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Nanoreactors encapsulating homogeneous catalysts behave as heterogeneous catalysts at the macroscopic scale,
enabling the homogeneous catalyst to be easily recovered. One way to synthesize such nanoreactors is by
inserting the homogeneous catalyst (or synthesizing it in situ) in the porosity of an inorganic oxide material,
followed by a silylation reaction to narrow the pore entrance, preventing the outwards diffusion of the jailed
homogeneous catalyst during the reaction. This way, the often-superior activity of homogeneous catalysts is

combined with the robustness and the easy recovery of heterogeneous ones. Hereunder, we report for the first
time the implementation of such a strategy towards the synthesis of a deoxydehydration (DODH) catalyst,
namely a bis-amino phenol Re-complex. 1,2-hexanediol was used as the DODH vicinal diol model substrate. The
encapsulation of the homogeneous catalyst in SBA-1 was demonstrated. It proved active in the DODH test re-
action although not sustainably; the deactivation mechanism was therefore elucidated.

1. Introduction

The finiteness of oil resources and their ever-decreasing availability
has pushed researchers to seek alternatives. Non-edible biomass is a
promising substitute for petroleum-based chemicals, as it is abundant,
renewable, and more easily accessible [1]. One of the main challenges in
replacing petrochemicals is the polyoxygenated nature of biomolecules
[2]. Hence, a prior deoxygenation is needed before being used in today’s
chemical industry. One of the ways - that has gained attention in recent
years [3-5] — it can be achieved is deoxydehydration (DODH). DODH is
a simultaneous dehydration and deoxygenation reaction occurring
specifically on vicinal diols (Fig. 1a). This reaction, usually performed in
the liquid phase, requires a sacrificial reductant and a high-valent
metal-based (generally Re, Mo, or V) catalyst [6].

The main advantage of heterogeneous catalysts over homogeneous
ones is their easy recyclability, which makes them more suitable for
industrial implementation. This is why some researchers have spent
time immobilizing soluble homogeneous catalysts onto insoluble sup-
ports. Homogeneous catalysts are generally immobilized through (1)
covalent bonding [7], (2) adsorption (e.g. via electrostatic interactions)
[8], or (3) physical entrapment [9,10]. Because of the molecular-like
contact between the reactants and the dissolved catalyst,
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homogeneous catalysts often show superior catalytic performances than
heterogeneous ones. The heterogenization of homogeneous catalysts
without affecting their activity is thus a relevant strategy that must be
explored. Among the above-mentioned strategies, physical entrapment
is a particularly promising strategy as it allows the homogeneous cata-
lyst to behave almost freely, as it does when it is free in solution, while
making recovery possible.

Different encapsulation strategies exist such as the well-known ship-
in-a-bottle (SIB) method [11], where the homogeneous catalyst is syn-
thesized within the pores of a material. Quite recently, a modified SIB
approach has been proposed to encapsulate homogeneous catalysts. In
this approach, the homogeneous catalyst is instilled in the porosity of a
material (or synthesized in situ), which is typically silica. The instillation
is then followed by a silylation reaction in order to narrow the pore size,
preventing the outwards diffusion of the jailed homogeneous catalyst
(Fig. 2). To our knowledge, such a strategy has never been envisaged
with DODH homogeneous catalysts. This is why we report hereunder the
immobilization of one DODH homogeneous precatalyst,L*Re(CO)s, L*
being 2-(((2-(dimethylamino)ethyl)(methyl)amino)methyl)phenol) [12,
13] (Fig. 1b), by using the modified SIB approach. This precatalyst has
been selected in the literature, inter alia, for its good catalytic perfor-
mances under green conditions, its high thermal and air stability, its
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substrate versatility, and its ease of synthesis. For instance, this pre-
catalyst, once activated in the presence of air, can convert erythritol to 1,
3-butadiene in the highest yields ever reported (78 %) [12]. SBA-1 was
chosen as hosting material for its cage-like structure, its suitable textural
properties, and its prior use in a similar application but for a different
catalytic system including a Hoveyda-Grubbs catalyst for metathesis
[14]. Other structured silica materials combined with other organome-
tallic complexes have already been reported. For instance, SBA-16 has
been used to encapsulate phophotungstic acid or molybdenum
Schiff-bases for the epoxidation of olefins [9,15] and Fe(salen) for the
production of optically active sulfoxides [10]. FDU-12 was used to host
the Noyori catalyst for asymmetric hydrogenation [16]. Similarly
SiO4/Fey03 core/shell encapsulated n-heterocyclic carbene-gold(I) cat-
alysts were prepared and used for alkyne hydration at low temperature
(25°C) [17].

2. Experimental section
2.1. Materials

D-fructose (>99.5 %), dichloromethane (>99.8 %), hydrochloric
acid (37 % fuming) and sodium acetate (>98.5 %) were purchased from
Carl Roth. N,N,N-trimethylethylenediamine (98 %) and sodium tri-
acetoxyborohydride (97 %) were purchased from Fisher Scientific. 1,2-
hexanediol (98 %), and bromopentacarbonylrhenium(I) (98 %) were
purchased from Sigma-Aldrich. 1-bromohexadecane (>96 %), 1-hexene
(>97.0 %), 3,5-di-tert-butyl-2-hydroxybenzaldehyde (>98.0 %), 3-octa-
nol (>98.0 %), 3-octanone (>98.0 %), dichlorodiphenylsilane (>98.0
%), hexylmethyldichlorosilane (>95.0 %), n-octylmethyldichlorosilane
(>97.0 %) and triethylamine (>99.0 %) were purchased from Tokyo
Chemical Industry Europe.

2.2. Synthesis of L*Re(CO)3 from Li et al. [12]

The L*Re(CO); complex was prepared following the procedure
described by Li et al. [12]. Details are given in the supporting infor-
mation. The compound was characterized by 'H NMR, IR, and HRMS to
confirm the success of the synthesis.

2.3. Synthesis of SBA-1 from Kao et al. [18]

The SBA-1 was prepared following the procedure described by Kao
et al. [18]. Details are given in the supporting information. SBA-1 was
characterized by pXRD and Ny physisorption to confirm the success of
the synthesis.

2.4. Encapsulation of L*Re(CO)3

In a round-bottom flask, 500 mg of SBA-1 was suspended in 25 mL of
dichloromethane with 32 mg of L4Re(CO)3 to yielda 6 % L4Re(CO)3 wt.
solid (nominal value). The suspension was stirred during 72 h and the
solid was recovered by vacuum filtration and dried under reduced
pressure overnight at room temperature. In order to reduce the pore
entrance size, 100 mg of L4Re(CO)3/SBA-1 was suspended in a closed
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round-bottom flask with 5 mL n-hexane, namely a solvent in which L*Re
(CO)s is not soluble. Then, the silylating agent (3 mmol) was added and
the mixture was stirred during 24 h at 35 °C. The solid was thoroughly
washed with dichloromethane until disappearance of the phenyl UV-Vis
signature in the supernatant. The same amount of dichloromethane was
used to wash all the other silylated samples. Then the solid was recov-
ered by filtration and dried overnight under vacuum. Samples silylated
with dichlorodiphenylsilane (Ph), hexylmethyldichlorosilane (Cg) or n-
octylmethyldichlorosilane (Cg) are denoted SBA-1(Y) where Y repre-
sents the grafted functional group (Ph, Cg or Cg).

2.5. Catalytic tests

To a 35 mL closed pressure tube (Ace) equipped with a PTFE stirrer,
5 mL of a 3-octanol solution containing 0.5 mmol of 1,2-hexanediol and
0.5 mmol dodecane (internal standard) are added together with 100 mg
(pre)catalyst when supported or 6 mg of pure L*Re(CO)3. The reaction
was performed at 180 °C (oil bath temperature) during 24 h. After-
wards, the tube was cooled down in an ice-cold water bath. Reactants
and products were quantified with a GC-2010 Plus equipped with a FID-
2010 Plus detector, a SH-RTX-5 (30 m length, 0.25 mm inner diameter,
0.1 pm film thickness) column, an AOC-20 s auto-sampler, and an AOC-
20i auto-injector from Shimadzu. An aliquot of 1 pL of the prepared vial
was injected (injector temperature: 275 °C, 70 °C during 6 min and then
20 °C/min until 100 °C) and the analysis was performed in split mode
(split = 15, inlet pressure = 25 psi).

2.6. Leaching tests

Since the catalyst absorbs in UV-vis, to test whether leaching was
occurring during the reaction, an aliquot of the supernatant of the re-
action mixture was diluted in 3-octanol in a quartz High Precision Cell
from Hellma Analytics (10 mm length path) for analysis. The spectrum
(230-400 nm) was recorded on a Shimadzu UV-3600 Plus Series
spectrometer.

2.7. Characterization of the samples

2.7.1. Fourier-transform infrared spectroscopy (FTIR)

Powders were diluted in dry KBr and pressed in self-supporting
wafers. FTIR spectra were recorded on a Bruker Equinox 55 equipped
with a dielectric DTGS detector with an iris aperture of 5000 um. A pure
KBr wafer was recorded and used as background. One hundred scans
were carried out in the range of 400-4000 cm™! in order to yield a
4 cm™! resolution.

2.7.2. UV-vis spectroscopy

Solutions were analyzed in a Shimadzu UV-3600 Plus Series spec-
trometer in quartz High Precision Cells from Hellma Analytics. The
spectra were recorded from 200 nm to 800 nm with a 0.5 nm sampling
interval (slit width of 2 nm). From 200-380 nm, a deuterium lamp from
Shimadzu was used as source while a W-lamp halogen was used as
source for the rest of the spectrum.

tBu

ocC ’ tBu

Fig. 1. (a) Deoxydehydration of a vicinal diol. (b) Bis-amino-phenol rhenium precatalyst L*Re(CO)s;, L* being 2-(((2-(dimethylamino)ethyl)(methyl)amino)

methyl)phenol).
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2.7.3. Powder X-ray Diffraction (pXRD)

Diffractograms of the samples were recorded on a Bruker-D8
Advance diffractometer with a Bragg-Brentano geometry. A copper
anode operated under 40 kV (Ka = 0.154 nm) and 30 mA was used as X-
ray source. The detector was a LynxEye XE-T. The angle (20) was varied
from 5° to 80° at a speed of 5.93°/min (5051 steps of 0.015°). Well
grinded powders were dispersed on a “zero noise” sample holder coated
with Nivea cream before insertion in the apparatus.

2.7.4. N physisorption

The textural properties of powders were quantified thanks to Ny
physisorption. The Brunauer-Emmett-Teller (BET) model was applied to
assess the specific surface area using partial pressures out of the
[0.05-0.3] range. As the Barrett-Jowner-Halenda (BJH) model is not
suitable for micropores, a density functional theory (DFT) provided by
Micromeritics was applied (Ng, cylindrical pores, oxide surface) to
evaluate pore size distribution. The pore diameter reported hereunder
refers to the maximum observed in the pore diameter distribution.
Samples were weighed before and after degassing overnight with a
Micromeritics VacPrep061 machine at 150-200 °C and at about 50
mTorr. Nitrogen physisorption measurements were carried out using a
liquid N, bath with a Micromeritics 3Flex apparatus.

2.7.5. X-ray photoelectron spectroscopy (XPS)

The analyses were carried out with a SSX 100/206 photoelectron
spectrometer from Surface Science Instruments (USA) equipped with a
monochromatized micro focused Al X-ray source (powered at 20 mA
and 10 kV). The sample powders pressed in small stainless-steel troughs
of 4 mm diameter were placed on a ceramic carousel. The pressure in the
analysis chamber was around 107 Pa. The angle between the surface
normal and the axis of the analyser lens was 55°. The analyzed area was
approximately 1.4 mm? and the pass energy was set at 150 eV. In these
conditions, the full width measured at half maximum (FWHM) of the Au
4f; 2 peak for a clean gold standard sample was about 1.6 eV. A flood
gun set at 8 eV and a Ni grid placed above the sample surface were used
for charge stabilization. The following sequence of spectra was recorded:
survey spectrum, C 1s, O 1s, N 1s, Cl 2p, Re 4f for samples containing Re
and C 1s again to check the stability of charge compensation with time.
The aromatic C-(C,H) component of the C1s peak of carbon was fixed to
284.8 eV to set the binding energy scale. Data treatment was performed
with the CasaXPS program (Casa Software Ltd, UK). Some spectra were
decomposed with the least squares fitting routine provided by the soft-
ware with a Gaussian/Lorentzian (85/15) product function and after
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subtraction of a non-linear baseline. Molar fractions were calculated
using peak areas normalized based on acquisition parameters and
sensitivity factors provided by the manufacturer.

2.7.6. Inductively coupled plasma-atomic emission spectroscopy

The rhenium load in each composite solid was measured by ICP-AES.
For this matter, 50 mg of each sample was mixed with 1 g of NaOH and
Nay03 and melted on the flame of a Bunsen burner. Melted samples were
acidified with HCl and diluted with distilled water prior to analysis.

3. Results and discussion

SBA-1 [18] and L4Re(CO)3 [12] were synthesized according to the
literature. The presence of 3 reflection peaks (20 = 2.15°, 2.38° and
2.60°) characteristic of the Pm3n symmetry corresponding to the planes
(200), (210) and (211) (Fig. 3, right) as well as the expected textural
properties (specific surface area between 1200 m?/g and 1450 m?/g and
pore diameter between 2 and 3 nm) (Table 1) confirm the correct syn-
thesis of SBA-1 [19]. The success of the synthesis of highly pure L*Re
(CO)3 is also confirmed by Iy NMR, FTIR and High Resolution Mass
Spectrometry (Supporting Information).

After encapsulation, the IR spectrum of L4Re(C0)3/SBA-1(Y) was
first recorded to verify whether the silylation occurred successfully
(Fig. 3, left). The C-H bands around 3000 cm ™! for L*Re(CO)3/SBA-1(Cg
or Cg) and the bands of aromatic ring vibration at 1429 cm ™! show the
presence of alkanes. The Si-Ph stretching peak (1127 cm™?), the bands of
aromatic ring vibration at 1429 cm™! and the C-H vibration peaks of
aromatics at 720, 737 and 698 cm™! indicate the presence of phenyl
groups (Ph) after silylation of SBA-1. Moreover, the decreasing specific
surface area, pore diameter and pore volume are consistent with a cor-
rect functionalization. Textural properties with and without L4Re(CO)3
were identical due to the low L4Re(CO)3 loading. The fact that the
phenyl or alkyl functional groups are really covalently anchored to the
SBA-1 surface is supported by the presence of IR-visible phenyl groups
on the SBA-1 surface after thoroughly washing with dichloromethane
the SBA-1(Ph) sample until disappearance of its UV-vis signature. As the
Cg and Cg-silylated SBA-1 were washed the same way, it is assumed that
alkyl groups are also covalently linked.

pXRD was performed on SBA-1(Y) to ensure that HCI — produced as
byproduct during the silylation — was not deteriorating the cage-like
structure of SBA-1. None of the silylated powders presented a different
structure than pristine SBA-1 (cubic structure with Pm3n symmetry,
Fig. 3).

Fig. 2. Strategy of immobilization. (1) Instillation of L*Re(CO)s followed by (2) Pore size narrowing through silylation. This scheme is used for illustration only.
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Fig. 3. FTIR spectra (left) and pXRD diffractograms of silylated L4Re(CO)3/SBA-1(Y).

Table 1
Textural properties of pristine SBA-1 and silylated SBA-1.

Sample Sper (M%/g) Micro. Vol. (cm®/g STP) Pore diameter (A)
SBA-1 1254 186 20
SBA-1(Ph) 320 76 10
SBA-1(Ce) 300 71 11
SBA-1(Cg) 417 92 15

XPS and ICP-AES analyses were performed to decipher whether L*Re
(CO)3 was intact and located inside or at the external surface of SBA-1.
No Re nor N (elements that could only come from L4Re(CO)3) was
detected by XPS while Re was detected by ICP-AES (see data given in the
Supporting information). This confirmed that the precatalyst was inside
the silylated SBA-1. Additionally, a thoroughly washed L*Re(CO)3/SBA-
1(Ph) solid was stirred during 24 h in 3-octanol at 180 °C. Then, the
supernatant was analyzed by UV-vis without dilution to see whether the
catalyst had leached or not under these conditions. A tiny — in com-
parison to what was observed in the presence of water — peak at 270 nm
was observed (absorbance = 0.015, Supporting Information). However,
this can be explained by the traces of water produced by the slight
dehydration reaction of 3-octanol that could occur during this experi-
ment [12]. As was reported in the literature, L4Re(C0)3 indeed proved to
be a DODH-active catalyst for 1,2-hexanediol transformation (Fig. 4).
Recycling tests were then performed to test the stability of the hetero-
genized L*Re(CO); precatalyst. Upon recycling, the 1-hexene yield
dramatically decreased (Fig. 5). Supernatants of these catalytic tests
were recovered and their UV-vis spectra were compared to the one of
L4Re(CO)3 before and after catalytic test. All supernatants showed a
spectrum with a peak at 270 nm, characteristic of L4Re(CO)3 once
activated (Fig. 6). This evidences the occurrence of leaching of the
catalyst during the catalytic test. Moreover, three peaks at 260, 266 and
272 nm were observed only in the UV-vis spectrum of L*Re(CO)3/SBA-1
(Ph). These peaks are characteristic of the chromophore part of

dichlorodiphenylsilane (see UV-vis spectrum of dichlorodiphenylsilane
in the Supporting Information), namely the silylating agent used for this
sample. This means that this molecule is leaching from the SBA-1 surface
into the solution during the catalytic tests. The cause of this leaching was
investigated, as it could prompt, in turn, the leaching of the encapsu-
lated catalyst.

In literature, some researchers have already reported on =Si-OR
instability, mainly its inherent hydrolyzability [20]. For instance, Bui
et al. reported the hydrolysis of siloxane by water at 130 °C [21].
Additionally, polar molecules have been found to provoke leaching,
especially at high temperatures [22]. However, the conditions under
which leaching was observed are case-dependent and no clear tendency
has been pointed out yet.

As DODH inescapably produces water, experiments were carried out
to see whether the leaching of phenyl group moieties — the only sily-
lating agent visible through UV-vis spectroscopy —was caused by the
presence of water. Thus, 100 mg of extensively washed SBA-1(Ph) was
suspended in 3-octanol (5 mL) in the presence and in the absence of
water (10 pL) under the same conditions as used in the catalytic tests.
The suspension was then filtered and the supernatant was analyzed by
UV-vis spectrometry. In the presence of water, the three above-
mentioned peaks that are typical of the silylating agent appeared
while it was not the case in the experiment carried out without water
(Fig. 7, left). This evidences that leaching was caused because of the
presence of water, which by gate-opening provoked the escape of the
active complex. The hydrolysis chemistry was not investigated as it is
still matter of debate but the SiOR bond is believed to be cleaved. In
order to minimize leaching of the grafted functional groups, the tem-
perature of the catalytic test was thereupon decreased to 120 °C, tem-
perature at which the activity of the free precatalyst is low (Fig. 7, right).
However, the leaching of phenyl moieties was still observed (Fig. 7, left).
Assuming that other silylating agents (C¢ and Cg) undergo the same
behavior than dichlorodiphenylsilane, we concluded that the modified
ship-in-the-bottle (SIB) strategy was not compatible for this catalytic

3-octanol 3-octanone
HO OH L*Re(CO)3
- —
\, C4Ho
CaHo 2 H,0

Fig. 4. DODH model reaction studied in this contribution.
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Fig. 5. LEFT. UV-vis spectra of the precatalyst in dichloromethane (purple), and 3-octanol (yellow) and the catalyst in 3-octanol after test (pink). RIGHT. UV-vis
spectra of the supernatants of the reaction medium after catalytic tests with different solids.
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Fig. 6. Catalytic performances of the L4Re(CO)3/SBA—1(Y) systems. Reaction
conditions: 5 mL of 3-octanol containing 1,2-hexanediol (0.1 mol/L) and
dodecane (0.1 mol/L) as internal standard. 180 °C, 24 h and 100 mg of solid.

system, and likely all other reactions producing water as a byproduct
and requiring high temperatures. Other strategies must therefore be
envisaged in the future. For instance, the ligands of this type of catalyst
could be modified — without modifying the catalytic performances —

inside the porosity of SBA-1, after instillation, by using more bulky li-
gands (classical SIB method). A desiccant could also be added to the
catalytic reaction medium to prevent hydrolysis within the solid cata-
lyst, but it should not interfere negatively with the reaction. Lastly, one
could increase the hydrophobicity of the silylating agents to prevent
their hydrolysis at the silica surface, or as a general idea increase the
robustness of the bonds between silica and pore-blocking agents.

4. Conclusion

To summarize, we managed to demonstrate why the strategy of
narrowing the pores by silylation after instillation of a homogeneous
catalyst is not compatible with the catalytic conditions required to
perform DODHs. Indeed, the functionalization used to enjail L4Re(CO)3
in the porosity of the SBA support is degrafted in the presence of water,
an unavoidable by-product in DODH. As a consequence, L4Re(CO)3
becomes free to escape the pores of the support during the catalytic tests,
thereby performing its catalytic effect in the homogenous phase, but is
not recovered in the recycled solids. Nevertheless, our work demon-
strated that the complex was successfully entrapped, meaning hetero-
genized and processable as a solid, thanks to our instillation-silylation
strategy. Our strategy and catalysts are therefore much more likely to be
efficient in other reactions than DODH where anhydrous conditions can
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255 260 265
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270 275
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Fig. 7. LEFT. UV-vis spectra of the supernatants obtained by mixing 100 mg SBA-1(Ph), 5 mL 3-octanol and 10 pL water at different temperatures. RIGHT. Catalytic

performances of the free L4Re(CO)3.
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