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Chitosan-Silica as a Cheap Carrier and Green Soft Ligand
for Improved Ru-catalyzed Hydroformylation

Francisco Javier Escobar-Bedia,”® Vlad Martin-Diaconescu,™ Laura Simonelli,®’

Maria J. Sabater,*® and Patricia Concepcion*®

Dodecacarbonyltriruthenium Ru;(CO),, has been immobilized
onto a biopolymer (chitosan) supported on SiO, (Ch@SiO,) to
give Ru—Ch@SiO,. Ch@SiO, behaves as a soft, recoverable and
bulky ligand allowing the stabilization of released Ru active
species and preventing its irreversible reduction to Ru®. Under
these conditions very high activity (TOF= 1086 h™"; TON=
2749) and regioselectivity (n:iso=92:8) are obtained, surpass-
ing that of the homogeneous Ru;(CO),, counterpart.

Spectroscopic studies have shown that Ru,;(CO),, transforms
into a mononuclear Ru"™ (n=2,3) di o try carbonyl species by
interacting with the amido/amino groups of the biopolymer,

Introduction

Since Roelen's discovery in 1938 the hydroformylation
reaction has become a highly relevant reaction at industrial
level, reaching an annual production of over 10 million metric
tons of aliphatic aldehydes and revealing itself as the greater
example of homogeneous catalysis at industrial scale.”’ Alde-
hydes are a high value specialty product but also a bulk
chemical commodity, due to the reactivity of the CHO moiety
that allows easy access to different compounds such as
alcohols, carboxylic acids, amines, and imines, thus becoming
the raw material for many important products (i.e. fine
chemicals, drugs, flavors, fragrances, polymers, etc).*

In order to meet the growing demand of the highly desired
aldehydes great efforts have been invested in the development
of improved catalytic systems in which ligands play a pivotal
role. Indeed, the early unmodified Co,(CO); catalyst quickly
became obsolete when Mullineaux and Pruett showed the great
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being released into the reaction media whilst stabilized by the
chitosan functional groups.

The herein 0.5 Ru-Ch@SiO, catalyst can operate be operated
under a semi-continuous mode for at least 14 h without
deactivation, representing providing a starting point in the
search for a green catalyst with definitive industrial application
in hydroformylations. In particular in the search for a heteroge-
neous catalyst away from the use of phosphines and their
known drawbacks (i.e. tedious synthesis, facile oxidation of
phosphor center, ..) as well as expensive Rh as active site.

promoting effect that phosphine ligands had on the selectivity
and regioselectivity of the reaction for obtaining aldehydes
from alkenes.”® The importance of these outcomes led to the
development of the Shell Higher Olefin process,” which is still
operational today for the production of fatty alcohols by
hydrogenation of the respective aldehyde.® Later, Wilkinson
applied the newly discovered promoting and stabilizing effect
of the PPh, ligand to rhodium,” a much more expensive but
also reactive metal, leading to the Low Pressure Oxo process
(LPO). The great success of the LPO process caused the
phosphine-based ligands to become the backbone of all
modern hydroformylation processes and major efforts were
made to further improve their viability performance as catalysts.

In this direction, the development of new ligands such as
water soluble phosphines,'®'® phosphonites or more recently
nitrogen based compounds have appeared in the literature,"*?
although most of them require of complex synthesis procedures
to aid in catalyst recovery and facilitate the scaling process,
hence limiting their industrial application. In parallel, together
with the search for new organic ligands, other metals, such as
ruthenium, iridium, iron, platinum, or palladium, have been also
investigated to tune the intrinsic catalytic properties of the
metal.***¥ Regarding ruthenium based catalysts, it has been
reported that in general mononuclear carbonyl ruthenium
complexes exhibit higher activity and selectivity than polynu-
clear complexes so that their activity and selectivity can be
tuned by a suitable ligand system.***” This is the case of
Ru;(CO),, which when combined with an imidazoyl-substituted
monophosphine and other heterocycle-derived phosphine
ligands can provide good activities and tunable selectivity
towards the aldehyde and/or alcohol.***" In this case, Ru;(CO);,
has been considered as a pre-catalyst of a new active species,
identified as HRu(CO);L, which is formed under reaction
conditions.®” However the nature and oxidation state of the

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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mononuclear ruthenium active site has not been reported
disclosed so far. In addition, other Ru precursors, such as
homogeneous and heterogeneous Ru(ll) and Ru(lll) complexes
have been also explored.”’*

Despite all these advances, short and easily scalable
syntheses methods that are economically viable, green, and
safe to the point of avoiding the use of flammable and/or toxic
phosphines are necessary for large scale hydroformylation
plants.*¥ To this respect, intensive efforts have been focused on
the immobilization of homogeneous catalysts on inorganic/
organic compounds (i.e. polymers, zeolites, polyoxometalates,
...), which in some cases mimic the behavior of soft ligands and
modulate the leaching of active sites through a dynamic
anchoring/release process avoiding their irreversible reduction
toward metallic agglomerates.””!

Thus, with these goals ahead, we have devised an easily
available, cheap hybrid organic-inorganic mild ligand for
Ru,(CO),, that consists of an organic layer composed of chitosan
supported on an inorganic layer of SiO, (Ch@SiO,). This
composite will behave simultaneously as a recoverable carrier
and as a soft ligand of the homogeneous Ru;(CO),, catalyst.

Chitosan is a natural containing biopolymer with low
surface area (<3 m?%qg) obtained from deacetylation of chitin,
whose polymeric chain is composed by 3 (1-4) D-glucosamine
and N-acetyl-D glucosamine units (Figure 1).46™*

The physicochemical characteristics and functional proper-
ties of chitosan (i.e. polycationic character, biocompatibility, ..)
make this polysaccharide of interest in different fields.“**% In
this context, a way to increase its surface area and improve the
accessibility of functional groups consists of supporting chito-
san on a solid with higher surface area (i.e. SiO,) to give a
composite with improved textural parameters named Ch@SiO,
(see characterization data in SI).*” Thus, in this work we will
show that the combination of Ru;(CO),, and the hybrid Ch@SiO,
acting as a weak and recoverable ligand, will give rise to a
highly active and regioselective catalyst for the hydroformyla-
tion of 1-hexene, without the need of using phosphines or
similar ligands. Indeed Ru;(CO),, transforms into a new catalytic

active complex, which is stabilized under reaction conditions by
means of weak interactions with the functional groups of the
chitosan@silica composite, preventing in this way its irreversible
reduction to the inactive Ru’.

Results and Discussion
Synthesis and characterization

0.5Ru—Ch@SiO, was prepared following an impregnation
method by using a solution of Ru;(CO),, in n-pentane and the
hybrid material Ch@Si0,,“**? followed by complete evaporation
of the solvent (details in the experimental section). Inductive
coupled plasma optical emission spectrometry (ICP) and
elemental analysis revealed a 0.5 wt% incorporation Ru in the
Ru—Ch@SiO, catalyst as well as 1.5wt% N and 8.1 wt% C,
associated to the chitosan component. The C/N ratio, a
parameter directly related to the degree of deacetalyzation
(DDA) of chitosan remained unchanged after incorporating Ru
(C/N = 5.4), indicating that no major structure changes occurred
during the preparation of the catalyst. In this respect, *C CP
MAS-NMR (Fig.S2, and details in SI), confirmed that the structure
of the chitosan monomer was preserved after Ru;(CO),,
incorporation. More details in the physical-chemical catalyst
characterization can be found in the SI.

Catalytic performance

The catalytic system comprised of Rus;(CO),, impregnated on
chitosan-silica (0.5Ru—Ch@SiO,) was tested in the hydroformyla-
tion reaction using 1-hexene as a model substrate (scheme 1).
The 1-hexene conversion and the selectivity to the main
products is given in table 1, entry 7. Under the conditions
indicated in table 1 (40 bar CO:H, (1:1), 170°C, 0.022% mmol
Ru and 2 ml NMP) 88% conversion, 66% aldehyde selectivity
and a linear/branched aldehyde ratio of 92:8 was obtained

CH3

wmw

Glucosamine

N-acetyl glucosamine

Figure 1. Chitosan structure of a partially deacetylated chitosan showing both amino (glucosamine) and amide (N-acetyl glucosamine) units.

Ru CHO
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Scheme 1. Hydroformylation of 1-hexene with a ruthenium catalytic system.
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Table 1. Catalytic activity of Ru;(CO);, based systems for the hydroformylation of 1-hexene.”’
Ru CHO CH.0OH -
M SN + A S + SN+ N~
1 NMP, 170 °C 2 3 4 5
40 bar CO:H, (1:1)
Entry Catalytic System Conv.” Yield [%] TON TOF
[%] 2 (n:iso)™ 3 (n:iso) 4 5 «@ @
() h7']

1 Ru;(CO);, 83 8 53 1197 180
22 0
(83:17) ()

2 Ru;(CO),,+ PPh, 92 8 56 1214 205
28 0
(78:22) ()

3 Ru;(CO);, + Xantphos 74 5 45 1085 221
24 0
(89:11) )

4 Ru;(CO),, + Chitosan 83 7 50 1329 180
26 0
(82:18) Q]

5 Ru,(CO),, +SiO, 85 10 57 965 220
18 0
(80:20) ()

6 Ru;(C0O),, +Ch@Sio, 84 8 52 1227 217
24 0
(84:16) )

7 0.5Ru—Ch@Si0,* 92 61 4 3 24 2755 1087
(92:8) (100:0)

8 0.5Ru—Ch@5i0," 82 9 0 24 49 436 43
(74:26) ()

after 7 h of reaction. Moreover, turnover frequency (TOF) and
turnover number (TON) values of 1087 h™' and 2755 were
obtained respectively, greatly exceeding the values obtained
with the corresponding homogeneous catalyst Ru;(CO),, (ta-
ble 1, entry 1).

Thus, in order to define the nature of active species, hot
filtration experiments have been carried out using the
0.5Ru—Ch@SiO, catalyst and the catalytic results obtained from
both the liquid and the solid after filtration are displayed in
Figure 2.

As can be seen from Figure 2.A, the hot filtration test was
performed after 0.5 h of reaction, during the most active phase
of the catalyst and both the filtered solid (' ) and the recovered
liquid () were subjected to a second reaction run under the
same conditions. Thus, after filtration, the solid (Figure 2.A, )
showed a complete loss of catalytic activity that could be
attributed to the migration of Ru species to the reaction media
given that the supported solid contained 0.01 % wt. Ru after the
first use as determined by ICP-AES. From this result, it could
also be deduced that Ch@SiO, () showed no intrinsic catalytic
activity towards hydroformylation or isomerization in the
absence of ruthenium metal. In the case of the recovered liquid
(Figure 2.A, ), it showed a catalytic behavior that closely
resembled that of the original Ru;(CO),, cluster (Figure 2.A, V)
characterized by a lower activity and regioselectivity than that
of the original 0.5Ru—Ch@SiO, hybrid material (Figure 2.A, l).

These results strongly point that the ruthenium species are
released into the reaction medium from the 0.5Ru—Ch@SiO,
catalyst under reaction conditions, but must be stabilized by
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the Ch@SiO, composite, which in turn will modulate the nature
of active sites in the way that will be described later.

Interestingly, when 0.5Ru—Ch@SiO, was present in the
reaction mixture the hydrogenating capacity of Ru species was
greatly reduced from 10% for Rus(CO),, to 3% for the
0.5Ru—Ch@SiO, material, leaving the isomerization reaction of
1-hexene to 2-hexene as the only major side reaction (Fig-
ure 2B). In addition, in the presence of the 0.5Ru—Ch@SiO,
catalyst the hydroformylation pathway was favored over the
isomerization as noted by the important increase of aldehyde
selectivity from ca. 27 % for the homogeneous carbonyl! cluster
up to 66% for the 0.5Ru—Ch@SiO, material, which in turn led to
a remarkable increase in the TON and TOF values (see table 1).
Additionally, the composite catalyst showed a greater selectivity
towards the anti-Markovnikov addition of the hydride allowing
for much greater region-control, by obtaining up to 92% of the
lineal aldehyde n-heptanal as the major product along with
small amounts of 2-methylhexanal (Figure 2B).

From the data in Figure 2A and the loss of activity observed
for the recovered 0.5Ru—Ch@SiO, catalyst, it is clear that neither
the Ru species of the filtrate () nor the filtered solid
composite () retain the activity observed in the starting
0.5Ru—Ch@SiO, (M) catalyst. However, a combination of both
(Ru and Ch@Si0,) is necessary to get a competitive catalyst that
outperforms the original homogeneous Ru catalyst (Ru;(CO);,).

So next, the long-term stability of the 0.5Ru—Ch@SiO,
composite was tested in semi-continuous operating mode in
which a second addition of fresh 1-hexene was performed after

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. (A) Turnover number vs reaction time and (B) product distribution (columns), Turnover Frequency (TOF) (scatter-square) and linear to branched ratio

(linearity, scatter-circles) for the different catalysts after 7 h of reaction.

one catalytic run, thus allowing to determine the lifetime of the
Ru based catalyst (Figure 3).

From Figure 3 it can be deduced that the catalyst can
perform a second reaction cycle with a slight reduction in
catalytic activity while retaining the initial regioselectivity.

In summary, despite the fact that the reaction takes place in
the liquid phase, the presence of the solid Ch@SiO, behaving as
a soft ligand is crucial to obtain a competitive and stable
catalyst with a higher half-life compared to the original
commercial Rus(CO),, catalyst. Definitely, it appears that the
reaction is neither completely homogeneous nor completely
heterogeneous, so that it could be taking place at the liquid/
solid interface of the biphasic system.

ChemCatChem 2022, 14, €202200861 (4 of 11)

Then an in-depth catalytic and spectroscopic study was
performed in order to get insight into the ruthenium active
species and the role of the Ch@SiO, composite. Therefore, in a
first approximation and in order to determine whether a single
component or the entire nanocomposite Ch@SiO, were respon-
sible for the improved catalytic activity, different reactions were
carried out by mixing the carbonyl cluster Ru;(CO),, with
isolated chitosan (Ch), SiO, or Ch@SiO, directly inside the
reactor vessel (skipping the impregnation procedure). Then, the
obtained results (entries 4-6, Table 1) were compared with
those of the 0.5Ru—Ch@SiO, nanocomposite (entry 7, Table 1).

As shown in table 1 only when the catalyst is prepared via
the impregnation procedure (Entry 7, Table 1) an improvement

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Kinetic data for the 0.5Ru—Ch@SiO, material before and after the addition of fresh 1-hexene in semi-continuous operation in a batch reactor.

in the catalytic performance is obtained. On the contrary, when
Ch, SiO, or Ch@SiO, and Ru;(CO),, are added separately the
catalytic behavior (entries4, 5 and 6, Table 1) remains un-
affected, so that it closely resembles that of the Ru;(CO),,
catalyst without any additive (Entry 1, Table 1).

In addition, the activity of two catalytic systems comprised
of Ru;(CO);, and two well-known typical phosphines such as
PPh; and Xantphos commonly used in hydroformylations
(entries2 and 3, Table 1), were compared with that of
0.5Ru—Ch@Si0,.*” We obtained that the influence of both
phosphines on the catalytic performance of Rus(CO),, was of
the same order as with separately added Ch@SiO, (entry 6,
Table 1) and markedly lower than that of the as-prepared
0.5Ru—Ch@SiO, catalyst (entry 7, Table 1).

Spectroscopic insight into the nature of active species

Next, spectroscopic studies were done in order to get insight
into the nature of active sites. In a first approach, Ru;(CO);,
dissolved in NMP (used as solvent) was initially studied. In this
regard, it is known the beneficial role of NMP in hydro-
formylation reactions, which has been usually ascribed to its
basicity and high CO, solubility.®'* Interestingly, IR spectro-
scopy, supported by X-ray adsorption spectroscopy (XAS) (the
last discussed in the next section), allowed to observe a
disruption of the Ru;(C0O),, complex in the presence of NMP,
which was not observed when using other solvents like
toluene.

Effectively, as shown in Figure S4, the IR spectra of Ru,(CO),,
dissolved in NMP, (Figure S4b, red line) resulted in three IR

ChemCatChem 2022, 14, €202200861 (5 of 11)

bands at 2055, 1982 and 1936 cm', differing from those
reported in the literature for Ru;(CO),, (IR bands at 2075, 2049,
2016, 1997 and 1982 cm™") or the Ru,(CO),, dissolved in toluene
(Figure S4a)."” The disappearance of the IR bands ascribed to
Ru;(CO),, when interacting with NMP points to a non-innocent
role of the solvent, which to our knowledge, has not been
reported so far in hydroformylations.

More importantly, Ru;(CO),, catalyst dissolved in NMP
shows similar infrared bands to those obtained with the fresh
0.5Ru—Ch@SiO, composite (Figure S4b, blue line), which
strongly points to the formation of similar ruthenium carbonyl
complexes in both cases, while different from the Ru;(CO);,
starting precursor complex.

Decarbonylation of Ru;(CO),, by a ligand replacement
reaction between the hydroxyl groups of the support and CO
has already been described in the literature. In addition, it has
been shown that the oxygen atoms of the support can react
nucleophilically with the Ru atoms weakening and breaking the
Ru—Ru bond of the Ru;(CO),, complex, resulting in monomeric
ruthenium species.”>>" In the same direction, according to Ali
etal.,® the interaction between bidentate Schiff bases and
Ru,;(CO),, results in the formation of mononuclear [Ru**(CO); L]
complexes, which display similar IR bands as in our case, i.e. at
2052, 1981 and 1941 cm™". In addition, similar IR bands at
2060-2057 and 2000-1980 cm™' have been ascribed to mono-
nuclear Ru"* (n=2,3) di o tricarbonyl complexes by other
authors in the literature,”*® while polynuclear ruthenium
carbonyl complexes are characterized by an IR band around
1975 cm™', associated to bridge CO."

Based on this data and considering the IR spectra displayed
in Figure S4b, we speculated on the formation of mononuclear

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Ru"* (n=2,3) carbonyl complexes by a partial disruption of the
Ru;(CO),, cluster, induced by functional groups of the NMP
and/or chitosan biopolymer. In fact, the IR spectra of the
Ch@SiO, composite, which displayed a sharp band at 1662 and
3391 cm™' due to the carbonyl group of the amido functionality
and amino groups respectively, shifted after Ru;(CO),, loading,
indicating interaction through those functional groups (Fig-
ure S5). If this is so, a similar interaction through the carbonyl
group of NMP could be expected.

Definitely we could can confirm that Ru;(CO),, behaves as a
precatalyst, as already suggested by Beller et al.® surely by
transforming into a mononuclear Ru"*(CO),L species (n and x
=2,3) by the action of ligands. In this respect, the point that the
reactive species is mononuclear Ru rather than the Ru;(CO),,
carbonyl complex is supported by the fact that when using
toluene as solvent, the Ru;(CO),, cluster is preserved from being
transformed, and its activity for hydroformylation is very low
(table 1, entry 8).

Thus, although the IR data point to the fact that the
formation of mononuclear ruthenium species induced by the
presence of NMP and those formed on the solid composite
Ch@SiO, after loading Ru,;(CO),, are very similar in nature
(Figure S4b), the question remains open as to why both
catalysts show different catalytic behavior, as displayed in
Figure 2 and compiled into table 1 (entries 1 and 7). A priori,
this fact should be related to a different nature and/or evolution
of active species under reaction conditions.

Effectively, as ensured from the hot filtration experiments,
ruthenium species in the 0.5Ru—Ch@SiO, sample are released to
the liquid phase under reaction conditions (Figure 2A). How-
ever, the nature and stability of these ruthenium species in
solution may be different (as will be discussed below based on
XAS analysis) and strongly dependent on the environment
around the metal center under operating conditions. That is, in
the presence of only NMP (filtered liquid) a fast reduction to Ru®
takes place, whereas a concomitant loss of catalytic activity is
observed (Figure 2A). This is confirmed by a black color of the
solution at the end of the reaction.

However, the interaction of such released Ru species with
the functional groups of the biopolymer in the 0.5Ru—Ch@SiO,
catalyst, slows down their reduction to inactive Ru’ nano-
particles, so that high activity and selectivity values towards the
aldehyde can be obtained (entry 7, table 1), to the point that
0.5Ru—Ch@SiO, could even operate in semi-continuous mode in
a batch type reactor (Figure 3).

The herein proposed different reduction kinetics of the
released ruthenium species was supported by an additional
experiment performed in the presence of the 0.5Ru—Ch@SiO,
catalyst. In this case a double experiment was carried out, which
consisted in quenching the reaction after 1 h, and depressuriz-
ing the reactor. Then, on the one hand the solid was kept inside
the reactor while in the other case it was removed. After that,
the reactors were re-pressurized with 40 bar of N, and heated
to 170°C for 18 h. Completed the 18 h, the reaction was
restarted in both cases by swapping from N, to syngas.
Interestingly, while in the first case (in the presence of the solid
Ch@SiO,), the activity was practically recovered, in the second
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case the activity was completely lost (Figure S6). In line with
this result, a different solution colour was obtained at the end
of reaction being yellow in the first case, while black in the last
case. These results clearly confirm the stabilizing role of
Ch@SiO, avoiding a fast reduction of the released ruthenium
species to Ru’.

In a second step, the nature of the release ruthenium
species of the 0.5Ru—Ch@SiO, sample has been analysed by X-
ray adsorption spectroscopy (XAS).

Figure 4 shows the recorded Ru K-edge X-ray adsorption
spectra of the liquid phase after hot filtration experiments using
the 0.5Ru—Ch@SiO, catalyst after 1 h and 7 h reaction compared
to different references (Ru metal, Ru,;(CO),, dissolved in NMP
solution and Ru(acac);). The X-ray absorption near edge
structure (XANES) spectra of these two liquid samples present
negligible differences being very similar to that of Rus(CO),, in
NMP, suggesting a similar Ru local structural and electronic
environment (panel a). The inset in panel a reports the
derivative of the XANES spectra around the first absorbing
features. The bump around 22115eV corresponds to the
presence of Ru’® species, which is the oxidation state expected
for the bulk Rus(CO),, system. The second feature around
22125 eV indicates the presence of oxidized species. Interest-
ingly, both Ru3(CO),, dissolved in NMP and the Ru—Ch@SiO,
liquid samples after hot filtration present the coexistence of Ru°
and Ru oxidized species, where the Ru’ species could
correspond to remnant bulk Ru;(CO),, in the solutions. Instead,
the Ru oxidized species correspond to oxidized mononuclear
Ru. Furthermore, the shift of the main first derivative peak
toward lower energy for the 0.5Ru—Ch@SiO, liquid samples
corresponds to a lower effective Ru oxidation state with respect
to the Ru;(CO),, in NMP system.

In panel b are reported the Fourier transforms of the k*
weighted extended x-ray absorption fine structure (EXAFS)
oscillation. Four striped backgrounds represent the R regions of
interest with different contributions: the Ru—O shell (around
1.5 A), the Ru—C shell (around 1.7 A), the Ru—N/O shell (around
2 A), and the Ru—Ru shell (around 2.4 A).B-336" 62 Gimilar to the
XANES, the EXAFS region of the two investigated samples is not
showing significant differences. When comparing the
0.5Ru—Ch@SiO, liquid samples after hot filtration to the
Ru;(CO),, in NMP reference, clear spectral differences can be
instead identified. In particular, the rise of spectral weight
around 2 and 2.5 A in the samples is compatible with increased
presence of Ru—N/O and Ru—Ru bonds. Globally the XANES and
EXAFS show the formation in the 0.5Ru—Ch@SiO, liquid samples
after hot filtration of mononuclear oxidized Ru species stabi-
lized by the interaction with N/O functional groups which may
come from the amido or amino groups of the biopolymer, in
coexistence with some Ru—Ru species.

The fact that EXAFS shows that N/C/O ligands could be all
involved in stabilizing the ruthenium species after hot filtration,
may indicate some degradation or dissolution of the chitosan
polymer under the reaction conditions. Control experiments
submitting the 0.5Ru—Ch@SiO, catalyst to reaction conditions
but in absence of NMP (details in SI) and analysing the liquid
after hot filtration, showed the presence of Ru—N, and Ru-O
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Figure 4. a) Ru K-edge XANES spectra collected on 0.5Ru—Ch@SiO, liquid samples after hot filtration in comparison with references (Ru metal, Ru;(CO);, in
NMP solution, and Ru(acac),). The inset depicts the first derivative of the XANES spectra in the region close to the rising edge. The energy positions
corresponding to the Ru® and Ru* phase contributions are marked. b) Fourier transforms of the k* weighted Ru K-edge extended x-ray absorption fine
structure (EXAFS) oscillation, extracted with a sinus window in the 2.7-14.4 A" k range. Four striped backgrounds represent the R regions interested by
different contributions: the Ru—O shell (around 1.5 A), the Ru—C shell (around 1.7 A), the Ru—N/O shell (around 2 A), and the Ru—Ru shell (around 2.4 A).

vibrational bands in Raman (Figure S7 and details in SI), which  Effect of the reaction conditions on the catalytic performance
unambiguously has to be ascribed to the chitosan biopolymer.
However, the fact that *C CP-NMR and AES analysis of the used
0.5Ru—Ch@SiO, catalyst doesn’t reveal important weight losses
of C, N % nor structural changes in the chitosan structure
(Figure S2 and Table S1), strongly points to chitosan biopolymer
being stable under reaction conditions. In this regard, it is not
unrealistic that the released Ru@N/C/O species may interact
with the Ch@SiO, solid through N/O binding sites of chitosan
under reaction conditions explaining their stabilization under
operating conditions.

Next, the effect of the reaction conditions on the catalytic
activity and stability of the ruthenium-based catalyst was
investigated and results are summarized in Figure5 and
Table 2. Firstly, the effect of temperature was analyzed. From
Figure 5A, it can be noted that the catalytic activity of
0.5Ru—Ch@SiO, decreases when lowering temperature from a
TOF of 1603 h™" to 387 h™" at 190°C and 150°C respectively. A
closer look to the product composition (Figure 5D) shows that a
decrease in reaction temperature increases the regioselectivity
affording the highest linear to branched ratio 95:5. On the

Table 2. [a] Reaction conditions: 3.2 mmol 1-hexene, 2 mL NMP, 0.7 mmol iso-octane (internal standard), 0.022% mmol Ru (2.56 pmol Ru/g 1-hexene) as
Ru5(CO);,, 14 mg of catalyst, 40 bar CO:H, (1:1), 170°C, 750 r.p.m, 7 h; [b] Linear to branched product ratio; [c] mmol of aldehyde/total mmol of Ru after 7 h
of reaction; [d] rate of formation of aldehyde/total mmol of Ru; [e] Ru;(CO),, was not added; instead only 14 mg of 0.5Ru—Ch@SiO, were used; [f] Toluene
(2 mL) was used instead of NMP as solvent.Table 2
Effect of different reaction conditions on the aldehyde selectivity and catalytic performance of 0.5Ru—Ch@SiO, during the hydroformylation of 1-hexene.”
Ru CHO CH20H .y
AN N - N\ YN + N~
1 NMP 2 3 4 5
T,P,COH,

Entry T[MC] Plbar] COH, Selectivity TON® TOFY

Mol Ratio [%] e h™1

) 2 (n:iso)®
1 150 40 1:1 63 (95:5) 1824 358
2 170 66 (92:8) 2749 1086
3 190 48 (89:11) 2967 1603
4 170 20 1:1 53 (92:8) 1943 789
5 30 61(91:9) 2398 841
6 40 66 (92:8) 2749 1086
7 170 40 1:3 59 (92:8) 2602 878
8 1:1 66 (92:8) 2749 1086
9 3:1 85 (91:9) 1845 629
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Figure 5. Summary of the effect of the temperature, syngas pressure and gas composition on activity (A, B and C) and product composition (D, E and F)
respectively during the 1-hydroformylation of 1-hexene catalyzed by 0.5Ru—Ch@SiO..

contrary, an increase of reaction temperature leads to the
hydrogenation of the formed aldehydes to the respective
alcohols.

Then, the influence of the syngas partial pressure at 170°C
was also studied (Figures 5B and 5E). In this case, in order to
keep the total reactor pressure constant when varying the
syngas partial pressure in the series of experiments, the reactor
was always kept at a total pressure of 40 bar by using N, as the
pressure compensating gas. In this case, an increase in syngas
pressure led to a slight increase in the catalytic behavior of the
Ru based catalyst from 789 h™' to 1086 h™' at 20 bar and 40 bar
respectively. The fact that the Ru species are still able to carry
out the hydroformylation of 1-hexene at P, as low as 10 bar is
a proof of the stabilizing role of the Ch@SiO, support by
preventing the otherwise reduction of Ru;(CO),, to inactive Ru°
NPs when operating under homogeneous conditions.

Lastly, the impact of the composition of the gas mixture at
170°C was also examined. From Figure 5C it can be distin-
guished how an increase in the H, partial pressure has a slight
negative effect on the hydroformylation activity while the
hydrogenating ability of the catalysts is slightly enhanced.
Remarkably, when the P, is increased the selectivity towards
the hydroformylation increases from 66 % to 85% although at
the expense of decreasing the TOF to 629 h™".

According to these results, the final product of the reaction
can be easily tuned by modifying the operating condition of
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the reactor, maintaining similar chemo-selectivity across a wide
range of temperatures, pressures, and gas compositions.

Conclusions

This study reveals an interesting and easy strategy to prepare a
cheap, non-toxic hydroformylating catalyst by using a natural
biopolymer, i.e. chitosan, supported on an inorganic material,
SiO,, which behaves as a soft and recoverable ligand of a
homogeneous Ru;(CO),, counterpart. Definitely, it appears that
the reaction is neither completely homogeneous, nor com-
pletely heterogeneous so that it could be taking place at the
liquid/solid interface in a kind of biphasic system.

IR and XAS studies reveals that the Ru;(CO),, precursor
transforms into a mononuclear Ru"* (n=2,3) di o tricarbonyl
complex, when supported on the Ch@SiO, catalyst. Under
reaction conditions, ruthenium is released to the reaction media
resulting in the formation of mononuclear oxidized Ru species
stabilized by the interaction with the amido or amino groups
coming from the biopolymer, as revealed from the EXAFS and
Raman analysis, in coexistence with some Ru—Ru species. The
weak binding interaction between the released Ru species and
the Ch@SiO, composite results in an enhanced stability and
chemo and regioselectivity compared to the unmodified
homogeneous Ru;(CO);, counterpart and that of a physical

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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mixture of each of the incorporated components separately. In
particular, TOF of 1087 h™' and regioselectivities up to n:iso=
92:8 are obtained. These values are superior to those reported
for the homogeneous unmodified Ru;(CO),, component
(180 h™" and 83:17 n:iso ratio). Moreover, unlike phosphines
and other classical hydroformylation ligands, the Ch@SiO,
hybrid can be easily separated and recovered from the reaction
medium behaving as a soft and green ligand.

Moreover, the catalyst is stable under reaction conditions
and can be operated under a semi-continuous mode for at least
14 h without deactivation. In addition, the reaction can be
directed towards obtaining one final product or another by
simply modifying the reaction conditions. That is, we can move
from linear aldehydes (high P, and lower temperature) to
linear alcohols (low P, and higher temperature) while main-
taining similar chemoselectivity across a wide range of temper-
atures, pressures and gas compositions.

In summary, the use of the Ru—Ch@SiO, nanocomposite
represents a starting point in the search for a green and
definitive heterogeneous catalyst away from the use of
phosphines and expensive rhodium. Certainly, this approach
will help design and define future catalytic systems for carbon-
ylation reactions.

Methods/Experimental Section

Chemicals and reagents

The reagents used were supplied by Sigma-Aldrich and were used
without any further purification. Silicon oxide (SiO,) was supplied
by EvoniK. Aerosil 200 with a surface area of 275 m*/g was used.
Ru,(CO),, was supplied by ABCR. The reaction gas mixture CO:H,
(1:1) was supplied by Abello-Linde.

Synthesis of the chitosan-silica hybrid Ch@SiO,

The chitosan-silica hybrid Ch@SiO, was prepared following a
previously described methodology with minor modifications.”®*’!
First, 0.2 g of low molecular weight chitosan with a deacetylation
degree of 77 % were dissolved in 200 mL of milliQ water and 3 mL
of acetic acid were added, giving rise to a final concentration of
1.5% ( v/v) of the acid. The mixture was stirred at room temper-
ature for 24 h until the complete dissolution of the biopolymer. In a
second step, 1g of silica Aerosil 200, was incorporated under
vigorous stirring. Stirring was maintained for 0.5 h until a homoge-
neous suspension was obtained. Then sodium hydroxide, NaOH,
1M was added until pH=13. At this pH the precipitation of
chitosan on silica took place, giving rise to the hybrid material
Ch@SiO,, which was filtered, washed with 2 L of distilled water up
to a neutral pH. Then, The solid was dried in an oven at 100°C for
12 h.

Synthesis of 0.5Ru-Ch@SiO, catalyst

10.6 mg of Ru;(CO),, was dissolved in n-pentane and then 1.0 g of
Ch@SiO, was incorporated.*” The suspensions were kept for 12 h
under stirring at reflux temperature. The solvent was evaporated
under reduced pressure. The catalysts were used directly without
further treatment.
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Hydroformylation of alkenes

The hydroformylation reaction was carried out with 1-hexene as
model substrate. The reaction was carried out in a stainless steel
autoclave-type reactor equipped with a PEEK (poly-ether ether
ketone) jacket. The autoclave was modified to allow sampling
during the reaction at high pressure. In general, 14 mg of catalyst,
2mL of N-methyl pyrrolidone (NMP)®® 80 mg of cyclohexane
(0.95 mmol, as internal standard) and 270 mg of 1-hexene
(3.2 mmol). The reactor was closed, purged 3 times with 10 bar
with synthesis gas (CO:H, ratio 1:1) before being pressurized to the
final pressure of 40 bar and finally heated to 175°C. In the case of
homogeneous reactions, the necessary amount of the precatalyst
Ru;(CO),, was dissolved in NMP and then added to the reactor as
described above.

It is necessary to highlight that NMP has a wide range of uses due
to the following excellent characteristics: a) highly polar and
miscible with most organic solvents (alcohols, ethers, ketones,
aromatic hydrocarbons, chlorinated hydrocarbons, etc.). Both
organic and inorganic substances are highly soluble in it; b)
miscible with water in all proportions; c) high flash point compared
to similar solvents; d) high boiling point, low freezing point, and
easy handling; e) chemically and thermally stable, and not
corrosive.

Hot Filtration Procedure

The reaction was cooled to 50°C to prevent evaporation of 1-
hexene, iso-hexenes, hexane, and cyclohexane given that the hot
mixture was withdrawn at high pressure from inside the reactor.
The reaction was then filtered through a preheated filter system.
The liquid was added to a new reactor, previously washed with
acid, and the reaction was monitored by GC following the
procedure described above. The solid was filtered and washed with
dichloromethane, dried in an oven at 60°C for 12 h and reused in
reaction following the reaction procedure previously described.

Semicontinuos operation

To simulate continuous operation, 270 mg (3.2 mmol) of 1-hexene
were added at the end of reaction using a Hamilton-type syringe
through the pressurized sampling cannula and the reaction was
continued without repressurization of the reactor. The reaction was
monitored by GC.

Spectroscopic characterization of the catalysts

X-ray adsorption analysis

Ru K-edge x-ray absorption spectra were collected at the CLASS
beamline of the ALBA synchrotron.®™ The synchrotron radiation
was monochromatized by means of a double crystal Si(311)
monochromator, with higher harmonics rejected by choosing the
proper angles and coatings for the collimating and focusing
mirrors. The absorption data were acquired in fluorescence mode
for the liquid samples and in transmission mode for the solid
references. For the latter the powdered samples were mixed
uniformly in a boron nitride matrix and pressed into pellets to
ensure an absorption jump close to 1. Several scans were measured
to ensure reproducibility and a good signal to noise ratio. The data
were treated with the Demeter package and the energy was
calibrated to the first inflection point of the Ru metal spectrum
taken as 22117 eV."*

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

95U90|7 SUOWIWOD dAERID 3|qedtdde ay) A paueA0B a8 S ILe YO ‘88N JO 3| 10} Akeiq18uljuO AS|IAN UO (SUONIPUOD-PUE-SWIBI W0 A3 1M Aleiq 1 jeul|uoy/:Sdny) SUONIPUOD pue se 1 8u18eS *[£202/2T/62] Uo Akeiqiauliuo A8|1m 9@ eaiudelijod 1BelsieAun Aq T98002202 9199/200T OT/I0pALI0d A8 Areiqpuluo-adoine-As ueydy/:sdny wolj pepeojumod ‘2 ‘2§02 ‘668€298T



ChemCatChem

Research Article

doi.org/10.1002/cctc.202200861

Chemistry
Europe

European Chemical
Societies Publishing

IR and Raman analysis

Infrared (IR) spectra were recorded with a Nicolet (Nexus) 8700 FTIR
spectrometer using a DTGS detector and acquiring at 4cm™’
resolution. For liquid samples a drop of the solution was placed on
a Ge disc and analysed after air evaporation. For solid samples,
10 mg of the solid was pressed into a disc and analysed by IR.

Raman spectra were collected with an “in via” Renishaw spectrom-
eter equipped with an Olympus microscope. The samples were
analysed using an 785 nm excitation laser with a laser power of
2.5 mW. For analysis a drop of the liquid solution was placed on a
copper plate and analysed after air evaporation. Spectra at different
points are adqueired in order to analyse sample homogeneity.
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