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Abstract: In this work, the covalent immobilization of two ruthenium(II) complexes,
i.e., [RuIICl (bpea){(S)(-)(BINAP)}](BF4), 1, and [RuIICl(bpea)(DPPE)](BF4), 2, where BINAP = 2,2’-
bis(diphenylphosphino)-1,1’-binaphthyl and DPPE = 1,2-bis(diphenylphosphino)ethane, have been
obtained (AlPO4-Sepiolite@1 and AlPO4-Sepiolite@2) by using a N-tridentate ligand N,N-bis-(2-
pyridylmethyl)ethylamine (bpea), linked to an amorphous AlPO4-Sepiolite (20/80) inorganic support.
This AlPO4-sepiolite support is able to immobilize the double amount of ruthenium complex (1.65%)
than the amorphous AlPO4 (0.89%). Both heterogenized complexes have been assessed as catalysts
in the liquid phase hydrogenation of several substrates with carbonyl and/or olefinic double bonds
using methanol as solvent, attaining good catalytic activity and high enantioselectivity (99%). The
highest Turn Over Number (TON) value (748.6) was obtained over the [RuII Cl (bpea)(DPPE)](BF4)
2 catalyst, although the [RuIICl(bpea){(S)(-)(BINAP)}](BF4) 1 exhibits better reusability. In fact,
the [RuIICl(bpea){(S)(-)(BINAP)}](BF4) immobilized on AlPO4-Sepiolite maintained the activity
throughout 14 successive runs. Furthermore, some findings on hydrogenation mechanisms of the
α,β-unsaturated carbonyl compounds over Ru catalysts have been also obtained.

Keywords: ruthenium complexes; covalent heterogenization; DPPE ligand; BINAP ligand; bpea
ligand; enantioselective hydrogenation; AlPO4-Sepiolite support; hydrogenation mechanism; α,β-
unsaturated carbonyl compound

1. Introduction

Several decades ago, amorphous AlPO4 surfaces attracted the interest of many re-
searchers because they exhibit the same structure as silica. Many studies have been carried
out regarding the synthesis, characterization and catalytic activity of amorphous AlPO4
solids, obtaining that textural and acid–base properties depend on variables such as the
aluminum starting salt, the P/Al molar ratio, the precipitation medium or the thermal
treatment [1]. Therefore, controlling the sol-gel method to synthesize the AlPO4 material,
solids with high surface areas and with a high number of Bronsted acid sites in surface can
be obtained.

In addition to the catalytic properties, AlPO4 solids have shown great potential as
supports of lipases [2–4], acid phosphatase [5] or glucose oxidase [6], as well as many
other molecules. The immobilization of these macromolecules is usually carried out by
phosphamide bonds, previously generated on the inorganic support [6]. Besides, this
methodology has also been extended to immobilize several organometallic complexes,
obtaining hybrid organic–inorganic solids [7,8].
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The immobilization of coordination complexes is of great interest in fine chemistry,
since allow carried out enantioselective hydrogenation reactions which are usually per-
formed over homogeneous catalysts, but with the advantages that offer the heterogeneous
catalysis [9,10]. For this reason, a fruitful field of research in recent decades has been
dedicated to the development of new enantioselective organometallic systems, which can
be completely fixed in an inorganic supports or organic polymeric materials, allowing a
significant reduction in the economic cost of the processes, mainly associated to the reuse
of catalysts [11,12].

Inorganic supports have been prioritized with respect to organic polymeric ones
because of their greatest physical strength and chemical inertness (in terms of swelling and
deformation in organic solvents) making their application in continuous flow reactions
easier, or making it possible to operate at high reaction temperatures [13,14].

Consequently, much work is currently devoted to the development of an adequate
methodology to anchor homogeneous complexes onto inorganic supports [15]. Several
methodologies have been described, such as coordinative linkage, electrostatic attraction,
dendrimer supports and many others, including the sol-gel entrapment. Among them,
covalent immobilization is perhaps the most convenient way to immobilize organometallic
complexes to the supports [16], since several problems can be avoided, such as inhomo-
geneous dispersions of the organic layer, observed when weaker physical interactions
are present between the organic and the inorganic portions [17]. In addition, the cova-
lent binding between the organic molecule complex and the inorganic compound surface
preserves the structure, morphology and porosity of the inorganic support material [18].
To date, either amorphous or mesoporous silica has been the inorganic support mostly
employed in literature regarding the covalent immobilization of various organometallic
complexes [19]. Micelle templated silicas featuring a unique porous distribution and high
thermal and mechanical stability can be easily functionalized by direct grafting of the func-
tional organosilane groups on their surfaces. However, polar solvents including water or
alcohols and high temperatures can promote the hydrolysis of the linked organic moieties,
so that these supported organometallic catalysts need to be used with organic solvents [20].

This methodology can be improved, via the formation of more stable and hydrolysis-
resistant organic-inorganic hybrid bonds. In this respect, the high stability of the phos-
phamide or phosphoester bonds, which plays a crucial role in some biomolecules including
the RNA and DNA structures, could be of great interest. In fact, the feasibility of anchoring
ruthenium complexes in amorphous AlPO4 [7], following the same methodology described
for the covalent immobilization of enzymes on amorphous AlPO4 [3,4] has been recently
described. In a first step, the Brönsted acid sites on AlPO4 surfaces [21] react with a linker,
in this case a diamine, such as 4-aminobenzylamine, attaining a phosphamide bond. In a
second step, the reaction is carried out with an aromatic dialdehyde, terephthaldialdehyde,
which will provide a terminal carbonyl group, with which the free ε-amino group of lysine
residues of the enzymes will form an imine bond.

Similarly, this methodology was also employed to obtain the heterogenization of an
asymmetric ruthenium diphosphine coordination complex, Noyori type [7] as well as
Wilkinson type [8]. These are obtained by the covalent attachment of the ruthenium com-
plex, corresponding to the atropoisomeric chelate phosphine, 2,2′-bis(diphenylphosphino)-
1,1′-binaphthyl (BINAP) [7,22] or the PPh3 ligand [8,22]. In these cases, the activation of
the inorganic support to obtain the initial organic linker is also achieved by reacting the
surface acid –OH groups of AlPO4 with another diamine, in this case ethylenediamine, on
which the Noyori-type complex, or the Wilkinson-type complex, are obtained in succes-
sive steps by the chemical modification of the pendant amine group. Thus, the covalent
attachment of the Ru–BINAP coordination complex was obtained with the N-tridentate
ligand N,N-bis(2-pyridylmethyl)ethylamine (bpea), linked to the amorphous AlPO4 inor-
ganic support, that is obtained by the reaction of 2-picolyl chloride hydrochloride, with
the ethylenediamine attached to the AlPO4 surface complex [22]. In the last step, the
[RuIICl(bpea){(S)(-)(BINAP)}]+ complex can be obtained in situ, through the reaction of
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RuCl3, the chiral diphosphine S-BINAP and the bpea, pendant on the support surface.
By employing the PPh3 ligand, instead of the atropoisomeric chelate phosphine BINAP,
the immobilized Wilkinson type complex was also obtained. This heterogenized catalyst
exhibited very good activities and excellent reusability (up to 25 runs) in the hydrogena-
tion reaction of several alkenes in methanol as solvent, as well as in the liquid phase
enantioselective hydrogenation of prochiral substrates such as dimethyl itaconate, methyl
2-acetamidoacrylate and methyl 2-acetamidocinnamate. Results obtained showed that
the catalytic activity with a high enantioselectivity (99%) was maintained throughout 10
successive reactions when dichloromethane was used as solvent. However, with methanol
as solvent, the deactivation of the complex was obtained in five reactions [7]. In addition,
ruthenium complexes containing a tridentate ligand with two different types of nitrogen
donors, one amine group and one pyridine ring connected with flexible CH2-arms can
confer stability and/or enantioselective capacity [23–29].

To improve the resistance to deactivation of the Noyori type organometallic complexes
on amorphous AlPO4 support, in the present study, the Ru complex, [RuIICl(bpea){(S)(-)
(BINAP)}](BF4), 1 will be immobilized on AlPO4-Sepiolite support, which has been previ-
ously evaluated in immobilization processes with excellent results [2,3,6]. Furthermore, to
assess the lower resistance to deactivation, associated with the presence of a diphenylphos-
phine in BINAP ligand, [RuIICl(bpea)(DPPE)](BF4) complex, 2 containing the achiral
1,2-diphenylphosphine ethane (DPPE) ligand, has also been studied.

The catalysts were tested in the liquid phase hydrogenation of carbonyl and alkene
compounds, using methanol as solvent. Likewise, the ruthenium complexes were em-
ployed as homogeneous catalysts in the hydrogenation reactions for comparison.

2. Results and Discussion
2.1. Characterization of the Support

As can be seen in Table 1, the deposition of the amorphous AlPO4 on the surface of
the Sepiolite reduces its surface area by 40%, from 233 to 139 m2/g, but in return provides
a high number of acid and basic sites. In fact, the acidity values obtained for the Sepiolite
was of 10 µmol of pyridine (py) per gram, whereas the AlPO4-Sepiolite exhibited an acidity
value of 198 µmol of py/g. The 60% of the total acidity correspond to Lewis acid sites, and
the other 40% to Bronsted acid sites. Likewise, the basicity of the support has been also
evaluated, increasing from 115 to 393 µmol of Benzoic acid (BA) per gram when AlPO4 is
deposited on the Sepiolite surface.

Table 1. Surface area (SBET) and acid-base properties (µmol py·g−1), obtained by titration with
pyridine (py, pKa = 5.3), 2,6-dimethylpyridine (dmpy, pKa = 7) and benzoic acid (ba, pKa = 4.19), of
Sepiolite and AlPO4-Sepiolite.

Support SBET (m2/g)
Acidity Basicity

Pyridine Dimethylpyridine Benzoic Acid

Sepiolite 233 10 9 115
AlPO4/Sepiolite 139 198 128 393

2.2. Synthesis of the Covalently Attached Ru Coordination Complexes

The synthetic strategy followed for the immobilization of ruthenium complexes on
AlPO4-Sepiolite supports is displayed in Scheme 1.
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Scheme 1. General scheme for the covalent immobilization of homogeneous RuIICl(bpea){(S)(-)(BINAP)}](BF4), 1 and
[RuIICl (bpea)(DPPE)](BF4), 2 complexes on AlPO4-Sepiolite.

According to the results of Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) collected in Table 2, the efficiency of the immobilization of the Ruthenium
complexes on AlPO4-Sepiolite surface can be confirmed (steps 1–3, Scheme 1). In both
cases, important amounts of Ru complex have been covalently anchored to the solid
surfaces, 1.65 and 1.50% of Ru in DPPE and BINAP complexes, respectively. Therefore,
the bpea ligand allows an efficient anchoring to the solid supports through phosphamide
bonds and the formation of the RuII complexes, containing diphosphine ligands (DPPE
and BINAP), is efficiently carried out as well.

In addition, from the amounts of supernatant Ru, it can be concluded that in step 3,
approximately 70–80% of RuCl3 is fixed, by coordination with the bpea ligand and with
the corresponding diphosphine to form the immobilized Ru complex. In comparison with
previous studies, in which amorphous AlPO4 was employed as support, the AlPO4-Sepiolite
can covalently bind practically the double amount of the [RuIICl(bpea){(S)(-)(BINAP)}](BF4)
1 complex, 1.50% vs. 0.89% [7].
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Table 2. Relative amounts of supported Ru (wt.%) in the heterogenized complexes obtained from
ICP-AES, after and before being used. The Ru contents that remain in the supernatant solution
after synthesis of the immobilized complexes, are also collected. These amounts come from 0.200 g
(800 mmol) of RuCl3·4H2O, covalently supported on 4 g of AlPO4-Sepiolite.

Heterogeneous Ru Complexes Support Ru (%)

Ru-(DPPE) (supernatant in synthesis) - 0.40 ± 0.01
AlPO4-Sepiolite@2 AlPO4-Sepiolite 1.65 ± 0.03

AlPO4-Sepiolite@2 (after 14 successive uses) AlPO4-Sepiolite 0.25 ± 0.01

Ru-BINAP (supernatant in synthesis) +++
- 0.48 ± 0.02

AlPO4-Sepiolite@1 AlPO4-Sepiolite 1.50 ± 0.02
AlPO4-Sepiolite@1 (after 12 successive uses) AlPO4-Sepiolite 1.46 ± 0.01

2.3. Catalytic Behavior of [RuIICl(bpea)(DPPE)](BF4) Complex, 2 and of the Covalently
Immobilized Complex [RuIICl(bpea)(DPPE)](BF4), AlPO4-Sepiolite@2

The homogeneous (RuIICl(bpea)(DPPE)](BF4), 2 complex has been evaluated in the
catalytic hydrogenation of 1-hexene and methyl acetoacetate, under the experimental
conditions indicated in Table 3. The results herein obtained are consistent with the char-
acteristic behavior of the Ru diphosphine complexes as hydrogenation catalysts, which
have special activity with terminal olefins, carbonyl bonds and α, β-unsaturated carbonyl
compounds [30,31]. In addition, if we compare the results of Turn Over Frequency (TOF)
obtained over the homogeneous catalyst TOF = 86.8 with that obtained over the super-
natant solution, TOF = 2.4, a much lower value is obtained with the supernatant solution.
This fact can be explained because in the supernatant solution there are RuCl3 molecules
and also the DPPE ligand, (Scheme 1, step 3). According to these results, the presence of
bpea ligand seems to be more efficient than the two Cl atoms, which must constitute the
predictable complex formed in the supernatant solvent.

Table 3. Reaction rate obtained with 0.0510 g of 2, in the hydrogenation of 8.37 mmoles of methyl
acetoacetate in 20 mL of methanol as solvent, at 50 ◦C of temperature and 7 atm. of initial
hydrogen pressure.

Substrate t
(h)

Conv.
(%)

Rate
(mmol/h)

TOF
(h−1)

1-hexene 24 100 5.2 86.8
Methyl

acetoacetate 68 24 0.2 3.4

To evaluate the immobilization of the Ru complex in the support, the successive
hydrogenation of different substrates has been carried out, and the results are shown in
Table 4. As expected, the TOF value of the fresh catalyst is lower when the heterogeneous
catalyst is employed, 7.2 h−1 (AlPO4-Sepiolite@2) and 86.8 h−1 (homogeneous complex 2).
This fact could be explained by the steric hindrance that AlPO4-Sepiolite support exhibit in
the adsorption of the reagents to the Ru complex, together with the strong metal support
interaction effect (SMSI) of electronic type, that could also contribute to this important
decrease in the catalytic activity of the covalently immobilized Ru complex. However, this
significant decrease in the catalytic activity is compensated by the possibility of succes-
sive reuses of the immobilized complexes, up to 14th consecutive reuses with different
substrates were carried out. Comparing the reaction with the same substrate (methyl
acetoacetate), i.e., reuses 3 and 5, a decrease in the TOF value from 0.128 to 0.092 was
observed. This can be ascribed to the leaching determined by ICP experiment (Table 2).
Therefore, to evaluate the influence of the structure of the different molecules investigated,
the values of catalytic activity cannot be used with comparative purposes, since the reduc-
tion in catalytic activity is influenced by the loss of active centers due to leaching. However,
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qualitative information can be obtained on the catalytic capacity of the complex in the
hydrogenation of the different substrates employed. Hence, it is interesting to highlight
the noticeable effect of complex 2 on the selectivity in the preferential hydrogenation of
the carbonyl double bound with respect to the conjugated olefinic double bond in all the
α,β-unsaturated carbonyl compounds studied: trans cinnamaldehyde, geranial, furfural
and benzylideneacetone.

Table 4. Successive hydrogenation rates obtained with 0.4718 g of the complex [RuIICl(bpea)(DPPE)}](BF4) covalently
attached to 3.4 g of AlPO4–Sepiolite, 0.032 mol of different substrates at different reaction times in 40 mL of methanol as
solvent, at 50 ◦C of reaction temperature and 90 atm of initial hydrogen pressure.

Nº Substrate Product t
(h)

Conv.
(%)

Rate
(µmol/h)

TOF
(h−1)

Supernatant 1-hexene n-hexane 46 100 320.0 2.404
1 a 1-hexene n-hexane 30 100 4000.0 7.198
2 b Methyl acetoacetate Methyl 3-hydroxybutyrate 15 2.3 24.6 0.044
3 Methyl acetoacetate Methyl 3-hydroxybutyrate 72 0.16 71.0 0.128

Methyl acetoacetate Methyl 3-hydroxybutyrate 120 0.72 61.1 0.110
4 Acetophenone Phenylethanol 72 0.4 14.7 0.026

Acetophenone Phenylethanol 120 4.4 11.7 0.021
5 Methyl acetoacetate Methyl 3-hydroxybutyrate 42 6.7 51.1 0.092
6 Ethyl pyruvate Ethyl lactate 44 13.5 98.3 0.176
7 Benzaldehyde Benzyl alcohol 18 1.6 29.3 0.052
8 Trans cinnamaldehyde Hydrocinnamaldehyde 140 21.1 48.3 0.088

Cinnamic alcohol 140 25 57.2 0.104
9 Hydrocinnamaldehyde 3-phenyl-1-propanol 21 0.7 10.5 0.020
10 Cinnamic alcohol Hydrocinnamaldehyde 40 92 736.6 1.328

3-phenyl-1-propanol 40 1.64 13.1 0.024
Cinnamic alcohol Hydrocinnamaldehyde 87 90 331.4 0.596

3-phenyl-1-propanol 87 10 36.8 0.068
11 Geranial Geraniol 47 59.2 403.4 0.728
12 Furfural Furfuryl alcohol 70 6.6 30.4 0.056
13 o-hydroxyacetophenone o-hydroxy-phenylethanol 40 0.2 1.60 0.003

14 c Benzylideneacetone 4-phenyl-3-buten-2-ol 72 100 444.4 0.800
a 0.016 moles of substrate, at 70 ◦C of temperature and 7 atm. of initial pressure of hydrogen; b 0.016 moles of substrate 25 ◦C of temperature
and 30 atm. of initial pressure of hydrogen; c After two months of successive using, Turn over number (TON) = 748.6.

2.4. Catalytic Behavior of the Covalently Immobilized Complex
[RuIICl(bpea){(S)(-)(BINAP)}](BF4), AlPO4-Sepiolite@1

In a previous study, the homogeneous complex 1 was covalently immobilized on a
pure AlPO4 amorphous solid and tested in the hydrogenation reaction of several prochi-
ral substrates such as dimethyl itaconate, methyl 2-acetamidoacrylate and methyl 2-
acetamidocinnamate, in CH2Cl2 as solvent, with high catalytic activity and a high enan-
tioselectivity (99%) [7]. However, when operated with methanol as solvent, an important
leaching was produced. To overcome the leaching of Ru complex when methanol is em-
ployed, this complex has also been covalently immobilized on AlPO4-Sepiolite support
and has been studied as heterogeneous catalyst in the hydrogenation of acetophenone to
obtain phenylethanol, and propiophenone to obtain 1-phenyl-1-propanol, Table 5. The TOF
values have been obtained analogously to that for the previous reaction.

Since the molecular weight of the complex 1 is 1073.28 g/mol, and the molar con-
centration of Ru immobilized complex, per gram of AlPO4-Sepiolite is 148.4 µmol/g, the
weight of covalently immobilized complex per gram of support is 0.1590 g, representing
about 15.9% of the total weight of catalyst. This confirm a better binding capacity of the
AlPO4-Sepiolite support respect to pure AlPO4, where applying the same procedure in the
immobilization of the Noyori type complex [7,22] only a 9.5% of organometallic material
was immobilized.
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Table 5. Successive hydrogenation rates of Acetophenone and Propiophenone, to obtain phenylethanol
and 1-fenil-1-propanol, respectively, carried out with the complex [RuIICl(bpea){(S)(-)(BINAP)}](BF4)
(593.6 µmol), covalently attached to 4 g of AlPO4–Sepiolite, with 0.032 mol of substrate, in methanol,
40 mL, as solvent, at different temperatures, different reaction times and 90 atm of hydrogen pressure.
Enantiomeric excess as well as TOF values are also indicated.

Nº Substrate t
(h)

T
(◦C)

Conv.
(%)

Rate
(µmol/h)

TOF
(h−1)

ee
(%)

Supern Acetophenone 70 50 0.7 3.2 0.0054 6.7
1 Acetophenone 168 50 68.0 129.5 0.218 6.4
2 Acetophenone 165 45 63.0 122.2 0.206 5.2
3 Acetophenone 216 40 71.0 105.2 0.177 3.2
4 Acetophenone 150 35 44.0 93.9 0.158 5.0
5 Acetophenone 189 30 52.0 88.0 0.148 3.4
6 Acetophenone 168 25 41.0 78.1 0.131 3.8
7 Propiophenone 168 50 23.6 45.0 0.076 18.8
8 Propiophenone 144 45 16.0 35.6 0.060 20.7
9 Propiophenone 143 40 11.9 26.74 0.045 23.0

10 Propiophenone 220 35 13.6 19.78 0.033 20.8
11 Propiophenone 144 30 5.6 12.4 0.021 23.0

12 a Propiophenone 166 25 4.9 9.4 0.016 20.8
a After two months of successive uses, TON = 700.8.

On the other hand, the TON value obtained in the twelve successive reactions studied
(700.8) is very similar to that obtained with the complex AlPO4-Sepiolite@2, TON = 748.6.
However, the TOF obtained for the hydrogenation reaction of acetophenone to obtain
phenylethanol over AlPO4-Sepiolite@1 (Table 4) is about ten times higher than those
obtained over the AlPO4-Sepiolite@2 (Table 3). Therefore, the chiral diphosphine ligand
BINAP seems to provide greater catalytic efficiency in the hydrogenation of the carbonyl
group of ketones than the complexes with the DPPE ligand.

Regarding the stability of both complexes, the one with the diphosphine BINAP ligand
practically does not undergo leaching, whereas the complex with the DPPE ligand loss the
majority of the Ru initially anchored, remaining only the 15% of this Ru, (Table 1). This
fact could be explained attending that leaching could be produced by a transmethylation
reaction of the phosphamide bond, given the high concentrations of methanol, at elevated
temperatures. Hence, given the larger size of the BINAP molecule, methanol solvent
would experience a higher difficulty to access to the phosphamide bonds, avoiding the
transmethylation of them. This high stability is corroborated by the results shown in
Table 5, since an increase in the reaction rate with temperature is observed even with
the spent catalyst. However, a slight but gradual reduction in the hydrogenation rate of
acetophenone and propiophenone can be observed in Table 5, according to the decreasing
TOF values of in the successive hydrogenations of both substrates. This reduction in
catalytic activity of the immobilized complex could be ascribed to the normal poisoning
process in all catalysts along its use.

Figure 1 shows the Arrhenius plots for the catalytic hydrogenation of acetophenone
and propiophenone, to obtain phenylethanol and 1-phenyl-1-propanol, respectively. The
Ea values are collected in Table 6. In this respect, the higher Ea value for the hydrogenation
of propiophenone indicates the higher influence of temperature, which can be ascribed
to the higher steric hindrance to interact in the right way with the Ru core inside the
heterogenized complex. The influence of the steric effects on the propiophenone may also
explain the higher enantioselectivity achieved in the hydrogenation of propiophenone,
according to the higher values of enantiomeric excess (ee) (Table 5).



Catalysts 2021, 11, 289 8 of 17

Catalysts 2021, 11, x FOR PEER REVIEW 8 of 17 
 

 

tion of propiophenone indicates the higher influence of temperature, which can be as-
cribed to the higher steric hindrance to interact in the right way with the Ru core inside 
the heterogenized complex. The influence of the steric effects on the propiophenone may 
also explain the higher enantioselectivity achieved in the hydrogenation of propiophe-
none, according to the higher values of enantiomeric excess (ee) (Table 5). 

 
Figure 1. Arrhenius plot for the catalytic hydrogenation of acetophenone (□) and propiophenone 
(■) over AlPO4-Sepiolite@1, 0.032 mol of substrate, 90 atm of hydrogen pressure in methanol as 
solvent and different reaction temperatures. 

The Ea and lnA (being A the frequency factor in the Arrhenius equation) obtained 
for the hydrogenation of the carbonyl (C=O) bonds, Table 6, are lower than those obtained 
for the hydrogenation of olefinic (C=C) bonds in α,β−unsaturated carbonyl compounds, 
such as dimethyl itaconate, according to the results previously obtained with the same 
[RuIICl(bpea){(S)(-)(BINAP)}](BF4) complex [7]. This fact indicates that temperature has 
lower influence on the reduction of carbonyl bonds than on C=C bonds. However, the 
number of active sites capable of effecting the reduction of carbonyl bonds is smaller than 
those able to carry out the hydrogenation reaction of olefin bond in α,β-unsaturated car-
bonyl compounds. 

Table 6. Activation parameters Ea (Kcal/mol) and lnA (h−1), obtained from the Arrhenius plot of 
the catalytic hydrogenation of Acetophenone y Propiophenone over AlPO4-Sepiolite@1, at the ex-
perimental conditions showed in Figure 1. 

Substrate Solvent Ea  
(Kcal/mol) 

lnA  
(h−1) 

r2 

Acetophenone MeOH 3.94 ± 0.10 4.62 ± 0.33 0.99 
Propiophenone MeOH 12.13 ± 0.26 16.37 ± 0.84 0.99 

Uncertainties are determined by the 99% confidence limits. 

Figure 1. Arrhenius plot for the catalytic hydrogenation of acetophenone (�) and propiophenone (�)
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Table 6. Activation parameters Ea (Kcal/mol) and lnA (h−1), obtained from the Arrhenius plot
of the catalytic hydrogenation of Acetophenone y Propiophenone over AlPO4-Sepiolite@1, at the
experimental conditions showed in Figure 1.

Substrate Solvent Ea
(Kcal/mol)

lnA
(h−1) r2

Acetophenone MeOH 3.94 ± 0.10 4.62 ± 0.33 0.99
Propiophenone MeOH 12.13 ± 0.26 16.37 ± 0.84 0.99

Uncertainties are determined by the 99% confidence limits.

The Ea and lnA (being A the frequency factor in the Arrhenius equation) obtained for
the hydrogenation of the carbonyl (C=O) bonds, Table 6, are lower than those obtained
for the hydrogenation of olefinic (C=C) bonds in α,β−unsaturated carbonyl compounds,
such as dimethyl itaconate, according to the results previously obtained with the same
[RuIICl(bpea){(S)(-)(BINAP)}](BF4) complex [7]. This fact indicates that temperature has
lower influence on the reduction of carbonyl bonds than on C=C bonds. However, the
number of active sites capable of effecting the reduction of carbonyl bonds is smaller
than those able to carry out the hydrogenation reaction of olefin bond in α,β-unsaturated
carbonyl compounds.

These differences could explain some changes in the mechanism of both reactions,
able to explain the high asymmetric induction effects obtained in the hydrogenation of the
olefinic double bond of dimethyl itaconate, with respect to the hydrogenation of carbonyls
groups using the same complex [RuIICl(bpea{(S(-)(BINAP)}](BF4); since while dimethyl
itaconate is hydrogenated to Dimethyl (R)-(+)-methylsuccinate with ee of 99% [11], the hy-
drogenation of acetophenone to phenylethanol and propiophenone to 1-phenyl-1-propanol,
yield ee values of 4–6% and 19–23%, respectively (Table 5). The higher enantioselectivity
observed in the dimethyl itaconate hydrogenation could be explained by a double coordi-
nation between the Ru metal center of the complex and the substrate molecule, through the



Catalysts 2021, 11, 289 9 of 17

carbon-carbon double bond and the oxygen of the carbonyl group, restricting the rotation
capacity, thus favoring a certain structure of the activated complex in the hydrogenation
process of the olefinic double bond, as it is depicted in Figure 2.
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In the dimethyl itaconate molecule, the W1 bond angle provides an important steric
limitation. However, in the hydrogenation of C=O bonds of acetophenone and propiophe-
none, the angle W2 (Figure 2) has no steric limitations due to a secondary interaction of
orbitals of the functional group nearby. Nevertheless, some steric effects in the activated
intermediate can be corroborated, since the substitution of a methyl group for an ethyl one
promotes an asymmetric induction effect (the ee values go from 4–6% to 19–23%).

According to the products obtained in the hydrogenation reactions of Table 4 over
the AlPO4-Sepiolite@2 complex, in most of reactions the primary or secondary alcohols
are always obtained, as expected. However, the results obtained in the cinnamic aldehyde
hydrogenation (8th reuse) show an exceptional behavior, since a mixture of hydrocinnamic
aldehyde and cinnamic alcohol was obtained. These results imply the existence of an
apparent competition between the hydrogenation of a Π double bond, belonging either to
the C=C or C=O bond, as is showed in Figure 3. The Ru complex, once a hydrogen molecule
has been attached, it can fix a Π double bond producing the desorption of the complex
(before the desorption of H2) and the hydrogenated molecule. This desorption step is a
concerted process (4σ + 2Π) allowed by the symmetry, which is explained within the theory
of disturbances. In summary, according to this theory, a chemical reaction is governed
by a Coulomb contribution, in which nucleophilic-electrophilic interactions predominate,
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and an interaction due to the interaction between the frontier’s orbitals (HOMO–LUMO).
In this case, a “concerted” movement of electrons that meet the parameter 4n + 2, under
thermal conditions, or 4n, under photochemical conditions, is assumed. Here we assume
that the decisive contribution is due to the concerted process, and not to the contribution of
the Coulombic term.
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Indeed, the product of reaction in reuse 9, in Table 4, shows that the catalyst AlPO4-
Sepiolite@2 efficiently hydrogenates the aldehydic carbonyl of hydrocinnamaldehyde to
3-phenyl-1-propanol. However, in the hydrogenation of cinnamic alcohol, in the reuse 10,
an appreciable amount of hydrocinnamaldehyde is obtained together with the expected
alcohol, the 3-phenyl-1-propanol, which is indicative of the hydrogenation of the C=C
bond. The presence of this compound can only be explained as a consequence of an
isomerization reaction, consisting of a 1,3 sigmatropic rearrangement reaction, catalyzed by
the activated Ru complex, followed by the keto-enolic transposition of cinnamic alcohol to
hydrocinnamaldehyde, according to the proposed mechanism described in Figure 4. The
participation of the activated Ru complex is considered after the dissociative adsorption
of a hydrogen molecule. Thus, the process takes place through the adsorption of the σ
bond of C-H on the carbon supporting the hydroxyl group, followed by its desorption, that
occurs by a (4σ + 2σ) concerted process allowed by symmetry.
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Figure 4. Reaction mechanism for the catalyzed isomerization of cinnamic alcohol to hydrocinnamaldehyde.

Therefore, the hydrocinamaldehyde obtained together the cinnamic alcohol, in the
hydrogenation of cinnamic aldehyde, is not produced by the hydrogenation of the olefinic
double bond in the substrate molecule, but it is a result of the catalyzed isomerization
of cinnamic alcohol, obtained by hydrogenation of the carbonyl group. Thus, the initial
step is the hydrogenation of cinnamic aldehyde’s carbonyl group, Figure 3b, who becomes
hidrocinamaldehyde by 1,3 sigmatropic transposition catalyzed by the activated Ru com-
plex, Figure 4, whose carbonyl group is then hydrogenated to get 3-phenyl-1-propanol, as
it is indicated in the overall process, in Figure 5.
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Then, according to the mechanism shown in Figure 5, the exceptional behavior of the
AlPO4-Sepiolite@2 complex in the hydrogenation of olefinic double bond in substituted
allyl alcohols can be explained by the hydrogenation of the carbonyl group, obtained
after the catalyzed 1.3 sigmatropic transposition. This [4n + 2] concerted mechanism,
1.3-sigmatropic transposition is allowed by the symmetry, due the assistance of the hydro-
genated Ru complex. Besides, the diphosphine Ru complex studied does not hydrogenate
the olefinic double bond in any case, neither in the α,β-unsaturated carbonyl compounds
nor in the allylic alcohols, because the hydrogenation of the carbonyl double bond always
occurs, either in the cinnamaldehyde or in the hidrocinamaldehyde.

In contrast, the hydrogenation of the remaining α,β-unsaturated carbonyl compounds
(reuses 11, 12, 13 and 14, Table 4) only produces the primary or secondary alcohols. This
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high selectivity, compared to that obtained in the hydrogenation of the cinnamic aldehyde,
can be explained because the 1,3-sigmatropic rearrangement does not occur due to the steric
hindrance generated by the methyl group, located in different positions in most studied
molecules. The methyl group difficult the approach of the Ru complex, thus preventing the
concerted process obtained in the rearrangement detected in cinnamic alcohol.

3. Materials and Methods
3.1. Inorganic Support Synthesis and Surface Characterization

The Sepiolite (Tolsa S.A, Madrid, Spain), a natural silicate with a high surface area
(226 m2/g) and low price, exhibit a fibrous structure with a theoretical formula of the
unit cell Si12O30Mg8(OH)6(H2O)4·8H2O, where the Si4+ and the Mg2+ can be partially
substituted by Al3+, Fe2+ and alkaline ions. Thus, Sepiolite cannot be directly employed as
support for covalent immobilization of complex. Then, first of all, it has to be subjected to a
surface activation process by sol-gel precipitation of AlPO4 on powdered solid Sepiolite in a
proportion AlPO4/Sepiolite of 20/80 following a previously reported methodology [2,4,6].
Scheme 2 shows the synthesis of the amorphous AlPO4, which was obtained by precip-
itation of AlCl3·6H2O and H3PO4 (85 wt.%). at pH = 6.1 by the addition of ammonium
hydroxide. The solid obtained after filtration was then washed with isopropyl alcohol and
dried at 120 ◦C for 24 h. In the present case, the resulting powder was calcined by heating
at 350 ◦C for 3 h and then powder screened to a particle size <0.149 mm (100 mesh size).
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Scheme 2. Synthesis of the amorphous AlPO4-Sepiolite support.

The acid base characterization was performed by a spectrophotometric method that
allows titration of the amount of irreversible adsorbed pyridine (PY, pKa = 5.25), 2,6-
dimethylpyridine (DMPY, pKa = 6.99), and benzoic acid (BA, pKa = 4.19) (in µmol·g−1),
employed as titrant molecules of acid and basic sites, respectively.

In this way, Sepiolite incorporates a thin outer layer of AlPO4 that enables subsequent
functionalization. The physicochemical properties of the support are shown in Table 1.
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3.2. Synthesis and Characterization of the Homogeneous Complexes
(RuIICl(bpea){(S)(-)(BINAP)}](BF4) 1 and (RuIICl(bpea)(DPPE)](BF4) 2

The complexes 1 and 2 have been synthesized from the [RuIII Cl3(bpea)] by exchange of
ligands following experimental procedure previously described in the literature [22,23,32,33].
All the manipulations have been made under nitrogen atmosphere. UV-Visible, infrared
(IR), voltammetry cyclic (CV), X-ray diffraction (XRD) and nuclear magnetic resonance
1D and 2D have been used to their characterization and the results have been previously
published [7,8].

3.3. Covalent Immobilization of the Complexes [RuIICl(bpea){(S)(-)(BINAP)}](BF4) and [RuIICl
(bpea)(DPPE)](BF4) on AlPO4-Sepiolite Supports, (AlPO4-Sepiolite@1 and AlPO4-Sepiolite@2)

Immobilization of the Ruthenium complexes on AlPO4-Sepiolite is carried out fol-
lowing the procedures shown in Scheme 1. Thus, support functionalization (step 1) was
initiated by the microwave-assisted reaction (10 min at 380 W) between surface acid sites
of the support and one amino group of the ethylenediamine. Thus, 30 g of support and
4 mL of ethylenediamine were mixed (Merck, 99%, NYSE, USA), after impregnation (1 h)
with ethyl ether solution (80 mL) in a rotatory evaporator at room temperature and solvent
elimination by heating (2 h) in a water bath at 100 ◦C. Then, the flask was cooled down
and the non-reacted ethylenediamine was eliminated by washing three times with 100 mL
of ethanol, and then the product was vacuum dried and separated.

In the Step 2, the terminal amino group react with 2-picholyl chloride to obtain the
N-tridentate ligand N,N-bis(2-pyridylmethyl) ethylamine (bpea). This reaction is carried
out in a 250 mL flask with 30 g of ethylenediamine functionalized AlPO4-Sepiolite solid
with a solution of 4.5 g of 2-picholyl chloride (Aldrich, 98%, Madrid, Spain) in 50 mL
ethanol (96%, Aldrich, Madrid, Spain) and a variable amount of ethanol (about 60 mL)
to achieve incipient wetness conditions. The reaction is carried out for 30 min at room
temperature. Then, temperature rises to 80–90 ◦C and 2 mL of a solution of 2.5 g NaOH in
15 mL of water are added every 10 min, being the total reaction time about 90 min. During
the reaction, an intense pink color appeared, but once the reaction has been completed,
changes to a weak red. At that point, the product is filtered and washed three times with
100 mL of ethanol to remove 2-picholyl chloride excess.

In the step 3 (Scheme 1), synthesis of the covalently attached Ru complex [RuIICl
(bpea){(S)(-)(BINAP)}](BF4) started by the addition of 8 g of functionalized AlPO4-Sepiolite
(with bpea ligand) to a magnetically stirred solution of 0.400 g (1.600 mmol) RuCl3·4H2O,
(Johnson and Matthey Ltd., San Diego, CA, USA) dissolved in dry MeOH (20 mL), and
then refluxed for 1 h under Argon. Subsequently, LiCl (0.118 g) and NEt3 (0.192 mL) were
added and stirred for 30 min. Then, the addition of (S)-BINAP (1.03 g) generated the
immobilized complex after refluxing for 2 h. After reaching room temperature, methanol
(30 mL) was introduced in the reaction flask and a brown solid was obtained after filtration
and two successive rinses with methanol (30 mL) to eliminate unreacted compounds. In
this respect, the successive reaction steps, were carried out according to the solid-phase
synthesis methodology, where surface chemically modified supports are easily recovered
by filtration after successive reactions.

Analogously, the synthesis of the covalently attached Ru complex [RuIICl(bpea)(DPPE)]
(BF4) is carried out with 4 g of activated AlPO4-Sepiolite (with bpea ligand), that keep
under stirring for one hour with 0.2 g of RuCl3 in a flask containing 5 mL of ethanol. Then,
in argon atmosphere, 0.59 g of LiCl and 0.096 mL of NEt3 were added and stirred for
30 min. Finally, 0.326 g of 1,2-Bis (diphenylphosphine) ethane, dppe, were added and the
solution was heated under reflux for two hours. Once cooled, 30 mL of methanol was
added. The solid is filtered and washed twice with 30 mL of methanol. The solid containing
the compound of Ru immobilized, after drying in a vacuum filtration, was ready for use as
a heterogeneous catalyst.

At the end of the catalytic synthesis process, a supernatant solution was obtained
(together with the catalyst containing the ruthenium immobilized complex). In that solu-
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tion, called supernatant, an amount of Ru (not bound to the bpea ligand) that has not been
bound to the bpea ligand was found together with the DPPE complex.

3.4. Catalysts Characterization and Hydrogenation Experiments

Ruthenium content of supported metal catalysts was quantified by Inductively Cou-
pled Plasma, coupled with Atomic Emission Spectroscopy (ICP-AES) in a Thermo Elemen-
tal Iris Intrepid HR instrument. Generally, 0.02 g catalyst was dissolved in acid, diluted
with distilled water to 100 mL and subsequently analyzed.

Mass spectra are performed with a Varian Saturn 2200 GC/MS-MS mass spectrometer
(Varian, Palo Alto, CA, USA) coupled to a Varian CP-3800 gas chromatograph (Varian, Palo
Alto, CA, USA).

The quantification and determination of the enantiomeric excess was determined
from the percentages obtained after the separation of the enantiomers in chiral columns
based on cyclodextrins by gas chromatography, by using a Konik KNK-3000-HRGC gas
chromatograph (Konik, Miami, Florida, USA) with a chiral capillary column BETA DEX
120 (30 m × 0.25 mm × 0.25 µm). The rotational power of the different substrates has been
determined with a digital Polarimeter, Bellingham & Stanley Ltd., Royal Turnbridge Wells,
UK, mod. P20.

Catalytic hydrogenation reactions were performed in a high-pressure hydrogena-
tor (Parr 5500 Series Compact, 4836 Controller, Moline, IL, USA). Hydrogenation runs
were accomplished in methanol using different substrate concentrations (Aldrich, Madrid,
Spain) and different amounts of homogeneous or immobilized catalysts to obtain several
(subs)/(cat). In all cases, initial hydrogen pressure was 80–90 atm and 50 ◦C. Methanol
(p.a.99% Scharlab, Barcelona, Spain), dichloromethane (p.a. 99% Panreac, Barcelona, Spain)
and hydrogen (99.999% SEO) were used without further purification. The analysis of
hydrogenation products was performed on a Konik-KNK-3000-HRGC gas chromatograph
(Konik, Miami, Florida, USA) equipped with a Supelco (BETA DEX 120) β-cyclodex chiral
capillary column. Successive runs in heterogeneous reactions are obtained after filtration of
reaction products. Reaction rates and turnover frequencies (TOF) were calculated from the
initial reaction rates. TOF values of the heterogenized systems were determined from the
amounts of Ru complex covalently anchored to the solid surfaces determined by (ICP-AES)
experiments. Absolute configuration and ee’s were obtained from the rotatory power of
samples measured with a polarimeter P20 (Belligham & Stanley Ltd., Royal Turnbridge
Wells, UK), and confirmed the absolute configuration of authentic samples assigned in the
GC peaks.

The activation energy (Ea) has been calculated from TOF values of acetophenone and
propiophenone (Table 6), using the Equation (1):

ln (TOF) = ln A − Ea/RT (1)

4. Conclusions

The results herein obtained show that the AlPO4-Sepiolite support was successfully
employed for the covalent immobilization of ruthenium complexes. This methodology can
be applied to other inorganic solids that allow the generation of Brönsted-type acid centers
on its surface capable of forming phosphamide bonds, such as SiO2, Al2O3. This phos-
phamide bond anchors the organic chains through the formation of an organic-inorganic
hybrid bond.

In this respect, the immobilization of Ru complexes on the AlPO4-Sepiolite support
(1.65 and 1.50% of Ru in Ru-DPPE and Ru-BINAP complexes) is almost the double than that
obtained on pure AlPO4 (0.89% for Ru-BINAP complex). Results obtained from consecutive
runs indicate that the one with the diphosphine BINAP ligand practically does not undergo
leaching, whereas the complex with the DPPE ligand loss the majority of the Ru initially
anchored, remaining only the 15% of this Ru. Therefore, the chiral diphosphine BINAP
ligand seems to provide greater catalytic efficiency in the hydrogenation of the carbonyl
group of ketones than the complexes with the DPPE ligand. However, the AlPO4-Sepiolite
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support promotes a steric hindrance in the adsorption of the reagents to the Ru complex,
that contribute to the lower catalytic activity displayed in the heterogeneous catalysts
(around 7 h−1) in comparison to the homogeneous ones (around 87 h−1).

Regarding the results obtained in the hydrogenation of cinnamaldehyde and related
compounds over AlPO4-Sepiolite@2 provide an explanation to the hydrogenation mech-
anism of olefinic compounds with the double bond in a terminal position, as well as to
the hydrogenation of carbonil compounds (aldehydes and ketones) with respect to the
substituted double bond. Thus, the hydrocinnamaldehyde obtained in the hydrogenation
of the cinnamic aldehyde is not produced by the hydrogenation of its olefinic double bond,
but is a consequence of the isomerization of the cinnamic alcohol, catalyzed by the Ru
(II) complex, which is obtained by the hydrogenation of carbonyl bond. The initial step
consists of the hydrogenation of the carbonyl group of the cinnamic aldehyde, which is
transformed into hydrocinnamaldehyde by means of the 1,3 sigmatropic rearrangement,
catalyzed by the Ru complex, whose carbonyl group is then hydrogenated to yield 3-
phenyl-1-propanol. That is, according to the results obtained the studied Ru complexes
are more able of hydrogenating carbonyl compounds than the olefinic double bonds with
various substituents.
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