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Agueous nano-droplets of homogeneous Rh-TPPTS catalyst encapsulated within the cavity of hollow

silica hanospheres were fabricated for biphasic hydroformylation of long-chain alkenes, which showed
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As a typical water medium biphasic catalysis system, the
Ruhrchemie/Rhone-Poulenc (RCH/RP) process with water-
soluble Rh-tris(m-sulfonatophenyl)phosphine (Rh-TPPTS) com-
plexes as catalysts has been successfully employed for the
industrial hydroformylation of C3-C4 olefins." The superior
advantages like sustainable water as a solvent, easy separation
and recycling make this method meaningful and fascinating.
However, the reaction occurs at a sufficient rate only for lighter
alkenes that have relatively high solubility in water where
the reaction takes place. Severe mass transport resistance is
encountered for long-chain olefins with poor water solubility,
since the reaction can only take place slowly at the water/
organic interface. To solve the mass transport problems, many
strategies have been developed, such as addition of organic
co-solvents, amphiphilic surfactants, cyclodextrins, and polymer
lattices or anchoring the metal catalyst to the hydrophobic part of
surfactants that self-organize in micellar form.*® Although these
attempts indeed are able to improve the catalytic efficiency, the
extra additives or amphiphilic ligands often cause difficulty in
separating and purifying the final products.

Emulsions, which are composed of micro-droplet or nano-
droplet suspensions in an immiscible fluid, have attracted
much research attention for biphasic catalysis.”"* The large
organic-aqueous interfacial areas significantly facilitate the
diffusion-limited phase transfer of molecules across an inter-
face, and can improve the interfacial reaction efficiency by
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significant reaction rate enhancement effects and improved aldehyde selectivity.

orders of magnitude compared to macroscopic systems. Among
various types of emulsions, solid colloidal particle stabilized
micro-droplets are especially fascinating because of their
stability and easier separation process.'® Recently, Yang’s
group applied a solid particle stabilized Pickering emulsion
system to the hydroformylation of long-chain olefins.'® And
due to the greatly increased interface area, the Pickering
emulsion system exhibits much higher activity and aldehyde
selectivity in hydroformylation of 1-octene compared to the
neat water/oil biphasic system. Moreover, it has been demon-
strated that the emulsion droplet size influences the oil-water
interface significantly, and with smaller droplet sizes, larger
interface area can be obtained, leading to enhanced catalytic
activity."®"” Nevertheless, for solid colloidal particle stabilized
emulsions, the droplet sizes could only be tuned to the micro-
meter scale. It is really difficult and challenging to make
nanometer sized emulsion droplets. On the other hand, sup-
ported liquid phase catalysts on solids have been proposed as
another promising pathway to circumvent the problem of mass
transport, due to their relatively short diffusion distance in a
thin liquid layer."®'® However, the required thin liquid layer in
traditional porous materials may limit their benefit as an ideal
homogeneous microenvironment. Overcoming these limitations,
hollow structured mesoporous nanospheres might have great
potential owing to their superior properties, such as excellent
loading capacity, good permeability and faster mass transport etc.
However, seldom are reports seen on such investigations.>* >
Herein, in this study, we proposed a general encapsulation
method for fabricating nanoscale droplets of aqueous phase
homogeneous catalyst Rh-TPPTS suspended in organic sur-
roundings for biphasic hydroformylation of long-chain alkenes.
As shown in Fig. 1, the water-soluble rhodium catalyst dissolved
in the aqueous phase was confined into the hollow cavity of
monodisperse mesoporous silica nanoreactors, and due to the
isolation effects of the outer shell, discrete nanodroplets could
be formed. Due to the immiscible features of an aqueous
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Fig. 1 Illustration of confined aqueous phase catalysis in hollow silica
nanoreactors.

catalyst solution with its organic surroundings, the aqueous
droplets could be well dispersed in an organic medium. The
resulting large aqueous-organic surface contact area could thus
improve the mass transfer rate and facilitate the reaction efficiency.

Hollow structured mesoporous silica nanoreactors (HMSN)
were synthesized through a facile in situ generated template
method in a one-pot medium by utilizing the etching effects of
organosilane 1,2-bis(triethoxysilyl)ethane (BTEE, for the experi-
ment procedures, see the ESIT).>>?* As shown in Fig. S1 (ESI{),
the scanning electron microscopy (SEM) image at low magni-
fication shows that they are made up of uniform nanospheres
with diameters of 100 & 20 nm. Transmission electron micro-
scopy (TEM) observation further reveals that hollow structured
silica nanospheres with a uniform particle size of 80-120 nm
and a shell thickness of 15 nm are successfully produced
(Fig. 2a). Ordered mesopores with diameters of about 2-3 nm
throughout the shells could be clearly observed. The high-
magnification image further shows that the mesochannels are
continuous throughout the shell with openings at the surface
and are radially oriented to the nanosphere surface, which
means that the mesochannels of the hollow nanospheres are
readily accessible (Fig. 2b). The nitrogen sorption isotherm and
the corresponding pore size distribution curve of the HMSN
sample are shown in Fig. 2c and d. A typical type-IV isotherm
with a sharp capillary condensation step and a large H1 type
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Fig. 2 (a and b) TEM images of HMSN with different magnifications, and
(c and d) nitrogen sorption isotherm and the corresponding pore size
distribution curve.
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hysteresis loop in the relative pressure (P/P,) range of 0.45-1.0
is observed, indicating characteristics of a mesoporous mate-
rial with a narrow pore size distribution. The Barrett-Joyner—
Halenda (BJH) pore size distribution confirms that the uniform
mesopore size is centered around 2.4-2.6 nm, which is big
enough for the diffusion of most organic molecules. The
Brunauer-Emmett-Teller (BET) surface area and total pore
volume of the HMSN are measured to be as high as 702 m* g '
and 0.974 cm® g~ ' respectively, which will be beneficial for the
following introduction of the aqueous homogeneous catalyst
solution and the catalytic process.

The Rh-TPPTS catalyst solution was inserted into the cavity
of the HMSN through a simple impregnation method. Since the
amount of water solvent might influence the freedom and
concentration of the entrapped catalyst significantly, therefore,
entrapped homogeneous catalysts with different amounts of
water were produced. And the yielded solid catalysts are still
in the powder state, denoted as Rh-TPPTS-y@HMSN, where ¥
represents the volume of the catalyst solution used as described
in the ESLf The entrapped contents of the homogeneous
catalyst solution were measured using the thermogravimetric
analysis (TGA) technique (Fig. 3a). The weight loss below 200 °C
corresponds to the loss of trapped water solvent and the weight
loss between 200 and 800 °C is from the decomposition of the
Rh-TPPTS catalyst within the HMSN. As can be seen, the water
content increases from 20.9% to 63.9% as y ranges from 0.27 to
1.37. The formation of a homogeneous catalyst micro-droplet
within the HMSN was demonstrated by fluorescence confocal
microscopy (CLMS) observations. A water soluble dye, fluorescein
isothiocyanate (FITC), was selected as the probe molecule. As
shown in Fig. 3b, the CLMS image of FITC@HMSN dispersions in
toluene shows the presence of discrete objects, indicating that the
aqueous solution could be confined within the HMSN cavity and
no agglomerates of aqueous solution were formed.

To explore the catalytic potential of this catalyst, the hydro-
formylation of 1-octene as a model was firstly performed. This
olefin has a sufficiently long chain to reduce its water solubility
and to render biphasic situations. Hence, the hydroformylation
of this substrate is a good model reaction to verify the efficiency
of our new aqueous biphasic approach. The mini-size of our
confined catalyst is expected to be adequate for the reaction
without addition of co-solvents or surfactants. For comparison,

—— Rh-TPPTS-0@HMSN

——Rh-TPPTS-0.27@HMSN
Rh-TPPTS-0.67@HMSN
Rh-TPPTS-0.97@HMSN
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Fig. 3 (a) TGA of Rh-TPPTS-y@HMSN samples, and (b) CLMS of FITC-
0.97@HMSN.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019


https://doi.org/10.1039/c9nj02493j

Published on 14 August 2019. Downloaded by Université de Strasbourg, Service Commun de la Documentation on 8/21/2019 2:24:45 PM.

NJC

View Article Online

Paper

Tablel Comparisons of the catalytic performance of Rh-TPPTS in biphasic, micelle, Pickering emulsion, supported agqueous-phase catalysis (SAPC) and
nano-confined aqueous catalysis systems, and the catalytic results under different reaction conditions®

o
j\/\/\/
NSNS L NN

Cat.

n-aldehyde iso-aldehyde

Entry Catalytic system Conv.” (%) Sel.? (%) n/b° TOF? (h™1)
1 Biphasic® 22.4 39.6 68/32 96
2 CTAB additive’ 48.0 49.3 70/30 124
3 Rh-TPPTS-0.97@HMSN*® >99 76.0 69/31 623
4 Supported aqueous-phase 51.3 45.8 69/31 255
5 Pickering emulsion 61.9 51.8 69/31 348
6 Rh-TPPTS-0. 97@HMSN 75.6 68.5 69/31 —
7 Rh-TPPTS-0.97 @HMSN’ ] 96.8 77.5 68/32 —
8 Rh-TPPTS-0.97@HMSN/ 86.8 70.8 68/32 —
9 Rh-TPPTS—O.97@HMSNk 93.5 76.5 69/31 —
10 Rh-TPPTS@HMSN (run2) 35.0 46.1 69/31 —
11 Rh-TPPTS@C,;-HMSN >99 76.2 68/32 378
12 Rh-TPPTS@C1-HMSN (run4) 95.4 73.0 68/32 —
13 Rh-TPPTS@Cs-HMSN >99 72.4 69/31 558
14 Rh-TPPTS@Cg-HMSN (run4) 76.4 70.5 69/31 —

¢ Reaction conditions: solid catalyst (Rh = 2.5 pmol Rh/TPPTS ratio is 1/5), 7.5 mmol 1-octene, toluene as the solvent (containing dodecane as an
internal standard), 70 °C, 30 bar of CO/H,, 7 h.? Ana1y51s by GC, aldehyde selectivity, the by products are from alkene isomerization, alkene

reduction and aldehyde reductlon

Normal/branched. ¢ Calculated below 30% conversion. ¢ Stlrrmg rate is 750 rpm. f CTAB = 10 mg, reaction

time is 9 h. € Reaction time is 5 h. * Reaction temperature is 60 °C. ' Reaction temperature is 80 °C and reaction time is 3 h. J Reaction pressure is

20 bar. ¥ Reaction pressure is 40 bar and reaction time is 4 h.

some aqueous biphasic approaches, including traditional
biphasic systems, use of a surfactant as an additive, Pickering
emulsion systems and supported aqueous-phase -catalysts
(SAPCs), have been extensively investigated. In order to directly
compare these different strategies, similar operating conditions
were used (343 K and 30 bar of CO/H, pressure). The catalytic
results are summarized in Table 1.

The water-oil biphasic system only affords a 22.4% conversion
with an aldehyde selectivity of 39.6% (entry 1). The by-products
are mainly isomeric olefins, octane or alcohols generated from
isomerization and hydrogenation of 1-octene or excessive hydro-
genation of aldehyde products. The low activity and selectivity
of the water-oil biphasic system should be ascribed to the severe
diffusion barrier arising from the poor water solubility. For
improving the catalytic performance, CTAB (hexadecyltrimethyl
ammonium bromide) as a surfactant was firstly added to the
biphasic system. And the reaction rate was indeed enhanced,
while the aldehyde selectivity and n/b ratio also increased (entry
2), which is consistent with a literature report that the formation
of CTAB micelles could provide an ordered and compact micro-
environment to promote the efficiency.”> Encouragingly, the
confined catalyst Rh-TPPTS@HMSN system affords much higher
activity and aldehyde selectivity than the CTAB micelle system
under similar reaction conditions. The conversion could reach as
high as >99% within 5 h, and the aldehyde selectivity increases to
76.2% with an n/b ratio of 69/31 (entry 3). The TOF of our
confined catalysis system could be increased to 623 h™', much
higher than 124 h™" for the CTAB micelle system and 96 h™" for
the biphasic system. Obviously, much better catalytic performance
was obtained by using the novel confined catalysis system. The
enhanced activity might be related to the following factors.
Firstly, the unique hollow structure of the HMSN with thin shell
thickness, and large surface area and pore volume is beneficial

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019

for the exposure of active sites and mass transport of sub-
strates. Secondly, due to the isolated effects of the outer shell,
the confined aqueous droplets are limited to decades of nano-
meters and suspended in the organic phase, therefore, the
oil-water interface areas are increased remarkably. Moreover,
the catalysts can move as free as a homogeneous catalyst in
the confined space, which has been reported to benefit the
catalytic activity.”®® With the reaction rates being significantly
reinforced, the reaction time for side reactions might be
shortened, leading to higher chemoselectivity. However, the
enhanced reaction rates and decreased side reactions would
not influence the regioselectivity, which is mainly determined
by the steric configuration of the metal-ligand-reactant
complex, affording similar n/b values of the aldehyde products.

To clarify these factors, some comparable reactions were
performed. For example, a supported aqueous-phase catalyst
(SAPC), which was formed by subtly adsorbing a thin aqueous
layer containing water-soluble catalyst Rh-TPPTS onto a hydro-
philic mesoporous support SBA-15 (BET surface area 445 m”> g~ "
pore volume 0.59 cm® g7, see Fig. S2 (ESIt); for the preparation
procedures, see the Experimental section in the ESIf) was also
used. Due to the increased interfacial area between the aqueous
and the organic phase, the hydroformylation rate was efficiently
increased, 51.3% conversion and 45.8% aldehyde selectivity
could be obtained (entry 4). However, because of the long
hydrophilic channel in bulk SBA-15, it is difficult for the
organic reactants to diffuse through the pore to contact with
the catalyst, yielding a limitation of such a method. This result
also suggests the superior advantage of the HMSN support.
Moreover, a micrometer-sized Pickering emulsion was also
formed to increase the oil-water interfacial area (for the pre-
paration procedures, see the Experimental section in the ESIT).
As shown in Fig. S3 (ESIf), partially hydrophobic silica

New J. Chem.


https://doi.org/10.1039/c9nj02493j

Published on 14 August 2019. Downloaded by Université de Strasbourg, Service Commun de la Documentation on 8/21/2019 2:24:45 PM.

)
|
e
|
o

600

e

=

S
n

400+

n
[ w
=3 S
S =3
n

Conv. or aldehyde sel. (%)
8

Turnover frequency (h'1)

100

0- 0
A B C D E A B C D E

Fig. 4 Catalytic results of Rh-TPPTS-y@HMSN with different amounts of
water (1-octene as a substrate), (A) Rh-TPPTS-0@HMSN, (B) Rh-TPPTS-
0.27@HMSN, (C) Rh-TPPTS-0.67@HMSN, (D) Rh-TPPTS-0.97@HMSN, and
(E) Rh-TPPTS-1.37@HMSN.

nanospheres with a particle size of 40-60 nm were used as an
emulsifier to stabilize the water-in-oil Pickering emulsions. The
optical micrograph shows that the average size of the emulsion
droplets was ca. 85 um. The Pickering emulsion system affords
higher activity (entry 5, 61.9% conversion, TOF 348 h™") and
aldehyde selectivity (51.8%) than the CTAB additive system
and supported aqueous phase system under similar reaction
conditions. However, because of the micrometer scale, the
interface area is much smaller than our confined aqueous
catalysis system. Therefore, compared with Rh-TPPTS@HMSN,
the reaction rate was much lower.

The influence of the water content confined in the HMSN
towards the reaction efficiency was also investigated. As shown
in Fig. 4, without water as a dissolving solvent, Rh-TPPTS-
0@HMSN showed poor catalytic activity, only 22.2% conversion
and 34.4% aldehyde selectivity were obtained, which might be
attributed to the non-free state of catalyst molecules.'®'**° By
increasing the water content from 20.9% to 63.9%, the activity
of the confined solid catalyst increases first and reaches a
maximum with a content of 49.3% (>99% conversion, TOF
623 h™"). After that, the activity of the solid catalyst decreases
by further increasing the water amount. The “volume active site
density” of the nano-cavity and freedom degree of the confined
catalyst can be used to explain this tendency.’® With the
increase in water content from 20.9% to 49.3%, the density
of catalyst molecules in the water droplet decreases. Also,
the freedom degree of the catalyst molecules was improved.
Consequently, the exposure and contact frequency between the
substrates and catalysts increased, and the activity of the solid
catalyst also increased. At high water content, the outer surface
was also surrounded by aqueous solution, which makes the
diffusion of reactants and products difficult during the catalytic
process, which results in the decrease of activity.

Furthermore, the influence of reaction parameters, like tem-
perature and gas pressure, was also investigated. On decreasing
the reaction temperature to 60 °C, only 75.6% conversion and
68.5% aldehyde selectivity were obtained within the same reaction
time (entry 6). In contrast, upon increasing the temperature to
80 °C, a conversion as high as 96.8% could be reached even
within 3 h (entry 7). Notably, as the activity increases, a slightly
higher aldehyde selectivity of 77.5% was obtained. On varying
the CO/H, pressure, the reaction showed a similar tendency
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that higher pressure induced better activity and aldehyde
selectivity (Table 1, entries 8 and 9).

One of the most important advantages of organic-aqueous
biphasic reaction systems is their recycling features. Here, the
recyclability of the confined homogeneous catalysis system was
firstly tested using Rh-TPPTS-0.97@HMSN as a model catalyst.
After one cycle, the catalytic system was centrifuged, and the
solid catalyst separated was used directly in another cycle after
washing with toluene. As seen in Fig. S4 (ESIt), after centrifu-
gation, the organic reaction phase was nearly colourless while
yellow catalysts were deposited at the bottom. However, the
catalytic activity drops dramatically. In the second cycle, only
35.0% conversion and 46.1% aldehyde selectivity could be
obtained (entry 10). The loss of water solvent or rhodium active
sites might account for this observation. To address this
problem, we conducted a hydrophobic modification process
with alkyl groups (including methyl and octyl groups).>** Due
to the existence of water, the modification process was easier to
perform. As shown in Fig. S5 (ESIf), the surface properties
of Rh-TPPTS-0.97@C;-HMSN and Rh-TPPTS-0.97@Cg-HMSN
become super-hydrophobic after modification, demonstrated
by the large water contact angle (133° and 135° respectively).
For the hydroformylation of 1-octene, the activity of these
hydrophobic catalysts decreases a little. As shown in Table 1
(entries 11-14), the TOFs of Rh-TPPTS-0.97@C;-HMSN and Rh-
TPPTS-0.97@Cg-HMSN decrease from 623 to 378 and 558 h™*,
respectively. However, the recyclability of the confined solid
catalyst in toluene could be improved after surface modification
(Fig. S6, ESIt). For example, with Rh-TPPTS-0.97@C;-HMSN as
the catalyst, 95.4% conversion was still kept after four recycling
tests. But for the aldehyde selectivity, it drops to 73.0% at the
fourth cycle. As for Rh-TPPTS-0.97@Cg-HMSN, 81.2% conversion
was maintained for the second cycle, which remained almost the
same for the following two cycles. At the fourth cycle, 70.5%
aldehyde selectivity was obtained. The selectivity variation might
be related to the decreased catalytic activity, which induced a
longer time to get the same conversion level. In addition, it is
worth mentioning that compared with the product separation in
the CTAB system or Pickering emulsion system, complicated
separation processes could be avoided.

Encouraged by the above catalytic results, we then used other
olefins, including 1-hexene, 1-heptene and 1-decylene, styrene,
4-methylstyrene and a-methyl styrene. As listed in Table 2, all the

Table 2 The hydroformylation of some olefins over Rh-TPPTS-
0.97@HMSN?

Entry Substrate Conv.” (%) Sel.? (%) n/b

1 1-Hexene >99 79.5 71/29
2 1-Heptene >99 78.0 69/31
3 1-Decylene® 88.5 73.5 68/32
4 Styrene? >99 98 28/72
5 4-Methylstyrene? >99 99 29/71
6 o-Methyl styrene? >99 99 2/98

¢ Reaction conditions: solid catalyst (Rh = 2.5 pmol), 7.5 mmol sub-
strate, toluene as the solvent, 70 °C, 30 bar of CO/H,, 4 h. ? Analysis by
GC. ° Reaction time is 7 h. ¢ 2.5 mmol substrate.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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tested alkenes could be converted within a certain reaction time.
The reaction rates and aldehyde selectivities for different sub-
strates vary considerably. For example, with 1-hexene as a
substrate, full conversion and 79.5% aldehyde selectivity could
be obtained within only 4 h, while only 88.5% conversion and
73.5% aldehyde selectivity were obtained even within 7 h with
1-decylene as a substrate (entries 1-3). Notably, such a catalyst
could also be expanded to the hydroformylation of aromatic
alkenes, and almost full conversion was obtained with styrene,
4-methylstyrene or o-methyl styrene as substrates (entries 4-6).

In conclusion, hollow structured mesoporous silica nano-
spheres have been utilized as efficient nanoreactors for loading
Rh-TPPTS aqueous solutions. Due to the small droplet sizes,
the organic-aqueous interface area could be greatly enhanced,
yielding improved catalytic activity and aldehyde selectivity in
the biphasic hydroformylation of long-chain alkenes. Such a
confined homogeneous catalysis system might be applied to
other biphasic catalysis systems.
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