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a b s t r a c t

The [Rh-complex/HT-Act] catalyst was synthesized by the impregnation of HRhCO(PPh3)3 [Rh-complex]
on the surface of activated hydrotalcite [HT-Act] and characterized by 31P NMR, FT-IR, P-XRD and TGA.
The multi-functional potential of [Rh-complex/HT-Act] catalyst was evaluated for the selective synthesis
of 2-methylpentanol from ethylene employing hydroformylation, aldol condensation and hydrogenation
eywords:
thylene
ydrotalcite
-Methylpentanol
ydroformylation

reactions in single pot. The catalytic activity of [Rh-complex/HT-Act] was studied in detail as a function of
Mg/Al molar ratio of [HT-Act], reaction temperature, partial pressure of ethylene, CO:H2 ratio and nature
of solvent used. The selectivity of 2-methylpentanol was observed to increase from 56 to 79% on increasing
the Mg/Al molar ratio of [HT-Act] from 1.5 to 3.5. Polar solvent such as methanol showed 86% selectivity
for 2-methylpentanol as compared to non-polar solvents. Kinetic profiles of the various products formed
during the course of reaction were in agreement with the reaction pathway proposed to understand the

f [Rh
ldol condensation role of each component o

. Introduction

2-Methylpentenal and 2-methylpentanol are commercially
mportant chemicals that find application in pharmaceuticals, fra-
rances, flavors, cosmetics and as an intermediate for the synthesis
f various pharmacologically active compounds [1–3]. Commer-
ially, 2-methylpentenal and 2-methylpentanol are synthesized
y a process which involves hydroformylation, aldol condensa-
ion and hydrogenation reactions being carried out separately. In
he first step, propanal is produced by the hydroformylation of
thylene using rhodium-based catalyst [4,5]. The propanal pro-
uced undergoes aldol condensation in the presence of liquid base

ike KOH or NaOH used in stoichiometric amount in the second
tep [1–3]. Under optimum reaction conditions, 95% conversion
f propanal is achieved with 86% selectivity of 2-methylpentenal
sing a liquid base [1]. The third step involves hydrogenation of
-methylpentenal (obtained by the condensation of propanal) to 2-

ethylpentanol in a fixed bed reactor using nickel or copper based

atalyst [6,7]. The existing commercial process for the synthesis of
-methylpentenal/2-methylpentanol from propanal is multi-steps
rocess. Besides, this process has other drawbacks like the use of

∗ Corresponding author. Present address: R&D Centre, VMD, Reliance Industries
imited, Vadodara 391 346, Gujarat, India. Tel.: +91 265 6696313;
ax: +91 265 6693934.
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381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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-complex/HT-Act] catalyst for the formation of 2-methylpentanol.
© 2008 Elsevier B.V. All rights reserved.

KOH or NaOH in large stoichiometric amount, lower selectivity,
separation of spent KOH/NaOH from post-synthesis reaction mix-
ture, and disposal of spent liquid base. The alkali metal hydroxides
require large amount of water for the neutralization and wash-
ing after the completion of reaction. Replacement of currently
used homogeneous alkaline liquid by solid bases can result in the
reusability of the catalyst and the minimization of waste stream [8].
It is desirable to find solid bases catalysts which could substitute
liquid base and still possess the advantages of heterogeneous catal-
ysis, i.e., ease of separation of the products, decreased corrosion
of the reactor, and possible regeneration of the catalyst. Therefore,
research efforts are directed to develop a catalytic process, which
can produce 2-methylpentenal or 2-methylpentanol from ethylene
in single pot with high selectivity employing eco-friendly re-usable
catalyst (Scheme 1).

The potential of the ruthenium, palladium and copper con-
taining hydrotalcite as a bi-functional catalyst has been reported
in the literature for synthesis of methyl isobutyl ketone (MIBK)
from acetone, nitriles and 2-methyl-3-phenyl-propanal via con-
densation of benzaldehyde with propanal and hydrogenation of
condensed product in one pot [9–16]. In our earlier study, a
novel idea was conceptualized to integrate the hydroformylation

with aldol condensation and hydrogenation using an eco-friendly
multi-functional catalyst prepared by impregnation and mechani-
cal mixing of HRh(CO)(PPh3)3 on the surface of a solid base catalyst,
as-synthesized hydrotalcite for one pot synthesis of C8 aldehydes
and alcohol from propylene [17–20]. This catalyst showed excellent

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:rakshvir.jasra@ril.com
dx.doi.org/10.1016/j.molcata.2008.11.004
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cheme 1. Single pot synthesis of 2-methylpentenal and 2-methylpentanol from
thylene using [Rh-complex/HT-Act] as a multi-functional catalyst.

onversion of propylene and selectivity of C8 aldehydes/alcohol.
inetic study for the one pot synthesis of C8 aldehydes and alcohol

rom propylene suggested that the overall rate of reaction depends
n the aldol condensation step. If the rate of aldol condensation
s higher, then the hydrogenation of hydroformylation products
butanal to butanol) could be suppressed. Therefore, in order to
elect highly active solid base catalyst for aldol condensation step
arious alkali ion-exchanged zeolites, modified synthetic talc, alu-
ina, alkali impregnated alumina, as-synthesized and activated

ydrotalcite of varied Mg/Al molar ratio were used as catalysts in
separate study by selecting propanal as a model reactant [21,22].
he activated hydrotalcite samples were observed to be more active
olid base catalyst among all the studied catalysts. Higher conver-
ion of propanal and selectivity of 2-methylpentenal was found
sing activated hydrotalcite of Mg/Al molar ratio of 3.5 as a cat-
lyst due to higher basicity of hydrotalcite on its activation at
50 ◦C. Therefore, in the present study we have chosen activated
ydrotalcite of varied Mg/Al molar ratio as a base component of
he multi-functional catalyst. The multi-functional catalyst [Rh-
omplex/HT-Act] was synthesized by impregnation of a rhodium
omplex, HRh(CO)(PPh3)3 [Rh-complex], on the surface of activated
ydrotalcite [HT-Act] and used as a catalyst for single pot synthesis
f 2-methylpentanol from ethylene.

. Experimental

.1. Materials

Ethylene (99.6%), hydrogen (99.999%) and carbon monoxide
99.99%) were procured from Alchemie Gases and Chemicals Private
imited, India. Triphenylphosphine (PPh3; 99%), rhodium metal
recursor (RhCl3·3H2O; 99.99%), formaldehyde (HCHO) and sodium
orohydride (NaBH4; 99%) were purchased from Sigma–Aldrich,
SA. Magnesium nitrate (Mg(NO3)2·6H2O; 98.9%), aluminum
itrate (Al(NO3)3·9H2O; 99.1%), sodium carbonate (Na2CO3; 99.9%),
odium hydroxide (NaOH; 99.9%), toluene (99.9%) were purchased
rom s.d. Fine Chemicals Ltd., Mumbai, India. The double distilled

illi-pore de-ionized water was used for the synthesis of catalyst.

.2. Catalyst synthesis

.2.1. Synthesis of Rh-complex
A solution of RhCl3·3H2O (7.6 mmol) in ethanol (70 ml) was

dded to a refluxing solution of triphenylphosphine (46.0 mmol)
n 300 ml ethanol [23]. After 2 min, 10 ml solution of aqueous
ormaldehyde was added drop wise and color of the mix-
ure was changed to yellow which indicates the formation of
rans-RhCl(CO)(PPh ) . Addition of ethanolic solution of sodium
3 2
orohydride (2.0 g) into this hot mixture yielded yellow crystals
f HRhCO(PPh3)3 [Rh-complex]. The yellow crystals were washed
rst with ethanol followed by diethyl ether to remove un-reacted
hodium metal and triphenylphosphine. Then the Rh-complex was
ried in vacuum at room temperature for 8 h.
alysis A: Chemical 301 (2009) 31–38

2.2.2. Synthesis of [HT]
Hydrotalcite [HT] samples of varied Mg/Al molar ratio from 1.5 to

3.5 were synthesized by co-precipitation method [24]. Typically, for
the synthesis of hydrotalcite sample with Mg/Al molar ratio = 3.5, an
aqueous solution of Mg(NO3)2·6H2O (0.34 mol) and Al(NO3)3·9H2O
(0.0971 mol) in 200 ml double distilled deionized water was pre-
pared (solution A). A second solution (B; 200 ml) containing Na2CO3
(0.21 mol) was prepared in another beaker. Solution A was slowly
added to solution B in a round bottom flask of 1 l capacity under
vigorous stirring at room temperature in around 2 h. Constant pH
(9.5 ± 0.5) of the suspension was maintained by adding the 0.1 M
NaOH solution. The content was aged at 70 ◦C for 16 h under auto-
genous water vapor pressure. Precipitate formed was filtered and
washed with hot distilled water until pH of the filtrate was reached
to 7. The cake was dried in an oven at 80 ◦C for 14 h and ground
to convert into powder form. The [HT] samples of varied Mg/Al
molar ratios of 1.5–3.0 were synthesized as per above procedure
having appropriate moles of Mg(NO3)2·6H2O and Al(NO3)3·9H2O.
The activation (calcination) of [HT] samples of varied Mg/Al molar
ratio were carried out at 450 ◦C for 4 h in a muffle furnace and
thus activated samples are represented as [HT-Act]. The freshly
activated samples were used for the synthesis of multi-functional
[Rh-complex/HT-Act] catalyst.

2.2.3. Synthesis of [Rh-complex/HT-Act] catalyst
The [Rh-complex/HT-Act] catalyst was synthesized by dissolv-

ing 500 mg of Rh-complex and 1050 mg of triphenylphosphine into
a round bottom flask having 10 ml toluene as a solvent. Appropriate
amount of [HT-Act] (4 g) was added into the above solution at vig-
orous stirring under inert atmosphere. Slurry was stirred for 32 h at
room temperature under nitrogen atmosphere. After 32 h, toluene
was removed under vacuum and was a free-flowing light yellow
powder obtained. This powder was stored under vacuum and used
as a catalyst for synthesis of 2-methylpentanol from ethylene.

2.3. Characterization of catalyst

The 31P nuclear magnetic resonance (NMR) spectra of Rh-
complex and [Rh-complex/HT-Act] catalyst were measured using
Bruker Avance II-500 (FT-NMR-500 MHz) spectrometer.

Infrared (IR) spectra of Rh-complex, [HT], [HT-Act] and [Rh-
complex/HT-Act] catalyst were recorded with a PerkinElmer
Spectrum GX-Fourier transform infrared spectrometer (FT-IR) sys-
tem in the region of 400–4000 cm−1 using KBr pellets.

The powder X-ray diffraction (P-XRD) patterns of Rh-complex,
[HT], [HT-Act] and [Rh-complex/HT-Act] were recorded on a Philips
X’Pert MPD system equipped with XRK 900 reaction chamber, using
Ni-filtered Cu–K� radiation (� = 1.54056 Å) over a 2� range of 2–70◦.
The data were processed with Philips X’Pert (version 1.2) software.

Thermogravimetric analysis (TGA) of Rh-complex, [HT], [HT-
Act] and [Rh-complex/HT-Act] were carried out using a Met-
tler TGA/SDTA 851e equipment in flowing nitrogen (flow
rate = 50 ml/min) at a heating rate of 10 ◦C/min.

Surface area measurements of [HT-Act] and [Rh-complex/HT-
Act] were carried out using ASAP 2010 Micromeritics, USA.
The samples were activated at 80 ◦C for 4 h under vacuum
(5 × 10−2 mmHg) prior to N2 adsorption measurements. The spe-
cific surface area of the samples was calculated from N2 adsorption
isotherms measured at 77.4 K using Brunauer, Emmett, Teller (BET)
method.
2.4. Catalytic reaction

The synthesis of 2-methylpentanol from ethylene was carried
out in 100 ml EZE-Seal stirred reactor supplied by Autoclave Engi-
neers, USA. The desired amount of [Rh-complex/HT-Act] (HT-Act
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H2O and CO3
2−

. The low frequency region showed a band at about
506 cm−1, corresponding to the translation modes of hydroxyl
groups, influenced by Al3+ cations. The peak at the 693 cm−1 (�4) is
assigned to the in-plane carbonate bending [25].
S.K. Sharma et al. / Journal of Molecul

o Rh-complex ratio (by weight) = 8) was added into the auto-
lave reactor having 50 ml toluene as a solvent. The autoclave was
ushed with nitrogen prior to introducing ethylene at 10 atm. Car-
on monoxide (CO) and hydrogen (H2) were introduced in the
eactor up to 40 atm pressure. The reactor was brought to 50 ◦C (T1)
or hydroformylation of ethylene. The reaction was then initiated by
tarting the stirrer at 1000 rpm and kept at 50 ◦C for 3 h (t1) follow-
ng which, the reaction temperature was raised to T2

◦C for 9 h (t2) to
nitiate aldol condensation of propanal and hydrogenation of con-
ensed product. The reaction was continued at constant pressure
y supplying CO and H2 from the reservoir cylinders. After 12 h total
eaction time (t), the reactor was cooled to ambient temperature by
irculation of cold water in the coil provided inside the reactor. For
inetic studies liquid samples were withdrawn through a sampling
alve at desired time intervals during the course of experiments.

.5. Reaction product analysis

The analysis of product mixture was carried out by GC–MS (Shi-
adzu, GCMS-QP2010) and gas chromatography (GC) (Shimadzu

7A, Japan) equipped with 5% diphenyl and 95% dimethyl siloxane
niversal capillary column (60 m length and 0.25 mm diameter) and
flame ionization detector (FID). The GC oven temperature was pro-
rammed from 40 to 200 ◦C at the rate of 10 ◦C/min. Nitrogen gas
as used as a carrier gas. The temperatures of injection port and

ID were kept constant at 200 ◦C. The retention time of each com-
ound was determined by injecting pure compound under identical
C conditions. The conversion of ethylene and selectivity of formed
roducts were calculated by the reported methods [18,19]. Overall
onversion of ethylene was found to be in the range of 96–100%
xcept for the studies on the effect of partial pressure of ethylene
n the selectivity of 2-methylpentanol. To ensure the reproducibil-
ty of the reaction, repeated experiments were carried out under
dentical reaction conditions. The obtained results including con-
ersion and selectivity data were found to be reproducible in the
ange of ±5% variation.

. Results and discussion

.1. Characterization

31P NMR spectra of Rh-complex and [Rh-complex/HT-Act] are
hown in Fig. 1. Appearance of the doublet at 43.41 ppm [J(Rh-
) = 154 Hz] in 31P NMR spectrum of Rh-complex show that all the
hree phosphorous atoms are present in the equivalent environ-

ent and are in the equatorial position [23]. The hydride (H) and CO
nds axial positions showing trigonal bipyramidal structure in the
omplex. The %C and %H for the Rh-complex are; calculated (found):
C = 71.9 (71.6); %H = 5.0 (5.1). The 31P solid state NMR spectrum of
Rh-complex/HT-Act] catalyst shows two peaks at 41.42 and 52.79,
onfirming the impregnation of the Rh-complex on the surface of
HT-Act] without decomposition.

Formation of Rh-complex was also confirmed by the appearance
f bands at 2037 cm−1 for � (Rh-H) and 1964 cm−1 for � (C O) in
he FT-IR spectrum of the Rh-complex (Fig. 2). The FT-IR spectra
f [HT] and [HT-Act] matched well with the reported spectra in
he literature which confirmed the formation of hydrotalcite [24].
he absorption band at 3442 cm−1 in the FT-IR spectrum of [Rh-
omplex/HT-Act] catalyst is attributed to the H-bonding stretching
ibrations of the OH group in the brucite-like layer. Slightly shift

n the bands at about 2037 cm−1 for � (Rh-H) and 1964 cm−1 for

(C O) was observed in the FT-IR spectrum of [Rh-complex/HT-
ct] catalyst, again showed that the Rh-complex impregnated on
he surface of [HT–Act] without decomposition. Appearance of the
houlders at 1645 and 1370 cm−1 are the characteristic bands of
Fig. 1. (a) 31P NMR of Rh-complex in C6D6 and (b) solid state 31P NMR of [Rh-
complex/HT-Act].
Fig. 2. FT-IR of Rh-complex, [HT], [HT-Act] and [Rh-complex/HT-Act].
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ig. 3. P-XRD of Rh-complex, [HT], [HT-Act], [Rh-complex/HT-Act] and used [Rh-
omplex/HT-Act].

P-XRD patterns of [HT] showed sharp, intense and symmetric
eaks at lower diffraction angles (2� = 10–25) and broad asymmet-
ic reflections at higher diffraction angles (2� = 30–50), which are
haracteristics of hydrotalcite (Fig. 3) [24]. The P-XRD patterns of
HT-Act] consist of broadened peaks that can be assigned to a mixed
xide phase Mg(Al)Ox, with diffraction lines at values very similar
o that of MgO. The sharp peaks at 2� = 8.5 and 20 were observed
n the P-XRD pattern of the P-XRD pattern of the Rh-complex and

ere present in the P-XRD pattern of [Rh-complex/HT-Act] cata-
yst. The P-XRD patterns of [Rh-complex/HT-Act] catalyst showed
hat the characteristic original planes of [HT-Act] are retained after
mpregnation of Rh-complex.

TGA data of Rh-complex, [HT], [HT-Act] and [Rh-complex/HT-
ct] are shown in Fig. 4. Two stages of weight loss accompanied by
n endothermal transformation were observed in the TGA of [HT].
he 16% weight loss was observed in the first stage between 160
nd 220 ◦C due to the loss of physically adsorbed water molecules,
ithout collapse of the structure. The second weight loss (28%) was

bserved in the temperature range of 300–450 ◦C and is attributed
o the removal of condensed water molecules (hydroxyl group) and
arbon dioxide from the carbonate anion present in the interlayer
pace of [HT]. The activated hydrotalcite [HT-Act] showed only 5%
eight loss in the entire temperature range. The major weight loss

63%) of Rh-complex was observed in the temperature range of
00–360 ◦C due to thermal decomposition of the Rh-complex. Only
% weight loss of the [Rh-complex/HT-Act] catalyst was observed

n temperature range of 200–220 ◦C and increased up to 32% on
ncreasing the temperature from 250 to 570 ◦C. The major weight
oss in the second stage is due to the thermal decomposition of

he Rh-complex from [Rh-complex/HT-Act] catalyst. The TGA data
hows that the [Rh-complex/HT-Act] can be used as a catalyst up to
00 ◦C reaction temperature without thermal decomposition.

Fig. 4. TGA of Rh-complex, [HT], [HT-Act] and [Rh-complex/HT-Act].
Scheme 2. Reaction pathway for the synthesis of 2-methylpentanol from ethylene
in one pot.

Surface area of [HT-Act] was calculated as 197 m2/g that
decreased to 144 m2/g after impregnation of Rh-complex on the
surface of [HT-Act]. The decrease in the surface area of [Rh-
complex/HT-Act] is due to the coverage of the pores and external
surface of hydrotalcite by the lower surface area [HF] complex on
impregnation.

3.2. Reaction pathways for the synthesis of 2-methylpentanol
from ethylene in one pot

Before discussion of the obtained results, it is worth-
while to understand the function of each constituent of the
[Rh-complex/HT-Act] catalyst involved in the production of 2-
methylpentanol from ethylene (Scheme 2). The reaction is initiated
by the hydroformylation of ethylene to form propanal (I) cat-
alyzed by Rh-complex of [Rh-complex/HT-Act] catalyst at 50 ◦C.
Then two molecules of (I) undergo condensation step to give 3-
hydroxy-2-methylpentanal (II) catalyzed by [HT-Act] component
of multi-functional catalyst and subsequently after removal of
water molecule gave 2-methylpentenal (III). Reaction temperature
for condensation step should be more than 100 ◦C to obtained
excellent selectivity of 2-methylpentanol [21]. The Rh-complex of
the catalyst also plays important role for hydrogenation of (III)
to 2-methylpentanal (IV) and of (IV) to 2-methylpentanol (V).
This hydrogenation step requires two hydrogen molecules and the
reaction temperature similar to the condensation step. Thus, the
Rh-complex of [Rh-complex/HT-Act] system catalyzes three reac-
tions namely, hydroformylation, double bond (C C) hydrogenation
and (C O) carbonyl hydrogenation during the one step prepara-
tion of 2-methylpentanol from ethylene. However, possibility of
side reactions involved in the present studied conditions cannot
be ignored. The most probable side reaction is the reduction of
propanal to the propanol (VI) under the reaction conditions sim-
ilar to the condensation step. The Rh-complex is efficient for the
reduction of propanal in the presence of hydrogen. Potential of
Rh-complex for hydrogenation of propanal was again confirmed
by performing a separate experiment. Hence, in order to avoid this
competitive side reaction, the amount and basicity of [HT-Act] com-
ponent of [Rh-complex/HT-Act] catalyst must be sufficient enough

to divert the reaction pathway in the direction of aldol condensation
of propanal rather than hydrogenation of propanal. The conden-
sation temperature (T2) and reaction conditions also played an
important role for the diversion of reaction pathway from hydro-
genation of propanal to condensation of propanal.
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Table 1
Effect of T2 (aldol temperature) on the selectivity of 2-methylpentenal and 2-methylpentanol.

Run T2, ◦C % selectivitya

2-Methylpentanol 2-Methylpentenal Propanal Propanol 3-Pentanone

1 60 0 46 49 0 5
2 80 2 52 40 0 6
3 100 8 54 25 5 8
4 130 79 0 4 7 10
5
6

Act] =

3

s
c
c
a
[
r
w

3

f
(
c
e
f
f
a
o
i
i
d
r
a
H
w
l
m
p
t
p
i
t
t
o
h
t
l
h
a
t
f

3

c
w
r
2
o
t

the observed results, the Rh-complex was impregnated on MgO
[MgO to Rh-complex ratio (by weight) = 8], which is known as a
strong base catalyst as compared to activated hydrotalcite. The
obtained Rh-complex/MgO was used as a multi-functional cata-
lyst for one pot synthesis of 2-methylpentanol from ethylene under

Table 2
Effect of Mg/Al molar ratio of [HT-Act] on the selectivity of 2-methylpentanol.

Run Mg/Al molar ratio % selectivitya

2-Methylpentanol Propanal Propanol 3-Pentanone

1 1.5 56 6 27 11
2 2.0 65 5 20 10
3 2.5 68 6 16 10
4 3.0 72 6 11 11
5 3.5 79 4 7 10
6b 3.5 62 14 12 12
7c – 86 1 5 8
150 64 0
180 55 0

a Reaction conditions: Ethylene = 10 atm, CO = 5 atm, H2 = 15 atm, [Rh-complex/HT-

.3. Catalytic activity of [Rh-complex/HT-Act] catalyst

In order to optimize the reaction parameters for one step synthe-
is of 2-methylpentanol from ethylene using [Rh-complex/HT-Act]
atalyst, the experiments were carried out by varying the aldol
ondensation temperature (T2) at a fixed hydroformylation temper-
ture (T1). The effect of Mg/Al molar ratio of [HT-Act] at constant
HT-Act]/Rh-complex ratio (8), partial pressure of ethylene, CO:H2
atio and nature of solvents on the selectivity of 2-methylpentanol
as studied in detail by varying one variable at a time.

.3.1. Effect of aldol condensation temperature (T2)
The condensation of propanal, which takes place after hydro-

ormylation reaction (Scheme 2), is influenced by the temperature
T2). Experiments were conducted by varying T2 from 60 to 180 ◦C at
onstant Mg/Al molar ratio of [HT-Act] 3.5 (Table 1). The significant
ffect on the conversion of ethylene was not observed, there-
ore, the results are explained in terms of selectivity of products
ormed. The lower selectivity of 2-methylpentanol was observed
t lower T2, which increased on increasing the T2. The selectivity
f 2-methylpentanol was observed to increase from 0 to 79% on
ncreasing the T2 from 60 to 130 ◦C. However, on further increas-
ng the T2, the selectivity of 2-methylpentanol was observed to
ecrease to 55%. The lower selectivity of 2-methylpentanol in the T2
ange of 60–100 ◦C indicates that this temperature range is not suit-
ble for hydrogenation of 2-methylpentenal to 2-methylpentanol.
owever, significant selectivity of 2-methylpentenal was observed,
hich shows that the condensation of propanal occurred at

ower temperature also. The observed lower selectivity of 2-
ethylpentanol at higher T2 is due to the higher selectivity of

ropanol via hydrogenation of propanal. At higher T2, hydrogena-
ion reaction is predominant as compared to the condensation of
ropanal. As the T2 increased from the 60–180 ◦C, the selectiv-

ty of propanal was also observed to decrease which is attributed
o the consumption of propanal for condensation and hydrogena-
ion reactions. Similar trends in the selectivity of products were
bserved in our earlier reports for the one pot synthesis of C8 alde-
ydes and alcohol from propylene [18,19]. As the effect of T1 on
he ethylene hydroformylation reaction is well documented in the
iterature [4,5], therefore, we have not studied this effect on the
ydroformylation of ethylene in the present manuscript. The 130 ◦C
ldol temperature was selected as T2 for further study on optimiza-
ion of reaction parameters for the synthesis of 2-methylpentanol
rom ethylene in one pot.

.3.2. Effect of Mg/Al molar ratio of [HT-Act]
The effect of Mg/Al molar ratio of [HT-Act] in the [Rh-

omplex/HT-Act] catalyst on the selectivity of 2-methylpentanol

as studied by varying the ratio from 1.5 to 3.5 and the cor-

esponding results are depicted in Table 2. The selectivity of
-methylpentanol increased on increasing the Mg/Al molar ratio
f [HT-Act]. The 56% selectivity of 2-methylpentanol obtained at
he ratio of 1.5 was found to increase significantly up to 79% on
0 23 13
0 28 17

700 mg, T1 = 50 ◦C, t1 = 3 h and t2 = 9 h.

increasing the Mg/Al molar ratio to 3.5. At lower Mg/Al molar
ratio, higher selectivity of propanol was observed. The selectivity
of propanol was found to be 27% at Mg/Al = 1.5, which decreased to
7% on increasing the Mg/Al molar ratio to 3.5. The significant effect
on the selectivity of propanal and 3-pentanone were not observed
in the studied Mg/Al molar ratio.

The increase in the selectivity of 2-methylpentanol with increas-
ing Mg/Al molar ratio of hydrotalcite is explained in terms of the
increased basicity of [HT-Act] which enhances the aldol condensa-
tion reaction. Basicity of the hydrotalcite can be tuned by increasing
the Mg/Al molar ratio or activation at appropriate temperature.
The basicity of the [HT-Act] is mainly due to their O2− (Lewis
basicity) and hydroxyl groups (Brønsted basicity; small amount)
present in it. The increment of Mg-content in the [HT] increases the
basic character of the hydrotalcite, which results into the increase
of 2-methylpentanol selectivity. Higher selectivity of aldol deriva-
tives was observed in the present study using [Rh-complex/HT-Act]
catalyst as compared to the results reported earlier on the use
of [HF/HT] as a multi-functional catalyst for one pot synthesis of
C8 aldol derivatives from propylene [19]. The higher selectivity
of corresponding alcohol in the present report might be due to
the enhanced basicity of the activated hydrotalcite as compared
to the as-synthesized hydrotalcite in previous study along with
the size of the reactants and products molecules. For the con-
firmation of enhanced basicity, we have carried out a reaction
for the synthesis of 2-methylpentanol from ethylene in one pot
using the multi-functional catalyst [HF/HT] reported earlier [19].
The selectivity of 2-methylpentanol was observed to 62% with
12% selectivity of propanol. The 14% propanal was still un-reacted
using [HF/HT] catalyst system. These results clearly show that the
[Rh-complex/HT-Act] catalyst is more active as compared to the
[HF/HT] catalyst for the one pot synthesis reactions. To compare
a Reaction conditions: Ethylene = 10 atm, CO = 5 atm, H2 = 15, [Rh-complex/HT-
Act] = 700 mg, T1 = 50 ◦C, t1 = 3 h, T2 = 130 ◦C and t2 = 9 h.

b [HF/HT] catalyst presented in Ref. [19].
c Rh-complex was impregnated on MgO (MgO to Rh-complex ratio = 8 (by

weight)).
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Table 3
Effect of partial pressure of ethylene on the selectivity of 2-methylpentanol.

Run Pethy (atm) % conversion % selectivitya

2-Methylpentanol Propanal Propanol 3-Pentanone

1 3 100 45 10 38 7
2 5 100 55 20 20 5
3 7 100 61 14 18 7
4 10 99 79 4 7 10
5 14 95 71 5 13 11
6 17 89 67 6 15 12
7 20 80 64 5 20 11

a Reaction conditions: CO = 5 atm, H2 = 15 atm, [Rh-complex/HT-Act] = 700 mg, T1 = 50 ◦C, t1 = 3 h, T2 = 130 ◦C and t2 = 9 h.

Table 4
Effect of CO to H2 ratio on the selectivity of 2-methylpentenal and 2-methylpentanol.

Run pCO:H2 % selectivitya

2-Methylpentanol 2-Methylpentenal/2-methylpentanal Propanal Propanol 3-Pentanone

1 1:1 24 51 12 6 7
2 1:2 40 35 10 8 7
3 1:3 79 – 4 7 10
4
5
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The spent [Rh-complex/HT-Act] catalyst after completion of
reaction was filtered and washed with 100 ml toluene and dried
in vacuum for 12 h. Then the material was used as catalyst for
the one pot synthesis of 2-methylpentanol from ethylene in one
pot and the results are shown in Table 6. The significant drop in

Table 5
Effect of solvent on the selectivity of 2-methylpentanol.

Solvent % selectivitya

2-Methylpentanol Propanal Propanol 3–Pentanone

Methanol 86 2 2 10
n-Butanol 83 3 4 10
1:4 62 –
1:5 50 –

a Reaction conditions: Ethylene = 10 atm, pCO+H2 = 30 atm, [Rh-complex/HT-Act] =

dentical reaction conditions reported in Table 2. The selectivity
f 2-methylpentanol was observed to 86% with 5% selectivity of
ropanol via hydrogenation of propanal. The selectivity of propanal
nd 3-pentanone were also observed to decrease. These results
learly showed that the increase in the basicity of multi-functional
atalyst enhanced the selectivity of condensation products. A con-
rol experiment was also carried out by taking 30 mg Rh-complex
nd 700 mg [HT-Act] separately (without impregnation) into 50 ml
oluene as a solvent and this mixture used for reaction under
he identical conditions used for [Rh-complex/HT-Act] catalyst.
fter 12 h reaction time, 84% selectivity of 2-methylpentanol was
bserved which is higher than the observed selectivity (79%) using
mpregnated [Rh-complex/HT-Act] catalyst. The higher selectivity
f 2-methylpentanol in a controlled experiment is due to—(i) Rh-
omplex is in homogeneous condition (soluble in toluene) and (ii)
vailability of all active basic sites of [HT-Act] for condensation
eaction (since there is no Rh-complex impregnation, so all site of
HT-Act] are accessible for condensation reaction).

.3.3. Effect of partial pressure of ethylene
The effect of partial pressure of ethylene on the selectivity of

-methylpentanol was studied by varying the pressure from 3 to
0 atm at 130 aldol temperature (T2) by taking [HT-Act] of Mg/Al
olar ratio 3.5 as a solid base constituent of multi-functional cat-

lyst (Table 3). As the partial pressure of ethylene increased, the
onversion of ethylene was observed to decrease. The conversion
f ethylene was calculated as 100% at 3 atm which decreased to 80%
t 20 atm pressure of ethylene. The selectivity of 2-methylpentanol
as observed to increase up to 79% at 10 atm that decreased to 64%

t 20 atm. The 38% selectivity of propanol was found when partial
ressure of ethylene was 3 atm.

.3.4. Effect of CO:H2 ratio
The effect of CO to H2 ratio (partial pressures) on the selec-

ivity of aldol derivatives was studied by varying the ratio
rom 1:1 to 1:5 at constant pressure of pCO+H2 = 30 atm using

Rh-complex/HT-Act] catalyst (Table 4). The lower selectivity of 2-

ethylpentanol was observed at lower CO:H2 ratio. For example,
n increasing the CO:H2 ratio from 1:1 to 1:3, the selectivity of 2-
ethylpentanol increased from 24 to 79%. However, at 1:1 and 1:2

O:H2 ratio, formation of 2-methylpentanal and 2-methylpentenal
4 18 16
3 30 17

g, T1 = 50 ◦C, t1 = 3 h, T2 = 130 ◦C and t2 = 9 h.

were observed due to insufficient hydrogen for hydrogenation
of 2-methylpentenal to 2-methylpentanol in the studied reac-
tion conditions. On further increase in the CO:H2 ratio from 1:3
to 1:5, the selectivity of 2-methylpentanol decreased from 79
to 50%. The decrease in the selectivity of 2-methylpentanol at
higher CO:H2 ratio (above 1:3) is due to presence of excess hydro-
gen which assist the another side reaction, i.e., hydrogenation of
propanal to propanol. On increasing the CO:H2 ratio, the selectivity
of 3-pentanone and propanol was observed to increase signifi-
cantly. From these experiments, 1:3 is the optimum CO:H2 ratio
to obtained maximum selectivity of 2-methylpentanol.

3.3.5. Effect of solvent
The effect of the nature of solvents used for single pot syn-

thesis of 2-methylpentanol from ethylene is presented in Table 5.
Polar solvents like, methanol and n-butanol showed slightly higher
selectivity for 2-methylpentanol as compared to non-polar solvent
toluene. The selectivity of 2-methylpentanol was observed to be
86% for methanol as a solvent which decreased to 79% for toluene as
a solvent. For n-hexane, selectivity of 2-methylpentanol was found
to be 60%. Higher selectivity in case of polar solvents is attributed
to the higher solubility of CO, H2 and ethylene.

3.3.6. Reusability of [Rh-complex/HT-Act] catalyst
Toluene 79 4 7 10
Benzene 74 6 8 12
n-Hexane 60 16 10 14

a Reaction conditions: Ethylene = 10 atm, CO = 5 atm, H2 = 15 atm, [Rh-complex/HT-
Act] = 700 mg, T1 = 50 ◦C, t1 = 3 h, T2 = 130 ◦C and t2 = 9 h.
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Table 6
Reusability of [Rh-complex/HT-Act] catalyst.

Cycles % conversion % selectivitya

2-Methylpentanol Propanal Propanol 3-Pentanone

First 99 79 4 7 10
Second 98 66 13 7 14
Third 94 57 20 15 8
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observed in case of single pot synthesis of 2-methylpentanol from
ourth 87 34 24 33 9

a Reaction conditions: Ethylene = 10 atm, CO = 5 atm, H2 = 15 atm, T1 = 50 ◦C, t1 = 3 h,
2 = 130 ◦C and t2 = 9 h.

he conversion of ethylene was not observed up to third cycles
nd decreased to 87% in the fourth cycle. The selectivity of aldol
erivatives gradually decreased in each cycle of reusability. The
electivity of 2-methylpentanol decreased from 79 to 34% at the
nd of fourth cycle. This indicates the deactivation of basic com-
onent [HT-Act] of [Rh-complex/HT-Act] catalyst, which is used
or condensation of propanal. Therefore, the reaction is forwarding
owards hydrogenation of propanal rather than the condensation
tep. This is also confirmed by the observed higher selectivity of
ropanal and propanol at the end of each cycle. The decrease in
he conversion of ethylene at fourth cycle also indicates that the
eaching or deactivation of Rh-complex from [Rh-complex/HT-Act]
atalyst. These results clearly suggest that the [Rh-complex/HT-Act]
atalyst is active for hydroformylation and hydrogenation reactions
p to third cycle, but activity decreased significantly for the aldol
ondensation of propanal.

.4. Reaction kinetic profile

In order to have an insight into the kinetic profile and rates
f the products formed during the synthesis of 2-methylpentanol,
hich could provide significant information for the stages of the

ormation of various products with time and to understand the
eaction pathways, time dependent experiments were conducted
ith the catalyst systems [Rh-complex/HT-Act] at 130 ◦C, the tem-
erature at which maximum selectivity for 2-methylpentanol was
btained. The kinetic profile of the products formation during
he synthesis of 2-methylpentanol in one pot gives significant
nformation with respect to time to understand the actual reac-
ion pathway for the formation of various products at different
tages. The hydroformylation of ethylene catalyzed by Rh-complex

f [Rh-complex/HT-Act] catalyst was completed in 3 h and max-
mum formation of propanal takes place up to 2 h (Fig. 5).
imultaneously, formation of 2-methylpentenal was also observed
y aldol condensation of propanal at 50 ◦C catalyzed by [HT-

ig. 5. Effect of reaction time on the formation of products during synthesis of 2-
ethylpentanol from ethylene in one pot using [Rh-complex/HT-Act] as a catalyst.
alysis A: Chemical 301 (2009) 31–38 37

Act] component of multi-functional catalyst. After 3 h, reaction
temperature was increased from 50 to 130 ◦C. Formation of 2-
methylpentanol was started after 4 h and increased gradually.
Linear increase in the selectivity of 2-methylpentanol after 6 h
was observed which indicates that the condensation and hydro-
genation of condensed product is faster during this reaction time
period. The selectivity of 2-methylpentenal was also increased
on increasing the reaction temperature, which indicates faster
aldol condensation reaction at higher temperature. Linear decrease
in the selectivity of propanal was observed due to its contin-
uous consumption for condensation reaction. As the reaction
time increased, selectivity of 2-methylpentanol increased con-
tinuously up to 12 h, with decrease in the selectivity of the
2-methylpentenal, due to the simultaneous consumption of the
2-methylpentenal into 2-methylpentanol. Almost complete con-
sumption of 2-methylpentenal for 2-methylpentanol was observed
within 10 h via hydrogenation reaction catalyzed by Rh-complex of
multi-functional catalyst. Significant changes in the selectivity of
3-pentanone was not observed throughout the reaction. The for-
mation of propanol was also observed after 7 h via hydrogenation
of propanal.

From the comparison point of view, the rate of reaction was
calculated for hydroformylation of ethylene, aldol condensation
of n-propanal and hydrogenation of 2-methylpentenal by con-
ducting experiments separately taking ethylene, n-propanal and
2-methylpentenal as a reactant under reaction conditions identi-
cal to those used for one pot synthesis of 2-methylpentanol from
ethylene (Table 7). The rate of reaction for hydroformylation of
ethylene, aldol condensation of n-propanal and hydrogenation of
2-methylpentenal were found to be 16.4 × 10−2, 9.8 × 10−2 and
5.2 × 10−2 M/h, respectively, when the all three reactions were per-
formed separately in the reaction conditions similar to those of one
pot synthesis of 2-methylpentanol. The rate of reaction for ethylene
hydroformylation was found to be 14.3 × 10−2 and 5.1 × 10−2 M/h
for the formation of 2-methylpentanol in the single pot synthe-
sis of 2-methylpentanol from ethylene using [Rh-complex/HT-Act]
as a catalyst. The rate of condensation reaction was calculated as
4.8 × 10−2 M/h due to the basic solid component (activated hydro-
talcite) of the multi-functional catalyst. The higher rate of reaction
for the hydrogenation reaction as compared to the aldol conden-
sation step showed the faster hydrogenation of 2-methylpentenal
to achieve higher selectivity. Generally, lower reaction rate were
ethylene using [HF/HT-Act] catalyst as compared to the separate
reaction performed by taking individual reactants shows the com-
plexity of the reaction for various subsequent reactions and side

Table 7
Rate of individual reactions involved for one pot synthesis of 2-methylpentanol from
ethylene using [Rh-complex/HT-Act] as a catalyst.

Run Catalyst Reactiona Rate × 102 M/h

1 [Rh-complex/HT-Act]b Hydroformylation 16.4
2 [Rh-complex/HT-Act]c Hydrogenation f 9.8
3 [Rh-complex/HT-Act]d Aldol condensation 5.2

4 [Rh-complex F/HT-Act]e Hydroformylation 14.3
Aldol condensation 4.8
Hydrogenationf 5.1
Hydrogenationg 0.7

a Reaction conditions: Ethylene = 10 atm, CO = 5 atm, H2 = 15 atm.
b [Rh-complex/HT-Act] catalyst = 700 mg, T1 = 50 ◦C for 3 h.
c [Rh-complex/HT-Act] catalyst = 700 mg, 2-methylpentenal = 0.4 M, T2 = 130 ◦C

for 9 h.
d [Rh-complex/HT-Act] = 700 mg, n-propanal = 0.4 M, T2 = 130 ◦C for 9 h.
e [Rh-complex/HT-Act] = 700 mg, T1 = 50 ◦C for 3 h, T2 = 130 ◦C for 9 h.
f Formation of 2-methylpentanol.
g Rate for formation of propanol.
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eactions in the one pot. However, significant difference in the rate
f reaction was not observed for the hydroformylation of propylene
nd aldol condensation of n-butanol steps in one pot reaction as
ompared to the separate reaction performed by taking individual
eactants using [HF/HT-Act] catalyst.

. Conclusions

Multi-functional catalyst [Rh-complex/HT-Act] was synthesized
y impregnation of Rh-complex on the surface of [HT-Act] of
aried Mg/Al molar ratio and its multi-functional potential was
valuated for single pot selective synthesis of 2-methylpentanol
rom ethylene. 31P NMR spectrum of [Rh-complex/HT-Act] cata-
yst showed that the [Rh-complex] was impregnated on [HT-Act]

ithout decomposition. The Mg/Al ratio of [HT], aldol condensa-
ion temperature T2, CO:H2 ratio and partial pressure of ethylene
howed pronounced effect on the selectivity of 2-methylpentanol.
s the Mg/Al molar ratio of [HT-Act] increased from 1.5 to 3.5,

he selectivity for 2-methylpentanol also increased from 56 to 79%
ue to the enhancement in the basicity of catalyst. The selectivity
f 2-methylpentanol was observed to increase from 0 to 79% on
ncreasing the aldol temperature (T2) from 60 to 130 ◦C. On further
ncrease in the T2 up to 180 ◦C, the selectivity of 2-methylpentanol
ecreased to 55% due to the hydrogenation of propanal to propanol.
s the partial pressure of ethylene was increased up to 10 atm, the
electivity of 2-methylpentanol was observed to increase. The polar
olvents showed higher selectivity of 2-methylpentanol as com-
ared to non-polar solvents. The [Rh-complex/HT-Act] catalyst is
eusable for hydroformylation and hydrogenation reactions even
t the end of third cycle, but not active for the aldol condensation
f propanal. The reaction pathway and role of each component of
ulti-functional catalyst [Rh-complex/HT-Act] for the synthesis of

-methylpentanol is discussed with the help of the kinetic profile
f the reaction with time.
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