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Abstract. The ionic liquid 1n-butyl-3-methylimidazolium  (3) in selectivities of up to 90% with turnover frequencies of
hexafluorophosphate (bmim PK6) has been studied as cata- up to 1100 ht. Compared to other biphasic systems the hy-
lyst medium for biphasic homogeneous hydrogenations otirogenation in bmim Rfproceeds with enhanced activity.
sorbic acid {). As catalyst we used the Cp*-ruthenium-com- The kinetics can be described with a Michaelis—Menten-equa-
plex [Cp*Ru()*-CH;—~CH=CH-CH=CH-COOH) (C[50,)] tion, and the activation energy for the whole process was de-
which efficiently enables the stereoselective hydrogenatiortermined to bé&, = 78 + 5 kJ/mol.

of sorbic acid leading to the formationai$-3-hexenoic acid

Transition metal complex catalyzed reactions in two o
immiscible liquid phases can be industrially important M
alternatives to homogeneously catalyzed one-phase-re- AN o
actions. The synthesis of butyric aldehyde by the Ruhr- 1
chemie/Rhéne-Poulenc-process [1] serves as one exam- _ _ oreoseloctn
ple as well as the production@folefins in the SHOP- req'ose'emeoseec ©

Process [2]. After the catalytic reaction one phase solves o

the products and the other phase contains the catalyst. i

After simply separating the two phases, the catalyst/\/\)j\OH /\/\)J\OH
phase can be recycled without any further treatment. 4 2

Another innovative effect of two-phase catalysis is the . .
possibility to extract primary products during the cata- o o
lytic reaction into the organic phase. This often results/\/\)j\ \/_\)J\
in novel possibilities of controlling the product selec- A oH - oH
tivity [3]. A very suitable solvent for the catalyst phase 5 3

is water, since it is very cheap and immiscible with many

organic solvents, which may serve as solvents for the

products [4]. However, ionic liquids (room temperature \\A/o
molten salts) have also proved to be particularly useful

for two-phase catalytic reactions [5]. In most cases the /\/\)LOH

transition metal complexes are soluble in ionic liquids

whereas organic compounds are often immiscible.  Scheme 1Possible products in the hydrogenation of sorbic
We are interested in selective transformations of mulacid 1

tifunctional substrates using two-phase-catalysis. The

hydrogenation of the industrially available sorbic acidone-phase-techniques [7]. Among others chromium

1 can lead to many different products, some of thentatalysts were used for this reaction [7f, 7g]. The aim

being shown in scheme 1. of our study was to find out if the hydrogenationlof
Generally, hexenoic acids lilZe-5, bearing one C=C- can selectively produceis-3-hexenoic acid. In this

bond, are interesting starting materials for the producpaper we present stereoselective hydrogenations of sor-

tion of fine chemicals. We could show that it is possiblebic acidl using 1n-butyl-3-methylimidazolium hexa-

to hydrogenaté stereoselectively by means of homo- fluorophosphate salt (omim PF6/MTBE as biphasic

geneous ruthenium catalysis [6]. Esters of sorbic acidleaction system and a ruthenium catalyst, which was

and sorbic alcohol were hydrogenated using catalytiemmobilized in the ionic liquid phase.
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Results and Discussion anion in ionic liquids and to compare its influence on
the catalyst activity.
We used compleX as catalyst for the hydrogenation of  During hydrogenation, the two phases were mixed
sorbic acidL. Itis a naked Cp*Ruthenium complex with thoroughly in the presence of hydrogen. First results
sorbic acid bonded cisoid to the ruthenium centre. Thare shown in Table 1 and 2.
catalyst was specially synthesized for this reaction [8]. Compared to the hydrogenation in ethylene glycol
the hydrogenation activities in bmim Pa&re higher at
_| * RSOy temperatures above 40 °C. The TOF increases from
89 hrl (glycol) to 212 h' (bmim PF) at 40 °C and from
: 300 I (glycol) to over 1000t (omim PF) at 60 °C.
N oo The TOF in both solvents is comparable at room tem-
N7 perature. We assume that the high viscosity of the ionic
7 liquid at room temperature leads to mass transport prob-
lems and to the relatively low activity at this tempera-
ture. The selectivities tois-3-hexenoic aci® are low-

The substrate was dissolved in MTBE and bmirg PFer in ionic liquids (70%, table 1, no. 5) than those in
contained the catalyst By variation of the anion of ethy-lene glycol (90%) under identical conditions. By
the ionic liquid, the coordination properties can be tunedreducing the hydrogen pressure to 10 bathé selec-
Previous hydrogenation results obtained withsing tivities increase to 90% (Table 2, No. 8). Remarkably,
other solvents prompted us to Uswith a non-coordi- no trans-2-hexenoic acid is formed as side product in
nating hexafluorophosphate anion. In analogy to a prothe ionic catalyst solution.

cedure published by Fullet al. [9], 6 can be synthe- Bmim Tf was also used as catalyst medium for the
sized easily in kilogram amounts according to scheméydrogenation of sorbic acid with and no reaction
2. occured. The excess of triflate ions may block the coor-

dination sites at the ruthenium centre and inhibit the
hydrogenation.

LN+ suc N _Since the catalystreached the best activities in the
N AN biphasic system ionic liqui6/MTBE, we tested the
catalyst recycling in this system. In order to have a less
or PR polar extraction phase and to circumvent leaching di-

UNEN A~ HPRe o NN~ butyl ether was added to the MTBE phase. The recyc-
ling experiments were run at room temperature because
the time between two hydrogenations has to be mini-
mized. Table 3 shows the results.

The activities are nearly the same for the first and the
second run (No. 9A and 9B). After the second run the
In our special case, butyl chloride was used in excesautoclave containing the catalyst phase had to stand
(1.5 equivalents) to transform methyl imidazole quan-overnight. Nevertheless, the decrease in activity is not
titatively. The second step was done in an aqueous seery significant (run 9B and 9C, TOF: 43,(83,8 h}).
lution at 0 °C and bmim RF6 separates as a second In this context, it is noteworthy that the catalyst slowly
liquid layer from this solution. The ionic liquid layer decomposes when standing in a hydrogen atmosphere
was washed several times with water. Finally, the conwithout substrate.
tent of chloride ions was checked with a silver nitrate We investigated the kinetics of this reaction in order
solution. We also synthesized bmim Tf after a similarto optimize and understand the hydrogenation and the
procedure to check the coordination properties of theate of product formation. We looked for a mathematic

Scheme 2Synthesis of bmim Rf6

Table 1 Hydrogenation of sorbic aciiwith catalysZ in bmim Pk 6/MTBE at 60 bar H

No. T(C)  Neaayst t Conversion  TOF S(cis-3) 3 S(trans3) 2
(mmol) (h) (%) () (%) (%)

1 21 0.0565 3.0 316 40.5 74 25

2 40 0.0545 2.0 99.7 191 61 37

3 40 0.0561 1.30 70.0 212 69 30

4 60 0.0583 0.34 99.7 1126 38 55

5 60 0.0283 0.58 39.9 539 71 27

Conditions: 25 mL bmim Rfz44 mL MTBE, 21-22 mmol sorbic acid.
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Table 2 Hydrogenation of sorbic aciiwith catalyst in bmim Pk 6/MTBE at 10 bar H

No. T(°C) Neatalyst t Conversion TOF S(cis3) 3 S(trans-3) 2
(mmol) (h) (%) () (%) (%)

6 21 0.0263 15.3 70.5 37.7 92 8

7 40 0.0561 1.42 52.3 141 93 7

8 60 0.0553 0.42 44.8 416 90 10

Conditions: 25 mL bmim Rf-44 mL MTBE, 21—-22 mmol sorbic acid.

Table 3 Catalyst recycling witl7 in bmim PR/(MTBE/Bu,O)

No. t Conversion TOF Scis—f-s-hexenoic acit‘;3 S 3-hexenoic acid
(h) (%) () 0) 0

9A 3.78 74.0 445 66 98

9B 3.83 77.4 43.0 53 97

9C 3.73 59.6 33.8 59 90

9D 3.75 35.8 20.2 67 97

Conditions: 25 mL bmim Rf~23 mL MTBE/23 mL ByO; 0.0583 mmol 7; 12.4 mmol sorbic acid; 19 °C; 50 baaHer run 9B the catalyst
phase has to stand overnight in the autoclave.

equation that allows a description of the sorbic acidng in the first fourty minutes. Probably, it took some
consumption versus time and the determination of théime to saturate the catalyst phase (bmirg) Rith hy-
reaction rates. From these data the activation energy fdrogen. In liquid/liquid biphasic systems the phase with
the whole process can be calculated. the smaller volume is normally dispergated in the phase
The kinetic data might contain small deviations from with the higher volume so that in our case the ionic li-
ideal state since we had to meet some experimental quid phase may be the dispersed one. Hydrogen mole-
needs: cules have to pass two phase boundaries from the gas
- The regulation of temperature may vary in the rangghase to the continuous organic phase and from there to
of £ 0.5 °C. the ionic liquid phase in order to reach the catalyst. Af-
The GC analysis may contain faults between * 1— ter the activation period the decrease of sorbic acid con-
2%. centration is linear up to a reaction time of 100 minutes.
The reaction may be probably blocked during the Then, a significant decrease of the reaction rate is ob-
time needed to take the sample. served indicating that the rate determining step of the
Figure 1 shows a typical concentration profile of thereaction is changing. This behaviour is in good agree-
hydrogenation of sorbic acid. ment with our postulated mechanism for this reaction
(Scheme 3).

30

—l—sorbic acid
—— cis-3-hexenoic a.

25 1

20 +

SO 114

— —A— —trans-3-hexenoic a.
---X- - - trans-2-hexenoic a.

---© - - trans-4-hexenoic a.

— -0O- - hexanoic acid

/\
COOH
+ H2
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- cis-3-hexenoic acid

T
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Fig. 1 Hydrogenation of sorbid acid, 44 mL bmim $F
60 mL MTBE, 30 mL dibutyl ether, 25 mmol sorbid acid,
16 bar H, 34 °C, 0.0824 mmol cat.

S = Solvent

The profile of the sorbic acid concentration in the

beginning of the reaction indicates the existence of &cheme 3Postulated mechanism for the hydrogenation of
small activation period since the reaction rate is increassorbic acidl with 7
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The hydrogen addition to the catalyst-substrate-col 50 114
plex is rate determining in the beginning. Consequel <«
ly, the reaction rate is nearly independent from the sorl |
acid concentration. At constant hydrogen pressureal
ear decrease of sorbic acid concentration is resultii | & cis 3hexenoe acd
At the end of the reaction (from 80% conversion) tt ] T e Sheenaca
formation of the sorbic-acid/catalyst-complex becom: = | e
rate determining. At high sorbic acid conversion, tF .|

— -B - - trans-4-hexenoic a.

selectivity (%)

reaction rate is found to be a function of the sorbicac | A
concentration. L
The concentration ofis-3-hexenoic acid reaches ¢ | = e P .
maximum at a conversion of 85%. From this point, tt 07 conversion (6
consecutive isomerization of the productttans-3- B AT R ‘ ITRITS S~

30 40 50 60 70 80 90 100

hexenoic acid becomes a major side reaction. The me. o _
mum of the concentration dfans-3-hexenoic acid is Fi9- 3 Product selectivities in dependence of conversion;

; i lydrogenation of sorbid acid, 44 mL bmim PF
:_eachf?d ther;lall sor_blc a_gld Ishqoﬁsﬁmelg'b-rhtﬁ genert 0 mL MTBE, 30 mL dibutyl ether, 25 mmol sorbid acid,
lon oftrans-2-hexenoic acid —which should be the most, 5 .- H, 34 °C, 0.0824 mmol cat.

stable compound of all hexenoic acids thermodynami-
pally (pos_S|bIe mesomeric W'th the_aC|d functlon)_ —starts The amounts of compounds in the organic phase an-
in the region of very low sorbic acid concentrations. At

the same time hydrogenation of the second C=C doubf”llyzeOI by GC were calibrated so that the sum of these

: OUD & mounts was identical with the weight of sorbic acid
bond takes place. The amountrains-4-hexenoic acid . 04,ced in the reaction. Therefore the following equa-
rests very low. Figure 2 shows the product selectivitie

versus reaction time and Figure 3 clarifies the depen ion was used (eg. 1)

ence of product selectivities from the conversion grade - Msorb- weight m
The selectivities keep constant up to conversions of 80%.calib: Z Nec hGC (eq. 1)
Again, at higher conversion the isomerization reaction ,
takes place. Nicaiip, = calibrated amount . .
Nsorb -weight= INitial weight of sorbic acid
200 7 2 Nge = sum of all amounts, all compounds detected by GC
90 4 SO 114 —m— cis-3-hexenoic acid
o] s Sheena From these amounts obtained experimentally we cal-
N -0 trans-4-hexenoi & culated the correspondlng concentrations [moI/I]_. Thc_a
=8 - hexanoic acid catalyst concentration, the concentrations of sorbic acid

60 1

and the concentrations of the products refer to the total
volume of ionic liquid and the second phase (0.134 I).
For determination the integrated form of the rate law
was used (eg. 4). This is possible because the hydrogen
concentration was kept constant {[H [A,], = const.)
during the reaction. The rate laws and equations are giv-

50 1

selectivity (%)

40 4
30 1

20 1 .

o STETTT . - enineq. 2 and eq. 3.
ooﬂa_gf—mlgo‘315:'&;0;3250°300 — Michaelis-Menten rate law (eq. 2):
Fig. 2 Hydrogenation of sorbid acid, 44 mL bmim PF k,[C] [Sord[ "L]
60 mL MTBE, 30 mL dibutyl ether, 25 mmol sorbid acid, -d[sor /dt= 2" (eq. 2)
16 bar H, 34 °C, 0.0824 mmol cat.; Dependence of product K, +[Sord
selectivities from reaction time (k +k2[H ])
. - . - . — 2
The concentration/time-diagrams obtained were evaluMichaelis function:K,, = =— =—= (eq. 3)

+

ated with a rate law based on the Michaelis-Menten-

equation. A mathematics description was only possibléntegrated rate law:
for the sorbic acid consumption but not for the product

generation because the concentratioti®B-hexenoic  Km In ([Sorb]/[Sorb}) + ([Sorb}/[Sorby) = —k;[Ce[Hlo t

acid is influenced by several consecutive reactions. The (eq. 4)
kinetic data obtained experimentally were evaluated by Equation 4 cannot be reduced to the concentration of
integration. We looked for a function that is capable tosorbic acid [Sorb] but to the reaction tim&hus equa-
describe the measured concentration-time-profile.  tion 5 can be set up which allows for the calculations of
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the values of reaction time for given concentrations. Thigourse describing a zero order reaction regarding sorb-
profile is in good agreement with the experimental va-ic acid. Therefore, the increase of curvature was taken

lues (Figures 4-7). into account with lightly increasing,,, values (from
0,01 to 0,03 mol/l). The used valueskgfandK, are
_ K, In([Sord 1 Sorl])o) _[sord [ sork, mentioned in the footnotes of the diagrams.
il Aa], ilclA.], €a.5
020 018 1 SO 125
018 1 SO 116 0.6 T
o measured
0,16 + ¢ measured 014+ calculated
calculated

0,14 + 0,12 +

0,12 + 0,10 +

[Sorb] mol/l

0,10 + 0,08 +

[Sorb] moal/l

0,06 +
0,08 +

04 4
0,06 + 0,0

0,02 +

0,04 +

t(s) N
0,00 ; ; \

0,02 0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Fig. 6 Hydrogenation of sorbic acid, 44 mL bmim £F
60 mL MTBE, 30 mL dibutyl ether, 25 mmol sorbic acid, 16
Fig. 4 Hydrogenation of sorbic acid, 44 mL bmim PF bar H, experiment SO 125; [cat] = 4.90x%0mol/l; T =

60 mL dibutyl ether, 25 mmol sorbic acid, 16 bar¢dncen- 30 °C;k, [H,], = 0.0285 1/sK,, = 0.014 mol/l
tration-time-diagram; [cat] = 4.83x 30mcl/l; T= 34 °Ck,

[H,lg = 0.0462 1/sK, = 0.021 mol/l 0.20 1

t(s)
0,00 g {

0 2000 4000 6000 8000 10000 12000 14000 16000

To confirm this behaviour we carried out further ex-
periments with different catalyst concentrations and a
different temperatures. The rate constenand the 0141
Michaelis functiorkK , were adapted for different reac- o1, |
tion temperatures so that the calculated concentratior s
time-profiles (eq. 5) were in good agreement with the £
experimental values. The concentration/time-curves a & °% ¢
lower temperatures had in general a smaller curvatur oo |
than those at higher temperatures. The smEllers,
the course of the curve is brought more into line with a

SO 126

& measured

calculated

0,04 +

0,02 +

0,20 T
<

t(s)
0,00 ;

0,18 + SO 114 0 5000 10000 15000 20000 25000

016 | ¢ measured Fig. 7 Hydrogenation of sorbic acid, 44 mL bmim{ F

calculated

60 mL MTBE, 30 mL dibutyl ether, 25 mmol sorbic acid,
16 bar H; experiment SO 126; [cat] = 3.77x%0nol/l; T =
30 °C;k, [H,]o = 0.0285 1/sK, = 0.014 mol/l

0,14 +

0,12 +

0,10 +

[Sorb] mol/l

With catalyst concentrations smaller than 3x
10~ mol/l, the catalytic activities decrease drastically.
In summary the rate law with the constaK{s and
k,[H,], determined is only valid for catalyst concentra-
tions between 3.7xiand 6.15x16 mol/l.
| | | | e We checked if the determined values gtk (Fi-
0 200 4000 6000 8000 10000 12000 gures 4 —7) show a temperature dependence following
Fig. 5 Hydrogenation of sorbic acid, 44 mL bmim pF the arrhenius law. The temperature dependence of a rate
60 mL MTBE, 30 mL dibutyl ether, 25 mmol sorbic acid, constank is defined in the arrhenius law (equation 6).
16 bar H, experiment SO 114; [cat] = 6.15x300ll; T= | =AEER  oderink =InA -2 (eq. 6)
34 °C;k, [H,]o= 0.0462 1/sK,, = 0.021 mol/l RT

0,08 +

0,06 +

0,04 +

0,02 +

0,00
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We assume that the hydrogen concentration is corsular sieve Linde 4 A. Solvents were freshly distilled under
stant between 28 and 40 °C and the hydrogen conceAtgon atmosphere and dried by standard procedures. Air and
tration [H,],does not need to be known to calculate theMoisture sensitive solutions and reagents were handled using
activation energy,. But the preexponential factar ~ SYringe techniques. The catalystvas synthesized as de-

: . ; cribed in [8]. Hydrogenation experiments under pressure were
F:Snm be determined without knowing the value Ofiarried out in 100 ml stainless steel autoclaves equipped with
O.

. L . . special stirrers for two-phase-catalysis. Sorbic acid was pur-
We determined the activation energy in the arrheniughased from Aldrich. The hydrogen used had a purity of
diagram where thegaxis is Ink;[H,],) and thexaxisis  99.99%.

1/T (Figure 8). The slope of this straight line is equal to

—E/R,and the activation engergy determined from thisHydrogenation Reactions

Is 785 kJ/mol in this case. In a typical experiment, the catalyst phase consists of 44 mi

bmim PF; and the organic phase contains 60 ml MTBE and
30 ml Dibutylether. The GC standard and sorbic acid are dis-
solved in the organic phase. We determined the distribution
of all compounds between the two phases and found that about
ur 90% of the sorbic acid, the products and the GC standard are
@9 solved in the organic phase. All reactions were performed in
a specially designed autoclave with a high-pressure sampling
valve. The system was stirred with a 6-blade-stirrer kept at
constant rpm for all experiments. We stopped the stirrer for
ten seconds before taking the sample so that the two phases
could separate. All reactions were run at 16 bar hydrogen
pressure and at different temperatures. The temperature con-
trol was realized with a thermal element which was in con-
tact with the reaction mixture. The autoclave was stirred and
heated up to reaction temperature before the hydrogen was
added. Right after the hydrogen addition, the stirrer is started
and the reaction time is counted. The hydrogen pressure was
-3,8 kept constant. Each sample was cooled in an ice bath and the
two phases were separated. The MTBE phase containing the
products was analyzed by GC [CP-Wax-58-(FFAP)-CB
(50 m)].

Arrhenius-plot

3,16E-03 3,20E-03 3,24E-03 3,28E-03 3,32E-03 3,36E-03
-2,2 + + + +

,2'4 +4

261

,2'8 +4

(K, [H,]o)

LN

34

324

344

y =-9371,4x + 27,438
36+

Fig. 8 Hydrogenation of sorbic acid, 44 mL bmim fF
60 mL MTBE, 30 mL dibutyl ether, 25 mmol sorbic acid, 16
bar H,: Temperature dependencekgfH,],
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