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Bis-acetilacetonato de paladio dissolvido no liquido iénico tetrafluoroboratmdwritil-3-
metilimidazoélio catalisa de forma seletiva a hidrogenacao de dienos conjugados e ndo-conjugados
(funcionalizados ou n&o) as suas respectivas mono-olefinas. O sistema ndo requer o uso de co-
solventes organicos, sendo os produtos da reacéo separados por simples decantagéo ou destilacéo.
A fase ibnica pode ser reutilizada até 15 vezes sem perdas significativas na sua atividade catalitica
e seletividade.

Palladium acetylacetonate dissolved in-tutyl-3-methylimidazolium tetrafluoroborate ionic
liquid catalyses the selective two-phase hydrogenation of conjugated and non-conjugated
(functionalized and non-functionalized) dienes into the respective monoenes. The system does not
require the use of organic solvents, the products are removed by simple decantation or distillation
and the recovered ionic catalytic solution can be reused several times without any significant changes
in its catalytic activity and selectivity.

Keywords: biphasic hydrogenation, ionic liquids, dienes, palladium catalysts

Introduction Moreover, in these two-phase systems it is possible to ex-
tract the primary products during the reaction and thus
In order to minimize the amount of waste and by-prod-modulate the product selectivityAmongst the “mobile”
ucts from chemical processes, the ideal chemical reactiophases employed for the immobilization of transition-
should not only be selective but should also be just anetal catalyst precursé¥4.6.”molten salts are attracting
simple addition (“atom economy”) in which any other increasing and continuous interest amongst academic and
reactant is employed in catalytic amodnt3he possibil-  industrial chemist&s One asset of biphasic catalysis in
ity of modulating the catalyst's properties (both electronicionic liquids is that it allows in various cases the direct
and steric) by varying the metal centre and/or ligandgransposition of known homogeneous one-phase reactions
places transition-metal catalyst precursors as attractiveo two-phase systems without the synthesis of specially
candidates for promoting such reactibAsHowever, the  designed ligands and/or complexes. Moreover, in some
difficulties involving product separation from the reac- cases simple transition-metal salts can be used without
tion mixture and catalyst recycling, as well as the necesany special ligand to stabilize the catalytically active
sity of using organic solvents, are the major drawbacks o§pecie§f.h, . m,
these one-phase homogeneous catalytic reaétidinis We wish to report here that palladium acetylacetonate
now well accepted that liquid-liquid two-phase catalytic (Pd(acac)) immobilized in 1n-butyl-3-methylimida-
reactions are important alternatives to homogeneous cataolium tetrafluoroborate (BMI.BJ ionic liquid is able to
lyzed one-phase reactiché In these systems, after the catalyze the selective reduction of simple and functional-
reaction, one phase contains the product and the othézed dienes to monoenes in a typical biphasic catalytic
phase the transition-metal catalyst. The recovered cataeaction. It is interesting to note that despite the impor-
lyst phase can be reused without any further treatmentance of this transformation and ever-growing environmen-
tal concerns, only a few homogeneous or biphasic catalytic
process for the selective hydrogenation of dienes into
* e-mail: dupont@if.ufrgs.br monoenes have been describédl
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Results and Discussion

Initial investigations were performed on the hydrogena-
tion of 1,3-butadiene (80 mmol) by Pd(aca).08 mmol)
dissolved in 3 mL of In-butyl-3-methylimidazoilum
tetrafluoroborate (BMI.B; liquid down to -81°CG¥ and in
3 mL of 1-n-butyl-3-methylimidazoilum hexafluorophos-
phate (BMI.PF, liquid down to -61°C¥ ionic liquids at
50°C (Scheme 1 and Table 1).
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Xe Figure 1. Individual conversion (TT) against global conversion (TTG)

Scheme 1.Imidazolium ionic liquids. of the hydrogenation of 1,3-butadiene by Pd(gcdissolved in BMI.B
at 50°C. (v) 1,3-butadiene;e() 1-butene; X) 2-butenes;{)butane.

The organic phase is separated from the ionic catalytic higher than in heterogeneous conditions or in liquid 1,3-
solution by simple decantation and analyzed by gas chroma- butadiene. It is important to note that, using BMyBS
tography. For comparative purposes the results obtained from solvent, the formation of butane only occurs after more than
the hydrogenation of 1,3-butadiene by Pd(gcdissolved 95% of the 1,3-butadiene was converted into butenes (see
in dichloromethane (homogeneous conditions), in liquid 1,3- Figure 1). Moreover, we observed that the formed 1-butene
butadiene (without solvent), and by Pd/C (heterogeneous is isomerised in 2-butenes even in the early stages of the
conditions) have also been included in Table 1. process, suggesting the involvement of Pd-H species simi-

Itis clear from Table 1, that for analogous 1,3-butadiene |ar to those formed in the one-phase hydrogenkiion
conversions, the selectivities in butenes achieved by The effects of temperature, hydrogen pressure and catalyst
Pd(acag) dissolved in ionic liquids are similar to those precursor concentration in 1,3-butadiene reduction are sum-
observed under homogeneous conditionsj{Cly) and are marized in Table 2. From these data it is clear that there are no

Table 1. Hydrogenation of 1,3-butadiene to butenes at 50°C and initjgiressure of 20 atm by palladium acetylacetonate (0.08 mmol)
catalyst precursor ([diene]/[Pd] = 1,000).

Entry  Solvent t Cw Selectivity (%) TON
(h) (%) AN N \—/ AN

1 BMI.BF, 12 98.2 55.5 5.1 35.2 4.2 982

2 BMI.PF, 13 88.5 46.2 8.5 38.2 7.1 885

3 CHLCI, 13 93.0 44.2 6.3 47.3 2.2 930

4 ) 13 82.4 46.8 4.7 35.4 13.1 824

5 d) 1 61.9 24.2 7. 30.8 37.8 619

a) Cv.= conversion; b)Turnover number (TON)= mol of hydrogenated substrate per mol of catalyst precursor; c) in liquidién&:bdjain
liquid 1,3-butadiene using Pd/C as catalyst.

Table 2. Conversion selectivity and activity (TOF) in the hydrogenation of 1,3-butadiene (116 mmol) by Bddeassadyed in 3 mL de
BMI.BF, under various reaction conditions.

Entry [diene]/[Pd] time Temp. Pressure Conv. Selectivity (%) TOF
(mmol) (min) (°C) (atm) (%p 1-Butene 2-Butenes Butane (m¥n
1 1450 116 50 15 16 58 40 2 2.04
2 1450 65 50 25 16 61 38 1 3.68
3 1450 33 50 35 17 63 35 2 7.63
4 1450 30 50 45 25 55 43 2 12.56
5 1450 23 50 54 23 53 47 0 14.72
6 1933 102 50 25 16 55 40 5 3.28
7 276 25.5 50 25 39 58 40 2 4.60
8 138 6 50 25 41 54 45 1 10.23
9 1450 145 20 25 14 60 38 2 1.48
10 1450 66 65 25 17 61 37 2 6.50
11 1450 15.5 80 25 13 54 40 6 12.24

a) Conv.= conversion; b)TOF = Turnover frequency.



Vol. 11 No. 3, 2000 Pd(ll)-Dissolved in lonic Liquids 295

significant changes in the selectivity by varying these reaction the two double bonds. It is interesting to note that the
parameters. Moreover, the turnover frequencies (TOF) increasehydrogenation of sorbic ester by palladium catalyst pre-
with increasing reaction the initial hydrogen pressure and tem- cursors in one-phase conditions gave usually a mixture of
perature (see entries 2 and 9-11). It is also evident from Table 2mono-ene (70%) and fully hydrogenated substrate(80%)
that with an increase of the catalyst precursor concentration Moreover, it was recently reported that the biphasic hy-
there is a significant drop on the reaction time to achieve simi- drogenation of sorbic acid by water soluble Ru(ll) com-
lar 1,3-butadiene conversions (entries 2 and 6-8). These resultsplexes produces a mixture @§ andtrans hexanoic acids
are similar to those observed under one-phase condions  with very low TON (up to 62Pa

All these results, associated with the selectivity, sug- It is well known that the selectivity for hydrogena-
gest that thenechanism of the hydrogenation reaction for tion of dienes in the presence of monoenes usually arises
the palladium complex dissolved in the ionic liquid is from the exceptional stability of thgS-allyl intermedi-
analogous to the one generally accepted for the one-phaseate complexes, formed by M-H addition to the conju-
reactions (see later). gated diene. In a homogenous hydrogenation mixture

This method has been extended to a series of simple there is a competition between the diene and the monoene
and functionalized dienes and similar selectivities in for the catalytic active site (see Schem&.2The reac-
monoenes were observed (Table 3). The catalytic system tion pathway involving thg3-allyl intermediate is ther-
can promote the selective reduction of functionalized modynamically favoured. Consequently, the diene in the
dienes to monoenes without competitive reduction of acid, reaction media is almost completely hydrogenated be-
ester or nitro groups. Moreover, both conjugated and non- fore the concentration of the monoene increases to the
conjugated dienes are selectively hydrogenated to the point that it gains access to the metal center. In the case
corresponding monoenes (see for example entries 5 to 8, of biphasic catalysis in ionic liquids a similar pathway
Table 3). Note that the hydrogenation of methyl sorbate can explain the observed results. Moreover, in these cases,
and 1-nitro-1,3-butadiene gives tlrans mono-ene al- the high selectivity in monoenes can also be attributed
most exclusively as judged by thid NMR of the crude to the higher concentration of the diene in the ionic phase,
reaction product. Therefore, this reduction is highly chemo- where the reaction is presumed to take place, as com-
and stereoselective and it should proceed by 1,2-addition pared to the monoene. Indeed, 1,3-butadiene is almost
of hydrogen to the double bond containing the more elec- four times more soluble in the ionic phase than butenes
tron-donating substituent and/or the least substituted of (4.4 wt % (1,3-butadiene) and 1.0 wt % (butenes) at 25°C

Table 3. Hydrogenation of dienes by Pd(aca5 mg) dissolved in BMI.BF(3 mL), at 50°C.

Entry Substrate Product PH Time Conv. Sel9 TON®
(atm) (h) (%o (%)
1 N COMe N COMe 11 22 40 100 211
2 25 12 98 99 268
3 N COH A~ ~_COH 15 24 100 100 55
4 X NGz X NO2 20 18 98 99 98
5 @ O 5 6 13 100 238
6 10 18 100 95 94
7 @ C> 5 6.5 10 100 64
8 10 27 75 100 387
9 O O 5 4 13 100 63
10 10 8 94 93 467
11 AR XA 5 3.2 10 100 41
12 10 17 57 100 235

a) Initial pressure; b) Conv.= conversion; c) Sel.= selectivity; d)Turnover number (TON)= mol of hydrogenated substrateopeatalyist
precursor; e) Dissolved in 2.5 mL of diisopropyl ether; f) Dissolved in 30 mL of diisopropyl ether.



296 Dupontet al. J. Braz. Chem. Soc

and 771 mmHg) in BMI.BFand in BMI.PFg the solubil- The method does not normally use an organic sol-
ity of 1,3-butadiene and butenes are 2.2 wt % and 1.0 wt % vent but, if necessary, is achievable using diisopropyl
at 25°C and 771 mmHg, respectively. ether as cosolvent with viscous methyl sorbate, 1-ni-
tro-1,3-butadiene and sorbic acid (Table 3, entries 2, 3
. N and 4).
@[Pd— H =——= [Pd—H =— j{—[Pd]—H In summary this new “biphasic” process (solvent-free
and recyclable) is not only economically viable and ap-
P pllcabl'e to large-scale reactions, but is also environmen-
tally friendly.
é;[Pd] HHP"]—H S [Pdlé Experimental
General
Hzl “ He l All manipulations were performed under dry, oxygen-
free argon using standard Schlenk tube techniques. All
butenes MI— A 2 butane solvents were dried over suitable dessicant agents and

distilled under argon prior to use. Infrared (nujol mulls or
Scheme2. Proposed reaction paths in the hydrogenation of 1,3-  KBr pellets) spectra were recorded in the 4000 - 400 cm
butadiene involving Pd-H species. region using a Mattson 3020 FTIR spectrophotometer.
1H and13C {1H} NMR spectra were recorded at 200.13
Recycling of the ionic catalytic phase was achieved and 50.32 MHz, respectively, using a Varian VXR-200

by simple phase separation and the recovered yellow ionic jnstrument. Proton and carbon shifféppm, J/Hz) are
viscous solution was reused for further runs. In the case of sitive down field relative to external SilyleElemen-

1,3-butadiene this ionic solution could be reused for more 5 analyses were carried out by the “Central Analitica

than 15 runs with complete conservation of the catalytic IQ/UFRGS” (Porto Alegre, Brazil). Mass spectra were
activity and selectivity (see Figure 2). The palladium con- gptained with a GC-MS HP5988A (El, 70 eV). The metal
tent in the organic phase was less than 0.01% as deter-contents in both ionic and organic phases were deter-
mined by atomic absorption analysis. However, in the case mined by atomic absorption analysis using a Perkin Elmer
of sorbic acid (entry 3, Table 2) the formation of metallic 2380, HGA 400, atomic absorption spectrometer with
palladium was observed and therefore rendered catalyst graphite tube atomizer. The substrate conversions and
reuse impractical. The catalyst decomposition, in this case, product selectivities were analyzed by gas chromatogra-
is probably due to the extraction of palladium species from phy on a Varian 3400 CX chromatograph equipped with
the ionic solution by the organic acid and then reduced to g1 _LM100 column 20 m x 0.25 mm X 0.2n, equipped
metallic palladium. Indeed, the catalyst extraction and ith a FID detector: Mwas the carrier (1 mb); the tem-
decomposition is completely suppressed when the methyl perature program was from 35°C (5 min) to 200°C
ester is used as substrate (entries 1 and 2, Table 2). (15 min) at a heating rate of 10°C ndirusing cyclohex-

ane as internal standard. The catalytic reactions were per-
13 formed in a 100 mL stainless steel autoclave, containing
] a magnetic bar, temperature indicator and a manometer.
The consumption of hydrogen was monitored by the de-
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= 1 The ionic liquids were prepared according to litera-

£ ture proceduréd 1,3-Butadiene was distilled under ar-

F AT 1| 0 gon and stored over molecular sieves (3 A). 1-Nitro-1,3-

1 2 3 45 6 7 8 9 10 11 12 13 14 15 butadiene was prepared according to procedures de-

Substrate Charge scribed in the literatud@. All other reagents were ob-

Figure 2. Required time for 1,3-butadiene reduction (conversion >98%) tained from commercial sources and were used as received
in each substrate charge using the same ionic phase. without further purification.
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Typical Procedure for the Hydrogenation Reaction

The ionic liquid (3 mL) and the transition metal cata-
lyst precursor were mixed in a Schlenk tube and then trans-
ferred into the autoclave under argon. The substrate (10 5
mL) was introduced and the reactor was pressurized with
hydrogen at the desired temperature. The consumption of
hydrogen was monitored by the decrease of the reactor g
pressure. For the reaction, a well-stirred system is required,
since the mass transfer between the phases is an important
parameter in these systems (in the absence of stirring the
consumption of hydrogen is completely stopped). The re-
action was stopped after the desired time and the organic
phase analyzed by gas chromatography. After the reac-
tion, the manipulations and separations of the phases were
performed under ambient conditions and, when 1,3-buta-
diene was used, the temperature was lowered to —20°C. In
cases where the ionic phase was reused, this procedure was
carried out under argon. The reactions were repeated at
least twice in order to ensure reproducibility of the sys-
tem. For 1-nitro-1,3-butadiene and methyl sorbate reac-
tions, the products were extracted by washing the reaction
mixtures with diisopropyl ether (5 x 15 mL) and analyzed
CG-MS andH NMR.
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