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Abstract

Hydroformylation of 1,4-diacetoxy-butene using homogeneous HRh(COjjp@4dtalyst was investigated with the aim to
understand product distribution, selectivity and intrinsic kinetics. The effect of HRh(COy)ddid 1,4-diacetoxy-2-butene
(DAB) concentrations, and CO ang Hartial pressures on the concentration versus time profiles was studied over atemperature
range of 338—358 K. The activity and selectivity of a tethered Rh-complex catalyst on Na-Y zeolite support and a water-soluble
Rh-TPPTS catalystin a two-phase system were also studied and the performance was compared with the homogeneous catalys
It was observed that both the tethered and biphasic catalysts were highly stable during recycle, though the activity of these
catalysts was lower than the homogeneous catalyst. Rate equations have been proposed for both the hydroformylation and
deacetoxylation steps. The activation energies were found to be 75.24 and 108.9 kJ/mol, respectively.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tain 1,4-diacetoxy-2-formyl butane (DAFB), which is
an intermediate in synthesis of Vitamin A acetptp
Hydroformylation of substituted olefins is gaining BASF and Hoffmann—La Roche have developed pro-
considerable attention in catalytic synthesis of several cesses for Vitamin A based on hydroformylation us-
complex organic intermediates with applications in ing rhodium complex catalyst as the key s{&g5].
fine chemicals, pharmaceuticals and specialty chem- In the BASF proces$5], 1,4-diacetoxy-2-butene is
icals [1,2]. The application of hydroformylation in  first isomerised to 1,2-diacetoxy-3-butene and hydro-
organic synthesis is highly promising as it provides formylated using unmodified rhodium catalyst, to give
a clean catalytic route with high atom efficiency to high yield of the desired branched aldehyde product
substitute the conventional reagent based synthesisat 150atm and 348K. In the Hoffmann-La Roche
[3]. An important example of this class is the hydro- procesd6], 1,4-diacetoxy-2-butene is directly hydro-
formylation of 1,4-diacetoxy-2-butene (DAB) to ob- formylated using the phosphine modified rhodium cat-
alyst to form 77% of 1,4-diacetoxy-2-formyl butane.
mpondmg author. Tels91-20-589-3163: In none of the pr_evi_ous_reports, dgt_ailed in_ves_tiggtiqns
fax: +91-20-589-3260. on the product distribution, selectivity and intrinsic ki-
E-mail address: rve@ems.ncl.res.in (R.V. Chaudhari) netics of the reaction have been reported. The products
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Nomenclature Matheson Gas, USA) were used directly from cylin-
ders. The syn-gas mixture (fH CO) with 1:1 ratio)
[CO] concentration of dissolved CO in was prepared by mixing Hand CO in a reservoir
the liquid phase (kmol/f) vessel. The solvent, toluene was obtained from Merck
Co catalyst concentration (kmolfn and was freshly distilled and dried prior to use.
C1 DAB concentration (kmol/rf)
Cio DAB concentration at 2.2. Experimental setup and procedure
t = 0kmol/n?
C DAFB concentration (kmol/) All the hydroformylation experiments were carried
Cs FAB concentration (kmol/) out in a 50 ml capacity stirred pressure reactor, sup-
[H] concentration of dissolved Hin the plied by Parr Instrument, USA, the details of which
liquid phase (kmol/rf) alongwith procedure for hydroformylation experi-
k1 rate constant for hydroformylation ments was similar to that described previougly].
(kmol/(m® s)) The analysis of reactants and products was carried out
ko rate constant for deacetoxylation by a gas chromatographic method on a 5% phenyl-
(kmol/(m? s)) methyl siloxane capillary column. For this purpose,
K1, Ko, HP 6890 gas chromatograph was used. The aldehyde
Ks, K4 equilibrium constants for reactions products, DAFB and FAB were identified bjH
(7), (8), (10), and (11) NMR (Hitachi Perkin-Elmer 200 and 300 MHz NMR
T temperature (K) spectrometers) and FT-IR (Bio-Rad Spectrometer).
The compounds were further confirmed by GC-MS.

being non-volatile and unstable, their separation also
poses a serious challenge. Therefore, investigations of3, Results and discussion
homogeneous as well as heterogenized homogeneous
catalysts would be worthwhile. The aim of this paper 3.1. Product distribution and selectivity
is to report a systematic study on the product identi-
fication, selectivity behavior and intrinsic kinetics of Scheme Tpresents the stoichiometric reactions in-
hydroformylation of 1,4-diacetoxy-2-butene using ho- \qved in hydroformylation of DAB.
mogeneous HRh(CO)(PE) catalyst. The knowledge It is well known that the functional groups in
of kinetics and development of rate equations is im- gpstrates influence the hydroformylation reaction
portant in understanding the mechanistic features of through changes in the double bond polarization
such complex reactions and hence rate equations have,ng facilitate secondary organic reactions such as
been proposed and kinetic parameters estimated.  |ol-condensations and decomposition of primary
hydroformylation product$12]. Therefore, in a few
preliminary experiments, the product identification
and material balance was examined first using a ho-
mogeneous HRh(CO)(PBJ catalyst. The major
products formed were DAFB and FAB, the latter
being due to elimination of acetic acid from DAFB.
Rhodium trichloride, RhGI3H20 (Arora Matthey, Similar observations have been reported during hydro-
India), triphenyl phosphine (Merck) was used as formylation of vinyl acetatd1?2]. The two products,
received without further purification. The sub- DAFB and FAB are very high boiling oils and are
strate, 1,4-diacetoxy-2-buterjé], and the catalysts, difficult to separate, as they are prone to decompose
HRh(CO)(PPB)3 [8], [Rh(COD)CI} [9] and tethered  during distillation. These products were separated by
HRh(CO)(PPB)3 on Na-Y zeolite10] were prepared  column chromatography to obtain pure fractions and
by the literature procedures. Hydrogen (Indian Oxy- characterized byH NMR, IR and GC-MS. Typical
gen, Bombay) and carbon monoxide (>99.8% pure, concentration—time profiles are shown kigs. 1-3

2. Experimental

2.1. Materials
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Scheme 1. Stoichiometric reactions involved in hydroformylation of DAB.
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Fig. 1. Concentration—time profiles at 338K. Reaction conditions: DAB, 0.447 krfpkatalyst, 1.25kmol/fy Pco, 3.40 MPa; Py,

3.40 MPa.
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Fig. 2. Concentration—time profiles at 348 K. Reaction conditions: DAB, 0.447 kripkatalyst, 1.25kmol/fy Pco, 3.40 MPa; Ry,

3.40 MPa.
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Fig. 3. Concentration—time profiles at 358 K. Reaction conditions: DAB, 0.447 krfpkatalyst, 1.25kmol/fy Pco, 3.40 MPa; Py,
3.40 MPa.

which indicate that the material balance of DAB con- 70-80% for the biphasic catalyst. The heterogenized
sumed and products formed (DAHBFAB) agreed to catalysts thus may prove to be better alternatives for
>95% as per stoichiometry. The acetic acid formed by the hydroformylation of DAB.
deacetoxylation was also confirmed to be proportional
to the amount of FAB formed. The effect of DAB  3.2. Kinetic study
and HRh(CO)(PP4)s catalyst, concentrations and
CO and H partial pressures on concentration—time  In order to study the kinetics of the hydroformy-
profiles was investigated over a temperature range of lation of DAB using HRh(CO)(PP$)s in toluene,
338-358K. It was observed that the concentration the initial rates of hydroformylation were calcu-
of the deacetoxylated product, FAB increased upon lated from the observed concentration—time profiles.
increasing temperature but other parameters showedThese were essentially initial rates of hydroformy-
no significant effect on the rate of deacetoxylation. lation reaction calculated under low conversion of
At 358K, the selectivity of FAB was >90% for DAB  DAB (10% conditions). The experiments at different
conversion >95%. agitation speeds showed that the rate of the reac-
Experiments were also carried out using catalysts tion was independent of the agitation speed beyond
such as, tethered HRh(CO)(Pfhon Na-Y zeolite 600 rpm, indicating kinetic regime. All the reactions
and water-soluble Rh-TPPTS in two-phase system. were therefore carried out at an agitation speed of
A comparison of the performances of these catalysts 1000 rpm to ensure kinetic regime. The initial rate of
is shown inFig. 4, which indicates a clear advan- hydroformylation of DAB was found to be linearly
tage of the tethered and biphasic catalysts with re- dependent on catalyst [HRh(CO)(R#j concentra-
spect to recyclability over the homogeneous catalyst tion (Fig. 5) and hydrogen partial pressurEid. 6).
(the recycle of homogeneous catalyst was studied by The effect of CO partial pressurd=i§g. 7) shows
charging fresh amount of substrate after the first cy- typical substrate-inhibited kinetics for all the temper-
cle was completed. This showed that in the recycle atures studied. As per the mechanism of hydroformy-
experiment, the average activity of hydroformylation lation proposed by Evans et gB], the inhibition
decreased by about 15-18%). The selectivity of FAB of the rate with increase in partial pressure of CO
was nearly 100% for the tethered catalyst on Na-Y ze- is due to the side reactions leading to the formation
olite, whereas selectivity for FAB was in the range of of inactive dicarbonyl [([RCO)Rh(CQjPPh),] and
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Fig. 4. Performance of homogeneous, tethered heterogeneous and biphasic catalysts. Reaction conditions: DAB, 0.24Rkmoifplex,
1.25 kmol/n¥; Pco, 3.40 MPa;Pyy, 3.40 MPa,T = 348K.

tricarbonyl rhodium species [(RCO)Rh(GDPPH)]. tion was found to be zero order with respect to DAB

With increase in CO pressure, the concentration of (Fig. 8).

these species is expected to increase, reducing the For the purpose of developing rate equations
active species concentration and hence the rate of re-and estimation of kinetic parameters, the integral
action. The observation of negative order dependenceconcentration—time data were used as the initial rates
on CO partial pressure was also reported for other represent only the hydroformylation step. The change
olefinic substrategl3—-16] The rate of hydroformyla-  in concentrations of DABE1), DAFB (C,) and FAB
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Fig. 5. Effect of catalyst concentration on rate of hydroformylation. Reaction conditions: DAB, 0.447 Kméitp, 3.40 MPa; Py,
3.40 MPa.
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Fig. 6. Effect of hydrogen partial pressure on rate of hydroformylation. Reaction conditions: DAB, 0.447 Rpusitalyst, 1.25 kmol/rh
Pco, 3.40 MPa.
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Fig. 7. Effect of carbon monoxide partial pressure on rate of hydroformylation. Reaction conditions: DAB, 0.447%nualfatyst,
1.25kmol/n¥; Puz, 3.40 MPa.
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Fig. 8. Effect of DAB concentration on rate of hydroformylation. Reaction conditions: catalyst, 1.25 kinB¢a 3.40 MPa; Ry, 3.40 MPa.

with initial conditions: HRh(CO)sL» + RCH=CHR
K
1=0 C1=Cip C2=0 C3=0 “) ZRh(CO)L2(COCHRCHR) ®)

Here, the rate termsy andr, represent the reac-
tion rates for the hydroformylation and deacetoxyla- Rh(CO)L2(COCHRCHR) + H;

tion steps, respectively. Various forms of rate equations L HRH(CO)L, + RCH,CHRCHO 9)
were examined to fit the experimental concentration—

time data by solving the above set of model equa- RH(CO)L,(COCHRCHR) + CO

tions in combination with an optimization programme K3

[17]. The details of the procedure followed for model =ZRh(CO)2L2(COCHRCHR) (120)
discrimination, statistical analysis and parameter esti-

mation was the same as described eafliét. Based Rh(CO),L2(COCHRCHR) + CO

on the statistical criteria, the following rate equations k4

were found to represent the concentration—time data ~Rh(CO)sL(COCHRCHR) (11)
obtained over a wide range of conditions as shown for
a few typical cases ikigs. 1-3

r= lelKZCOCl[CO][HZ] (5)
(1+ K1[CO] + K1K2[CO]C1 + K1K2K3[CO]2C1 + K1K2K3K4[CO]3C1
ro = ko (6)

Here,K1, Ko, K3 and Ky are the equilibrium con-
The rate equationHg. (5) is derived based on the stants for reaction steps (7), (8), (10), and (11). A com-
well-known mechanism for hydroformylation of parison of the results between experimental data and
olefins[8] using HRh(CO)(PPY)3 catalyst assuming  the model predictiorKigs. 1-3 was found to be excel-
the oxidative addition of kito the acyl-Rh species as lent. The kinetic parameters estimated for 338—-358 K
the rate determining step. are given inTable 1 The activation energies for the
K1 hydroformylation and acetoxylation steps were found

HRh(CO)L2 + CO=HRH(CO);,L2 @) to be 75.24 and 108.9 kJ/mol.
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Table 1

Rate parameters

Temperature (K)  k; (kmol/(m3s))  ka (x10°, Ki (x1072, Ko (m3/kmol) Kz (m3/kmol) Ksg (x1CP,
kmol/(m? s)) md/kmol) md/kmol)

338 3.61 2.30 5.46 2.50 16.66 7.41

348 5.50 8.31 3.01 1.51 10.94 3.50

358 16.41 20.01 1.19 0.81 5.019 1.17
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