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Abstract

The regioselective, platinum-catalysed hydroformylation of functionalized and non-functionalized olefins was chosen to
demonstrate the great potential of room temperature liquid chlorostannate ionic liquids as solvents for homogeneous catalysis.
The moderate Lewis-acidity of these ionic liquids allows the activation of the Pt-catalyst combined with tolerance of the
functional groups in the substrate. Dissolved in chlorostannate ionic liquids, the Pt-catalyst shows enhanced stability and
selectivity in the hydroformylation of methyl-3-pentenoate (M3P) compared to the identical reaction in conventional organic
solvents. In the case of 1-octene hydroformylation, a biphasic reaction system could be realised using the chlorostannate ionic
liquids as catalyst solvents. Besides the catalytic results, a method to determine the Lewis-acidity of chlorostannate ionic
liquids by'19Sn NMR is presented. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction ture allowed principally a catalyst recovery by simple
phase separation.

A new approach has been introduced to catalyst We became interested in using ionic liquids for
separation and recycling in homogeneous catalysis in- the hydroformylation of functionalized olefins. In the
volving the use of solvents known as ionic liquids. Rh-catalysed hydroformylation of methyl-3-pentenoate
lonic liquids are salts that melt at ambient temperature (M3P), we could show that the addition of an ionic
(<100C) [1-3]. liquid increases significantly the catalyst's lifetime

The first application of room temperature ionic and overall productivity [6]. The latter is achieved by
liquids in hydroformylation was reported by Chau- a distillation process under reaction conditions. The
vin et al. [4,5]. They describe the biphasic hydro- catalyst is stabilised by the non-volatile ionic liquid
formylation of 1-pentene with [Rh(C@acac] in under the conditions of distillation. The catalyst can
1-butyl-3-methylimidazolium  hexafluorophosphate be reused several times without additional regenera-
(BMIM PFg). The biphasic mode of the reaction mix- tion and without significant loss in activity and se-

lectivity. These encouraging results stimulated further

—_— work in our group aiming at other hydroformylation
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moted by SnGl are known as hydroformylation cata-
lysts since 1976 [7]. Systems with monodentate phos-
phines have been investigated in the hydroformylation
of terminal and internal olefins [8—15]. Pt/Sn-catalysts
with diphosphines have been successfully applied to
the asymmetric hydroformylation [16—20] and to the
highly regioselective hydroformylation of internal,
functionalized olefins [21].

The platinum-catalysed hydroformylation of ethy-
lene in a tetraethylammoniumchlorostannate molten
salt (melting point: 78C) was described by Par-
shall [22] as early as 1972. This publication showed
for the first time the potential of a chlorostannate
ionic liquid as reaction medium for a homogeneous
platinum-catalyst. However, the relatively high melt-
ing point of the chlorostannate salt used by Parshall
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[cation] CI" + SnCl, == [cation]" SnCly"
[cation]” SnCly” + SnCl, == [cation]* Sn,Cls"

Scheme 1. lonic liquids based on trichlorostannate anions.

over appropriate desiccating agents prior to use [24].
1-Butyl-3-methylimidazoliumchloride (BMIM CI1)
(Elementis Specialitis), Sng(Sigma—Aldrich), PPh
(Sigma—Aldrich) and PtGl(Degussa-Hiils) were used
without further purification11°Sn NMR spectra were
recorded with a Bruker AC 300-spectrometer.

2.2. Preparation of slightly acidic chlorostannate
ionic liquids

caused some restrictions for reaction parameters and Slightly Lewis-acidic chlorostannate ionic liquids

processing conditions. The experiments were carried

were synthesised by mixirigor 1-butyl-4-methylpyri-

out under extreme conditions (syngas pressure of 400dinium chloride (4-MBP CI)2 with SnCh in a mo-

bar). Finally, in Parshall’s publication, the activity of
the catalyst has not been determined quantitatively.
Therefore, it is not possible to compare the obtained
data with results in conventional organic solvents.

In order to explore in more detail the catalytic
potential of Pt-complexes in chlorostannate melts,
we investigated the regioselective hydroformylation
of functionalized and non-functionalized alkenes in
room temperature liquid chlorostannate ionic liquids.

Those low melting chlorostannate salts have been re-

cently described by Ling and Koura [23] as solvents
for electrodeposition of tin and other electrochemical
applications.

In our contribution, we describe for the first time
the use of a room temperature liquid chlorostannate
ionic liquid as reaction medium for a homogeneous
catalyst. In detail, the hydroformylation of 1-octene
and methyl-3-pentenoate (M3P) with (RPHPLCh in
slightly Lewis-acidic chlorostannate ionic liquids is
reported.

2. Experimental
2.1. Reagents

All reactions were performed under argon using

lar ratio of 1:1.04 [49 mol% chloride salt/51 mol%
SnCh; X(SnCh)=0.51].2 was prepared by reacting 1
equivalent of 4-methylpyridine with 1.5 equivalents of
butylchloride under reflux conditions for 120 h. The
product formed a white, sometimes slightly rose solid
which was filtered off and dried.

The ionic liquids were obtained by formation of the
anions SnG~ and SnCls~ as shown in Scheme 1
[23]. Both chlorostannate melts are slightly yellow
liquids at room temperature (melting poirt85°C).

Generally, the Lewis-acidity of a chlorostannate
ionic liquid is determined by its chloride salt/SnCl
ratio. To characterise our chlorostannate ionic liquids,
we developed a method to determine its Lewis-acidity
by 11950 NMR spectroscopy. Fig. 1 shows the correla-
tion between the acidity af/SnCb and the chemical
shift of its 119Sn NMR signal. Using this calibration
curve, the Lewis-acidity of an ionic liquid of unknown
composition can be easily determined. The observa-
tion that only one!'®Sn NMR signal is detected for
all chloride salt/SnGl compositions is related to a
fast exchange between [Snlt and [SrCls]~ in
the melt at room temperature.

To form the ionic catalyst solution, (PBaPtCh
(synthesised according to Ref. [25]) was added to
the chlorostannate ionic liquids. A change in colour
from yellow to red was observed. Probably, this is

standard Schlenk tube techniques. Solids were dried attributed to the abstraction of chloride atoms from

under reduced pressure and liquids were distilled

the platinum-complex by the acidic 0I5~ of the
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Fig. 1. 1/SnCb: Correlation between the Lewis-acidity of the chlorostannate ionic liquid and'8n NMR shift [X(SnCh)=mol

SnCh/(mol SnCh+mol 1)].

ionic liquid. This assumption could be supported by
recording the Lewis-acidity of the chlorostannate ionic
liquid before and after the addition of (PRHPtChL

by 119Sn NMR. The acidity of the ionic liquid was
found to be significantly reduced after the addition of
the Pt-complex. Moreover, the amount of this reduc-
tion corresponded very well to the assumption of an
acid—base reaction of both chloride atoms from the
platinum-complex with the acidic ionic liquid. Obvi-
ously, this acid—base reaction plays an important role
for the formation of the catalytic active Pt-complex in
the chlorostannate ionic liquid.

2.3. Hydroformylation experiments in GBI,

In a typical experiment, 0.02 mmol of (PHBPtChL
and 0.1 mmol of SnGl were dissolved in 10 ml
dichloromethane and stirred for 30 min. The solution
was transferred into a previously dried 75-ml stainless

steel autoclave under argon. The vessel was pres-

was reduced to the reaction pressure and the olefin
was added through a dropping funnel. After reaction
time, the autoclave was cooled in an ice bath to room
temperature. After venting the autoclave, the yellow
solution was analysed by GC with dibutylether as
internal standard. The products were characterised by
GC-MS, GC-IR and NMR-spectroscopy.

2.4. Hydroformylation experiments in chlorostannate
ionic liquids

In a typical experiment, 0.02 mmol of (P§)bPtCh
were dissolved in 10 ml of the chlorostannate ionic
liquid [X(SnCl)=0.51] and stirred for 30 min. The
solution was transferred into a previously dried 75-ml
stainless steel autoclave under argon. The vessel was
pressurised with syngas (1:1) to the reaction pres-
sure, placed in a preheated oil bath, and stirred with
a magnetic stirrer. After 30 min preforming time, the
pressure was reduced to the reaction pressure and

surised with syngas (1:1) to reaction pressure, placedthe olefin was added through a dropping funnel. Af-

in a preheated oil bath, and stirred with a magnetic
stirrer. After 30 min preforming time, the pressure

ter reaction time, the autoclave was cooled in an ice
bath to room temperature. In case of the monophasic
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Scheme 2. Alternative route to produce adipinic acid from butadiene.

hydroformylation of M3P, the organic compounds

were separated from the ionic catalyst layer by flash
distillation at reaction temperature and high vacuum.
In case of the biphasic hydroformylation of 1-octene,
the organic compounds were isolated by a simple
phase separation.

The colourless organic solution was analysed by
GC with din-butylether as internal standard. The
products were characterised by GC-MS, GC-IR and
NMR-spectroscopy.

3. Catalytic results and discussion
3.1. Hydroformylation of M3P

The regioselective hydroformylation of M3P offers
an alternative route to produce adipinic acid from bu-
tadiene (see Scheme 2).

To obtain 5-formylmethylpentenoate (5-FMP), it

is necessary to combine an isomerisation step with

a highly regioselective hydroformylation. Scheme 3

shows the different reaction pathways in the hydro-
formylation of M3P.

It is noteworthy that M3P is fully mixable with
CHCl, as well as with the chlorostannate ionic lig-
uids used in our experiment®/snCh and 2/SnCb).
CHCl, was chosen as organic solvent for the com-
parison experiments due to the fact that it was found
to be the best organic solvent for hydroformylation
reactions with the Pt/Sn-catalyst system [22].

As shown in Table 1, the overall activity of
the platinum-catalyst is significantly higher in the
chlorostannate ionic liquids in comparison to £Z,
(comparison of entries a, b with c). This result is prob-
ably caused by an enhancement of catalyst lifetime
in the ionic liquid solvent. In CHCly, the Pt-catalyst
is completely deactivated during the reaction even
if a fivefold excess of ligand is used to stabilise
the catalyst. Under identical conditions, the catalyst
still shows some activity after the reaction time in
chlorostannate ionic liquids.

In all three experiments, only hydroformylation and
hydrogenation products were detected in significant

OMe
(6]
MP T
Hydrogenation P | ™.
o OMe OMe OMe
Isomerization
M4pP I M3P | M2P l
Hydroformylationl Y l 'S ¢
O
j\/\/(Q/le
0

Scheme 3. Reaction pathways in the hydroformylation of M3P.
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Table 1
Comparison of different solvents in the hydroformylation of
methyl-3-pentenoate (M3P)

Conversion TOF*  S5-FMPP  SMP)°

Entry  Solvent

[%] ™ (%] [%]
a 2/snCh 5.4 31 56.5 9.6
b UsSnCh 6.3 37 56.5 9.8
c CHCl; 15 9 44.4 46

Conditions: 0.02 mmol Ptg{PPh)2, 0.1 mmol PPk, 20 mmol
M3P, 5 ml solventp(CO/H;)=50 bar,T=120°C, t=2 h, Entries
a, b: X(SnCp)=0.51.

aTurnover frequency (TOE) mol of M3P converted per mol
of Pt-catalyst per hour.

PThe selectivity for 5-FMP was calculated in the following
way: [S(5-FMP)}l=amount of 5-FMP/amount of all hydroformyla-
tion products.

¢The selectivity for methylpentanoate (MP) was calculated in
the following way: B{(MP)]=amount of MP/amount of all products.

Table 2
Comparison of different solvents in the hydroformylation of
1-octene

Entry Solvent ConversionTOF* Sn-nonanaly S(octaney

[%] h1 (%] [%]
a 2/snCh 19.7 103 96.0 29.4
b USnCh 22.3 126 95.0 41.7
c CHCl; 25.7 140 983 9.4

Conditions: 0.02 mmol PtG{PPh)2, 0.1 mmol PPk, 20 mmol
1-octene, 5 ml solventp(CO/H;)=90 bar, T=120°C, t=2 h, ,
Entries a, b: X(SnG)=0.51.

aTurnover frequency (TORE) mol of 1-octene converted per
mol of Pt-catalyst per hour.

bThe selectivity forn-nonanal was calculated in the following
way: [S(n-nonanal)}amount of n-nonanal/amount of all hydro-
formylation products.

®The selectivity for octane was calculated in the following
way: [S(octane)}amount of octane/amount of all products.

amounts. The higher hydrogenation activity of the tical conditions. While the reaction is monophasic in
ionic system may be attributed to a selective gas solu- CH,Cly, a biphasic reaction takes place with each of
bility of the ionic medium. Under reaction conditions, the chlorostannate ionic liquids. Moreover, no leach-
the hydrogen of the syngas seems to have a highering of the Pt-catalyst was detected, which can be inter-
solubility in the chlorostannate ionic liquid than CO. preted as another strong hint for the postulated ionic
This may be the reason for the higher hydrogenation structure of the active Pt-catalyst. The ionic catalyst

activity observed for the ionic liquid system. For fur-

solution can be recovered after catalysis by simple

ther confirmation of this assumption, catalytic experi- phase separation.

ments with lower H/CO-ratio in the syngas have been
carried out. However, the overall catalytic activity was

The hydroformylation of 1-octene with (PRhaPtCh
in CHoCl> shows (in good accordance to Ref. [22])

much lower in these cases. Therefore, it was not pos- reasonable activity with very high selectivity to the
sible to prove the expected solubility influence on the linear nonanal (entry ¢ in Table 2). The undesired

catalytic hydrogenation activity.

3.2. Hydroformylation of 1-octene

The hydroformylation of 1-octene, which is of in-

hydrogenation of 1-octene to octane is moderate in
CHxCly. In contrast, the results in both chlorostan-
nate ionic liquids show slightly lower rate, still very
high n/iso-selectivity, but higher hydrogenation ac-
tivity (entries a and b in Table 2). The latter effect

terest for the synthesis of linear nonanal, was chosenwas already found for the hydroformylation of M3P.

as second model reaction for the use of (HEPtChL

Interestingly, in this case, the undesired hydrogena-

in chlorostannate ionic liquids. To produce the tech- tion activity depends significantly on the cation of

nically desiredn-nonanal in high selectivity, it is

the ionic liquid (41.7% hydrogenated product with

necessary to achieve a highly regioselective hydro- BMIM vs. 29.4% with 4-MBP).

formylation. While the hydroformylation of small
olefins («Cs) is technically realised in a biphasic

The promising results in the biphasic system with
2/SnCh prompted further studies to investigate the

aqueous system, this method suffers from low reac- influence of temperature and syngas pressure on the
tion rates for the 1-octene hydroformylation due to hydroformylation and hydrogenation activity of the

low olefin solubility in water.

Table 2 shows the results obtained with (BRh
PtChk in two different chlorostannate ionic liquids in
comparison to the experiment in GBI, under iden-

Pt-catalyst in the ionic liquid. The results obtained are
summarised in Scheme 4.

The highest ratio of hydroformylation to hydrogena-
tion is found at high syngas pressure and low temper-
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Scheme 4. Temperature and pressure dependence of the hydroformylation of 1-octene wi{fPPR{)Glin 2/SnCb.

ature. At 80C and 90 bar CO/ktpressure more than
90% of all products are@-nonanal andso-nonanal,
the ratio between these two hydroformylation prod-
ucts being 98.6:1.4n(i=72.4). Generally, very high
selectivities for the linear aldeyd (always >95%) are
found in all experiments presented in Scheme 4. At
high temperatures, the overall activity increases in all
experiments. However, this is very much related to
an increasing hydrogenation activity of the system.

nate ionic liquids is an active catalyst for the regiose-
lective hydroformylation of methyl-3-pentenoate and
1-octene. Moreover, our results of the regioselective
hydroformylation of methyl-3-pentenoate reveal some
unique properties of the chlorostannate ionic liquid. In
contrast to other known ionic liquids, the chlorostan-
nate system combine a certain Lewis-acidity with
high compatibility for functional groups. The first led
in our experiments to the activation of (P#PtCh

In contrast, higher syngas pressure favours the hy- by a Lewis-acid—base reaction with the acidic ionic
droformylation reaction over the hydrogenation of the liquid medium. The high compatibility for functional
feedstock. This result is probably caused by the fact groups could be demonstrated by the catalytic reaction
that only at high syngas pressure does the ionic lig- with methyl-3-pentenoate. Generally, we think that
uid dissolve enough CO to allow competitive hydro- the unique Lewis-acidic properties of such chlorostan-
formylation reactivity of the Pt-complex. nate ionic liquids could prove to be useful for a wide
range of other catalytic and synthetic applications.
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