru K-edge photon energy. The
energy was selected by a Si(311) double-crystal monochromator
operated in a step mode. Rejection of higher harmonics was
done by Rh coated mirrors. The energy steps in the pre-edge and
XANES regions were 5 and 1 eV respectively. In the EXAFS
region, a constant step in k-space of 0.035 A 'was used. At B22,
continuous scanning mode was used.

In situ XAS data collection

In situ Ru K-edge XAS spectra were collected in fluorescence
mode at the SAMBA beamline of Soleil synchrotron (Paris,
France). A sample containing similar concentrations of
reagents, as used for the catalytic tests, was loaded into a self-
made high-pressure reactor (Fig. S11) which had the same
geometry as the reactors used for the catalytic tests. The cell was
pressurized with H, and CO and heated by four built-in
thermistor elements. The magnetic stirrer was positioned
below the cell (Fig. S1bt). The energy was scanned continuously
by a Si(220) monochromator. The I, intensity before the sample
was collected by an ionization chamber and the fluorescence
signal was collected by a Vortex silicon drift detector. The energy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was calibrated with a ruthenium foil before each in situ run; this
did not demonstrate significant drifts of the monochromator.

XAS data analysis

Initial processing of experimental XAS data, including normal-
ization, energy calibration, extraction of (k) signals and further
Fourier analysis of EXAFS, were performed in the Athena and
Artemis programs of the Demeter package.' The fitting was
done in R-space in the 1-3 A range simultaneously on k'-, k*-and
k*-weighted data, Fourier-transformed applying the Hanning
window from 4 to 15 A~' with dk = 1. For the reference
compounds the signals up to k = 18 A~* were also examined.
The theoretical phases and amplitudes were calculated by
FEFF6."” The in situ XAS data were processed in the Fastosh
program. Principle component analysis (PCA) analysis was
performed in PyFitlt code.” Multivariate curve resolution
alternating least squares (MCR-ALS) analysis of the in situ data
(in the XANES region) was performed by means of the MATLAB
code."*

DFT calculations

Geometry relaxation and calculation of reaction enthalpies were
done in ADF software'” at DFT level of theory with BLYP-D3
exchange-correlation potential’**° and TZP Slater-type basis
set.”* The choice of the potential and basis set was made based
on the comparison of the Ru-ligand C, Ru-Cl and C-O
distances in the relaxed structure with those obtained from
EXAFS for [RuCl,(CO);],. The scalar relativistic effects were
included within the Zero Order Regular Approximated (ZORA)
Hamiltonian.*

Results and discussion
Catalytic testing

Previous reports on the use of HBr/Bu,PBr as the dehydrating
solvent for the valorisation of biobased vicinal alcohols sug-
gested a pathway relying on substitution with Br~ and HBr
elimination, rather than an E; mechanism. This results in
a specific dehydration route mainly leading through ketone,
rather than aldehyde intermediates.® In the reaction of eryth-
ritol, butanone hydrogenation was found to be a kinetically slow
step, whereas the hydrogenation of 2,3-butanedione and o-
hydroxycarbonyl compounds occurs faster, possibly due to the
directing role of the second oxygen functionality.® Similar
results were obtained in the case of glycerol, where acetone was
detected as the carbonyl intermediate that is slowest to be
converted.” In absence of the HBr acid co-catalyst, over 50% of
unconverted alcohol products (mainly 1,2-PDO and glycerol)
were reported, indicating the importance of HBr to fully convert
biobased polyol intermediates to the desired olefins.*” Most
decisive for the olefin selectivity is the ability to hydrogenate
ketones like butanone or acetone, while leaving the desired
propene or butene products intact. In order to elucidate the role
of the various Ru species in either ketone or olefin hydrogena-
tion, acetone and propene were used as model reactants
(Scheme 1). Several ruthenium catalysts (commercial RuBr; and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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[RuCl,(CO);3],, and synthesized [RuBr,(CO);],) were tested on
either substrate under realistic conditions, similar to those of
the conversion of (waste) glycerol to propene (Table 1). Ru
bromide carbonyl compounds were obtained in two different
ways: via a classical, ex situ way, as reported by Johnson et al.,
starting from Ruz(CO);, and Br, leading to [RuBr,(CO);],
(entries 3 and 10 in Table 1),** and by an in situ exposure of
RuBr; dissolved in the IL to CO gas in a pretreatment step
(entries 4-6, 11-13).” For the hydrogenation of acetone with
different Ru precursors, key observations are summarized in
Table 1 (entries 1-7). The presence of CO in the catalyst coor-
dination sphere seems strictly necessary to obtain an active
catalyst for ketone hydrogenation, with RuBr; (entry 1) only
resulting in non-selective conversion of acetone (presumably via
condensation reactions).® Remarkably, depending on the cata-
lyst synthesis, a distinct product distribution is observed
(entries 2-3 vs. 4-5). In the case of the pre-isolated [RuX,(CO);],
complexes, less dehydration reactions are occurring (up to 30%
alcohols remaining), with significant overhydrogenation to the
undesired alkanes (less than 40% olefin selectivity). A
pretreatment step with CO gas on the ex situ synthesized
[RuBr,(CO);], improved the propene selectivity significantly,
but further decreased the dehydration activity (entry 4). In
contrast, a similar complex formed in situ starting from Ru(ur)
Br;-xH,O results in near quantitative dehydration, maintaining
very high olefin selectivity (entry 5). Even after extending the
reaction time to 4 hours there is only a minor increase in olefin
overhydrogenation to propane (entry 6). The increase in alcohol
conversion might be due to in situ formation of HBr, as a result
of reduction of Ru(im)Br; to [Ru(u)Br,(CO),],. This results in an
increase in Brgnsted acidity and free Br~ in the system, while
the additional CO ligands allow for more catalyst stability and
selectivity in the two competitive hydrogenation steps.

Next, it was evaluated whether the choice of the Ru precursor
has an effect on the preservation of propene, thus on avoiding
overhydrogenation to the undesired alkane (entries 8-14).
RuBr; shows the highest overhydrogenation in the absence of
a CO pretreatment step (entry 8). The overhydrogenation
decreases for the isolated complexes (entries 9 and 10), also
upon addition of a CO pretreatment step (entry 11). Finally, it is
found to be almost negligible for the in situ formed complex
(entry 12) as the increased acidity may additionally prevent the
reduction to zerovalent Ru metal. Extending the reaction time to
4 h (entry 13) shows only a minor formation of propane from
propene, indicating that high catalyst stability is combined with
impressive C=0O vs. C=C selectivity. The necessity of
a pretreatment step under CO, rather than applying CO directly
during the reaction, was confirmed by a control experiment on

O  Rug OH (H')/BusPBr Rugat.
> > /\ —
)l\ H2 -H20 \ Hz

Scheme1 Simplified system to study the two key hydrogenation steps
in the valorization of biobased alcohols with catalytic Ru and IL: (1)
reduction of ketone intermediates to alcohols; (2) avoiding over-
hydrogenation of the desired olefin end products.

Chem. Sci, 2022, 13, 1025110259 | 10253
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Table 1 Hydrogenation of acetone and fate of propene in the presence of different homogeneous Ru catalysts®

Entry Catalyst Substrate® Olefin Selectivity” Propene® (%) Propane® (%) Isopropanol” (%) Acetone® (%)
0 RuBr; - xH,0 + CO” Glycerol 94% 82 5 2 4

1 RuBr;-xH,0 Acetone /i 2 <1 <1 53

2 [RuCl,(CO);], Acetone 36% 25 44 26 3

3 [RuBr,(CO)s], Acetone 30% 17 40 29

4 [RuBr,(CO);], + CO® Acetone 52% 25 23 46

5 RuBr;-xH,0 + co’ Acetone 90% 77 8 2 <1

6 RuBr;-xH,0 + cob* Acetone 82% 72 16 <1 <1

7 RuBr;-xH,0 + CO»? Acetone 93% 40 3 1 50

8 RuBr;-xH,0 Propene 39% 38 59 — —

9 [RuCl,(CO);], Propene 56% 52 41 — —

10 [RuBr,(CO)s], Propene 63% 62 36 — —

11 [RuBr,(CO);], + CO” Propene 82% 78 17 — —

12 RuBr;-xH,0 + co’ Propene 96% 95 4 — —

13 RuBr;-xH,0 + co”¢ Propene 87% 84 13 — —

14 RuBr;-xH,0 + CO>? Propene 98% 93 2 — —

“ Reaction condltlons unless stated otherwise: 0.01 mmol Ruc,. (2 mol%), 1.7 mmol Bu4PBr 1 mL dodecane, 0. 5 mmol tetradecane (IS), 220 °C, 40
bar H,, 1 h Pretreatment step of RuBr; with CO gas (1 bar), 30 min, 40 bar H,, 180 °C.  Reaction for 4 h. ¢ CO gas (1 bar) present during the

reaction.

¢ Glycerol: ref. 7: HBr co-catalyst (5 mol%), crude glycerol (O 5 mmol). Acetone (0.5 mmol, 36.7 puL). Propene gas (1 bar). / Ratio of

propene vs. (propene + propane) determined by FT-IR/GC gas analysis. ¢ GC yield. " GC yield after BSTFA derivatization. / Yield too low to allow

reliable selectivity determination.

both acetone and propene (entries 7 and 14). We have previ-
ously obtained similar results in the HDO of erythritol, with
butanone as the model substrate.® Indeed, when the reaction is
performed under 1 bar of CO, not only the olefin is hardly
hydrogenated (entry 14); also the carbonyl hydrogenation is
significantly hampered, presumably due to oversaturation of
the catalyst coordination sphere with CO. Besides catalyst
stability and selectivity, also catalyst recyclability is an impor-
tant criterion. Therefore, after CO pretreatment, the catalyst was
reused in 5 runs, showing clear selectivity loss if no CO is added
in between cycles (Fig. 1). Selectivity is perfectly preserved when
CO is added in between cycles.

Ru speciation in IL upon dissolution

In the following, the solidification of the IL at room temperature
(Tmelting = 100 °C) is used as a unique feature to trap the cata-
lytic species, in order to clarify the behavior of the different Ru
compounds by XAS (vide supra; ex situ XAS data collection).
Spectra recorded for RuX; (X = Br, Cl) salts admixed in Bu,PBr,

100

3 80

& 60 [l Without CO®
E 40 [ With CO°

o

175}

8]
(=]

(=]

Run 1

Run2 Run3 Run4 RunS$

Fig. 1 Preservation of propene over multiple runs. “Fraction of pro-
pene in the (propene + propane) fraction. Conditions: RuBrz-xH,O
(2 mol%), propene (1 bar), BusPBr (577 mg, 3.4 mmol). Pretreatment:
CO gas (1 bar) 40 bar H,, 0.5 h, 180 °C. Each hydrogenation uses
a fresh charge of propene gas (1 bar), 40 bar H,, 1 h, 220 °C. °CO
pretreatment before first run. “CO pretreatment before each run.

10254 | Chem. Sci, 2022, 13, 10251-10259

show that higher-shell FT-EXAFS peaks are eliminated (Fig. 2b);
this confirms their dissolution. At the same time, there is no
shift in the edge position of the XANES spectra (Fig. 2a), indi-
cating that the oxidation state of Ru is not changed. The results
of Fourier-analysis of EXAFS data are reported in Table S1.1 For
RuBr; in the ionic liquid, the first-shell coordination number

1 a > a sug. E

Normalized pd

0.0 =
22100 22120 22140 22160 22180 22200 22220

Energy (eV)

X@®)| (A

S

S
N ...&u”“l’m .

00 05 10 15 20 25 30 35

R (&)

40 45 50

Fig. 2 XANES (a) and magnitudes of Fourier-transformed (4-15 A™%)
phase-uncorrected FT-EXAFS (b) data for RuBrsz (red) and RuCls (blue),
before (dashed lines) and after (solid lines) dissolution in Bu4PBr.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(CN) decreases from 6 to 4.3 =+ 0.3. This could be explained by 4-
coordinated [RuBr,|” complexes with additional Br~ coming
from the IL. For RuCl;, a significant reshaping of both EXAFS
and XANES data is observed, associated with a ClI -Br~
exchange in Brrich IL. The resulting structure contains
a mixture of RuCl, and RuBr,, species, with clearly visible Ru-Cl
and Ru-Br contributions in FT-EXAFS. To overcome the insta-
bilities, the total CN was fixed to 4.

Next, isolated [RuX,(CO);], precursors were used instead of
RuX; compounds (X = Br, Cl). The corresponding XANES and
EXAFS data are shown in Fig. 3. As in the previous case, the
strongest changes in the spectra are observed for the CI-
containing precursor, which is also associated with Cl -Br~
exchange. This is supported by DFT calculations since the
reaction of 4 Bu,PBr + [RuCl,(CO);], to form 4Bu,PCl +
[RuBry(CO);], is favourable with AH of about (—3)-
(—4) keal mol " (Fig. S51). In addition, after dissolution in IL,
both precursors exhibit increased Ru-Br and decreased Ru-CO
contributions in EXAFS (Fig. 3b). The Ru-Br coordination is
increased roughly by 1 (see Table S2t) with respect to the
reference [RuBr,(CO);], complex. This can be explained by
a loss of CO ligands to the gas phase.

Two aspects related to the Ru speciation upon dissolution in
the IL are noteworthy. First, irrespective of the original
precursor, a complex with Br-ligands is formed in Bu,PBr due to
Cl"-Br~ exchange. Secondly, the IL itself is not sufficient to
preserve the structure of the isolated [RuX,(CO);], complexes
upon dissolution, explaining their significantly lower catalytic

1.2 -

S
© o
| |

0.6 =

Normalized pd

0.4 <

0.2 =

0 T T T T
22100 22120 22140 22160 22180 22200 22220

Energy (eV)

T[T T[T I T T[T T T[T T TT T [TTT T[T TT[TTTT

2.0 3

b

@) (A7)

00 05 1.0 15

20 25 30 35
RA)

Fig. 3 XANES (a) and magnitudes of Fourier-transformed (4-15 A7}
phase-uncorrected FT-EXAFS (b) data for [RuBr,(CO)s], (red) and
[RUCL(CO)s], (blue), before (dashed lines) and after (solid lines)
dissolution in Bu4PBr.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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performance (Table 1; entry 2-3 and 9-10). Since the structure
of the isolated Ru-precursors is not preserved (CNgo < 3), it
might only be possible to form the actual catalytic complex in
the IL through the CO pretreatment step.

The role of CO and reaction conditions

The presence of CO gas (during the pretreatment) transforms
the RuBr; salt (Fig. 4, dashed black vs. gray spectra for RuBr;
before & after dissolution in the IL) into Ru carbonyl species
(solid blue), with a spectrum highly similar to that of the crys-
talline [RuBr,(CO);], reference compound (dashed red). This
shift in the Ru speciation (from dashed grey to solid blue) is
reflected in the very high selectivity for carbonyl vs. olefin
hydrogenation (entries 5, 12). The structure was also compared
with the one formed in presence of formaldehyde as a CO
source, according to the procedure reported in our previous
work.® The latter also results in a similar ruthenium halide
carbonyl complex, but with increased Ru-Br and decreased Ru-
CO contributions compared to the sample obtained under CO
gas (Fig. S21). This again can be assigned to a partial decom-
position of the priorly isolated [RuBr,(CO);], into Ru bromide
carbonyl species (CNgo < 3), explaining the significant decrease
in olefin selectivity shown for glycerol.” The low concentration
of Ru in the systems tested under CO pretreatment and under
reaction conditions complicates EXAFS analysis, but XANES
spectra give a clear indication of the relative changes in the
number of CO and Br ligands over the whole series of samples.

12 — -

1.0 —
0.8 —
0.6 =

Normalized pd

0.4 -

0.2 =

0.0 =TT

22100 22120 22140 22160 22180 22200
Energy (eV)

IX@®)| (A7)

00 05 1.0 15

20 25 30 35
R(A)

40 45 50

Fig. 4 XANES (a) and phase-uncorrected FT-EXAFS (b) data for the
reference RuBrs salt (dashed black) and [RuBr,(CO)sl, compound
(dashed red), and RuBrs3 salt dissolved in BusPBr without (dashed grey)
and with (solid blue) addition of CO gas.
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A linear combination fitting (LCF) using two reference
spectra of RuBr; and Ruz(CO),, was performed to reveal the
relative ratio of these components in the studied samples
(Fig. 5). For RuX; dissolved in IL, the fraction of RuBr;
component is close to 1, but in the presence of CO during the
pretreatment step, this sample almost fully (ca. 92%) converts to
[RuBr,(CO);], (reference) species. After reaction or upon disso-
lution of the pre-isolated reference in IL the [RuBr,(CO);],-
complex partially degrades to RuBr, species, which can be
associated with deactivation of the catalysts in absence of CO
(vide supra). This can be counteracted by CO pretreatment in
between the cycles (Fig. 1). Finally, if RuBr; is used in absence of
CO, formation of small Ru® clusters occurs after reaction due to
the presence of the reducing H, gas (Fig. 6). These species are

Br / CO balance
reference
reference

Fig. 5 Relative fractions of Br (shown in red) vs. CO (in blue) in the Ru
coordination sphere, for different samples, as obtained by LCF analysis.
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Fig. 6 XANES (a) and phase-uncorrected FT-EXAFS (b) data for RuBr3

salt dissolved in IL before (solid red) and after (solid purple) reaction
with propene. Dashed grey lines correspond to metallic Ru reference.
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Fig. 7 (a) XANES spectra of pure Ru-species (solid coloured lines)

extracted by MCR-ALS plotted together with the reference spectra of
RuBrs, [RuBr,(CO)sl,, and Ru foil (dashed red, green and blue lines
respectively). (b) Concentration profiles of the three Ru-species
extracted from MCR-ALS. (c) A list of experimental conditions applied
during in situ XAS data collection. Conditions were varied within the
described boundary conditions (see ESI, T “boundary conditions”): CO
(0-5 bar), H, (0-30 bar) and temperature (180-220 °C). Dashed lines
indicate when the sample was changed. ®A high concentration of
RuBrs was used, with 68 mg RuBrs in 2 g IL. °For all other entries, low
concentrations of Ru were measured (13.6 mg in 2 g IL, similar to
catalytic results presented in Table 1). “Formaldehyde (100 ul) was
thermally decomposed to generate in situ CO gas. “Isopropanol (IPA,
250 pl) was added as propene precursor.
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not active in carbonyl hydrogenation and can be responsible for
alkene hydrogenation (Table 1; entry 1 and 8).

In situ evolution of Ru-species under reaction conditions

To prove the relevance of the Ru-species identified from ex situ
data, an in situ experiment was performed utilizing a dedicated
high-pressure reactor cell (see Fig. S17). The data (Fig. S31) were
collected in fluorescence mode with high time resolution and
have lower signal-to-noise ratio for quantitative EXAFS analysis
than in measurements performed on ex situ samples. Imple-
mentation of PCA and MCR-ALS procedures to the whole
experimental dataset revealed the existence of three different
Ru-species (see Fig. S471); their spectra and respective concen-
tration profiles are shown in Fig. 7. The fact that only three
components were identified also indicates that no other Ru
bromide carbonyl complex besides [RuBr,(CO);], is present in
the system. Indeed, a complex with different Br/CO coordina-
tion numbers would result in similar spectral features but
shifted edge position due to changes in Ru oxidation state,’
which would result in an additional component in PCA.

The first part of Fig. 7(a) shows the spectra of pure species
extracted from the in situ collected data. The first species is
obviously similar to the RuBr; reference and to RuBr, dissolved
in Bu,PBr (indicated in red). The second species presents
a spectrum close to that of the [RuBr,(CO);], reference and
represents the Ru carbonyl contribution (indicated in green).
Finally, the third species shares common features with metallic
ruthenium foil (indicated in blue). The evolution of these three
species under various conditions is summarized in Fig. 7b. The
applied steps and corresponding sets of conditions (1-16) along
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the x-axis are summarized in Fig. 7c, in which each scan takes
approximately 5-6 minutes.

Under 1 bar CO and 20 bar H,, a considerable fraction of
RuBr, still remains unchanged for the highly concentrated
catalyst (1). The fraction of Ru bromide carbonyl increases
either by removing H, and increasing CO pressure (2) or by
reducing the Ru loading (3), ie. increasing CO/Ru ratio. In
absence of CO, under inert atmosphere (4), in H, (5) and with
increased temperature (6), Ru is gradually converted towards
RuBr, species. In agreement with ex situ results, isolated
[RuX,(CO);], complexes (7-8 and 9-10, respectively) contain
less Ru carbonyl contribution (indicated in green) compared to
the in situ carbonylated species (i.e. in step 3). Like in the
previous research,® formaldehyde can also be used as a CO
source (11-12). In presence of IPA (as propene precursor) and
H, gas, RuBr, species are reduced to small Ru clusters (14). As
expected, the RuBr, can be converted back to a Ru carbonyl
species by addition of a CO source (formaldehyde, 15), while the
lost Ru (0) species cannot. The metallic Ru contribution
remains constant in step 14 vs. 15 (indicated in blue). If
[RuBr,(CO);], is used as a precursor, slight decarbonylation is
observed over a large timeframe of ca. 2.5 h (16).

The origin of the selectivity towards ketone hydrogenation

Since both in situ and ex situ experiments have unambiguously
proven that [RuBr,(CO);], is the main active species necessary
for the C=0 hydrogenation, a screening of possible interme-
diate states in the hydrogenation of acetone and propene was
performed at DFT level of theory, based on the minimal energy
of their relaxed structures. In addition, the transition states and
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Fig. 8 Relative energies in kcal mol™* of the most stable intermediates and first transition state determined for acetone (top) and propene
(bottom) hydrogenation reactions. The corresponding relaxed structures and output files are attached in ESI. ¥
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— No C=0 hydrogenation
- Active C=C hydrogenation

Scheme 2 Evolution of Ru-species depending on reaction conditions.

the height of the barriers for the adsorption of acetone and
propene on the Ru complex were determined (Fig. 8).

In particular, the exchange of a CO ligand by acetone results
in very small (in case of one-side reaction) or slightly negative
(in case of both Ru-sites involved, shown in Fig. S61) reaction
enthalpies (Fig. 8), with an energy barrier of about 7 kcal mol .
Relatively small reaction enthalpies are also obtained for the
next intermediate steps (dissociation of H, and carbonyl
hydrogenation). For the hydrogenation of propene, the barrier
for propene coordination instead of CO ligand is similar to that
obtained for the acetone case, but it leads to the formation of an
intermediate state with higher energy, indicating that in the
competition, coordination of acetone is more favourable. The
next step involving H, is significantly unfavourable compared to
the acetone case, which might again explain the selectivity of
the [RuBr,(CO);], system towards C=O hydrogenation over
C=C hydrogenation. C=C hydrogenation over Ru’ was not
simulated, since olefin hydrogenation over active noble metal
nanoparticles is well known.

Conclusions

Combining catalytic testing with in-depth characterization of
the local structure of Ru-atoms by XANES and EXAFS, we have
unambiguously shown the evolution of Ru-species and estab-
lished important structure-activity and structure-selectivity
relationships which were additionally supported by theoretical
computations. The active [RuBr,(CO);], species are formed
from RuBr; in Bu,PBr in presence of CO gas during a pretreat-
ment step, which is crucial to convert dissolved RuBr, into the
active complex. These species selectively hydrogenate C=0O
bonds over C=C bonds due to favored coordination of ketones
over alkenes on Ru sites and unfavorable intermediate states
involving H, dissociation for the latter case, exemplified using
acetone and propene as a substrate. Without a CO source, these
species can disintegrate to RuBr, which under reaction condi-
tions could be reduced to Ru® clusters responsible for unse-
lective C=C hydrogenation. Disintegration to RuBr, occurs in
the IL in absence of CO and when the pre-made catalysts are
dissolved and CO is lost; this was the case for both [RuX,(CO)s],
(X = Br,Cl) complexes. If a Cl-containing precursor is used,
a ClI"-Br~ exchange was identified in the Br-rich environment
(IL) for all studied samples, resulting in the formation of the
corresponding Br-containing complexes. These results give
a complete understanding of the evolution of Ru species,
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summarized in Scheme 2, applied for the homogeneous cata-
Iytic valorization of biobased (waste) polyols to olefins, indi-
cating the undesired routes of its deactivation and possibilities
for reactivation.
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