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Rhodium Nanoparticles as Precursors for the Preparation
of an Efficient and Recyclable Hydroformylation Catalyst

Marco A. S. Garcia,”” Kelley C. B. Oliveira,”™ Jean C. S. Costa,”” Paola Corio,”
Elena V. Gusevskaya,” Eduardo N. dos Santos,” and Liane M. Rossi*®

Despite all the advances in the application of nanoparticle (NP)
catalysts, they have received little attention in relation to the
hydroformylation reaction. Herein, we present the preparation
of a hydroformylation catalyst through the immobilization of
air-stable rhodium NPs onto a magnetic support functionalized
with chelating phosphine ligands, which serves as an alterna-
tive to air-sensitive precursors. The catalyst was active in hy-
droformylation and could be used in successive reactions with
negligible metal leaching. The interaction between the rhodi-

Introduction

Aldehydes are valuable final products and intermediates in the
synthesis of bulk chemicals such as alcohols, esters, and
amines. They can be accessed by the hydroformylation of ole-
fins, one of the most important homogeneously catalyzed re-
actions in the industry!" Large-scale cobalt- and rhodium-
based processes are mature technologies; however, the hydro-
formylation reaction has been less explored for the production
of fine chemicals.”” The reasons for this relate not only to cata-
lytic activity, chemo- and regioselectivity, and stability but also
to important safety issues in working with carbon monoxide,
which is toxic, and to its high cost at present. Alternative
syngas sources, such as gasification of biomass, will stimulate
the production of valuable chemicals from this renewable
feedstock in the near future.

The search for more stable ligands and more active and re-
gioselective catalytic systems for hydroformylation has been
the focus of intense research.” Theoretically, the hydroformyla-
tion reaction can produce aldehydes with 100% atom econo-
my; however, parallel side reactions such as carbon-carbon
double bond isomerization and hydrogenation often decrease
the selectivity towards target products. The use of rhodium
complexes with ancillary phosphorus ligands can usually pro-
vide high reaction rates and selectivity in hydroformylation re-
actions.” These reactions mostly occur as homogeneous pro-
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um NPs and the diphenylphosphine ligand was evidenced by
an enhancement in the Raman spectrum of the ligand.
Changes occurred in the Raman spectrum of the catalyst re-
covered after the reaction, which suggests that the rhodium
NPs are precursors of active molecular species that are formed
in situ. The supported catalyst was active for successive reac-
tions even after it was exposed to air during the recycling runs
and was easily recovered through magnetic separation.

cesses in which the separation of the catalyst from the reaction
medium is time-consuming and requires a significant effort to
guarantee product purification and metal recovery. In this con-
text, the heterogenization of homogeneous catalysts®™ and the
use of metal nanoparticles (NPs) as catalysts'® have been con-
sidered as alternatives to overcome the drawbacks of homoge-
neous catalytic systems in hydroformylation processes.

Many attempts have been made to anchor metal complexes
to solid supports to improve their stability and enable their
reuse in successive reactions. The most common supports
used are silica,”’ clays,® and active carbon,” although other
materials have also been tested."” Only a few papers have
been published on the immobilization of rhodium NPs on solid
supports such as silica,*"" carbon,®@ and hypercrosslinked
polystyrene.™? In most cases, no experimental proof that the
hydroformylation reaction occurs on the surface of metal NPs
has been provided. Alternatively, the NPs can serve as reser-
voirs for the active molecular rhodium species formed by
metal leaching into the solution owing to the interaction with
auxiliary phosphorus ligands and/or carbon monoxide "’

Herein, we present the preparation of a magnetically recov-
erable and reusable hydroformylation catalyst through the im-
mobilization of rhodium NPs stabilized with tetraoctylammoni-
um bromide (Rh-TOAB NPs) on a magnetic support with the
surface functionalized with propylamino bis(methylenedi-
phenylphosphine) ligands. The active species are formed
in situ and are maintained on the magnetic support surface
after magnetic separation. Recycling studies show negligible
metal leaching and high activity in successive reactions.
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Results and Discussion

We have previously reported that Rh-TOAB NPs (colloidal solu-
tion or after their immobilization in an amino-functionalized
silica-coated magnetite support (Fe;0,@SiO,-NH,Rh)) are active
catalysts for the solventless hydrogenation of cyclohexene.'®
The Fe;0,@Si0,-NH,Rh material is attractive because it can be
easily recovered after the reaction for reuse. The colloidal Rh-
TOAB NPs and the supported NPs were both tested in the hy-
droformylation of oct-1-ene (1a) in toluene solutions (Table 1).

Rh-TOAB NPs slowly converted 1a at 80 °C, which mainly re-
sulted in hydroformylation products—aldehydes 1b and
¢ (Scheme 1; Table 1, run 1). At 120°C, the reaction occurred
quickly and was completed in 21 h (Table 1, run2). A pro-
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obtain a solid and magnetically recoverable catalyst, we tested
in the hydroformylation of 1a the Fe;0,@SiO,-NH,Rh material
composed of rhodium NPs immobilized on the amino-func-
tionalized support (Table 1, runs2 and 3). The Fe;0,@SiO,-
NH,Rh catalyst quickly converted the substrate into the hydro-
formylation products even at 80°C, which showed a 100%
conversion in 6 h. Notably, no appreciable substrate hydroge-
nation occurred with either solid Fe;0,@SiO,-NH,Rh or colloi-
dal Rh-TOAB NPs. After the reactions in runs 3 and 4 (Table 1),
the catalyst was removed magnetically by placing a permanent
magnet on the reactor wall; then, a portion of fresh 1a was
added and the reactions were allowed to proceed further
(Table 1, runs 5 and 6). In both runs, the supernatants promot-
ed a complete substrate conversion in 6 h. Furthermore, the in-
ductively coupled plasma optical
emission spectrometry (ICP-OES)

Table 1. Hydroformylation of 1a catalyzed by Rh-TOAB NPs and Fe;0,@Si0,-NH,Rh.?!

analysis confirmed that approxi-
mately 80% of the initial rhodi-

Run Catalyst T T Conversion Selectivity .
rq h (9% [9%] um leached from the solid mate-
Aldehydes Alcohols | rial into the solution during the
1b 1c Other first use of the catalyst. More-
1 Rh-TOAB 80 21 5 30 70 - - over, the spent Fe;0,@SiO,-
2 Rh-TOAB 120 6 0 - - - - NH,Rh material recovered after
21 100 35 36 26 3 the first reaction showed no ac-
3 Fe,0,@5i0,-NH,Rh 120 6 100 38 28 20 13 S i Table 1
4 Fe,0,@5i0,-NH,Rh 80 6 100 42 32 12 13 tivity in a recycling run (Table 1,
50 supernatant after run 3 120 6 100 36 30 20 14 run 7).
6" supernatant after run 3 80 6 100 47 33 12 9 Although the Fe;0,@SiO,-
719 Fe,0,@5i0,-NH,Rh 80 6 0 - - - -

NH,Rh material is active in hy-

[a] Reaction conditions: 1a (2 mmol), catalyst (3.4 umol of Rh: 3.6 mL of the 28 ppm solution of Rh-TOAB in tol-
uene or 50 mg of Fe,0,@Si0,-NH,Rh), toluene (up to total volume of 10 mL), P=60 atm (CO/H,=1); conver-
sion and selectivity were determined from GC analysis; difference in mass balance (if any) refers to double
bond isomerization products; [b] After runs 3 and 4, the catalyst was magnetically removed, fresh 1a (2 mmol)
added, and the reaction allowed to proceed; [c] The spent catalyst recycled after run 4 was used in this run.

droformylation, it does not pres-
ent metal-support interactions
strong enough to immobilize
rhodium on the surface under

CHO
COM

N 2 g~ CHO R

1a R= S~~~ 1b 1c

2a R=Ph 2b 2¢

Scheme 1. Hydroformylation of 1a and 2a.

nounced induction period was observed because for the first
6 h, no substrate conversion was detected. The considerable
amounts of other aldehydes among the products (~30%) in-
dicated that Rh-TOAB NPs or their fragments also promoted
the extensive isomerization of 1a and further hydroformylation
of its internal isomers. Minor products presented in Table 1 as
“other aldehydes” and “alcohols” were attributed to unidenti-
fied aldehydes and alcohols owing to characteristic GC reten-
tion times and the presence of characteristic peaks in their
mass spectra.

Although Rh-TOAB NPs promote the hydroformylation of
1a, their recovery from colloidal reaction mixtures is difficult
and makes their practical use less attractive. In an attempt to
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hydroformylation conditions and
essentially loses the metal to the
reaction solutions. Our further
efforts were directed towards the development of another
Fe;0,@Si0,-based support, which would be functionalized ade-
quately to maintain rhodium under conventional hydroformy-
lation conditions and to prevent metal leaching. Silica-coated
magnetic NPs (Fe;0,@Si0O,) are an attractive support for cata-
lytically active species, because they can be uniformly attracted
to a permanent magnet and completely separated from reac-
tion solutions through this simple procedure.!"”

The silica surface can be functionalized with various ligands
using commercially available alkoxyorganosilanes
[(OR');Si(CH,);-R, R=NH,, Cl, SH, etc., and R'=Et, Me] or com-
pounds derived from them by means of various reactions such
as amine alkylation. It is expected that the presence of func-
tional groups grafted on the support surface can improve the
impregnation of NPs, which can not only increase the metal
uptake™™® but also affect the catalytic performance of NPs.™
The silica support functionalized with aminopropyl groups
(Fe;0,@Si0,-NH,) was used to further functionalize the support
with an organic moiety bearing a terminal phosphine group
(Scheme 2). The phosphine moieties were introduced through
the reaction of terminal amino groups grafted on the support
surface with paraformaldehyde and diphenylphosphine. The

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Preparation steps for the Fe;0,@SiO,-N(CH,PPh,), support. APTES = (3-aminopropyl)triethoxysilane.

so-called phosphinomethylation reaction was expected to pro-
vide a double substitution in each terminal primary amino
group.

The amino terminal groups grafted on the NP surface were
quantified by thermogravimetric analysis. The mass loss attrib-
uted to the thermal decomposition of the chemically bonded
aminopropyl ligands was 0.42 mgg~', which corresponded to
0.66 wt% of nitrogen or 0.5 mmol of —NH, per gram of the
support. The amount of nitrogen in the material determined
from elemental analysis was 0.64 wt %; this result was in agree-
ment with the results obtained by thermogravimetric analysis.

The next step consisted in the phosphinomethylation of the
amino terminal groups to produce propylamino bis(methylene-
diphenylphosphine) moieties [Fe;0,@SiO0,-N(CH,PPh,),]. The
percentage of phosphorus in the material determined from
the ICP-OES analysis was 0.94 wt%, which corresponded to
0.4 mmol of —CH,PPh, per gram of the solid material. This
value indicates that the phosphinomethylation reaction did
not occur in all the amino groups available.

After the impregnation of Rh-TOAB NPs on the phosphine-
functionalized solid, the percentage of rhodium determined
from flame atomic absorption spectroscopy (FAAS)
analysis was 0.2 wt %, which corresponded to a phos-

{
Q

F6304@Si02-N(CH2PPh2)2
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at a relatively low rate, which re-
sulted in 35% conversion in 24 h
(Table 2, run 1). At 120°C, a com-
plete conversion was attained in
6 h; however, the hydroformyla-
tion selectivity decreased to
60% owing to the extensive
substrate isomerization, which
was responsible for 40% of the
mass balance (Table 2, run2).
Thus, further tests were per-
formed at a compromise tem-
perature of 80°C, which enabled
the contribution of isomerization
under 20% to be maintained at
a reasonably high hydroformylation rate (Table 2, runs 3-8).
The reactions were completed in approximately 6 h at a sub-
strate-to-rhodium ratio of 2000 (Table 2, runs 3 and 8). Notably,
aldehydes 1b and 1 c were the only hydroformylation products
and no aldehydes derived from the isomers of 1a were detect-
ed. In addition, the Fe;0,@SiO,-N(CH,PPh,),Rh material did not
promote the hydrogenation of either the substrate or the alde-
hydes. The ratio between the linear and branched aldehydes in

Figure 1. TEM image of the Fe;0,@SiO,-N(CH,PPh,),Rh catalyst. Scale
bar=5 nm.

phorus/rhodium ratio of 16. The low loading of metal
in the material did not allow the characterization of

Table 2. Hydroformylation of 1a catalyzed by Fe;0,@Si0,-N(CH,PPh,),Rh."

Run Reaction cycle T t Conversion Selectivit;
the supported catalyst by XRD and X-ray photoelec- Y ccl [l (%] Y
tron spectroscopy; however, the supported rhodium Aldehydes (1b/1¢c) Octene isomers
NPs could be visualized by TEM. The presence of rho- 1 1 60 24 35 9% (2.31) 2
dium NPs on the surface of the material and the 5 1 120 4 100 60 (2.48) 40
core-shell morphology of the support comprising 3 1 80 4 64 82 (2.28) 18
magnetite NPs spherically coated by silica are re- . 6 9 82 (2.28) 18

. o . 4 2 80 4 62 81 (2.24) 19

vealed by Figure 1. The composition of rhodium NPs | . 5 0 4 67 84 (2.36) 16
was confirmed by energy-dispersive X-ray spectrosco- 6 4 80 4 66 84 (2.36) 16
py analysis. Even though the FAAS analysis of the cat- | 7 5 80 4 67 86 (2.44) 14

[b]
alyst after the reaction (spent catalyst) revealed that 8 6 80 g 123 2? g“z‘g; 1‘9‘
the rhodium content was preserved (0.2wt%), no | gq 0 6 0 T _

rhodium NPs could be found on the support surface

by TEM analysis.

The data on the hydroformylation of 1a in the
presence of Fe;0,@SiO,-N(CH,PPh,),Rh are given in
Table 2. The reaction at 60°C occurred with high se-
lectivity towards aldehydes 1b and 1c (96 %), albeit

[a] Reaction conditions: Ta (2 mmol), catalyst (50 mg, 1 umol of Rh), toluene (10 mL),
P=60 atm (CO/H,=1); conversion and selectivity were determined from GC analysis;
the linear to branched ratio was given in parenthesis; [b] The spent catalyst recycled
after run 3 was consequently used in these runs; [c] After run 3, the catalyst was mag-
netically removed (and was used in recycling experiments), fresh 1a (2 mmol) added,
and the reaction allowed to proceed; no further conversion was observed.
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all runs was approximately 2.2-2.5; that is, the linear isomer re-
sponded for 70-85% of the aldehyde product, regardless of
the reaction temperature. The Fe;0,@SiO,-N(CH,PPh,),Rh cata-
lyst was also active for the hydroformylation of styrene (2a;
Table 3). The selectivity towards the hydroformylation products
aldehydes 2b and 2c was almost 100% in all runs. The catalyst
promoted no hydrogenation under hydroformylation condi-
tions, and the 2a molecule had no option for isomerization.

Table 3. Hydroformylation of 2a catalyzed by Fe;0,@SiO.-
N(CH,PPh,),Rh."
Run T Conversion Selectivity
[°cl [%] [%]

2b 2c
1 80 5 23 75
2 100 70 25 73
3 120 90 52 47
[a] Reaction conditions: 2a (2 mmol); catalyst (50 mg, 1 umol of Rh); tolu-
ene (10 mL); P=60atm (CO/H,=1), t=6 h; conversion and selectivity
were determined from GC analysis.

The kinetic curve for the first reaction using the Fe;0,@SiO,-
N(CH,PPh,),Rh catalyst showed a clearly pronounced induction
period of 1-2 h during which active catalytic species were
likely formed from the rhodium precursor (Figure 2). According
to Shylesh et al.,”" rhodium NPs can undergo corrosive chemi-
sorption in the presence of carbon monoxide under hydrofor-

100

80 -
=
c 60
(=]
4
g
£ 40
o
o —=— 1st cycle
—e—6th cycle
20

o T T T
0 1 2 3 4 5 6

Time (h)

Figure 2. Hydroformylation of 1a catalyzed by Fe;0,@SiO,-N(CH,PPh,),Rh.
Reaction conditions: 1a (2 mmol), catalyst (50 mg, 1 umol of Rh), toluene
(10 mL), P=60 atm (CO/H,=1), T=80°C.

mylation conditions, which leads to a weakening of Rh—Rh
bonds owing to the higher strength of Rh—CO bonds. This
may suggest that molecular rhodium species are formed
in situ, residing on the support due to the interactions with
the phosphine ligands grafted on the silica matrix. The
Fe;0,@Si0,-N(CH,PPh,),Rh catalyst was tested in recycling runs
without interruptions to take aliquots for intermediate GC
analyses. A reaction time of 4 h was chosen for each recycling
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run rather than the time necessary for complete conversion to
avoid the camouflage of catalytic activity loss. The Fe;0,@SiO,-
N(CH,PPh,),Rh material was magnetically recovered and used
in six consecutive reactions, which showed the same catalytic
performance without any loss in activity and selectivity
(Table 2, runs 3-8). The reaction solutions after all runs listed in
Table 2 contained no rhodium, as demonstrated by using ICP-
OES analysis, considering the detection limit of the equipment.
Moreover, after catalyst removal in run 3 for use in recycling
experiments, a portion of fresh 1a was added to the superna-
tant and the reaction was allowed to proceed; no further con-
version was observed (Table 2, run 9). It is important to men-
tion the high air stability of the catalyst, which was exposed to
air during each recovering procedure in the recycling experi-
ments and did not deactivate. In contrast, it should also be
mentioned that the stability of the phosphine ligand requires
more detailed studies. In principle, the surface diphenylphos-
phine ligand can undergo partial oxidation and be reduced
again with hydrogen under reaction conditions. Alternatively,
the effect of gradual oxidation of the immobilized ligand on
the catalytic performance may remain unnoticed during six re-
action cycles. Unfortunately, we could not reveal these process-
es detecting phosphine oxides by using IR spectroscopy owing
to relatively low ligand concentration on the surface and
strong adsorption of the silica support. Valuable information
about ligand oxidation was obtained by using Raman spectros-
copy (see below).

Monitoring of the sixth reaction cycle by using GC revealed
that the kinetic curve was similar to that in the first reaction
cycle, which also showed an induction period of approximately
1 h (Table 2, run 8; Figure 2). However, these induction periods
may have arisen owing to distinct processes of the formation
of catalytically active species. In the first run, it may have been
related to the corrosive chemisorption of rhodium NPs; howev-
er, in the sixth run, other activation mechanisms should have
been involved instead. As mentioned above, the TEM image of
the freshly prepared Fe;0,@SiO,-N(CH,PPh,),Rh material re-
vealed the presence of rhodium NPs on the surface. Converse-
ly, the TEM analyses of the spent catalysts (both after the first
use and after the sixth use) showed only the support, but not
the rhodium NPs. Considering that the percentage of rhodium
in spent catalysts was maintained and the fact that the catalyst
was still active in the successive hydroformylation reactions, it
is plausible to suggest that the corrosive chemisorption oc-
curred on our Fe;0,@Si0,-N(CH,PPh,),Rh material in the first
run and the phosphine ligands could anchor rhodium to the
support surface. The activation mechanism in the sixth reaction
may involve ligand reduction and should be further studied for
clarification.

Unfortunately, the low metal loading (0.2 wt% rhodium) did
not allow any XRD or X-ray photoelectron spectroscopic meas-
urements to be recorded, which hindered the determination of
the oxidation state of rhodium in the spent catalysts. We also
failed to record FTIR spectra of the ligands and rhodium com-
plexes which could exist on the support surface. However, we
could shed some light on the interaction of the rhodium NPs
and the diphenylphosphine ligand grafted on the support sur-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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face by using Raman spectroscopy. Raman scattering becomes
a sensitive and selective technique if associated with enhance-
ment processes such as in resonance Raman (RR) spectroscopy
and surface-enhanced Raman spectroscopy (SERS),*” which
provides useful information about the interaction between or-
ganic ligands and metals, including the coordination of func-
tional groups with metal ions and metal surfaces.

The normal Raman spectrum of the air-sensitive ligand
HPPh, obtained in a sealed tube under an inert atmosphere
(Figure 3a) was dominated by the bands at 618 cm™' (phenyl

S
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Figure 3. Raman spectra of a) diphenylphosphine, b) diphenylphosphine
oxide, c) Fe;0,@Si0,-N(CH,PPh,),, d) Fe;0,@SiO,-N(CH,PPh,),Rh catalyst,

e) Fe;0,@Si0,-N(CH,PPh,),Rh catalyst after the reaction (spent catalyst), and
f) material prepared by the interaction of Rh** and Fe;0,@Si0,-N(CH,PPh,),.
Data were collected at Aqyitation = 632.8 Nm.

ring in-plane deformation), 683 cm™' (phenyl ring out-of-plane
deformation), 801 cm™ (phenyl C—H out-of-plane deforma-
tion), 997 cm™' (phenyl ring breathing), 1101 cm™" (P—C ring
stretching), and 1584 cm™' (phenyl C—C stretching). We also re-
corded the normal Raman spectrum of the ligand after expo-
sure to air. A new band at 1183 cm™' can be attributed to the
P=0 stretching mode.”"” The Raman spectrum obtained from
the diphenylphosphine ligand grafted on the support surface
is shown in Figure 3c. In this case, the characteristic Raman
bands of the ligand did not appear, most probably owing to
its low concentration in the silica matrix. However, after im-
pregnation with Rh-TOAB NPs, the characteristic bands of the
ligand were revealed (Figure 3d), which suggests an enhance-
ment of the Raman cross section of the ligand grafted on the
silica matrix.

The Raman spectrum obtained after the immobilization of
Rh-TAOB NPs on Fe;0,@SiO,-N(CH,PPh,), (Figure 3d) displays
wavenumber shifts and an intensity pattern change as com-
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pared with the free phosphine spectra (Figure 3a and b). Nota-
bly, the changes in the Raman spectrum of the diphenylphos-
phine ligand upon interaction with Rh-TOAB NPs were similar
to those reported by Hu et al.”? for the interaction of PPh,
with silver NPs. In both cases, the adsorption of a phosphine
moiety on the metallic NP is characterized by the enhance-
ment of the phenyl X-sensitive mode at approximately
521 cm™', the enhancement of the bands at 787 cm™' assigned
to the phenyl C—H out-of-plane deformation, and an upshift of
the ring breathing mode located at approximately 1000 cm™'.
These changes, which are related to the electronic density of
the phenyl rings, are analogous to those observed in the SERS
spectrum of the PPh;—-Ag NP system. In contrast to the SERS
spectrum, we could not observe the same enhancement of the
P—C stretching vibration mode at 1101 cm™', which may sug-
gest a different enhancement mechanism. The band at
1212cm™' may be assigned to the P=O stretching mode,
which was upshifted with respect to the free ligand
(1183 cm™), and suggested at least partial oxidation of the
ligand grafted on the support surface.

If the Raman spectrum is obtained by using a radiation with
similar energy of an electronic transition, the spectrum may be
enhanced by several orders of magnitude owing to an RR
effect.”” To assign the enhancement of the Raman spectrum
of the phosphine ligand observed after impregnation with Rh-
TOAB NPs, the reflectance spectra of the material with and
without rhodium NPs were investigated (Figure 4). Although

100
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Figure 4. Reflectance spectra of a) Fe;0,@SiO, and b) Fe;0,@SiO,-
N(CH,PPh,),Rh.

the catalyst support (silica-coated iron oxide) itself absorbs sig-
nificantly in the visible range, this absorption was strongly en-
hanced after the impregnation with Rh-TOAB NPs. The transi-
tion in the 500-800 nm region can be attributed to a charge
transfer between the phosphine ligand and the metallic NP, as
observed previously in similar systems.?? The PPh,-Ag NP
system shows a transition centered at 706 nm, which was at-
tributed to a charge transfer between PPh; and the silver sur-
face. The presence of a charge transfer transition in the energy
of the laser excitation used for the Raman measurements
(Aexcitation=632.8 nm) provided a condition for RR scattering,

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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which enabled the observation of the diphenylphosphine vi-
brational modes in Figure 3d. The RR spectrum agrees well
with the SERS spectrum of the PPh;—Ag NP system previously
reported in the literature.”?

Raman scattering was also used to investigate the spent cat-
alyst recovered after the hydroformylation reaction. The
Raman spectrum shown in Figure 3e exhibits many changes
compared with that of the as-prepared catalyst shown in Fig-
ure 3d. The band assigned to the P=O stretching mode at
1212 cm™' is absent, which is an evidence that diphenylphos-
phine oxide was reduced under reaction conditions; however,
the stability of the phosphorus ligand requires more detailed
studies. Although the main bands attributed to the phosphine
ligand are still observed (1001, 1028, and 1592 cm™), the
bands previously assigned to an enhancement by the interac-
tion with the metal NP surface (521 and 787 cm™') are absent.
This observation provides additional evidence for a corrosive
chemisorption of rhodium NPs under hydroformylation condi-
tions, which would lead to the formation of a molecular rhodi-
um complex still attached to the support owing to the interac-
tion with the phosphine ligand grafted on the silica matrix. For
comparison, a rhodium complex was prepared by reacting the
Fe,0,@Si0,-N(CH,PPh,), support with Rh®* ions. The Raman
spectrum of the supported rhodium complex (Figure 3f) re-
vealed similarities with the spectrum of the spent catalyst (Fig-
ure 3 e), which corroborates the role of Rh-TOAB NPs as precur-
sors for the formation of a rhodium-phosphine complex on
the support surface under catalytic reaction conditions.

Conclusions

The immobilization of rhodium nanoparticles (NPs) stabilized
by tetraoctylammonium bromide (Rh-TOAB NPs) on a magnetic
support with diphenylphosphine ligands grafted on its surface
enabled the preparation of an air-stable, easily recoverable,
and reusable catalyst for the hydroformylation of olefins. We
observed a strong interaction between the rhodium NPs and
the phosphine ligands grafted on the support surface, which
caused an enhancement in the Raman spectrum of the ligand.
Analysis of the recovered catalyst after the hydroformylation
reaction reveals that such interaction is no longer present,
which indicates the dissolution of rhodium NPs and formation
of molecular rhodium species. These active species are formed
in situ and maintained on the magnetic support surface after
magnetic separation. The results of Raman spectroscopy also
indicate the oxidation of the diphenylphosphine ligand grafted
on the silica matrix after exposure to air and its possible reduc-
tion under reaction conditions. Recycling studies show negligi-
ble metal leaching and high activity, which are maintained in
successive reactions. It is important to mention that both the
Rh-TOAB NPs and the supported Fe;0,@SiO,-N(CH,PPh,),Rh
catalyst are stable in air and can be exposed to air during the
preparation steps and work-up procedures in recycling studies.
This is a special feature of our catalyst and a distinct behavior
as compared with many air-sensitive homogeneous and
heterogeneous catalyst counterparts.
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Experimental Section
Preparation of rhodium NPs

Rhodium NPs were synthesized by using the modified method de-
scribed by Brust etal™ Rhodium(lll) chloride hydrate (30 mg,
0.11 mmol of Rh) and TOAB (130 mg, 0.23 mmol) were dissolved in
deionized water (30 mL) and toluene (30 mL), respectively, at RT.
The aqueous phase was adjusted to pH 6 by the addition of aque-
ous NaOH. The phase transfer reagent solution was added drop-
wise to the Rh* aqueous solution, and the mixture was stirred for
30 min. An aqueous sodium borohydride solution (5 mL,
1.36 mmol) was freshly prepared and added dropwise to the mix-
ture. The organic layer turned black, and the system was further
stirred for 3 h. Then, the organic phase containing rhodium NPs
was separated and washed twice with water. The NPs synthesized
using this procedure were labelled as Rh-TOAB NPs.

Preparation of the catalyst support

The catalyst support consists of silica-coated magnetite NPs
(Fe;0,@Si0,) prepared following the procedure described else-
where." The solid was calcined for 2 h at 540°C, and then the
silica surface was modified with terminal amino groups using (3-
aminopropyl)triethoxysilane. The solid (200 mg) was added to the
(3-aminopropyl)triethoxysilane solution (1% v/v) in dry toluene
(200 mL) under N, atmosphere. The mixture was stirred at RT for
2 h, and then the solid was separated magnetically. The material,
labelled as Fe;0,@SiO,-NH,, was washed twice with toluene and
acetone and dried at 100 °C for 20 h.

In the next step, terminal amino groups in Fe;0,@SiO,-NH, were
subjected to phosphinomethylation." Under an inert atmosphere,
the mixture of paraformaldehyde (1.82 mmol) and diphenylphos-
phine (2.00 mmol) in methanol (5 mL) was heated at 60°C for 1 h.
Then, the suspension of Fe;0,@Si0,-NH, (1.00 g, 0.5 mmol of NH,)
in a toluene (20 mL)-methanol (10 mL) solution was added to the
reaction mixture, which was stirred overnight at RT (25°C). Then,
the solid, labelled as Fe;0,@SiO,-N(CH,PPh,),, was washed five
times with toluene and dried under vacuum. Both Fe;0,@SiO,-NH,
and Fe;0,@SiO,-N(CH,PPh,), materials were further used as sup-
ports for the immobilization of rhodium NPs.

Preparation of supported rhodium NP catalysts

A toluene solution containing Rh-TOAB NPs (/30 mL, 0.11 mmol
of Rh) was added to the Fe;0,@SiO,-NH, or Fe;0,@SiO,-
N(CH,PPh,), support (500 mg). The mixtures were stirred overnight,
and then the solids were separated magnetically. After the separa-
tion, the catalysts were washed several times with toluene and
dried under vacuum. The materials obtained are labelled as
Fe;0,@Si0,-NH,Rh and Fe;0,@SiO,-N(CH,PPh,),Rh, respectively.
The ICP-OES analysis showed that the rhodium content was
0.7wt% in Fe;0,@Si0,-NH,Rh and 0.2wt% in Fe;0,@SiO,-
N(CH,PPh,),Rh.

Catalytic reactions

The hydroformylation reactions were performed in a home-made
100 mL stainless steel reactor. In a typical run, the mixture of tolu-
ene (10 mL), the rhodium catalyst (50 mg, 1.0-3.4 umol of Rh), 1a
or 2a (2.0 mmol), and dodecane (internal standard, 1 mmol) was
transferred to the reactor, which was pressurized to 60 atm
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(CO/H,=1; 1atm=101.3 kPa). The temperature was maintained
with an oil bath and a hot stirring plate connected to a digital tem-
perature controller. The reactions were performed under magnetic
stirring (700 rpm). After the completion of the reaction, the reactor
was cooled to RT, the pressure was released, and the catalyst was
recovered magnetically with an external magnet. The reaction solu-
tion was analyzed by using GC. Toluene was purified under reflux
with sodium wire-benzophenone for 8 h and then distilled under
argon atmosphere.

Methods

TEM analysis was performed with a JEOL 2100 microscope. Sam-
ples for TEM were prepared by placing a drop of NPs dispersed in
propan-2-ol on a carbon-coated copper grid (Ted Pella, Inc.). The
rhodium content in all catalysts was measured by using FAAS with
a Shimadzu AA-6300 atomic absorption spectrophotometer. The
rhodium leaching into the supernatant solutions was measured
with a SPECTRO ARCOS ICP-OES spectrometer. The products were
analyzed by using GC (Shimadzu QP2010 instrument equipped
with an Rtx-5MS capillary column and a flame ionization detector)
and GC-MS (Shimadzu QP2010-Plus instrument operating at
70 eV). Conversion and selectivity were determined from GC analy-
sis. The GC mass balance was based on the substrate charged
using dodecane as an internal standard. The Raman spectra were
recorded on a Renishaw inVia Raman microscope equipped with
a charge-coupled device detector and coupled to a Leica optical
microscope, which enabled rapid accumulation of the Raman spec-
tra with a spatial resolution of approximately 1 mm (micro-Raman
technique). The laser beam was focused on the sample with a 50x
lens. Laser power was always kept below 0.7 mW at the sample.
The experiments were performed under ambient conditions by
using a backscattering geometry. The samples were irradiated with
the 632.8 nm line of a He-Ne laser (Renishaw RL633 laser).
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