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a b s t r a c t

The rhodium complex HRhCO(PPh3)3 encapsulated into the pores of hexagonal mesoporous silica (HMS)
by in situ synthesis (Rh–HMS) was found to be an efficient heterogeneous catalyst for the hydroformylation
of C5–C12 olefins. The (Rh–HMS) catalyst system was thoroughly characterized by P-XRD, 31P CP-MAS NMR,
FT-IR, TGA, SEM and N2 adsorption/desorption techniques. The 31P CP-MAS NMR spectrum of Rh–HMS
shows that the HRhCO(PPh3)3 complex encapsulated into the pores of HMS without decomposition, indi-
eywords:
ydroformylation
exagonal mesoporous silica
-Hexene
ncapsulated catalyst

cating that the pores of the catalyst system act as nanophase reactors. The detail investigations were
performed on the effects of temperature, amount of catalyst, partial pressure of CO and H2 and weight ratio
of HRh(CO)(PPh3)3 to TEOS for the hydroformylation of 1-hexene. At lower temperature the selectivity and
n/iso ratio of aldehydes was higher. The selectivity and n/iso ratio of aldehydes was increased on increas-
ing the amount of HRhCO(PPh3)3 complex into the HMS. The catalyst had shown good thermal stability
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. Introduction

Heterogenization of transition metal complexes onto inor-
anic/organic supports has become one of the important research
nterests in catalysis [1]. Hydroformylation is one of the important
eactions among the homogenously catalyzed reactions used in
ndustries. World production of oxo chemicals is estimated to be
early 9.6 million metric tons in 2005; oxo chemicals find use in
he manufacturing of solvents, soaps, detergents, plasticizers and
arious intermediates for fine and perfumery chemicals [2]. Even
hough homogeneous catalysts give higher conversion, selectivity
nd turn over frequency (TOF), these lack efficient recycling of the
aluable catalyst. Compared to homogeneous catalysts, heteroge-
eous catalysts offer the potential advantages of easy separation
nd recycling of catalyst and easy purification of the products.

Different approaches such as covalent immobilization [3–9]
ncapsulation or adsorption of homogeneous catalyst [10–14],

odification of supported metal catalyst [15–16] as well as con-

ucting the reactions in ionic liquid [17–19] or liquid biphasic
ystems [20–23] have been used for heterogenization of homoge-
eous catalyst. Out of these only biphasic hydroformylation could
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adodara, Gujarat, India. Tel.: +91 278 2471793; fax: +91 278 2567562.
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as recycled giving excellent conversion (100%) for the hydroformylation
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nd application in industries. Other approaches have different
rawbacks like low stability, selectivity, TOF and metal leaching.
herefore, investigations are needed to develop hydroformylation
atalyst systems having potential properties like thermal stability,
electivity, n/iso ratio of products and reusability.

Owing to its intrinsic properties like high surface area, uniform
ore sizes, acidity and thermal stability, zeolites are useful for cat-
lytic applications in petrochemical and fine chemical industries
24]. But the limitation in pore sizes (<10 Å) made them unsuit-
ble as a support for hydroformylation reactions [25]. This had
ecessitated the search for new materials with larger pores which
esulted into the emergence of mesoporous materials. MCM-41,
CM-48 and SBA-15 belonging to M41S family of mesoporous sil-

ca have been extensively studied as a support for heterogeneous
ydroformylation [6,7,26–28]. Other mesoporous materials have
lso been attempted to be used as a support to heterogenize the
omogeneous catalyst. Tanev et al. have prepared a new type of
esoporous silica named hexagonal mesoporous silica (HMS) by a

eutral templating route [29,30]. The neutral templates used for the
ynthesis of HMS are C8 to C18 amines. Dodecyl amine and hexade-
yl amines are the most commonly used templates. This resembles
CM-41 with high surface area, pore volume and pore diameter but
t has a specific hexagonal structure. HMS was used as a solid and
obust support for reactions such as catalytic oxidation of aromat-
cs and olefins, epoxidation of propylene, hydrodesulphurization
30–33]. Hydroformylation of olefins catalyzed by RhCl3 anchored
n Ti-HMS is reported [34]. However literature on hydroformyla-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:rshukla@csmcri.org
mailto:rakshvir.jasra@ril.com
dx.doi.org/10.1016/j.molcata.2008.08.019
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ion of olefins with HMS as a support is scanty. Rh/Ti-HMS/bipy
atalyst system [34] has been reported for heterogeneous hydro-
ormylation of olefins. In this catalyst system Ti-HMS was calcined
n air at 650 ◦C for 4 h and was functionalized by 2,2′ bipyridine
bipy). The functionalized Ti-HMS/bipy was used for anchoring
he Rh complex. HMS can be easily synthesized at room tem-
erature (RT). It can offer a good scope for the grafting of metal
omplex/organometallic moieties in to the pores to facilitate the
eterogenization of homogeneous catalyst and can permit free

ngress of reactants and egress of product species that have cross-
ections smaller than the diameter of the pores.

In present work, a novel approach has been applied to hetero-
enize HRh(CO)(PPh3)3 (Rh) complex in the mesopores of HMS.
he Rh-complex is anchored in situ to the organic template micelle
n side the pores at room temperature. The anchoring method is
legant and does not require removing the template or function-
lization of the support unlike in the case of other mesoporous
34] supports. Here, Rh–complex is encapsulated into the reverse

icelle of hexadecyl amine inside the pores of HMS. Promising
otential lies in the pores of Rh–HMS catalyst system to function
s nanophase reactors due to the presence of micelles inside the
ores. The synthesized catalyst was found to be effectively active
or the hydroformylation of a wide range of olefins C5–C12. The cat-
lyst has been studied in detail as a function of the temperature,
oncentration of the catalyst, partial pressure of the gases CO and
2 and weight ratio of Rh–complex: Tetraethylorthosilicate (TEOS)

or the hydroformylation of a representative olefin, 1-hexene.

. Experimental

.1. Materials

Carbon monoxide (CO, 99.8%) and hydrogen (H2, 99.98%)
ere procured from Alchemie Gases and Chemicals Private

imited, India. The rhodium metal precursors RhCl3·3H2O, triph-
nylphosphine (PPh3), sodium borohydride (NaBH4, 99.98%) and
ormaldehyde (HCHO, 34%) were purchased from Sigma–Aldrich,
SA for the synthesis of HRh(CO)(PPh3)3. Tetraethylorthosilicate
nd liquid olefins were purchased from Sigma–Aldrich, USA. Hex-
decyl amine was procured from Sisco Laboratories, India. All
hemicals were used without any further purification. The dou-
le distilled milli-pore deionised water was always used during
ynthesis.

.2. Synthesis of HRh(CO)(PPh3)3

The metal complex HRh(CO)(PPh3)3 (Rh-complex) has been pre-
ared by reported method [35]. A solution of rhodium metal salt,
hCl3·3H2O (2.0 g, 7.6 mmol) in ethanol (70 mL) was added to a
efluxing solution of triphenylphosphine, PPh3 (12 g, 46.0 mmol)
n ethanol (300 mL). After 2 min, aqueous formaldehyde, HCHO
10 mL) was added dropwise and the solution turned yellow with
he formation of trans-RhCl(CO)(PPh3)2. Addition of sodium boro-
ydride, NaBH4 (2.0 g) in ethanol to the above hot mixture yielded
he yellow crystals of Rh-complex. The yellow crystal was washed
ith ethanol to remove the unreacted rhodium metal.

.3. Synthesis of hexagonal mesoporous silica

Hexagonal mesoporous silica was synthesized by the method

eported by Tanev and Pinnavia [29]. In a typical synthesis proce-
ure, 0.0027 mol of hexadecyl amine was dissolved in a mixture of
.0909 mol of ethanol and 0.296 mol of deionised water. The solu-
ion was stirred at room temperature (RT) on a magnetic stirrer.
o this stirring solution 0.01 mol of TEOS was added dropwise and

o
o
i
w
c

alysis A: Chemical 296 (2008) 61–70

ixture was kept for 1 h at RT. After 1 h, the white gel precipitate
ormed, which was kept at RT for 18 h of aging. The material was fil-
ered and washed with 1:1 (v/v) ethanol–water mixture and dried
n vacuum at RT.

.4. Synthesis of HRh(CO)(PPh3)3–HMS

For the synthesis of HRh(CO)(PPh3)3–HMS (Rh–HMS), the in situ
ncapsulation of the HRh(CO)(PPh3)3 into the HMS pores was done
s follows. In a typical synthesis procedure, 0.0027 mol of hexade-
yl amine was dissolved in a mixture of 0.0909 mol of ethanol and
.296 mol of deionised water. The solution was stirred on a mag-
etic stirrer. To this stirring solution 0.07 mmol of the Rh-complex
as added. To this suspension 0.01 mol of TEOS was added drop-
ise. Stirring was continued for 1 h and a pale yellow precipitate
as formed, which was kept for 18 h for aging at RT. The yellow
recipitate was filtered and washed with 1:1 (v/v) ethanol–water
ixture and dried in vacuum at RT.

.5. Characterization techniques

Powder X-ray diffraction (P-XRD) patterns of the catalyst sam-
les were recorded with Phillips X’Pert MPD system equipped
ith XRK 900 reaction chamber, using Ni-filtered Cu K� radiation

� = 1.54050 Å) over a 2� range of 1–10◦ at a step time of 0.05◦ s−1.
1P-CPMAS NMR was recorded in a Bruker 500 Ultrashield system.
he C, H and N elemental analysis of the Rh-complex was done
y PerkinElmer CHNS/O 2400 analyzer. The FT-IR spectra of the
amples were recorded from 400 to 4000 cm−1 with a PerkinElmer
pectrum GX FT-IR system using KBr pellets. Thermo gravimetric
nalysis (TGA) was carried out in a Mettler TGA/DTA 851e, in nitro-
en flow rate at 50 mL/min. Surface morphology of samples was
easured using a scanning electron micrograph (SEM) (Leo Series
P1430) equipped with EDX facility (Oxford instruments). Analysis
as carried out at an accelerating voltage of 20 kV and probe cur-

ent of 102 pA. The surface area analysis and pore size distribution of
he samples were measured by nitrogen adsorption at 77.4 K using
Sorptometer (ASAP-2010, Micromeritics). All the samples were

egassed at 80 ◦C for 4 h prior to the measurements. Rh content
n the catalyst was determined using inductively coupled plasma
tomic emission spectroscopy (ICP-AES) analysis (Optima 2000DV,
erkinElmer instruments).

.6. Hydroformylation of olefins using Rh–HMS

In a typical experiment, 2 g olefin dissolved in 50 mL of toluene
s a solvent, with n-tridecane as GC internal standard was added
o the 200 mg of Rh–HMS in the autoclave reactor. The autoclave
as flushed twice with N2 prior to successively introducing CO

nd H2 at a desired pressure. The reactor was then brought to
esired reaction temperature. The synthesis gas (CO + H2 = 1:1) was
harged at 40 bar. The hydroformylation reaction was then initiated
y starting the stirrer at 800 rpm. The reaction was stirred for 10 h
t constant temperature. After the 10 h reaction time, the reactor
as cooled to RT by supplying water inside the coil. The product

nalysis was carried out using gas chromatography (GC) (Shimadzu
7A, Japan) and GC–MS (mass spectrometer, Schimadzu QP-2010,
apan). The GC has 5% diphenyl and 95% dimethyl siloxane univer-
al capillary column and flame ionization detector (FID). The initial
olumn temperature was increased from 40 to 200 ◦C at the rate

f 10 ◦C/min. N2 gas was used as a carrier gas. The temperature
f the injection port and FID were kept constant at 200 ◦C dur-
ng product analysis. The retention times for different compounds

ere determined by injecting pure compounds under identical gas
hromatography conditions. To ensure the reproducibility of the
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eaction, repeated experiments were carried out under identical
eaction conditions. The results obtained, including conversion and
electivity was found to be in the range of 5% variation.

The safety precautions were always taken into utmost consider-
tions while dealing with carbon monoxide. All the high-pressure
eactions were done in a high-pressure laboratory specially made
or conducting experiments at high pressure and temperature. The
eactor was kept in a fume hood equipped with a strong exhaust
an. A carbon monoxide gas detector system equipped with alarm,
ensing for human tolerance limit of CO, is kept in laboratory to
void CO inhaling, in case of any leakage during handling of CO
nd its reaction. In addition to that, there is always a medical grade
xygen gas kept in laboratory to inhale in the case of any emergency.

. Results and discussion

.1. Characterization of Rh-complex

The appearance of the doublet at 53.8 and 43.4 ppm in 31P-
MR spectra of Rh-complex showed that all the three phosphorous
toms possess the same environment and are in the equatorial posi-
ion. The H and CO axial positions showed trigonal bipyramidal
tructure in the complex. The %C and %H for the Rh-complex are:
alculated (found): %C = 71.9 (71.6); %H = 5.0 (5.1).

.2. Catalyst characterization

.2.1. Powder X-ray diffraction
The P-XRD patterns of HMS, calcined HMS and Rh–HMS are

epicted in Fig. 1, which showed an intense reflection correspond-
ng to (1 0 0) plane at 2.0◦, 2.1◦ and 2.3◦, respectively. The formation
f HMS was confirmed by the peak at 2.0◦, 2� angle [29,30]. The
-XRD patterns of HMS and calcined HMS were similar and exhib-
ted a single diffraction peak corresponding to d-spacing of 3.9
nd 4.0 nm. The diffuse scattering was observed at ∼5◦ and is
ttributed due to h k l reflections that are broadened as a result
f small crystalline domain effects. In the case of Rh–HMS, an
ntense peak identical to HMS was observed. This indicated that
he mesoporous phase of HMS matrix remained unaltered. The

ecrease in the intensity of peak in the P-XRD of encapsulated
h–HMS is attributed to the pore filling by the Rh-complex. When
he amount of Rh-complex was increased, the intensity of 1 0 0
lane got decreased due to the higher amount of Rh-complex filled

nside the pore of HMS. This indicated the presence of Rh-complex

Fig. 1. P-XRD patterns of HMS, calcined HMS and Rh–HMS.
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Fig. 2. 31P-CPMAS NMR spectra of Rh-complex and Rh–HMS.

nside the pores of HMS. The long-range hexagonal order of weaker
1 0, 2 0 0 and 2 1 0 planes were not observed in the P-XRD pat-

erns, which ensured the absence of MCM-41 type materials. This
uggested that the formation of HMS was governed by weak, non-
onic interactions [36]. Materials exhibiting this single low-angle
eak were considered to possess short-range hexagonal symmetry
ith uniform pore diameter.

.2.2. 31P CP-MAS NMR
31P CP-MAS NMR spectra of Rh-complex and Rh–HMS are given

n Fig. 2. The 31P CP-MAS spectrum of the Rh-complex showed a
oublet at 53.8 and 43.4 ppm. The 31P CP-MAS NMR spectrum of
h–HMS showed a different pattern of chemical shift (ıiso = 50.04,
8.70 ppm). The changes in the chemical shifts towards lower ı val-
es indicated geometrical constraint of the complex inside the HMS
ores. Also the NH2 group of hexadecyl amine bound with the Rh-
omplex donates its electron pair to the Rh atom which increases
he electron density on the phosphorous atoms of PPh3 of the
h-complex by a (d�)p–(d�)Rh bonding [25,37]. A simple surface
dsorption of complex on to the HMS should have given a chemical
hift similar to that of pure Rh-complex which is not observed here
25]. These observations suggested that the Rh-complex is encap-
ulated in the pores of HMS and these encapsulated pores could act
s nanophase reactors.

.2.3. FT-IR spectroscopy
The FT-IR spectra of Rh-complex, HMS, calcined HMS and

h–HMS are given in Fig. 3. The peak observed at 1072 cm−1 and its
houlders in FT-IR spectrum of HMS are assigned to the asymmet-
ic stretching of Si–O–Si. The band at 798 cm−1 is for the internal
onds of the tetrahedral SiO4 structural units [29]. The broad band
t 3440 cm−1 corresponds to the hydrogen bonded surface –OH
roups which were perturbed by the physically adsorbed water.
he peaks at 1469, 2923 and 2854 cm−1 are due to the organic tem-
late present in the HMS pores. In the case of calcined HMS, all the
haracteristic peaks of HMS are seen, but the peaks for organic tem-
late are absent, thus indicating the removal of hexadecyl amine on
alcination.
FT-IR gave further evidence for the encapsulation of Rh-complex
nto the HMS pores. The IR spectrum of Rh-complex encapsulated
MS had additional bands at 1919 and 693 cm−1 corresponding to
Rh–CO and �Rh–P, respectively. FT-IR spectrum of the Rh-complex
as these peaks at 1921 and 694 cm−1, respectively [6,25]. The
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Fig. 3. FT-IR spectra of Rh-complex, HMS, calcined HMS and Rh–HMS.

hift of these bands in the case of Rh–HMS might be because of
n increase in electron density on the Rh–CO and Rh–P due to
H2–Rh coordination arising from the interaction of hexadecyl
mine and Rh-complex. The broad band at 3440 cm−1 is observed
ue to �Rh–NH2 frequency; but the overlap of this band with that
f surface silanol groups lying in the same frequency region was
lso found in the spectrum.

.2.4. Thermogravimetric analysis
The TGA of hexadecyl amine, Rh-complex, HMS and Rh–HMS are

hown in Fig. 4. The TGA curve gave the decomposition pattern of
he organic template and the Rh-complex. The complete decompo-
ition of hexadecyl amine was observed in the temperature range,
80–250 ◦C. The TGA curve of HMS showed 40% weight loss in the
ange of 180–280 ◦C. The weight loss of HMS is attributed to the loss
f organic template. In the TGA plot of Rh–HMS, the catalyst showed
he weight loss pattern similar to that of HMS. The weight loss of
4% in the range of 180–300 ◦C is attributed to the decomposition of

rganic template. Another weight loss in the range of 350–450 ◦C
ave decomposition of Rh-complex encapsulated in the pores of
MS. Further more, the thermal stability of Rh–HMS was observed

o increase significantly as compared to Rh-complex.

Fig. 4. TGA profiles of HMS, Rh–HMS, Rh-complex and hexadecyl amine.

S
c
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ig. 5. Nitrogen adsorption–desorption analysis of HMS, calcined HMS and
h–HMS.

.2.5. Surface area measurements
Calcined HMS showed a typical Type-IV adsorption isotherm

ccording to the IUPAC classification (Fig. 5) in the nitrogen
dsorption–desorption analysis. The isotherm reveals the fact that,
n case of calcined sample the surface area and pore volume being
igher the volume adsorbed is higher. The increased adsorption in
he P/P0 region 0.20–0.40 and the corresponding maxima in the
ore size distribution curves (Fig. 6) indicated the existence of uni-
orm mesopores in 2.5–3.5 nm size range [25]. In the case of as
ynthesized HMS, the reason for lower adsorption compared to cal-
ined HMS is due to the presence of organic template inside the
ores. Again in the case of Rh–HMS the volume adsorbed is very

ow due to the pores filling with the complex.

.2.6. Scanning electron micrograph
The SEM images of HMS, calcined HMS, Rh-complex and

h–HMS are shown in Fig. 7. HMS, calcined HMS and Rh–HMS
howed non-uniform aggregates of very small, distinct particles.

EM image of Rh-complex showed small rod like structure. In the
ase of Rh–HMS, the system retained morphology similar to that of
MS, indicating that the HMS structure was not affected by encap-

ulation of the complex. SEM of Rh–HMS showed the absence of

Fig. 6. Pore size distribution curve for HMS and calcined HMS.



N. Sudheesh et al. / Journal of Molecular Catalysis A: Chemical 296 (2008) 61–70 65

ined H

R
e

3

u
R

3
o

t
r
t

t
h
A
o
o
s
n
t
g
t

T
A

O

1
1
1
1
1
1
1
1

R
t

Fig. 7. SEM images of (A) HMS, (B) calc

h-complex on the surface of HMS indicating that the complex was
ncapsulated inside the HMS pores.

.2.7. Inductively coupled plasma atomic emission spectroscopy
The amount of Rh content in the Rh–HMS has been determined

sing ICP technique. ICP analysis gave 0.6 wt% of rhodium for the
h–HMS catalyst in which the ratio of Rh-complex: TEOS was 3 wt%.

.3. Catalytic evaluation of Rh–HMS for hydroformylation of
lefins
The Rh–HMS was evaluated as a catalyst for its activity and selec-
ivity for hydroformylation of various olefins and the corresponding
esults are listed in Table 1. The conversion of olefins was observed
o be >99% for all, however, the selectivity of aldehydes was found

[
f
r
o
o

able 1
ctivity and selectivity of Rh–HMS catalyst for the hydroformylation of various olefins

lefins % Conversion % Selectivity

n-Aldehyde Iso-aldehyde n/iso r

-Pentene 100 48 52 0.9
-Hexene 100 48 49 1.0
-Heptene 100 42 52 0.8
-Octene 100 26 40 0.7
-Nonene 100 26 37 0.7
-Decene 100 30 33 0.9
-Undecene 100 27 30 0.9
-Dodecene 100 28 30 0.9

eaction conditions: catalyst = 200 mg (Rh:TEOS = 3 wt%), olefin = 2 g, partial pressure of CO
oluene, temperature = 80 ◦C, reaction time = 10 h.

a 2-Methyl heptanone, 2-ethyl hexanal.
b Nonanone, 2-ethyl heptanal.
c Decanone, 2-ethyl octanal.
d Undecanone, 2-ethyl nonanal.
e Dodecanone, 2-ethyl decanal.
f Tridecanone, 2-ethyl undecanal.
MS, (C) Rh-complex and (D) Rh–HMS.

o decrease as chain length of olefins increased. In the case of 1-
exene, 3% isomerization of 1-hexene to 2/3-hexene was observed.
s the chain length of olefins increased, minor hydrogenation of
lefins was also observed. All olefins gave n/iso ratio in the range
f 0.7–1.0. The heterogenized catalyst showed excellent conver-
ion and high selectivity towards aldehydes for all the olefins. The
/iso ratios of the products were relatively low in comparison to
he homogeneous catalyst. The reason might be that the hetero-
enized catalyst has a strong isomerization activity derived from
he HMS matrix, which increases the formation of iso-aldehyde

8]. The side product, ketone was formed for higher olefins. The
ormation of ketones in the case of ethylene and propylene were
eported [36,38], but it is not so common in the case of higher
lefins. In order to have a comparative insight in to the performance
f Rh–HMS catalyst system, the turn over frequency for Rh–HMS

atio Isomerization of olefins Hydrogenation of olefins Other

– – –
3 – –
– – 6a

– 4 30b

– 4 33c

– 3 34d

– 5 38e

– 5 37f

= 20 bar, partial pressure of H2 = 20 bar, agitation speed = 800 rpm, solvent = 50 mL
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Table 2
Comparison of closely related catalyst systems for hydroformylation of 1-hexene

Entry Catalyst Rh (wt%) Time (h) T (◦C) % Conversion % Selectivity of aldehyde TOFa h−1 Refs.

1 Rh–HMS 0.6 1 100 89 52 1889 Present work
2 PPh3–Rh/SiO2 1.0 0.5 100 – 83.5 1011 [13]
3 TPPTS–Rh/MCM-41 0.8 4 100 55 – 322 [17]
4 HRhCO(TPPTS) – 0.5 100 28.7 61.3 752 [44]
5 10.3 62.1 555
6 98.8 98.8 2467 [25]
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TPPTS–Rh/SiO2 – 0.5 100
HRhCO(PPh3)3 – 1.05 100

a TOF = mol aldehyde/mol Rh/h.

atalyzed hydroformylation of 1-hexene has been determined and
isted in Table 2 along with closely related catalyst systems, con-
itions and parameters. The conversion, selectivity and TOF for
he homogeneous system (Entry 6) is higher than those of het-
rogeneous system (Entries 1, 2, 3 and 5). Among heterogeneous
atalyst systems (1, 2, 3 and 5), the conversion and TOF associated
ith Rh–HMS (Entry 1) are found to be higher. A comparison of

iphasic catalyst system (Entry 4) indicated that the performance
f Rh–HMS is better for hydroformylation of 1-hexene in terms of
onversion and TOF. Also the Rh loading associated with Rh–HMS
s lower (Entry 1) than that with other heterogeneous systems
Entries 2, 3), however the TOF for Rh–HMS catalyzed hydroformy-
ation is higher.

No peak of hexadecyl amine was observed in the GC and GCMS
ndicating and confirming that the reverse micelles were quite
table inside the pores. The FT-IR spectra of fresh Rh–HMS and
ecycled Rh–HMS were recorded and given in Fig. 8. The band near
924 cm−1 has been found to be retained in the recycled Rh–HMS
nd intensities of the fresh and recycled catalysts were found to
e almost similar. The elemental analyses of C, H were also done
or fresh and recycled catalyst. The %C and %H for fresh and recy-
led catalyst were: %C 36.06 (35.93), %H 6.09(6.00). These findings
ndicated that the organic template inside the pores of HMS is sta-
le and remained unleached during the reaction. Thus the reverse
icelles formed from the organic template inside the pores were

ound to act as the nanophase reactor. The reaction inside occurs
s that in a nanophase reactor thereby making the system more
fficient for hydroformylation of higher olefins.

.3.1. Effect of temperature on the hydroformylation of 1-hexene
In order to observe the effect of temperature on Rh–HMS cat-
lyzed hydroformylation of olefins a series of experiments were
onducted at different temperatures in the range of 50–120 ◦C using
-hexene as representative olefin and the corresponding results
re listed in Table 3 for 1 and 10 h reaction time. At lower time
f 1 h the conversions were low (<100%) at lower temperature. On

a
t
a
b
t

able 3
ffect of temperature on the hydroformylation of 1-hexene

ntry Temperature (◦C) Time (h) % Conversion % Selectivity

n-Heptanal

50 1 65 32
10 100 53

60 1 73 40
10 100 52

70 1 84 29
10 100 46

80 1 88 30
10 100 44

100 1 89 30
10 100 38

120 1 95 25
10 100 31

eaction conditions: catalyst = 100 mg (Rh:TEOS = 3 wt%), 1-hexene = 2.0 g, partial pressur
Fig. 8. FT-IR spectrum of fresh Rh–HMS and recycled Rh–HMS.

ncreasing the temperature from 50 to 120 ◦C, conversion at 1 h was
ncreased from 65 to 95%. At the time of 10 h an excellent conversion
100%) was obtained in the entire range of temperatures. The selec-
ivity of aldehydes being maximum, 97% at 50 ◦C was decreased to
1% at 120 ◦C. An increasing trend in isomerization was observed
n increasing the reaction temperature. High reaction temperature
avourable to form an isomer, in inner olefin, may be attributed for
he decrease in the selectivity of aldehydes towards higher tem-
eratures. It was observed that the n/iso ratio for the aldehyde was
ecreased from 1.4 to 0.8 on increasing temperature, which was

lso due to the increase in the isomerization of 1-hexene at elevated
emperatures on HMS matrix. Based on these trends, the temper-
ture 50 ◦C giving 97% aldehyde and n/iso of 1.4 was considered to
e the most suitable reaction temperature for the hydroformyla-
ion over Rh–HMS catalyst. The performance of the catalyst found

Iso-heptanal n/iso ratio 2-Ethyl 3-methyl butanal 2/3-Hexene

18 1.8 – 50
37 1.4 7 3
18 2.2 – 42
36 1.4 8 4
16 1.8 3 52
40 1.2 10 4
18 1.7 4 48
40 1.1 13 3
19 1.6 3 48
38 1.0 13 11
21 1.2 4 50
38 0.8 12 19

e of CO = 20 bar, partial pressure of H2 = 20 bar, solvent = 50 mL toluene, time = 10 h.
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Table 4
Effect of Rh-complex to TEOS ratio on the hydroformylation of 1-hexene

Entry Rh-complex to TEOS (wt%) % Conversion % Selectivity

n-Heptanal Iso-heptanal n/iso ratio 2-Ethyl 3-methyl butanal 2/3-Hexene 2-Pentyl non-2-enal

1 0.5 65 34 32 1.0 3 28 3
2 1 83 37 31 1.2 3 24 5
3 2 100 41 34 1.2 4 21 –
4 3 100 53 37 1.4 7 3 –
5 5 100 56 37 1.5 5 2 –
6 12 100 63 33 1.9 4 – –
7
8
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eaction conditions: catalyst = 100 mg, 1-hexene = 2.0 g, partial pressure of CO = 20 ba

o be better, both in terms of conversion as well as selectivity, at
ow temperature (50 ◦C) also avoids the thermal stability issue of
he catalyst.

.3.2. Effect of Rh-complex: TEOS ratio on the hydroformylation
f 1-hexene

In order to study the effect of Rh-complex: TEOS ratio on the
ydroformylation of 1-hexene the Rh–HMS catalysts with different
mounts of rhodium to TEOS ratio 0.5, 1, 2, 3, 5, 12, 23 and 30 wt%
ere prepared. The hydroformylation activities of these catalysts

Table 4) indicated that the conversion of 1-hexene increased on
ncreasing the amount of Rh-complex. Both conversion as well as
electivity reached to 100% at the weight ratios ≥12 for the forma-
ion of heptanal (n and iso), due to the increased active sites with
ncreased amount of rhodium. The aldehyde selectivity was also
ound to be increased on increasing the amount of rhodium. Cat-
lyst with weight ratio of 3% (Entry 4) and 5% (Entry 5) exhibiting
7 and 98% selectivity for aldehydes, respectively, showed almost
dentical performance. 1-Hexene conversion found to be low for
ess rhodium loaded catalysts may be due to less active sites result-
ng low CO adsorption, leading to low selectivity for aldehydes.

.3.3. Effect of the amount of Rh–HMS on the hydroformylation of
-hexene

The effect of the amount of Rh–HMS in the wide range from
0–1000 mg was studied on the hydroformylation of 1-hexene at
0 ◦C and the corresponding results are listed in Table 5 for 1 and
0 h reaction time. The conversion and selectivity for the forma-

ion of n-heptanal were observed to increase on increasing the
mount of the catalyst at 1 h time. An excellent conversion (100%)
as obtained in the entire range of the varied amount of the cata-

yst. Even a small amount (10 mg) of the catalyst (Entry 1) was found
o be significantly active. At 50 ◦C, isomerization was observed only

a
o
c
t
A

able 5
ffect of the amount of the Rh–HMS catalyst on the hydroformylation of 1-hexene

ntry Catalyst amount (mg) Time (h) % Conversion % Selectivity

n-Heptanal Iso-heptana

10 1 16 15 16
10 100 43 39

50 1 42 20 22
10 100 46 38

100 1 65 32 23
10 100 53 37

200 1 97 30 28
10 100 56 40

400 1 98 37 30
10 100 46 42

1000 1 100 36 31
10 100 9 32

eaction conditions: catalyst (Rh:TEOS = 3 wt%), 1-hexene = 2.0 g, partial pressure of CO =
ime = 10 h.
2.0 – – –
1.9 – – –

tial pressure of H2 = 20 bar, solvent = 50 mL toluene, temperature = 50 ◦C, time = 10 h.

owards lower amount (10–100 mg) of the catalyst (Entries 1–3).
fter 400 mg amount of the catalyst, n/iso ratio was found to be
ffectively decreased. The highest selectivity of aldehydes (>98%)
ith n/iso ratio of 1.4 was observed for 100 and 200 mg of cata-

yst (Entries 3, 4). From 400 mg and above, aldol condensation was
bserved to give 2-pentyl non-2-enal. On increasing the amount of
he catalyst from 400 mg and above the selectivity of n-heptanal
as found to be significantly decreased, whereas the decrease in

electivity of iso-heptanal was insignificant. This indicated that
he catalyst system has potential to be remarkably attractive for
ldolization of normal aldehyde at higher amount of the catalyst.
hodium-based catalyst supported on a solid base support is also
eported for one pot synthesis of aldol derivatives from olefins
39–41].

.3.4. Effect of partial pressure of CO on the hydroformylation of
-hexene

The effect of partial pressure of CO on the hydroformylation of
-hexene was studied at the catalyst amount of 100 mg (0.1 wt% of
-hexene) and the results are tabulated in Table 6 for the reaction
ime of 1 and 10 h. For the 1 h time, the conversions were increased
n increasing the CO pressure from 2 to 20 bar and on further
ncreasing the pressure causes decrease in the conversion. For the
igher time of 10 h, the reaction gave 97% conversion of 1-hexene
ith CO pressure at 2 bar and the conversion reached up to 100%

t 20 bar. The selectivity of aldehyde increased on increasing CO
ressure from 2–20 bars and on further increasing the pressure the
electivity of aldehyde decreased. The best selectivity obtained was

t 20 bar pressure of CO (CO + H2, 1:1) where 53% n-heptanal was
btained with n/iso ratio of 1.4. Further increase in the CO pressure,
auses the formation of inactive Rh species [42] by forming di- and
ri-carbonylacyl rhodium species, leading to a sharp drop in activity.
t lower partial pressure of CO a positive dependence is observed,

l n/iso ratio 2-Ethyl 3-methyl butanal 2/3-Hexene 2-Pentyl non-2-enal

0.9 6 63 –
1.1 11 7 –
0.9 4 54 –
1.2 10 6 –
1.4 – 45 –
1.4 7 3 –
1.1 7 35 –
1.4 4 – –
1.2 9 24 –
1.1 3 – 9
1.2 3 18 12
0.3 – – 59

20 bar, partial pressure of H2 = 20 bar, solvent = 50 mL toluene, temperature = 50 ◦C,
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Table 6
Effect of partial pressure of CO on the hydroformylation of 1-hexene

Entry CO pressure (bar) Time (h) % Conversion % Selectivity

n-Heptanal Iso-heptanal n/iso ratio 2-Ethyl 3-methyl butanal 2/3-Hexene

1 2 1 31 5 3 1.7 – 92
10 96 21 17 1.2 – 62

2 5 1 47 13 8 1.6 – 79
10 97 20 16 1.2 2 62

3 10 1 58 14 10 1.4 – 76
10 100 19 16 1.2 6 59

4 20 1 65 32 23 1.4 – 45
10 100 53 37 1.4 7 3

5 25 1 67 20 18 1.1 5 57
10 100 48 36 1.3 4 12

6 30 1 59 19 17 1.1 5 59
10 100 45 35 1.3 4 16

Reaction conditions: catalyst = 100 mg (Rh:TEOS = 3 wt%), 1-hexene = 2 g, partial pressure of H2 = 20 bar, solvent = 50 mL toluene, temperature = 50 ◦C, time = 10 h.

Table 7
Effect of partial pressure of hydrogen on the hydroformylation of 1-hexene

Entry Hydrogen pressure (bar) Time (h) % Conversion % Selectivity

n-Heptanal Iso-heptanal n/iso ratio 2-Ethyl 3-methyl butanal 2/3-Hexene

1 2 1 14 – – – – 100
10 32 25 15 1.7 – 60

2 5 1 18 2 2 1.0 – 96
10 37 38 22 1.8 – 40

3 10 1 43 7 6 1.2 2 85
10 98 38 24 1.6 – 38

4 20 1 65 32 23 1.4 – 45
10 100 53 37 1.4 7 3

5 25 1 78 23 22 1.0 8 47
10 100 49 38 1.3 4 9
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30 1 93 23
10 100 46

eaction conditions: catalyst = 100 mg (Rh:TEOS = 3 wt%), 1-hexene = 2 g, partial pre

ertaining to enhanced formation of active catalyst species. A simi-
ar behavior of CO pressure on the rate of hydroformylation has been
eported for homogeneous [35,43] and biphasic systems [42]. On
ncreasing the CO pressure from 2 to 30 bar the n/iso ratio remained
o be 1.2–1.4.
.3.5. Effect of partial pressure of H2 on the hydroformylation of
-hexene

The effect of partial pressure of H2 on the hydroformylation of
-hexene was studied by keeping constant partial pressure of CO at
0 bars at 50 ◦C and the corresponding results are listed in Table 7.

1
[

2

able 8
eusability of Rh–HMS catalyst (10 mg of catalyst)

ntry Recycle run Time (h) % Conversion % Selectivity

Aldehyde n-Heptana

Fresh catalyst 2 25 38 21
10 100 93 43

First recycle 2 23 35 19
10 100 90 40

Second recycle 2 24 34 18
10 100 90 40

Third recycle 2 23 32 17
10 100 89 39

Fourth recycle 2 23 28 15
10 100 85 38

eaction conditions: catalyst = 200 mg (Rh:TEOS = 3 wt%), 1-hexene = 2.0 g, partial pressur
oluene, time = 10 h.
23 1.0 7 47
37 1.2 4 13

of CO = 20 bar, solvent = 50 mL toluene, temperature = 50 ◦C, time = 10 h.

he conversion was very low at lower time of 1 h and at lower H2
ressures. On increasing the pressure from 2 to 20 bar the conver-
ion and selectivity for n-heptanal were increased. Further increase
n H2 pressure could not influence the conversion and selectivity.
he conversion being low at 2–5 bar (35–37%), drastically changed
o 98% at 10 bar at 10 h time. At 20 bar and above conversion was

00%. The formation of dimeric species shown below is reported
35] at lower pressure of H2,

HRh(CO)(PPh3)3 � [Rh(CO)(PPh3)2]2 ⇓ H2

l Iso-heptanal n/iso ratio 2-Ethyl 3-methyl butanal 2/3-Hexene

11 1.9 6 62
39 1.1 11 7

11 1.7 5 65
40 1.0 10 10

12 1.5 4 66
39 1.0 11 10

12 1.4 3 68
38 1.0 12 11

10 1.5 3 72
38 1.0 9 15

e of CO = 20 bar, partial pressure of H2 = 20 bar, temperature = 80 ◦C, solvent = 50 mL
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Table 9
Reusability of Rh–HMS catalyst (200 mg of catalyst)

Entry Recycle run % Conversion % Selectivity

Aldehyde n-Heptanal Iso-heptanal n/iso ratio 2-Ethyl 3-methyl butanal 2/3-Hexene

1 Fresh 100 97 47 43 1.1 7 3
2 First 100 97 40 45 0.9 12 3
3 Second 100 97 36 49 0.7 12 3
4
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Third 100 96 35
Fourth 100 93 34
Fifth 100 92 31
Sixth 100 88 29

The formation of such species leads to a reduction in the con-
entration of active catalytic species at lower hydrogen pressures.
he n/iso ratio was found to be decreased on increasing the partial
ressure of H2 which may be due to the isomerization of 1-hexene

avoured by the higher H2 environment.

.3.6. Recycling of the catalyst for the hydroformylation of
-hexene

The reusability of Rh–HMS for hydroformylation of 1-hexene has
een studied with two different catalyst amounts of 10 and 200 mg,
espectively and corresponding results are given in Tables 8 and 9,
espectively. The catalyst was reused under identical conditions of
he hydroformylation of 1-hexene. The recycling studies were car-
ied out with lower amount of catalyst (10 mg) for 10 h as well as for
ower time 2 h (Table 8) in which results showed 100% conversion
or the fresh and recycled catalyst for 10 h. For 2 h also the conver-
ions were not much effected and were found to be comparable for
he fresh and recycled catalyst. Similar to the recycling of the cata-
yst amount using 10 mg, the obtained excellent conversion (100%)
emained constant under the employed reaction conditions for the
atalyst amount using 200 mg (Table 9) also.

The catalyst was recycled with out much decrease in selectivity.
owever a decrease in n/iso ratio of aldehydes for fresh (Entry 1,
ables 8 and 9) and recycled catalyst (Entries 2 and 3, Table 9 in case
f 200 mg of catalyst) and (Entry 2, Table 8 in case of 10 mg of cata-

yst) occurred. It is quite possible that few Rh-complex which may
e on the outer surface of the catalyst, get lost during filtration and
ashing processes. Decrease in n/iso ratio of aldehydes may be due

o the loss of the Rh-complex which in turn will slightly enhance
he isomerization, because the HMS having strong isomerization
ctivity [8], remains unaffected during filtration and washing. Easy
ecyclability of the catalyst indicated that the catalyst is not leached
ut.

. Conclusions

A rhodium complex HRh(CO)(PPh3)3 was encapsulated in
he mesopores of HMS and was thoroughly characterized by
hysicochemical and spectroscopic techniques. 31P CP-MAS NMR
haracterization of the encapsulated Rh–HMS confirmed the
ncapsulation of HRh(CO)(PPh3)3 into the pores of HMS without
ecomposition, enabling the pores of encapsulated Rh–HMS to act
s nanophase reactors. The heterogeneous Rh–HMS catalyst was
ound to be efficiently active for the hydroformylation of studied
lefins in the range of C5–C12. The detail studies performed for a
epresentative olefin, 1-hexene demonstrated that higher selectiv-
ty for aldehydes formation occurred at lower temperature with

igher n/iso ratio. The hydroformylation of 1-hexene was observed
o be effected by the parameters: catalyst amount, amount of com-
lex, partial pressure of CO and H2 and temperature. At lower
emperatures the selectivity towards aldehydes was higher with
igher n/iso ratio. The performance of the catalyst is appreciable

[

[
[
[

49 0.7 12 4
46 0.7 13 7
48 0.6 13 8
45 0.6 14 12

owards lower temperature and 50 ◦C was found to give best con-
ersion (100%) and selectivity (n/iso = 1.4). Observation of no peak
f organic template (hexadecyl amine) in the GC and GCMS anal-
sis of product mixture and the obtained FT-IR spectra retaining
haracteristic organic template band with almost similar inten-
ity for fresh and reused catalyst, indicated an excellent stability of
everse micelles and thus that of the encapsulated complex inside
he pores. The catalyst was recycled at lower (10 mg) and higher
200 mg) amounts and used under identical conditions of hydro-
ormylation of 1-hexene. The catalyst has shown good recyclability
nd high stability in the studied reaction conditions.

cknowledgments

Authors thank Director, CSMCRI, Bhavnagar, India, for encour-
ging this publication and Network Project on Catalysis, Council
f Scientific and Industrial Research (CSIR), New Delhi, India for
nancial supports. S.K.S. thanks CSIR, New Delhi, for the award of a
enior Research Fellowship.

eferences

[1] B. Cornils, W.A. Herrmann, Applied Homogeneous Catalysis with Organometal-
lic Compounds, VCH, New York, 1996.

[2] S. Bizzari, M. Blagoev, A. Kishi., CEH Report, Oxo Chemicals, September 2006.
[3] N.S. Pagar, R.M. Deshpande, R.V. Chaudhari, Catal. Lett. 110 (2006) 129.
[4] Y. Izumi, K. Konishi, M. Tsukahara, D.M. Obaid, K. Aika, J. Phys. Chem. 111 (2007)

10073.
[5] K. Mukhopadhyay, R.V. Chaudhari, J. Catal. 213 (2003) 73.
[6] Q. Peng, Y. Yang, Y. Yuan, J. Mol. Catal. A: Chem. 219 (2004) 175.
[7] B. El Ali, J. Tijani, M. Fettouhi, M. El-Faer, A. Al-Arfaj, Appl. Catal. A: Gen. 283

(2005) 185.
[8] J. Zhao, Y. Zhang, J. Han, Y. Jiao, J. Mol. Catal. A: Chem. 241 (2005) 238.
[9] G. Cum, P. Famulari, M. Marchetti, B. Sechi, J. Mol. Catal. A: Chem. 218 (2004)

211.
10] M. Kuil, T. Soltner, P.W.N.M. van Leeuwen, J.N.H. Reek, J. Am. Chem. Soc. 128

(2007) 11344.
11] F. Goettmann, P.L. Floch, C. Sanchez, Chem. Commun. (2006) 180.
12] J.M. Coronado, F. Coloma, J.A. Anderson, J. Mol. Catal. A: Chem. 154 (2000) 143.
13] H.J. Zhu, Y.J. Ding, L. Yan, J.M. Xiong, Y. Lu, L.W. Lin, Catal. Today 93–95 (2004)

389.
14] O. Hemminger, A. Marteel, M.R. Mason, J.A. Davies, A.R. Tadd, M.A. Abraham,

Green Chem. 4 (2002) 507.
15] J.L.G. Fierro, M.D. Merchan, S. Rojas, P. Terreros, J. Mol. Catal. A: Chem. 166

(2001) 255.
16] M. Marchetti, S. Paganelli, E. Veil, J. Mol. Catal. A: Chem. 222 (2004) 143.
17] Y. Yang, C. Deng, Y. Yuan, J. Catal. 232 (2005) 108.
18] L.A.J. Bruss, M.A. Gelesky, G. Machado, J. Dupont, J. Mol. Catal. A: Chem. 252

(2006) 212.
19] C.P. Mehnert, R.A. Cook, N.C. Dispenziere, M. Afeworki, J. Am. Chem. Soc. 124

(2002) 12932.
20] K. Kunna, C. Muller, J. Loos, D. Vogt, Angew. Chem. Int. Ed. 45 (2006) 7289.
21] D.U. Parmar, H.C. Bajaj, R.V. Jasra, B.M. Moros, V.A. Likhalobov, J. Mol. Catal. A:

Chem. 211 (2004) 83.
22] S.L. Desset, D.J. Cole-Hamilton, D.F. Foster, Chem. Commun. (2007) 1933.
23] J. Chen, H. Alper, J. Am. Chem. Soc. 119 (1997) 893.

24] D.W. Breck, Zeolite Molecular Sieves: Structure, Chemistry and Uses, Wiley,

New York, 1974;
A. Corma, Chem. Rev. 95 (1995) 559.

25] K. Mukhopadhyay, A.B. Mandale, R.V. Chaudhari, Chem. Mater. 15 (2003) 1766.
26] J.P.K. Reynhardt, Y. Yang, A. Sayari, H. Alper, Adv. Synth. Catal. 347 (2005) 1379.
27] L. Huang, Y. He, S. Kawi, J. Mol. Catal. A: Chem. 213 (2004) 241.



7 ar Cat

[
[
[
[

[
[
[
[
[
[

[
[

[

[41] V.K. Srivastava, S.K. Sharma, R.S. Shukla, R.V. Jasra, Catal. Commun. 7 (2006)
0 N. Sudheesh et al. / Journal of Molecul

28] L. Huang, Y. He, S. Kawi, Appl. Catal. A: Gen. 265 (2004) 247.
29] P.T. Tanev, T.J. Pinnavia, Science 267 (1995) 865.
30] P.T. Tanev, M. Chibwe, T.J. Pinnavia, Nature 368 (1994) 321.
31] T.A. Zepeda, T. Halachev, B. Pawelec, R. Nava, T. Klimova, G.A. Fuenetes, J.L.G.

Fierro, Catal. Commun. 7 (2006) 33.
32] Y. Liu, K. Murata, M. Inaba, N. Mimura, Appl. Catal. A: Gen. 309 (2006) 91.

33] I.S. Ke, S.T. Liu, Appl. Catal. A: Gen. 317 (2007) 91.
34] A.N. Ajjou, H. Alper, Mol. Online 2 (1998) 53.
35] D. Evans, G. Yagupsky, G. Wilkinson, J. Chem. Soc. A (1968) 2660.
36] J.L. Cooper, US Patent 4602116 (1986).
37] K. Mukhopadhyay, B.R. Sarkar, R.V. Chaudhary, J. Am. Chem. Soc. 124 (2002)

9692.

[
[
[

alysis A: Chemical 296 (2008) 61–70

38] Z. Vit, J.L. Portefaix, M. Zdrazil, M. Breysse, Catal. Lett. 32 (1995) 55.
39] S.K. Sharma, V.K. Srivastava, R.S. Shukla, P.A. Parikh, R.V. Jasra, New J. Chem. 31

(2007) 277.
40] R.V. Jasra, V.K. Srivatava, R.S. Shukla, H.C. Bajaj, S.D. Bhatt, US Patent 7294745

B2 (2007).
881.
42] F. Monteil, R. Queau, P. Kalck, J. Organomet. Chem. 480 (1994) 177.
43] R.M. Deshpande, R.V. Chaudhary, Ind. Eng. Chem. Res. 27 (1988) 1996.
44] H. Zhu, Y. Ding, F. Yang, L. Yan, J. Xiong, H. Yin, L. Lin, J. Nat. Gas Chem. 13 (2004)

87.


	HRh(CO)(PPh3)3 encapsulated mesopores of hexagonal mesoporous silica (HMS) acting as nanophase reactors for effective catalytic hydroformylation of olefins
	Introduction
	Experimental
	Materials
	Synthesis of HRh(CO)(PPh3)3
	Synthesis of hexagonal mesoporous silica
	Synthesis of HRh(CO)(PPh3)3-HMS
	Characterization techniques
	Hydroformylation of olefins using Rh-HMS

	Results and discussion
	Characterization of Rh-complex
	Catalyst characterization
	Powder X-ray diffraction
	31P CP-MAS NMR
	FT-IR spectroscopy
	Thermogravimetric analysis
	Surface area measurements
	Scanning electron micrograph
	Inductively coupled plasma atomic emission spectroscopy

	Catalytic evaluation of Rh-HMS for hydroformylation of olefins
	Effect of temperature on the hydroformylation of 1-hexene
	Effect of Rh-complex: TEOS ratio on the hydroformylation of 1-hexene
	Effect of the amount of Rh-HMS on the hydroformylation of 1-hexene
	Effect of partial pressure of CO on the hydroformylation of 1-hexene
	Effect of partial pressure of H2 on the hydroformylation of 1-hexene
	Recycling of the catalyst for the hydroformylation of 1-hexene


	Conclusions
	Acknowledgments
	References


