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1. Introduction

Received July 18, 2007

liquids as alternative solvents in transition metal-catalyzed
reactions. Besides their very low vapor pressure and their
good thermal stability, an important advantage is the pos-
sibility to tune their solubility and acidity/coordination
properties by varying the nature of the anions and cations
systematically. The possibility of adjusting solubility proper-
ties is of particular importance for liquieliquid biphasic
catalysis. Liquid-liquid catalysis can be realized when
one liquid is able to dissolve the catalyst and displays a
partial solubility with the substrates and a poor solubility
with the reaction products. Under these conditions, the
product phase, containing also the unconverted reactants, is
removed by simple phase decantation and the liquid con-
taining the catalyst can be recycled. In hydroformylation,
this concept has been successfully applied for reactions of
short alkenes in the Ruhrchemie/Ri@sPoulenc Process
(RCH/RP)79

In an ideal biphasic reaction scenario, the ionic catalyst
solution may be seen as an investment for a potential
technical process or as a “working solution” if only a small
amount has to be replaced after a certain time of application.
In this connection, an essential aspect is related to the thermal
and chemical stability of the ionic liquid solvent under the
applied reaction conditions. While most dry ionic liquids
have good thermal stability, often with decomposition
temperatures of 200C or more, the presence of water in
reaction systems may result in ionic liquid degradation by
hydrolysis!® Particular ionic liquids with chloroaluminate
and [PR]~ anions are know to easily undergo hydrolysis,
with the latter forming phosphates and HF acid, which
unintentionally may contribute to acid-catalyzed reactions
or initiate catalyst degradatidf.In this connection, it is
worth noting that numerous reactions, well-known to be
catalyzed by protic acids, have been reported to proceed
rapidly in ionic liquids with [PE]~ anions!? Similarly, many

Over the last few years, ionic liquids have successfully results obtained with [RfF -containing reaction systems rich
been applied as alternative solvents for homogeneous bi-in water have most probably been under the influence of
phasic catalysis:® Many transition metal complexes dissolve partial catalyst degradation. This, of course, suggests that
readily in ionic liquids, which enables their use as solvents the use of [P~ ionic liquids, and other known hydrolysis

for transition metal catalysis. Sufficient solubility for a wide

labile ionic liquids, should generally be avoided in reaction

range of catalyst complexes is an obvious, but not trivial, Systems containing water. Also, results obtained with reac-
prerequisite for a versatile solvent for homogeneous catalysis.tions involving low-valent metals, which are found to
Obviously, there are many other good reasons to apply ionic catalyze [PE~ degradation with formation of transition metal
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fluorides, should only be treated with due circumspectn.
Another important aspect of the biphasic reaction concept
is the immobilization of the transition metal catalyst in the
ionic liquid. While most transition metal catalysts easily
dissolve in an ionic liquid without a special ligand design,
ionic ligand systems have been applied with great success
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to prevent catalyst leaching under conditions of intense
mixing in continuous liquie-liquid biphasic operatiof
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liquids with regard to product separation, catalyst recovery,
improved catalyst stability, and selectivity/®

Early work by Parshall in 1972 described the use of
tetraethylammonium trichlorostannate melts for the platinum-
catalyzed hydroformylation of etheh&The reaction condi-
tions applied were harsh, with S« and 400 bar syngas
pressure. In 1987 Knifton reported the ruthenium- and cobalt-
catalyzed hydroformylation of internal and terminal alkenes
in tetran-butylphosphonium bromide mel&.The ionic
medium was found to stabilize the catalyst species, indicated
by improved catalyst lifetime at low syngas pressures and
higher temperatures. The use of ionic liquids which are solid
at room temperature was reported by Andersen and co-
workers in 1998° They used phosphonium tosylate melts
for both ligand modified and unmodified rhodium hydro-
formylation. At 100°C reaction temperature, these melts are
liquid, and they solidify upon cooling to room temperature.
Product separation was achieved by seliquid separation,
and the catalyst recycling was reported to be complete
without deactivation or rhodium leaching into the organic
phase.

The first biphasic, liquigtliquid catalysis with room
temperature ionic liquids was carried out by Chauvin and
Olivier-Bourbigou in the mid-ninetie®. However, only
development and broader availability of non-chloroaluminate
ionic liquids have further contributed to catalytic work in
this research field starting from the late nineties. Today, a
significant part of the ballooning number of publications on
ionic liquid chemistry (nearly 2900 in 2006 and so far 2800
in 2007, according to SciFind8y deals with transition metal
catalysis in these unusual liquid materials. This intense
research activity was documented recently by a number of
quite conclusive review articles and book chapférg

In this review we will focus on the development of room
temperature ionic liquids as alternative solvents for biphasic
catalysis, exemplified for the hydroformylation reaction. The
development of novel ionic liquids as well as ligands to
match the requirements of biphasic catalysis will be dis-
cussed. Mechanistic studies including in situ IR and NMR
techniques will be presented to signify similarities and
differences when using ionic liquids as solvents instead of
molecular organic solvents, and the novel concept of
supported ionic liquid-phase (SILP) catalysis and catalytic
systems comprising scGQare included to enlighten the
potential of ionic liquids as optional reaction media for
process designs applying continuous fixed-bed reactions.
Additionally, the effect of hydrogen, carbon monoxide,
ethene, propene, and 1-butene gas solubility in ionic liquids
on catalyst performance in rhodium-catalyzed hydroformy-
lation will be addressed together with alcohol and aldehyde
solubility. The review will cover literature published up to
December 2007.

In the review 1-alkyl-3-methyl imidazolium cations are
denoted as [RMIM}, 1-alkyl-2,3-dimethyl imidazolium
cations are denoted as [RMMIM] N-alkylpyridinium
cations are denoted as [RPyr#i-methyIN-alkyl pyridinium
cations are denoted as [RMPYy]and N-alkyl-N-methyl
pyrrolidinium cations are denoted as [RMPyrrivhere R
is a letter notation presenting the alkyl chain attached to the
nitrogen center with M= methyl, E= ethyl, B = butyl, H

Many of the important ligand developments have been made= hexyl, O = octyl, and Bz= benzyl. The anion bis-
for the biphasic hydroformylation reaction, and a vast number (trifluoromethylsulfonyl)imide [(CESQ;,).N] ~ is denoted as

of publications have shown improved potential of ionic

[TfoN]~, and triflate [CBSO;] ™ is denoted as [TfO].
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2. Solubility of Hydroformylation Relevant
Compounds in lonic Liquids

2.1. Hydrogen and Carbon Monoxide Solubility

Various attempts have been made to determine the
solubility of syngas in ionic liquids, since a nearly equimolar
ratio of hydrogen and carbon monoxide is required in the
liquid catalyst phase to obtain active and selective hydro-
formylation rhodium catalyst%.

In one of the first efforts linking gas solubility with
reactivity and selectivity in biphasic ionic liquid catalysis,
Dupont and co-workers in 2001 determined the hydrogen
solubility and derived Henry’s laws coefficienkd) in
[BMIM][PF ¢] at room temperature via a simple pressure drop
in a closed vesséP. They reported a very high Henry
coefficient of 5700 bar, indicative of poor hydrogen solubility
in the ionic liquid (Table 1, entry 1). In 2002 Brennecke et
al. tried to calculate the solubility of hydrogen and CO in
several ionic liquids using a gravimetric microbalance, but
low solubility prevented Henry coefficients from being
determined for these low molecular weight ga¥es.

Henry coefficients for hydrogen solubility in various ionic
liquids (only a selection is given in Table 1) were systemati-
cally determined by Dyson et al. in 2003 using high pressure
IH NMR (entries 2-10)37 Here, hydrogen solubility was
generally found to be significantly lower than that for
molecular solvents but very similar to that for water, and
the Henry coefficient was largely independent of the alkyl
chain length for 1-alkyl-3-methyl imidazolium tetrafluoro-
borate ionic liquids (entries-35). Pyridinium-based ionic
liquids showed a slightly better solubility for hydrogen
(entries 7 and 8), probably due to their lower viscosity (85
cP for [BMPyr][Tf,N] compared to 135 cP for [OMIM]-
[BF4]). The highest hydrogen solubility was found with
[P(CeH13)3(CraH29)[PF3(C2Fs)5] (entry 9), although this ionic
liquid had the highest viscosity (498 cP) of all investigated
ionic liquids. Notably, this solubility trend was not found in
comparable hydrogenation experiments, where all ionic liquid
systems exhibited similar activity. Recently, Maurer and co-
workers reported the hydrogen solubility in [HMIM][Z¥]

Haumann and Riisager

Table 1. Hydrogen Solubility in lonic Liquids Expressed by the
Henry Coefficient (at 1 Bar)

Henry
T coefficient,

entry ionic liquid (°C) ky (bar) ref
1 [BMIM][PF¢] RT 5700 35
2 [BMIM][PF4] RT 6600 37
3 [BMIM][BF 4] RT 5800 37
4 [HMIM][BF 4] RT 5700 37
5  [OMIM][BF 4] RT 6400 37
6 [BMIM][Tf 2N] RT 4500 37
7 [BPyr][Tf.N] RT 3900 37
8  [BMPyr][Tf:N] RT 3700 37
9 [P(CeH13)3(C1aH29)l[PF3(CoFs)s]  RT 700 37
10 [BMIM][TfO] RT 4600 37
11 [HMIM][Tf 2N] RT 863 38
12 [HMIM][Tf :N] 60 701 38
13 [HMIM][TT 2N] 100 603 38
14 [HMIM][Tf 2N] 140 529 38
15  [BMIM]|[BF 4] RT 2036 39
16 [BMIM][BF 4] 50 2780 39
17 [BMIM][BF 4] 70 4318 39

Table 2. Carbon Monoxide Solubility in lonic Liquids Expressed
by the Henry Coefficient (at 1 Bar)

Henry
T coefficient,

try ionic liquid (°C) kq (bar) ref
18 [MMIM][BF 4] RT 8050 40
19 [EMIM][BF 4] RT 6670 40
20 [BMIM][BF ,] RT 3370 40
21 [HMIM][BF 4] RT 2880 40
22 [OMIM][BF 4] RT 1910 40
23 [BMIM][PF¢] RT 3270 40

4 [MMIM][Tf 2N] RT 1340 40
25 [EMIM][Tf 2N] RT 1180 40
26 [BMIM][Tf 2N] RT 950 40
27 [HMIM][Tf 2N] RT 760 40
28 [OMIM][Tf2N] RT 670 40
29 [BzMIM][TTf 2N] RT 1410 40
30 [BMIM][PF] RT 55.2 41
31 [BMIM][PF¢] 100 56.0 41
32 [BMIM][BF 4] RT 1726 39
33 [BMIM][BF 4] 50 1765 39
34 [BMIM][BF 4] 70 1775 39

found, leading to a small decrease in CO solubility at higher

expressed as the Henry constant on the molality scale (entriesemperatures.

11-17)38 The hydrogen solubility was found to increase in
the temperature range between 20 and 4@Presulting in
decreased Henry constants.

Both hydrogen and CO solubility have further been
determined by Gomes and co-workers using an isochoric
saturation technique, where Henry constants in [BMIM}PF
were calculated in the temperature rangerb °C (Table 1,
entries 15-17, and Table 2, entries 384)3° For both CO
and hydrogen solubility, the authors reported a minor
decrease in solubility with increasing temperature, whereas
all previous studies indicated higher hydrogen solubility at
higher temperatures. Dyson and co-workers uS€® in
13C NMR experiments to determine the Henry coefficient
of CO in various ionic liquid$® Table 2 gives a selection
of the examined imidazolium ionic liquids.

For ionic liquids with the same imidazolium cation or pyri-
dinium cation (not shown in Table 2), [AM]-based ionic
liquids had significantly higher CO solubility than [BF
based ionic liquids. For both series, the CO solubility also
increased with increasing alkyl chain length of the alkyl sub
stituent on the cation, as depicted in Figure 1, while only a
marginal temperature dependence of CO solubility was

I I 1 I 1 1 I 1
»  [RMIM][TEN]
ol A [RMIM]BF]
X A
p i
7 = -
6 | 1 1 | 1 1 1 1
0 1 2 3 4 5 6 7 8 9

Number of carbons in alkyl chain R in [RMIM]

Figure 1. Effect of the alkyl chain length in [RMIM][X] (X=
BF,~ and T&N™) ionic liquids on CO gas solubility expressed by
Henry coefficients. Data reproduced from ref 40.
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Table 3. Alkene Solubility in lonic Liquids Expressed by the
Henry Coefficient (at 1 Bar)

Henry
T coefficient,
entry alkene ionic liquid  (°C) ky (bar) ref
35 ethene  [BMIM][PF] 10 142+ 14 36
36 [BMIM][PF¢] 25 173+ 17 36
37 [BMIM][PF¢] 50 221422 36
38 [EMIM][Tf.N] 30 148+ 2.8 42,43
1514+ 2.8
39 [EMIM][TfN] 40 118+7 42,43
126+ 8
40 [BMIM][BF 4] 40 263+24 42,43
243+ 21
41 [BMIM][PF¢] 40 187+23 42,43
189+ 23
42 propene [EMIM][TEN] 30 37.0+£0.5 42,43
37.1+£ 0.5
43 [EMIM][Tf2N] 40 44.3+1.4 42,43
444+ 1.4
44 [BMIM][BF,] 40 88.2+29 42,43
87.8+2.8
45 [BMIM][PF¢] 40  74.0+35 42,43
742+ 3.5
46 [BMIM][Tf 2N] 7 15.3 44
47 [BMIM][TfN] 27 23.0 44
48 [BMIM][Tf.N] 47 33.6 44
49 [BMIM][TfN] 67 45.8 44
50 1-butene [EMIM][TEN] 40 222404 42,43
222+ 04
51 [BMIM][BF 4] 40 544+ 1.1 42,43
55.6+1.2
52 [BMIM][PF¢] 40 405+1.1 42,43
404+ 1.0
53 [BMIM][Tf oN] 7 6.5 44
54 [BMIM][Tf.N] 27 10.5 44
55 [BMIM][TfN] 47 16.7 44
56 [BMIM][Tf,N] 67 26.0 44
57 [EMIM][Tf.N] 40 8.53+0.07 42,43
8.54+ 0.07
58 [BMIM][BF 4] 40 n/a 42,43
59 [BMIM][PF¢] 40 134402 42,43
13.3+£0.2

CO solubility in [BMIM][PFs] was also measured by
Maurer et al. in 2005 using a high-pressure view cell that
allowed the determination of the solubility pressure at
equilibrium and thus the Henry constant (on the molality
scale) (entries 30 and 3%).In good agreement with the
previous results by Dyson et &.no significant temperature
dependence was observed.

2.2. Ethene, Propene, and 1-Butene Solubility

In addition to the pioneering work by Brenneckethe
solubility of short chain alkenes in ionic liquids has recently
been determined independently by Noble et?&f. and

Chemical Reviews, 2008, Vol. 108, No. 4 1477

7 . , . , . :

[BMIM][BF ] (40 °C)
[BMIM][PF.] (40 °C)
[EMIM][T,N] (40 °C)
[BMIM][TE,N] (40 °C)
[BMIM][TE,N] (27 °C)

o> ed4n

2 v r . r . . .
1 2 3 4 5

1-Alkene C-number

Figure 2. Alkene solubility in different [RMIM][X] (R = ethyl
and butyl; X= BF,;~, PR, and TEN™) ionic liquids expressed
with Henry coefficients (closed symbols, refs 42 and 43; open
symbols, ref 44).

46—49 and 53-56)4 Interestingly, in [BMIM][Tf,N], the
alkene solubility decreased with increasing temperature,
whereas it increased in the ionic liquid [EMIM][2M].

For the four ionic liquids studied, the solubility of the
alkene gases increased with increasing carbon number with
a similar solubility behavior. Hence, a plot of ky against
the carbon number of the alkenes revealed a linear decline
in In ky with increasing chain length, as shown in Figure 2.
The average slope of all fitted curves, regardless of ionic
liquid type, was found to be-0.77 + 0.05.

Overall, the compiled gas solubility data in Tables3l
might indicate that ionic liquid biphasic hydroformylation
reactions are mass transport limited. Especially the low
hydrogen solubility should result in slow reaction rates.
However, in many cases, an accelerating effect of the ionic
liquid has been reported. This will be further discussed in
sections 4.1 and 5.2.

2.3. Alcohol and Aldehyde Solubility

Aldehydes and alcohols are the typical hydroformylation
products, with the latter being produced from the aldehydes
by hydrogenation in a consecutive reaction. Aldol condensa-
tion of the formed aldehydes and alcohols results in higher
alcohols with twice the carbon number. These so-called
heavy boiling products (heavies) are an undesired byproduct
in most hydroformylation processésAll products and
byproducts have a higher polarity compared to the alkene

Outcalt et al* using pressure decay inside a sealed vesselsubstrate and can therefore likely be accumulated within the

to calculate the alkene solubility (Table 3).

Noble and co-workers reported values for ethene in
[BMIM][PF ¢], which were in good agreement with the data
from Brennecke et af (compare entries 3537 with entry
41)# However, in the ionic liquid [EMIM][TEN], the

solubility of ethene increased with increasing temperature

(entries 38 and 39 in contrast to the case in [BMIM][R
for which Brennecke reported a decrease in solubifity.
Noble et al. also reported a better solubility in ionic liquids

ionic liquid phase® The literature data on short chain alcohol
and aldehyde solubility in selected ionic liquids, most
commonly used for hydroformylation experiments, have been
summarized in Table 4 in terms of their activity coefficients
at infinite dilutiony;".

In hydrophilic [EMIM][C,Hs0SGQj], the activity coef-
ficients of both alcohols and aldehydes increased significantly
with increasing C-number of the solute (entries—&3)4”
The same trend was observed for alcohol solubility in the

at 40°C when going from ethene to propene and 1-butene more hydrophobic ionic liquids [EMIM][TN] (entries 64~

(entries 39-41, 43-45, and 56-52)#? This trend was also

67), [BMIM][Tf2N] (entries 68-71), and [HMIM][Tf,N]

observed by Outcalt et al. for propene and 1-butene in (entries 72-76)4852 With increasing alkyl chain length R

[BMIM][Tf ,N] at temperatures between 7 and°&7(entries

on the cation [RMIMT, the activity coefficients decreased
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Table 4. Alcohol and Aldehyde Solubility in Selected lonic
Liquids at 323 K Expressed by the Infinite Dilution

Coefficient y;°

alcohol aldehyde

entry ionic liquid v ref ye  ref
60 [EMIM][C.H50SQ;] 1-propanol 1.22 47 propanal 2.00 47
61 1-butanol 1.69 47 1-butanal 3.47 47
62 1-pentanol 2.74 47 1l-pentanal 5.37 47
63 1-hexanol 4.20 47 1-hexanal 11.22 47
64 [EMIM][Tf2N] 1-propanol 1.90 48

65 1-propanol 2.02 49

66 1-butanol 2.68 48

67 1-pentanol 3.78 48

68 [BMIM][Tf 2N] 1-propanol 2.07 50 propanal 0.49 50
69 1-butanol 2.35 50 1-butanal 0.68 50
70 1-pentanol 2.74 50 1-pentanal 1.34 50
71 1-hexanol 3.47 50 1-hexanal 1.51 50
72 [HMIM][Tf 2N] 1-propanol 1.85 51 propanal 0.45 51
73 1-propanol 1.57 52

74 1-butanol 2.05 51 1-butanal 0.58 51
75 1-pentanol 2.43 51 1-pentanal 1.08 51
76 1-hexanol 2.92 51 1-hexanal 1.19 51
77 [OMIM][Tf 2N] 1-propanol 1.35 52

78 [EMIM][BF 4] 1-propanol 0.95 53

79 [BMIM][BF 4] 1-propanol 2.64 53

80 1-propanol 2.23 54

81 1-butanol 3.30 54

82 1-pentanol 5.15 54

83 [HMIM][BF 4] 1-propanol 1.86 53

84 [OMIM][BF 4] 1-propanol 1.44 53

for all alcohols, as shown in Figure 3. In [RMIM][BFonic
liquids, a similar behavior of decreasing activity coefficients
with increasing alkyl chain was observed, with the exception
of [EMIM][BF 4], having the lowest activity coefficient in
the series (entries 784 and Figure 335

Activity coefficient data for the corresponding aldehydes
are compiled in Table 3. They follow a similar trend as
observed for the alcohols, as depicted in Figure 4.

A clear trend was observed of increasing activity coef-
ficients (and thus solubility) with increasing C-number of

Haumann and Riisager

4.0 T T T v T T T y T d T T T d T

3.5 --#-- alcohols - i

--&- aldehydes
3.04 S -

activity coefficient

0.0 +——+—"-v+-—ov—-a--s-—T—-vT"-"7-"-"7°7+—r—"T—"—7—
1 2 3 4 5 & 71 8

Alcohol/Aldehyde C-number
Figure 4. Activity coefficients of short chain 1-alcohols and

l-aldehydes in the ionic liquid [BMIM][TAN] at 353 K. Data
reproduced from ref 50.

these heavies from the ionic liquid phase; otherwise, a
dilution of the catalyst concentration will result in lower
reaction rates. Furthermore, these heavies can cause catalyst
metal leaching from the ionic liquid phase into the organic
phase.

3. Biphasic Hydroformylation with lonic Liquids

3.1. lonic Liquid Progression

The first investigations of the rhodium-catalyzed hydro-
formylation in room temperature ionic liquids were published
by Chauvin et al. in 1998 Here, reaction of 1-pentene with
the catalyst system Rh(acac)(G@jarylphosphine was
carried out in a biphasic reaction mode using [BMIM]EPF
as the ionic liquid, according to Scheme 1.

the substrate. This behavior indicates that the byproductsScheme 1. Hydroformylation of 1-Pentene with

of the hydroformylation are better soluble in the ionic

Rh(acac)(CO)/Triarylphosphine Catalyst Systems Studied

liquid than the desired aldehyde products. In the case of aldolby Chauvin?°

condensation, the resulting alcohols should be more soluble

in the ionic liquid phase by orders of magnitude. In such a
scenario, it will become important to find ways to remove

3.0 T T T T T T T T T T T
2.8+ % E
1 [ ]
264 \ ]
244 . -
T 224 -
0 - J
(3] ]
S 201 ‘\ ]
[} 4
8 1.8 i
b g
S 164 i
S 4 ~ 4
© 144 —A— [RMIM][Tf,N]/propanol A -
1] —m— [RMIM][Tf,N/butanol 1
- —%— [RMIM][Tf,N}/pentanol ]
1.0 5 A —A— [RMIM][BF J/propanol -
08 e —
1 2 3 4 5 6 7 8 9

Alkyl chain length in [RMIM]

Figure 3. Activity coefficients of short chain 1-alcohols in [RMIM]-
[TfoN] and [RMIM][BF4] ionic liquids as a function of alkyl chain
length R at 323 K. Data reproduced from refs—64.

COM; CHO

N S CHO e ™~
80 °C, 20 bar

1-pentene n-hexanal iso-hexanal
17 N\ o

OO OQ
“ S03Na
TPP TPPMS .

In this study, it was not possible to combine high activity,
complete retention of the catalyst in the ionic liquid, and
high selectivity for the desired linear hydroformylation
product, with any of the well-established ligands tested. The
use of TPP 1) resulted in significant leaching of the Rh
catalyst into the product phase, thus resulting in catalyst
activity in both phases. The catalyst leaching could be
suppressed by the application of the same sulfonated tri-
arylphosphine ligands [e.g., TPPMg)](that are used with
great success in agueous biphasic catalysis (e.g., the RCH/
RP process. Surprisingly, these ligands were found to cause
major deactivation when applied in an ionic liquid medium
[TOF = 59 hr* with TPPMS @) compared to 3331 with
TPP (@)]. Moreover, all of the established ligands showed
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Scheme 2. Reaction Routes to Hydrogenation-, Isomerization-, and Hydroformylation Products of Methyl-3-pentenoate under
Syngas

Hydrogenation product

************** t-Bu
Isomerisation products .__o
P~ \ j
T
S OMe
M4P
/
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Table 5. Rh-Catalyzed Hydroformylation® of M3P in Toluene and the lonic Liquid [BMIM][PF ¢]%°
selectivity (%)
entry solvent ligand TOF (1) MP 2-FMP 3-FMP 4-FMP 5-FMP nfisoratio
85 toluene 1 83 4 9 42 39 3 <0.1
86 toluene 3 89 12 0 12 25 50 1.3
87 [BMIM][PFg] 1 107 7 7 37 38 10 0.1
88 [BMIM][PFg] 3 180 5 0 17 29 47 1.0

@ Reaction conditionsp(H2/CO = 1:1) = 10 bar, T = 110°C, t = 3 h, Rh(acac)(CQ)precursor, L/IRh= 4, M3P/Rh= 3000.

Table 6. Recycling Experiment8 with Rh-3 Catalyst in the M3P

poor selectivity for the desired linear hydroformylation Hydroformylation 5

product @-hexanal between 50 and 80%).

In 1999, Keim et al. used the ionic liquid [BMIM][RF CH,Cl, toluene [BMIM][PR]
and two different rhodium catalysts to study the hydroformy- entry cycle TOF (hl) TON TOF () TON TOF (it1) TON
lation of methyl-3-pentenoate (MBP), which is a mode_l 89 0 134 630 91 455 149 745
feedstock for fatty esters and an important intermediate in 90 1 42 255 25 125 159 795
the synthesis of nylon or polyestéfsControlling the reac- 91 2 19 95 10 50 92 460
tion selectivity toward linear aldehyde was important here, 92 3 0 0 0 0 149 745
since M3P can undergo isomerization as well as hydrogena- 93_ 410 0 0 0 0 86150 3575

2 ToN 980 630 6640

tion, leading to unwanted side products, as depicted in

Scheme 2. a Reaction conditionsp(H,/CO = 1:1) = 30 bar,T = 110°C, t =
Recycling experiments were carried out in a batch auto- 3 . Rh(acac)(CQ)precursor3/Rh = 4, M3P/Rh= 1300.

clave with distillative product removal at the end of the

reaction. Table 5 summarizes the results obtained for two Scheme 3. Lewis Acidic Chlorostannate lonic Liquid

ligand modified rhodium complexes in biphasic ionic liquid ~Systems

systems and in organic solution (i.e., homogeneous). @ o [cation]© sncl®
The regioselectivity was not influenced by the solvent but [ cation] ™ ci °

solely by the type c_)f Iigand. U_sing the bulky phosphite ligand @ o e o

3 enhanced the isomerization tendency of catalysts and [cation] ™ sncly” + snCl, =——=[cation] ~ Sn,Cl

resulted in the increased formation of the desired 5-FMP.

Recycling experiments with TPRL) as ligand resulted in 4 cation = [1-Butyl-3-methylimidazolium]

deactivation of the catalyst after the first cycle (in the case

of organic solvent) and the fourth cycle (in the case of 5 cation = [1-Butyl-4-methylpyridinium]

[BMIM][PF g]). With the thermally more stable ligarg] the
catalyst deactivated after the third cycle when using or- . . = . . .
ganic solvents but largely retained its activity in [BMIM]-  1ONiC liquids and compared to reactions using «CH as
[PF], resulting in TONs of 6640 after ten cycles, as shown SClvent. In Table 7, the results are compiled.
in Table 6. For M3P, the overall activity of the Pt catalyst was
Methyl-3-pentenoate (M3P) was also hydroformylated significantly higher in the chlorostannate ionic liquids than
using Pt(TPPXCI, catalyst complexes in Lewis acidic chlo- in the organic solvent Ci€l, (entries 94-96). Using
rostannate ionic liquids by Wasserscheid and Waffenschmidt1-octene as substrate, the Pt catalyst exhibited similar
in 2000%¢ The Lewis acidity of the ionic liquid was adjusted activities in both solvents (entries 989). The selectivity
by the chloride/tin(ll) chloride ratio, as depicted in Scheme towardn-nonanal in the ionic liquids was comparable to that
3, and could be correlated with the chemical shift of the for the organic monophasic systems as well. However, as
119510 NMR signal in the melts. Increasing the amount of for the case of M3P, the hydrogenation tendency for 1-octene
SnCh resulted in a significant upfield shift of tH&°Sn signal. of the platinum complex was significantly higher in the ionic
Besides reaction of methyl-3-pentenoate, hydroformylation liquids than in CHCI,, which was attributed to a higher
of 1-octene was also investigated in these chlorostannatehydrogen solubility compared to CO.
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Table 7. Pt-1-Catalyzed Hydroformylatiorf of M3P and Scheme 4. Hydroformylation of 1-Octene, 1-Decene,
1-Octene in Chlorostannate lonic Liquids$® 1-Dodecene, and 1-Tetradecene with Rh(acac)(C®)
conversion TOF  Suws  Swe Xantphos-Based Catalyst Systems Studied by Dupont et &l.
entry substrate  solvent (%) (h™ (%) (%) COM, CHO
94>  M3P 5/SnCh 5.4 31 565 9.6 R g CHO s
95 M3P 4/SnCh 6.3 37 56.5 9.8 Rh-6/Rh-7
96  M3P CHCl, 15 9 444 46 R = CgH14, CgH1g, C1oH22, Cr2Hae
97 1l-octene 5/SnCh 19.7 103 96.0 294
98  1l-octene 4/SnCh 22.3 126 95.0 417 R >R 6r=H Xantohos
9% l-octene CHCI; 25.7 140 98.3 9.4 | P B P
aReaction conditionsT = 120°C, t = 2 h, Pt(),Cl, 0.02 mmol, BPh ° BPh 7R =S803Na Sulfoxantphos
1/Pt = 5 (entries 94, 95, 97, and 98), substratefP1000, 5 mL of 2 2
solvent,X(SnCh) = 0.51 (entries 94, 95, 97, and 98)p(H,/CO = . .
1:1) = 50 bar.¢ p(H/CO = 1:1) = 90 bar. Table 8. Rh-7-Catalyzed Hydroformylation? of 1-Octene in
[BMIM[PF ¢]58
5000 i . . p T conversion TOF n-nonanal Seo
T T ! entry (bar) (°C) (%) (9 (%) (%)
100 5 80 61 25 82 37
4000 N 101 15 80 90 37 83 15
[HMIMIICF 5GO,] 102 25 80 66 28 76 22
103 35 80 60 23 72 21
104 15 60 5 2 72 21
3000 . 105 15 100 77 32 93 21
= 106 15 120 86 36 90 25
~ 107 15 140 94 39 88 29
L [BMIM][CF3CO5]
O 2000 - aReaction conditionst = 24 h, Rh(acac)(CQ)0.02 mmol,7/Rh
[BMPyrr][CF3CO,] = 4, 1-octene/Rk= 1000, 3 mL of [BMIM[PF].
1000 |- [BMIMIPFgl (BMIMILTE,N] - achieved by use of chelating xantph6§&nd sulfoxantphos
[BMPyrr][Tf,N] (7) ligands, shown in Scheme 4.
[BMIMI[BF 4] [BMMIMI[TEN] The xantphos ligand showed high activity (TGF245
0 o L é L . . é h~1) in the first run of 1-octene hydroformylation in [BMIM]-

" » [PFs]. However, a large amount of the rhodium leached into
Shexene / 107 91 hexene Jionic auid the organic phase and the conversion dropped from 99% to
Figure 5. Turn-over-frequency (at 25% conversion) for 1-hexene 60% upon recycling. The sulfoxantphos modified rhodium
hydroformylation as a function of 1-hexene solubility in the complex (ligand to rhodium ratio, i.e., L/RKF 1) was
ionic liquids. Data reproduced from ref 57 (Reaction conditions: recycled up to three times in [BMIM][Pf without loss of
P(Ho/CO = 1:1) = 20 bar,T = 80°C, Rh(acac)(CQ)0.075 mmol, activity. Under these conditions, a low selectivity of 65.5%
2IRh = 4, 1-hexene/Rk= 800). toward the linear nonanal was obtained. When the L/Rh ratio
i . ) .. . . . wasadjustedto 5, the selectivity increased to 80Ananal
The first systematic approach to investigating ionic liquid 34 remained constant over four recycles. During the course
structure influences on hydroformylation was reported by of this recycling, an incubation period was observed, and
Olivier-Bourbigou et al. in 2001, using a range of ionic the catalyst reached the highest activity only after the second
liquids with variation in both cations (e.g., 1,3-dialkylimi-  ¢cycle. Table 8 summarizes the results obtained from experi-
dazolium, 1,2,3-trialkylimidazolium, anl,N-dialkylpyrro- ments at different temperatures and syngas pressures.
lidinium), and anions (e.g., BF, PR~, CRCO,", CRSGy, Surprisingly, the catalytic activity was found to decrease
TfO", and NT£7).5” The solubility of 1-hexene in the \yhen the syngas pressure was increased to above 15 bar
different ionic liquids was measured and found to be linearly using [BMIM][PFe] at 80°C. In the temperature range 80
correlated with the activity of a Rh-TPPMS catalyst, as 140°C, the reaction was further found to be limited by mass
shown in Figure 5, with the 1-hexene solubility plotted on {ransport from the gas into the liquid phase, indicated by an
the X-axis and the observed activity (expressed as TOF) on gffective activation energy of 6.3 kJ mé] with the level
the y-axis. of 1-octene isomerization remaining high, above 15%. By
In addition, the 1-hexene solubility was found to increase comparing different ionic liquids systems such as pure
significantly with increasing alkyl chain length of the cation [BMIM][PF ¢] (hydrophobic), water-saturated [BMIM][RF
for a given anion (e.g., GEO,"), while only minor effects  [BMIM][PF ¢] with toluene cosolvent, and pure [BMIM][BF
were observed when changing the cation from [BMiNg (hydrophilic), it was further found that lower selectivity
[BMPyrr]* (e.g., for the anions GEO,™ and T&N™). More- toward linear aldehyde was obtained with the more hydro-
over, methylation in the 2-position on the imidazolium cation philic or water-containing solvent systems. Hence, the highest
seemed to decrease the substrate solubility. For BMIM-basedinear selectivity was observed in pure [BMIM][E]Fwith
ionic liquids, 1-hexene solubility was further found to in-  93%n-nonanal, while 1-decene resulted in almost exclusive
crease in the following order: BF < PR~ < TfO™ < formation ofn-undecanal with up to 98.4% linearity. Suspi-
CRCO;~ < TfaN™. Reaction selectivity was high, around  cjon should, however, be taken when elucidating the reported
97%, in all cases, and no recycling experiments were selectivity order, considering the likelihood for particular
reported. [PFs]~ ionic liquid anion hydrolysis with possible catalyst
Dupont and co-workers studied the influence of different degradation, as also earlier emphasized in this review.
ionic liquids on the hydroformylation of long chain alkenes  In 2002 Wasserscheid et al. reported the synthesis and use
in 200128 Ligand modification of the rhodium catalyst was of the halogen-free ionic liquid [BMIM}j-CsH,,0SQ;] for
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Table 9. Rh-Catalyzed Hydroformylation? of 1-Octene in the
lonic Liquid [BMIM][ n-CgH170S0s]%°

reaction TOF n-nonanal
entry ionic liquid system (™ (%)
108 [BMIM][n-CgH,;70SQ;)]  monophasic 892 74.1
109  [BMIM][n-CgH170SQy  biphasic 862 71.7
+ CeH12
110 [BMIM][PF¢] biphasic 276 66.7
111 [BMIM][BF4] biphasic 317 72.2

@ Reaction conditionsp(H,/CO = 1:1) = 28 bar,T = 100°C,t =
1 h, Rh(acac)(CQ)precursor33Rh = 2, 1-octene/Rk= 1000, 5 mL
of ionic liquid.

Scheme 5. Preparation Routes to 2-Methylated Imidazolium
Triflate lonic Liquids and Butyl Imidazolium -Triphenyl
Borane Compound?
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rhodium-catalyzed hydroformylation of 1-octene using rhod-
ium catalysts modified with monodentate ligartéisThe
technical accessibility and well documented toxicology of
the octylsulfate anion (i.en-CgH;7,0SG; ), combined with
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Scheme 6. Perfluorinated Cations Used in
Rhodium-Catalyzed Hydroformylation of 1-Octenef?
R¢
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Scheme 7. Preparation Route to Ammonium Polyether
Tosylate lonic Liquids Used for Hydroformylation of
1-Tetradecené?
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(1) (13). In general, the ionic liquid reactions were found to
be slower compared to reactions in toluene, probably due to

its resistance toward hydrolysis under prolonged heating in lower solubility and diffusion coefficients of the gases in

water (80°C, 8 h), made this ionic liquid an interesting
alternative to analogous liquids based on hydrolysis labile
anions such as, e.g., [F. The hydroformylation results
are compiled in Table 9.

When using pure [BMIM]p-CgH170SQy), the reaction

these media. The Wilkinson catalysi2j showed low
selectivity towardn-aldehydes, whereas the chiral catalyst
13 formed branched aldehydes predominantly. Hydrogena-
tion was found to be significantly higher, with up to 44%
alkanes being formed, and the isomerization tendency was

mixture did not form a biphasic system at high 1-octene also higher in the ionic media due to stabilization of ionic
conversion (entry 108). Addition of cyclohexane as extraction intermediates.

solvent resulted in a biphasic system even at high 1-octene The use of highly viscous triazine-based ionic liquids was
conversion (entry 109). Thus, the ionic liquid, containing later reported for rhodium-catalyzed hydroformylation of
the catalyst, was separated by decantation. Compared withl-octeneé®? The three perfluorinated cations used in the study

the classical ionic liquids [BMIM][PE (entry 110) and
[BMIM][PF ¢] (entry 111), the halogen-free [BMIMJfCgH17~
0SG;] showed a significantly higher activity, attributed to
the enhanced solubility. In all experiments, the selectivity
was in the expected range (i.eliso= 1—3) for monodentate
phosphine ligands.

In order to avoid possible carbene formation, which can
occur with 1,3-dialkyl imidazolium cations under basic
conditions?® Raubenheimer et al. synthesized new 2-alkyl
imidazolium substituted ionic liquids. Compounds8 and
9 were obtained by alkylation of 1,2-dimethyl imidazole with
either CHOTf or CH;CH,OTf at 0°C, according to Scheme
5.

Both 2-methylated ionic liquids showed high thermal
stability and decomposed only at 498 (8) and 450°C
(9), respectively, as indicated by DCS and TGA measure-
ments. Further, a new coordination compourid(decom-
position temperature of 280C) was obtained (Scheme 5)
in the attempt to synthesize 1-butylimidazolium tetraphen-
ylborate from butylimidazolel(). All ionic compounds were

are shown in Scheme 6.

When 1-octene hydroformylation was carried out at 69
bar syngas pressure &0 = 1:1) and 80 °C, total
conversion was achieved within 19 dj and 14 h {5and
16) with exclusive formation of the aldehyde products
n-nonanal and 2-methyloctanal (no substrate hydrogenation
or isomerization). The catalyst could be separated from the
product mixture and was reused twice, during which a slight
decrease in activity and selectivity was observed. Rh leaching
was determined by ICP to be between 0.40 and 26.5 ppm.

The hydroformylation of 1-tetradecene in novel ammon-
ium ionic liquids with polyether-tails was reported by Jin et
al. in 200482 The highly viscous salt&8 were synthesized
by protonation of a polyether-tailored amirlg with p-
toluenesulfonic acid according to Scheme 7.

The hydroformylation reactions were performed in a
biphasic system at 105 and 50 bar syngas using heptane
as extraction phase. Results from ligand variation and
recycling experiments are shown in Figure 6.

Severe Rh leaching was observed when using TPBRY

tested as solvents in the rhodium-catalyzed hydroformylation ligand, similar to earlier results reported by Chauvin and
of 1-hexene and 1-dodecene using the classical Wilkinson Olivier-Bourbigou?® In contrast, the ligands TPPT$9) and

type complex RhCI(TPR)(12) and the chiral €)-(3*-cy-
cloocta-1,5-diene)-(2-methyl-4,7-dimethylindenyl)rhodium-

octylpolyethyleneglycolphenylphosphi2d{ OPGPP; Scheme
8) were found to immobilize Rh firmly in the ionic liquid
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Figure 6. Recycling results obtained from Rh-catalyzed hydro-
formylation of 1-tetradecene in an ionic liquid®heptane system.
Reproduced based on data from ref 63. (Reaction conditiph/
CO = 1:1) = 50 bar,T = 105°C, t = 10 h, RhC} precursor,
ligands/Rh= 15, 1-tetradecene/Rh 1000, 2.0 g ofL8, 1.0 mL of
tetradecene, 0.2 mL of-heptane. The last results with the ligand
TPPTS (9) were obtained after 20 h of preformation of active
catalyst.)
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Scheme 8. Structures of Sodium Trigh-sulfonatophenyl)-
phosphine (TTPTS) Ligand and Octylpolyethylene-
glycolphenylphosphite (OPGPP) Ligand®
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phase and suppress leaching without loss of activity. The
selectivity was, however, very low in all cases, with only
up to 29%n-pentadecanal being formed.

In a recent paper, Williams and co-workers investigated
the influence of different ionic liquids and mixtures thereof
on the activity and selectivity of the hydroformylation of
vinyl acetate to yield mainly branched aldehy&Eshe ionic
liquids tested were [BMIM][TEN] (IL 1), [N(CgH17)sCHa]-
[TF2N] (IL 2), [N(CeHs)(CzHs)][Tf2N] (IL 3), and [BPyr]-
[TfoN] (IL 4). As can be seen from Figure 7, the type of
ionic liquid enhanced the activity significantly, with IL 3

Haumann and Riisager
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Figure 7. Influence of solvent nature on activity (TOF) and
selectivity in the hydroformylation of vinyl acetate. Reproduced
with data from ref 64. (Reaction conditiong(H,/CO = 1:1) =

20 bar, T = 85 °C, ligand/Rh= 3, ligand = tris(2,4-ditert-
butylphenyl)phosphite, 1 mM Rh(Cégacac) 7 M vinyl acetate
or 2 mM when using DPE as solvent).
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Figure 8. Influence of cation alkyl chain length on 1-alkene

hydroformylation activity expressed as TOF. Reproduced based on
data from ref 65. (Reaction conditionp(H,/CO = 1:1) = 30 bar,
T=100°C,t=1 h, 0.01 mmol Rh(CQacac,19Rh= 10, 1 mL

of ionic liquid, 3 mL of 1-alkene.)

and IL 4 exceeding the homogeneous toluene solvent by ahydroformylation, a significant enhancement in catalyst

factor of 2.
In all systems, the selectivity toward aldehyde formation

activity was observed when replacing [BMIM][EIRTOF
= 54 h1) with the ionic liquids [BMIM][BF,] (TOF = 1748

was high. The highest selectivity for branched aldehydes wash™?) and [BMIM][ p-CHzCesH,SO;] (TOF = 2070 ht), which

obtained when using [N@#17)sCHg][Tf2N] (IL 2). The
positive effect of the ionic liquid on the selectivity was

was attributed to the better solubility of the TPPTS ligand
in these ionic liquids. Changing the alkyl chain length of

confirmed by mixing a small amount with diphenyl ether the imidazolium cation stepwise from C4 to C8 to C12 to
(DPE). With decreasing amounts of ionic liquid, the activity C16 resulted in no significant improvement in 1-hexene
could be increased; however, the selectivity decreased.hydroformylation, as shown in Figure 8.
Mixing of different ionic liquids (IL 1 and 2, IL 3 and 2) However, when using longer chain 1-alkenes as substrate,
resulted in a 2.5-fold increase in activity (TOF 1200th  the cation chain length influenced the activity. Figure 8 shows
compared to 2800 and 2900 respectively) while at the  the change in TOF for 1-hexene, 1-octene, 1-decene, and
same time the selectivity increased as well. These mixing 1-dodecene hydroformylation. The longer the alkene, the
results indicate the possibility to blend ionic liquid systems stronger the observed activity change with increasing alkyl
to combine beneficial properties for catalysis. chain length. This effect was attributed to the interplay
The influence of the cation and anion of different ionic between improved alkene solubility and lowered ligand
liquids has been reported by Lin et al. for the rhodium- solubility for increasing alkyl chains. The selectivity was less
catalyzed hydroformylation of 1-alkenes using TPPTS) ( affected by the change in ionic liquid in all experiments.
and BISBIS (sodium salt of sulfonated 2[#s(diphen- Recycling experiments in the 1-hexene hydroformylation
ylphosphinomethyl)-1,1biphenyl) ligand$® In 1-hexene indicated good stability of the catalyst in the ionic liquid
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Table 10. Catalyst Recycling in Rh-19-Catalyzed 1-Hexene
Hydroformylation 2 Using the lonic Liquid
[BMIM][ p-CH3CeH4SO;]%®
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Table 11. Rh-Catalyzed Hydroformylation? of 1-Octene in
[BMIM][PF ¢] with Ligands 23 and 25

conversion  Syqg n-pentanal  Rh-leaching

entry  run (%) (%) (%) (wt %)
112 1 95.0 93.8 75.0 0.061
113 2 92.6 92.6 75.0

114 3 96.2 91.7 74.4 0.052
115 4 97.7 91.0 73.7

116 5 99.4 90.6 73.7 0.024
117 6 99.6 90.5 73.0

118 7 99.8 90.2 72.2

119 8 99.6 86.3 72.2

120 9 99.8 79.9 71.4

121 10 98.5 93.6 73.0

TOF n/iso n-nonanal
entry ligand (™) ratio (%)
122 1 426 2.6 72
123 19 98 2.6 72
124 dppe 35 3.0 75
125 dppf 828 3.8 79
126 25 66 2.6 73
127 23 810 16.2 94

a Reaction conditionsp(H,/CO = 1:1) = 10 bar,T = 100°C,t =
1 h, Rh(acac)(CQ)precursor, ligands/R& 2, 1-octene/Rk= 1000, 5
mL of [BMIM][PF g].

@ Reaction conditionsp(H,/CO = 1:1) = 30 bar,T = 100°C, t =
1 h, 0.01 mmol of Rh(CQacac,19Rh= 12, 3 mL of 1-alkene, 1 mL
of [BMIM][ p-CHzCsH4SGO;]. ©0.04 mmol of TPPTS19) ligand was
added.

[BMIM][ p-CH3CsH4SG;] with no significant loss in activity
and selectivity during ten consecutive runs. The recycling
results are compiled in Table 10.

After the ninth run, small amounts of fresh TPPTS were

Complex23 was synthesized from diphenylphosphinoco-
baltocene 21 by an improved procedure described by
Herberich and Grei&5using an anaerobic oxidation method,
and complex25 was synthesized according to a procedure
described by Coville et & The latter contains an alkyl
bridge between the cyclopentadienyl rings and the phospho-
rus atoms in order to allow a more flexible ligand and to
reduce the electron withdrawing influence of the cobaltoce-
nium fragment on the phosphorus. The two ligands were

added to the solution in order to compensate for oxidized tested in the hydroformylation of 1-octene in [BMIM][EF

ligand and thus suppress formation of unmodified rhodium
species. As a result, the initial activity and selectivity could
be recovered in the tenth run.

3.2. Progression in Ligand Design

3.2.1. Achiral Ligands

Although early work of Chauvin et &F. showed the
potential of ionic liquids as alternative solvents for biphasic

and compared with TPP1), bidentate ligands 1,2-bis-
(diphenylphosphino)ethane (dppe) and-bj&(diphenylphos-
phino)ferrocene (dppf), as well as the sulfonated TPPBp (
Table 11 summarizes the results.

With TPP (@) as ligand, a high reaction rate was obtained,
but the organic phase became deep yellow colored after the
reaction, due to significant Rh leaching. TPPT9)(@s ligand
gave much lower TOF but an improved catalyst retention in

catalysis, the overall results obtained with the rhodium cata- the ionic liquid. With the exception &3, all ligands tested

lyst were poor. The use of TPR)(as ligand led to acceptable

gave the same selectivity towardnonanal, around 75%.

rates but high Rh leaching into the organic phase, while the Notably, ligand23 showed exceptionally higher activity than

TPPMS ligand2 enabled catalyst to retain in the ionic liquid the isoelectronic and isostructural ligand dppf. This was
phase but decreased activity significantly. Moreover, all attributed to the electron withdrawing effect of the cobalto-
tested ligands induced low selectivity to the desired linear cenium fragment, which allowed improved back-bonding
aldehyde. Consequently, novel tailor-made ligands have beerfrom the metal center. This effect was also claimed to be

developed for biphasic ionic liquid hydroformylation, com-
bining high activity and high selectivity with good durability.
In one of the first examples applying rational ligand design,

responsible for the lower activity and selectivity of ligand
25, since the alkyl bridge lowers the electron withdrawing
ability of the cobaltocenium. Rh leaching was less than 0.2%

Brasse et al. synthesized ionic phosphine ligands with afor both ionic ligand®23 and25, and recycling experiments

cobaltocenium backbone according to Schenigé 9.

showed unchanged activity and selectivity.

Scheme 9. Preparation Route to Cobaltocenium-Based Phosphine Ligarséls
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Scheme 10. Structures of Phosphine and Phosphite Ligands
Containing lonic Tags
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Alternatively, methods to immobilize phosphine ligands
by attaching them to ionic groups with high similarity to
the ionic liquid cations have been reporfé& In Scheme
10, ligands26—31 with ionic tags attached are shown.

Ligands26—29 have been applied by Olivier-Bourbigou
and co-workers in 1-hexene hydroformylation in [BMIM]-
[BF4] and [BMIM][PFg).5” The use of the monophosphine
ligands 26, 28, and 29 resulted in moderate selectivity,
between 72 and 80%-heptanal, and TOF between 180 and
240 ht. Minor rhodium leaching was observed when using
the guanidinium-based ligar&®in the ionic liquid [BMIM]-
[BF4]. The monophosphite ligar2i7 showed high selectivity
of 93% n-heptanal with an initial TOF about 240h The
activity decreased during two recycling experiments to 60
h~1 while the selectivity remained constant.

Ligands 30 and 31 were tested in the biphasic hydro-
formylation of 1-octene in [BMIM][PR].%° In the case of
ligand 30 a highly active system (TOF of 552°} but less
selective one (52%-nonanal) was obtained, whereas in the
case of ligand31 the TOF was 51 ht and the selectivity
improved to 74%. The low selectivity is not surprising, since
both ligands are quite similar to TPR)(

For highly regioselective hydroformylation of 1-octene in
[BMIM][PF ¢], Wasserscheid et al. synthesized phenylguani-
dinium modified xantphos ligands based on xanthe3® (
and TPP 83) structures as depicted in Scheme’dResults
from the recycling experiments are summarized in Table 12.

Again, TPP ligandl gave high initial rates but resulted in
significant Rh leaching. After the first cycle, 53% of the Rh
inventory was found in the organic phase (detected by ICP).
Alternatively, TPPTS 19) allowed good immobilization of
Rh but provided much lower rates. When using the mono-
dentate phenylguanidinium ligang@3), the Rh leaching was
below the detection limit (ICP< 0.07%), and the activity

Haumann and Riisager

Table 12. Rh-Catalyzed Hydroformylation? of 1-Octene in
[BMIM][PF ¢] with Ligands 32 and 337°

conversion TOF  Sya+iso N-nonanal

entry ligand cycle (%) (h™) (%) (%)

128 1 1 69.1 680 0.4 73.7
129 1 3 10.2 100 0.1 73.0
130 19 1 7.8 80 4.9 72.2
131 19 2 7.7 78 4.9 72.2
132 33 1 32.1 276 25 66.6
133 33 3 35.3 330 35 63.0
134 32 1 10.6 15 15 95.0
135 32 3 21.9 30 24 95.4
136 32 5 38.3 52 34 95.5
137 32 7 44.3 58 3.9 94.7

aReaction conditions:p(H/CO = 1:1) = 30 bar, T = 100 °C,
Rh(acac)(CQ) precursor (preformation time 0.5 h), ligands/Rh=
2, 1-octene/Rk= 1000, 5 mL of [BMIM][PF], t = 1 h (entries 128
132) ard 8 h (entries 133137).

Table 13. Rh-Catalyzed Hydroformylation? of 1-Octene in
[BMIM][PF ¢] with Ligand 347

TOF n-nonanal  Syg Sso

entry ligand cycle (h™) (%) (%) (%)
138 34 1 65 97.8 86.2 11.8
139 34 2 88 98.0 89.8 8.3
140 34 3 93 97.8 90.1 7.8
141 34 4 112 97.8 90.3 7.7
142 34 5 107 97.4 88.1 9.6
143 34 6 318 98.0 85.0 13.3
144 34 7 305 98.2 80.8 17.7

a Reaction conditionsp(H,/CO = 1:1)= 17 bar (entries 138142)
andp(H,/CO = 6.7:1)= 46 bar (entries 143144), T = 100°C, 5 mg
of Rh(acac)(CQ)precursor34Rh = 4, 1-octene/Rk= 988, 3 mL of
[BMIM][PF ¢], reactions stopped at about 30% conversion.

during all recycling experiments, with no Rh leaching
detected. The activity increased also due to catalyst prefor-
mation and possibly gradual removal of impurities, though
it remained low compared to that for the other examined
ligands.

A dicationic phenoxaphosphino modified xantphos type
ligand 34 (see Scheme 11) was reported by van Leeuwen et
al. in 20027* The ligand gave excellent results in the
rhodium-catalyzed hydroformylation of 1-octene in [BMIM]-
[PF¢] with no Rh and P leaching being detected throughout
seven recycling experiments. The results are summarized in
Table 13.

Also here, a preformation period was observed during the
first recycles (entries 138141), after which the catalyst
activity reached a constant TOF level around 118 fhis
low activity was attributed to the presence of dimeric

increased during the recycling experiments due to catalystrhodium species which are inactive in the hydroformylaffon.

preformation. The bidentate phenylguanidinium lige&3i
showed excellent selectivity towandnonanal of about 95%

In order to shift the equilibrium toward the active monomeric
rhodium-hydride species, the partial pressure of hydrogen

Scheme 11. Structures of Phenylguanidinium and Phenoxaphosphino Modified Xantphos Ligands
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8000 — T T T T T T T 100 Table 14. Rh-Catalyzed Hydroformylation? of 1-Octene in
o——o0— o o 4 [HMIM][PF ¢ with Ligand 347
7000 | TOF  n-heptanal Sug Sso
1% 2 entry ligand cycle (hY) (%) (%) (%)
6000 £ 145 34 1 1400 97.6 87 10.8
} doo 'y 146 34 2 4950 97.8 92 5.9
= —=—TOF o 147 34 3—6 9000 97.8 81 16.6
n 5000 A 28—, e 3 148 34 7-9 5250 97.7 79 190
o — n- |
= o o mnonanal) g5 § aReaction conditionsp(Ho/CO= 9:1) = 60 bar (entries 145147)
4000 - S andp(H,/CO= 1:1)= 12 bar (entries 148}, = 100°C, Rh(acac)(CQ)
. = precursor, [Rhl= 1.7 mM, [34] = 7 mM, 1-octene/Rk= 3823, 3 mL
3000 L 480 ¥ of [HMIM][PFg], stirring rate = 900 rpm, TOF and selectivity
determined after 40% conversion.
\A 0)
2000 | T ] T | T | 75 e . .
400 800 1200 1600 that the equilibrium was shifted almost completely toward
» monomeric rhodium hydride specig§, as shown in Scheme
Stirring rate / rpm 12
Figure 9. Effect on the stirring rate in RB4-catalyzed hydro- When using the catalyst system for the hydroformylation

formylation of 1-octene. Reproduced based on data from ref 73. ; At _ _
(Reaction conditions:p(H,/CO = 9:1) = 60 bar,T — 100 °C, and isomerization ofrans-2-butene, severe catalyst dete

_ ioration was observed at 12@« and reduced CO partial
Rh(acac)(CQ)precursor, [Rhi 1.7 mM, [34] = 27 mM, 1-octene/ riora ;
Rh= 3823, 3 mL of [BMIM][PF], TOF and selectivity determined ~ Pressure. Furthermore, both Rh and P leaching were detected

after 40% conversion.) and a low selectivity indicated the formation of unmodified
I o ) rhodium species.
Scheme 12. Equilibrium between Dimeric Rhodium Hydroformylation of 1-hexene using the same system

Carbonyl Complex and Monomeric Rhodium Hydride

under optimized reaction conditions resulted in significant
Complex273 P g

Rh leaching into the organic phase and possible catalyst

b, /8 co Hy H b decomposition, in strong contrast to the analogue 1-octene
( CRR—RNY, ) 2 OC-RH, ) experiments, where no leaching was observed. However,
Poé‘g P LoP when the ionic liquid was changed from [BMIM][RFto
s % the homologue [HMIM][PF], a stable catalyst system was

obtained again with only minor Rh leaching detected by ICP
, ) , (0.07-0.08%)72 Table 14 summarizes these results.

was increased in subgequent cycles. Indeed, _hlgher TOF |n 2007 Peng et al. reported the use of amphiphilic
values were observed in the last two runs (entries 143 a”dphosphine ligands for biphasic hydroformylation in ionic

144). Besides the high selectivity and good activity in |iquid systemg# The bulky phosphine87—39 contained
[BMIM][PF ¢], the catalytic system proved to be very stable gjfferent numbers of sulfonated groups, as depicted in
and could be stored under air for more than 14 days without gcheme 13.

loss of activity. Ligand 37 was tested against the classical TPPTS ligand

An extended study on the dicationic phenoxaphosphino 19 in the hydroformylation of 1-hexene in the ionic liquid
modified xantphos ligan84 has additionally been reported [BMIM][BF 4. The performance of both catalysts was
by van Leeuwen et & Complementary to the earlier comparable, with around 60% conversion and between 75
reported results, they investigated the effect of stirring speedand 80%n-heptanal being formed. In Table 15, selected
and catalyst concentration on the hydroformylation of results from recycling experiments and ionic liquid variation
1-octene. When decreasing the rhodium concentration fromare compiled. Not surprisingly, both Rh and ligand leaching
6.4 to 1.7 mM, a dramatic increase in the activity together into the organic phase (detected by ICP) were significantly
with a slight increase in regioselectivity was observed, as higher in the case of the amphiphilic ligad¥ (compare
shown in Figure 9. entries 149-151 with entries 152154).

The variation of TOF with stirring speed indicated that __ Notably, in the more hydrophobic ionic liquid [BMIM]-
the system was operating under mass transport limitations[PFel, the activity of the TPPTS modified Rh catalyst was
even at 1600 rpm. Moreover, increasing stirring speed Very low (entry 157), while the amphiphilic systems offered
resulted in higher isomerization tendency of the catalyst, higher activities at similar selectivity.
attributed to different dissolution rates of the reactants. 3.22 Chiral Ligand
Reducing the ligand concentration from 27 to 7 mM had a ~“* ral Liganas
positive effect on the activity while the selectivity toward The first study on stereoselective biphasic hydroformyla-
n-nonanal remained unchanged. Furthermore, syngas pressurgon in ionic liquids was reported by Deng et al. in 2007
variations indicated that rhodium dimer spec3&svere still using the asymmetric sulfonated ligand)-BINAPS (42)
present even at those very low rhodium concentrations butin the ionic liquid [BMIM][BF,] for the enantioselective

Scheme 13. Structures of Amphiphilic (n-Sulfonatophenyl)arylphosphine Ligands
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Table 15. Rh-Catalyzed Hydroformylation? of 1-Hexene Using Amphiphilic Phosphine Ligand$

conversion n-heptanal TOF Rh leaching P leaching
entry solvent ligand cycle (%) (%) (™4 (ppb) (ppb)
149 [BMIM][BF 4] 19 1 44.9 78.3 92 10 49
150 19 2 62.2 76.2 124 10 66
151 19 3 61.5 72.2 123 4 32
152 37 1 64.5 79.6 129 66 337
153 37 2 65.0 77.8 130 50 216
154 37 3 66.5 75.0 133 23 105
155 38 1 84.4 77.3 169
156 39 1 58.5 74.4 117
157 [BMIM][PFe] 19 1 3.7 73.0 7
158 37 1 60.2 77.3 120
159 38 1 87.3 79.2 174
160 39 1 84.8 75.0 170
161 [BMIM][ n-C1,H250S Gy 19 1 86.6 77.8 173
162 37 1 74.3 79.2 168
163 38 1 83.7 75.6 148
164 39 1 81.6 72.2 167

a Reaction conditionsp(H-/CO = 1:1) = 15 bar,T = 100°C,t = 4 h, L/IRh= 5, 1-hexene/Rk 800, 2 mL of 1-hexene, 4 mL of ionic liquid,
stirring rate= 800 rpm.

Scheme 14. Asymmetric Hydroformylation of Vinyl Acetate 100 T

T
; . - A A A A -{ 100
and Styrene Usingm-Sulfonated (R)-2,2-(Diphenyl- a
phosphino)naphthalene (R)-BINAPS) Ligands™ i ]
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hydroformylation of vinyl acetate and styrene, as depicted L/Rh ratio

in Scheme 145 i i .
. . Figure 10. Effect of L/Rh ratio on the asymmetric hydroformy-
Rh-(R)-BINAPS-catalyzed hydroformylation of vinyl ace- lation of vinyl acetate. Reproduced based on data from ref 75.

tate resulted in the predominant formation of 2-acetoxypro- (reaction conditionsp(H/CO = 1:1) = 10 bar,T = 60 °C, t =
panal @0b) with an enantiomeric excess (ee) higher than 24 h, 0.02 mmol Rh(acac)(C®)L mL of toluene, 2 mL of [BMIM]-
50%. The authors studied the effects of reaction conditions [BF,], L = (R)-BINAPS (42), vinyl acetate/Ri= 300, stirring rate
such as temperature, pressure, and ligand/rhodium ratio.= 800 rpm.)
Conversion and ee decr_ez_:tsed Sllghtly with increasing pres_TabIe 16. Rh-Catalyzed Asymmetric Hydroformylation®* of
sure, whereas the selectivity remained unchanged. At highergy enes
temperatures, higher conversion but lower ee were obtained:
The maximum ee was obtained at L/Rh ratios higher than
1.5, as depicted in Figure 10.

The observed behavior led to the conclusion that the 122 ®-BINAP  toluene [BMIM][BF] ~ 79.0  21.6 96.0

- . . . o MY R-BINAP toluene [BMIM][PR]  64.1 6.0 94.0

coordination chemistry in the biphasic ionic liquid toluene ;g7 ®-BINAPS toluene [BMIM][BR] 563 81 942
system was similar tr?fsthe one obser¥ed in aqueous and 168 (R)-BINAPS toluene [BMIM][PF] 61.6 8.0 895
homogeneous systerffs.In a series of six consecutive . ) . o o
recycling experiments, the RIR-BINAPS catalyst could 24 ,seo"’fgtz'orr;;%T?;P%nhs(gggzcl)?g@)lﬁa sztglggrr]’; > r?]?_ gf' itonic

be recovered without Signiﬁcant loss in aCtiVity or SeleCtiVity. liquid, ligand/Rh= 1.5, styrene/Rh= 300, stirring rate= 800 rpm.
Styrene was hydroformylated under the same reaction

conditions using the RHR)-BINAP and Rh-R)-BINAPS

catalysts in two ionic liquid$? In the hydrophilic ionic liquid

[BMIM][BF 4], the (R)-BINAP modified catalyst showed

79% conversion with high selectivity fa¥tlb while the ee 3.3. Carbon Dioxide as an Alternative Source of

was moderate around 22%. The same catalyst only gave~n

64% conversion and an ee of only 6% in the hydrophobic

[BMIM][PF g]. Using the sulfonatedR)-BINAPS ligand, the A possible way to facilitate more benign hydroformylation

ee was low in both ionic liquids, as shown in Table 16. reactions is to use nontoxic, abundant, and inexpensive
Obviously, the nature of the ionic liquid had a significant carbon dioxide as reactant in place of carbon monoxide. In

influence on the catalytic performance in asymmetric hy- CO,-based hydroformylation, the reaction proceeds in two

conversion ee 41b
entry ligand solvent ionic liquid (%) (%) (%)

droformylation, the reason of which has not been clarified
yet.
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Scheme 15. Ru-Catalyzed Alkene Hydroformylation with Table 17. Rh-Catalyzed Hydroformylatior? of 1-Hexene with
CO; via the Reverse Water-gas Shift (RWGS) Reaction CO; as the Carbon Monoxide Sourc&
OH yield (%)
CO2/3H, L conversion
PN N + + . .
RS Ru R OH R H20 entry  reaction media (%) heptanol heptanal hexane

. _— 169 [BMIM]CI 75.4 50.3 2.3 3.9
consecutive steps, where @@_nd hydrogen initially are ' [BMIMI[CI/TF 2N] 940 820 0 85
converted into CO and water via the reverse water-gas shift 171 [BMIM][CI/BF ] 95.2 71.0 0 9.1
(RWGS) reaction, whereafter the generated CO becomes the172 [BMIM][CI/PFq] 93.5 49.5 0 6.5
reagent of hydroformylation of the substraté® Normally, 173 toluene/[BMIM]CI 70.5 57.5 15 7.5
however, the major reaction product is not the aldehyde but 174 NMP 99.5 17.5 05 480

the corresponding alcohol due to facile reduction of the aReaction conditionsp(H/CO, = 1:1)= 80 bar,T = 160°C,t =
aldehyde produced in the presence of hydrogen, accordingl0 h, 0.1 mmol of Rg(CO}. 9.4 mmol of ionic liquid,Xe = 0.5
to Scheme 15. Furthermore, the presence of halide ions hadentries 176-172), 1-hexene/Re 200, 5 mL of organic solvent (entries
proven essential for COactivation with Ru complexes in /2 2nd 174).
the RWGS reaction, and increased catalyst activity in the
order of I < Br~ < CI7, corresponding to the order of halide
proton affinity, has been reporté?{t°

The first Ru-catalyzed Cgbased hydroformylation in ) Voo,
ionic liquid was reported by Tominaga and SasakzThey entry comples solvent _ isomer (cm™) ref
applied Ry(CO). clusters dissolved in organic/ionic liquid 175 HRh(COX7) [BMIM]|[PFs] ee 2032 1967 88

Table 18. Comparison of IRv(CO) Bands of HRh(CO)(ligand)
Complexes in Different Solvent Systems

- i i ea 1985 1935
systems to hydrqform_ylate 1-hexene directly to heptanols (via 176 HRh(CO)6) benzene ce 2036 1969 89 90
additional reduction) in batch mode. The results were further ea 1991 1941
compared to an analogous reactiomimethyl-2-pyrolidone 177 HRNh(COY43) cyclohexene ee 2040 1977 89,90
(NMP), which is known to be an effective solvent for ea 1999 1953

reaction of terminal alkenes, though it only provides modest
chemoselectivity toward hydroformylation products due to
competing alkene hydrogenation. With a toluene/[BMIM]-
Cl system, the reaction gave an almost equimolar mixture consequence of the hydrolytic degradation of {P}and

of C; alcohols in 84% yield along with 11% hexane but no much lower activity toward hydroformylation, as also
aldehydes, while the yields of the alcohols, hexane, and previously reported with the biphasic organic/ionic liquid
aldehydes remained 64%, 25%, and 5%, respectively, with systems. In Table 17 the comparative results are compiled.
NMP. Moreover, the reaction mixture spontaneously phase The influence of reaction temperature was also examined
separated into organic and ionic liquid layers (in contrast to using the mixed [BMIM][CI/T&N] ionic liquid. Here, the
reaction in NMP), allowing the ionic liquid catalyst phase optimum hydroformylation temperature was found to be
to be reused for two additional runs before the catalytic around 160°C, whereas lower temperatures decreased the
activity decreased due to accumulation of water suppressingyield of heptanols and higher temperatures favored the direct
the CO formation in the RWGS reaction. lonic liquids with hydrogenation of 1-hexene. Finally, recycling experiments
anions other than chloride were found to be much less confirmed only a slight decrease in catalytic activity after
effective, most probably due to their instability toward five consecutive runs, leading to a total decrease in heptanol
hydrolysis by the water formed in the RWGS reaction. Thus, yield of only 8%.

even in the presence of a small amount of a chloride salt,

the hydroformylation in [BMIM][BFR] gave lower yieldand 4, Spectroscopic and Mechanistic Studies of

chemoselectivity toward alcohols (63% alcohols), while Hvdroformviation Catalvsts in lonic Liquids
[BMIM][PF ¢] induced catalyst degradation, probably caused Y y Y q

by the hydrolysis products, and only very low formation of i

hydroformylation products (86% alkane). Additionally, 4.1. Rhodium Complex Catalysts

[BMPyr]Cl was found to give a considerable amount of ~ The great potential of in situ spectroscopic studies of
hydroformylation products (65% alcohols, 10% alkane) but catalysts in homogeneous hydroformylation has been ex-
degraded as the alcohols were produced. plored in various publicatior$87 In the last 5 years,

In recent work, Tominaga reported an improved version powerful in situ spectroscopic techniques have been applied
of the CQ-based Ry(CO)Jfionic liquid 1-hexene hydro-  for studies in ionic liquid hydroformylation as well.
formylation reaction where use of volatile organic cosolvent  In the first work by van Leeuwen and Dupont et al. the
proved unnecessafy.Here, replacement of up to half the Rh-sulfoxantphos (Rf)-catalyzed hydroformylation of
chloride anions in [BMIM]CI with [TEN]~ ions resulted in 1-octene in [BMIM][PF] ionic liquid has been followed by
increased heptanol yields up to 82% (TOF around 19,h  high pressure (HP) NMR and IR .The red-brown solution
as a result of gradually increased solubility of 1-hexene in of the rhodium dimer was observed to turn light yellow upon
the ionic liquid phase. However, at mole fractions above 0.5, exposure to syngas at 4C. Bands at 2032, 1985, 1967,
where the alcohol yield reached a maximum, the yield and 1935 cm! in the IR spectrum were assigned to the two
decreased due to aldol condensation of intermediately formedisomeric forms of the HRh(CQ)7) complex. Furthermore,
heptanal and due to the [N]~ anion being ineffective in  all bands were in good agreement with known absorptions
the activation of C@ Replacement of chloride ions with  for homogeneous rhodium complexes, as shown in Table
[BF,4]~ anions was also found to be effective, but the alcohol 18.
yield was slightly decreased. In contrast, replacement with  Since theee—ea equilibrium is influencing then/iso-
[PFs]~ anions caused catalyst degradation (possibly as aaldehyde selectivity of the diphosphine modified rhodium

aLigand6, xantphos; ligand, sulfoxantphos; ligand3, thixantphos.
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Scheme 16. Structure of 1-Butyl-2,3-dimethylimidazolium
Tris(m-sulfonatotriphenyl)phosphine Ligand®
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catalysts, the equilibrium was studied at different tempera-
tures and syngas pressures. With increasing temperature, th

formation of theeecomplex was favored until a constant
value was reached at 10C€. The result was found to be in
line with experimental findings where th#iso selectivity

increased with increasing temperature. With increasing

syngas pressure, the equilibrium was shifted towarcethe
complex and should therefore give lowsfiso selectivity.

This result was indeed observed for 1-octene hydroformy-

lation.

The authors also investigated the formation of the rhodium

hydride HRh(COX7) in [BMIM][PF ] via HP31P NMR (cf-

DMSO0) 28 Under 10 bar syngas pressure, a sharp doublet at

0 ({rpp) = 22.2 (121 Hz) ppm indicated that the ligand
mainly coordinated in aeefashion?! Signals in the range
0 = 0—10 ppm further indicated formation of the dimeric
complex [Rh(CO}-CO)(7)]., which is formed in the

Haumann and Riisager

organic 1-hexene pha8&TPPTIM (44) modified rhodium
complexes only showed minor metal loss into the organic
phase. It was found that TPPTS only had negligible solubility
in [BMIM][PF ¢] and—surprisingly—also in [BMIM][BF.].
Despite the low solubility, the authors studied the formation
of TPP and TPPTS modified rhodium complexes in [BMIM]-
[BF4] in the presence of syngas 4CO = 1:1). Hydride
formation was observed already at 1 bar, as depicted in
Figure 11.

In the obtained NMR spectra, signals from coordinated
TPPTS ligandd (3'P)= 32.2 ppm, d), uncoordinated TPPTS
gxide © (®P) = 29.1 ppm, s), free ligand((®P) = —3.7
ppm, s), and coordinate¥CO © (*°C) = 195.2 ppm, d)
were all assigned. By comparison of the signals obtained in
ionic liquid with those in &toluene and water, the assump-
tion was made that the structure of HRIGO)(TPPTS)
(47b) in [BMIM][BF 4] is similar to the known one of HRh-
(*3CO)(TPP) (473) in d®-toluene. Table 19 compiles selected
results from the'P and'3C NMR measurements.

Upon stepwise increase of the pressure from 1 to 138 bar
in the ionic liquid, a steady decrease in intensity of
signal originating from HRRECO)(TPPTS) (47b) (6 (°*P)
= 32.2 ppm, d) was observed, while signalq{P)= 39.1
ppm, d;d (*3C) = 199.2 ppm, d) attributed to formation of
complex HRh{BCO)(TPPTS) (48b) (entry 179) appeared.
After pressure release, the hydride HRBO)(TPPTS)
(47b) was reformed.

presence of excess CO. This observation was explained by In the same work, the catalytic activity of Rl in the

the CO solubility in [BMIM][PFs], which is much higher
than the hydrogen solubility (see section 2.1). Additionally,
in the hydroformylation of 1-octene, a slight increase in rate
was observed with increasing hydrogen partial pressure.

In a second HP NMR study, the formation of phosphine
modified rhodium species in [BMIM][BE and [BMIM]-
[PFs] was studied by Mehnert and co-work&fslhe mono-
dentate phosphines TPB(TPPTS 19), and TPPTIM 44)
(Scheme 16) were used at L/Rh ratios of 5 in this study.
Ligand44 was obtained from TPPTS via ion exchange using
[BMMIM]CI in acetonitrile.

NMR isotopic labeling studies witt*C of the RR-TPP

biphasic hydroformylation of 1-hexene in [BMIM][BFwas
investigated? Batch recycling experiments at 10C and

41 bar indicated a rhodium loss of almost 10 wt % over 10
consecutive cycles. The linearity towardheptanal remained
between 68 and 72%. When using the ionic liquid [BMIM]-
[PFg], the rhodium loss increased significantly with only 85%
of the initial rhodium being present in the reactor after the
tenth cycle. Better retention of the rhodium in the ionic liquid
phase was achieved upon increasing the L/Rh ratio from 10
to 100; however, this was accompanied by a lower activity.
Compared with the homogeneous toluene system, all ionic
liquid biphasic systems exhibited significantly lower activity

system in toluene suggested in earlier studies the formationdu€ t0 mass transport limitations from the gas into the ionic

of two coordinatively unsaturated catalyst intermediates HRh-

(*3CO)(TPP) (4538) and HRh{?.CO)(TPP) @é63a) from the
saturated precomplexes HRIGO)(TPP) (4738 and HRh-
(B3COX(TPP) (484), with the actual amount of the unsatur-

liquid phase.

In order to evaluate the influence of mass transfer in ionic
liquid biphasic systems, Sieffert and Wipff very recebitly
reported a molecular dynamics (MD) study of the interface

ated species formed being strongly dependent on the synga#volved in the biphasic 1-hexene hydroformylation system

pressure. Both intermediaté5aand46aare believed to be
responsible for the production of aldehyde in the hydro-
formylation, while then/iso ratio of the aldehydes produced
is largely controlled by the competitive reactions of the
alkene with the species, resulting in high or laliso ratios

for 45aand46a respectively. Moreover, complek’awas
found to be readily converted into complé8aalready at a
(Ho/*3CO = 1:1) pressure of less than 20 bar. In contrast,
investigation of HRHhECO)(TPPTS) (47b) in aqueous

with Rh—PPh and RR-TPPTS catalysts in [BMIM][P§.

In the MD simulations (performed at ?T), a classical force
field representation was applied, assuming all interactions
to be mainly steric and electrostatic in nature, with the
biphasic systems constituting two adjacent cubic boxes of
bulk solvents (ca. 46 A in length) and 255 ionic liquid ion
pairs and 434 1-hexene or 355 1-heptanal molecules,
respectively.

Initial simulations showed that no ionic liquid dissolved

solution has revealed that not even pressures as high as 13fh the bulk (i.e., beyond 12 A from the interface) of either

bar resulted in formation of the analogous complex HRh-
(B3COX(TPPTS) (48h), thus accounting partly for the
abnormally highn/iso ratios observed in aqueous biphasic
Rh—TPPTS-catalyzed hydroformylatidh.

Initial experiments at 100C and 41 bar with the three
different ligands in 1-hexene hydroformylation indicated that
both the TPP 1) and the TPPTS19) modified rhodium
leached significantly from the [BMIM][P§ phase into the

of the organic phases, and only a few organic molecules
diffused in the bulk ionic liquid phase on average during
the dynamics. Moreover, no changes in the nature of the
[BMIM][PF g]/1-hexene interface were obtained in the pres-
ence of CO and b which mainly dissolved in the organic
phase. However, on average, about twice as many CO as
H, molecules were found to dissolve in the ionic liquid
because CO diffused slowly due to entrapping in ionic liquid
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31P{1H}-HP-NMR 13C{1H}-HP-NMR

tppts 3co

HRh(12CO),(tppts), HRA(13CO),(tppts),

‘ I ‘ tppts-oxide

ppts

HRh(13CO)(tppts),

/
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Figure 11. High-pressuré'P{1H} spectra (left) and3C{'H} spectra (right) of RH9 hydroformylation catalyst formed in the ionic liquid

[BMIM][BF 4] under syngas (KMCO = 1:1) pressure of 138 bar (top) and 1 bar (bottom). Reproduced with permission from ref 92.
Copyright 2004 Elsevier.

Table 19. NMR Data for Rh-phosphine Complexes Formed under Syngas in Different Solvent Systeths

pressuré 0 (X3CO) rn-c 0 (°'PRs) rn-p

entry solvent (bar) complex (ppm) (Hz) (ppm) (Hz)
178 [BMIM][BF 4] 1 HRhCO)(TPPTS) 195.2 62 32.2 126
179 [BMIM][BF 4] 138 HRh{COL(TPPTS) 199.2 61 39.1 137
180 d-toluene 1 HRHECO)(TPP) 206.6 62 37.8 156
181 d-toluene 69 HRHRECOYL(TPP) 199.9 63 33.8 139
182 HO 1/207 HRhECO)(TPPTS) 204.9 55 42.8 156

asyngas: (H/CO = 1:1)

Scheme 17. PtTPP-Catalyzed Hydroformylation in
an-ButyI-3-methyIimidazolium Chlorostannates®

} -(y+2x)

cavities, whereas Hrapidly exchanged between the ionic

liquid and the 1-hexene phases. These results surmised th

using overall higher HCO proportions should improve the [\N®N/\/\}
(N

hydroformylation reaction rate, since the reaction formally [SnxC'y

proceeds with stoichiometric amounts of CO angddds. -2
Additional “mixing—demixing” simulations involving Rh “
complexes in [BMIM][PF]/1-hexene solution revealed fur- sl -
ther that neutral HRh(CO)(TPPomplexes had a clear C7pu TP 222 . ChSn.,, TPP 2778 ClSnpy, TPP
. Cl TPP - Cl” "YTPP - Cl3Sn TPP
preference for the 1-hexene phase of the interface whereas cl \ cl
HRh(CO)(TPPTS)containing charged ligands preferred the % s 52

ionic liquid side due to strong solvation of the ligand 42 platinum Complex Catalysts
sulfonate groups with [BMIMT cations. Interestingly, both o

rhodium precatalysts were, however, found to be located The mechanism of Pt-catalyzed hydroformylation in both
relatively close to the interface instead of being situated near chlorostannate mel#9 (Scheme 17) and [BMIM][TN] has
the center of the liquid slabs where they are more soluble. Peen studied by van Eldik and co-workéfs.

In the case of neutral HRh(CO)(TRPJomplexes, they, The active species were formed frans-Pt(TPP)CI; (50)
although mostly surrounded by 1-hexene molecules, dis-UPon addition of cocatalyst SnC{Scheme 17) and were
played loose contacts with the ionic liquid at the interface Studied using UV vis and NMR spectroscopy. No reaction
and with the butyl chain of the [BMIM] ions immersed in was observed below a molar ratio of 0.5a-Pt(TPP)CI,

the 1-hexene phase, making them quite mobile and facilitat- ©© SNCh- At a ratio of 0.5, only a slow, single-step reaction
. ) P ' 9t q occurred, while the reaction changed into a two-step process
ing their exchange from one interface to the other. On the

. ) at SnC} molar ratios above 0.5.
contrary, the HRh(CO)(TPPTS)recatalyst remained firmly In a second series of experiments, the chlorostannate melts

immobilized in the ionic liquid with a solvation shell of | o6 dissolved in the ionic liquid [BMIM][TN]. Kinetic
_[BMIM] + cation in contact with the organic phase, prevent- aasurements at room temperature at severalsSrgoh-

ing bulk and interfacial exchange. Nonetheless, less chargedcentrations indicated a two-step process similar to the one
and more amphiphilic reaction intermediates such as, e.g..observed in pure chlorostannate melts. The fast, first reaction
HRh(COX(TPPTS) and HRh(CO)(TPPTQ)1-hexene) com-  step showed first order behavior, and the observed rate
plexes with formal ligand charges of6, and dissolved  constant was linearly dependent on the $Sn€bncentration,
TPPTS ligands with formal charges of3, being more  suggesting the reaction to be the nucleophilic substitution
surface active than the precatalyst itself, could facilitate of chloride by SnG~ to yield cis-Pt(TPPYCI(SnCk) (51).
reaction by bringing the metal center closer to the reaction The second, relatively slow reaction step could not be verified
interphase. due to precipitation of side products. Additionally, the authors
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SILP catalyst Porous network Table 20. Rh-Catalyzed Hydroformylation? of 1-Hexene Using
particle L SILP, Biphasic, and Homogeneous Catalysi$
GF -"'/? e Immobilized ionic - -
A Al liquid phase - ) time vyield n-heptanal TOF
\{ \r:‘—f_ =) entry condition ligand solvent (h) (%) (%) ()
\{\:;jaf i 183 SILP 44 [BMIM]BF4 5 33 70.6 3900
e U upport 184 SILP 19 [BMIM][BF 4 4 40 70.6 3360
g sl 185 SILP 44  [BMIM][PF¢ 45 46 70.6 3600
reactants /f‘_““ ST & 186 SILP none [BMIM][PE] 3 85 28.6 11400
PR phasem'“““ //—# 187 biphasic 44 [BMIM][BF4 3.2 58 68.8 1380
products | P et i 188 biphasic 44 [BMIM][PFg 3 70 71.4 1320
'd ® i s — 4 189 biphasic 19  H0 6 11 958 144
\ { o T =) @ﬁ il Suppfﬂ/ 190 homogen 1 toluene 2 95 722 24000
_ L | d 2| e
@ N©® o9 aReaction conditionsp(H2/CO, = 1:1) = 100 bar (entries 183
N@_@i@ o 186) and 40 bar (entries 18190), T = 100 °C, Rh(acac)(CQ)
A j// sl precursor, ligands/Rk 10, TOF determined at full conversion.
- support / ®E =ionic liquid
\"“'—a___d_/
Figure 12. Schematic drawing of a supported ionic liquid-phase resulted in a multiple ionic liquid catalyst layer corresponding
(SILP) catalyst. to an ionic liquid-phase loading of 25 wt %.

) . The SILP catalysts were applied for hydroformylation of
performed hybrld DFT calculations (B3LYP/LANL2DZD 1-hexene using both homogeneous and ||ql[|[qi_“d b|pha_
level) using GAUSSIAN in order to test different pathways sic process design under harsh conditions. The obtained
for the formation of Pt(Pk).CI(SnCk), where PHwas used results are compiled in Table 20.
for simplification purposes instead of TPP. The modeling  The hydroformylation activities of the obtained Rh-SILP
supported the experimental findings that the formation of catalysts were found to be almost three times higher than
Pt(TPP)CI(SnCE) (51) should proceed via insertion of SnCl  those for comparable biphasic systems (TOF of 338600
in a Pt=Cl bond in chlorostannate melts, whereas in [BMIM]-  h1versus 13261380 1), which was attributed to a higher
[Tf2N] the substitution of chloride by Sn€lshould be the  rhodium concentration at the large reaction interface. Also,

governing step. a comparable low selectivity around 71féheptanal was
obtained, as expected for monophosphine catalysts. Notably,
5. Hydroformylation with lonic Liquids in at higher conversions, rhodium leaching (up to 2.1 mol %)
Alternative Reaction Systems accompanied by significant depletion of the supported ionic
liquid layer occurred, as a result of gradually increased ionic
5.1. Supported lonic Liquid-Phase (SILP) Systems liquid solubility in the reaction mixture anrepossibly

) L unavoidable-entrainment of the liquid film induced by
When a substantial amount of an ionic liquid is im- intensive stirring. The metal loss could, however, be some-
mobilized on a porous solid support material, the formation \yhat suppressed at lower aldehyde concentrations and higher
of mumple Iayers_ of free ionic I|_qU|d on thg carrier may act ligand excess in single runs. Nonetheless, pronounced
as an inert reaction phase to dissolve various homogeneougaialyst deactivation was apparently found, even at lower
catalysts. Although such supported ionic liquid-phase (SILP) conversion, during recycling of the catalyst, independently

catalysts appear as solids, the active species dissolved in the the presilylation of the support. For further comparison,
ionic liquid phase on the support maintain the attractive the aqueous biphasic reaction and the conventional homo-
features of ionic liquid homogeneous catalysts such as, €.9.geneous catalyst in toluene were investigated under similar
high specificity and d|spe_r3|0n of molgcular entities. InFigure reaction conditions. As expected, the aqueous system was
12, a SILP hydroformylation catalyst is schematically shown. gjgnificantly less active due to low substrate solubility in

; the aqueous phase but gave higheptanal selectivity around
5.1.1. Batch Mode Reactions 96%. The homogeneous catalyst system, however, exhibited

The first example using SILP catalysts for hydroformy- a very high TOF of 240001 but did not benefit from the

lation was reported by Mehnert and co-workers in 2002. attractive advantage of convenient product separation as the
Here, Rh-SILP catalysts based on silica gel support modified supported catalysts.
with a monolayer of covalently anchored ionic liquid SILP Rh-TPPTS catalysts have also been prepared by
fragments of 3-triethoxysilylpropylimidazolium (average of immobilizing the complexes in the ionic liquids [BMIM]-
0.4 ionic liquid fragments per nfpwere prepared according [PFg], [BMIM][BF 4], and 1,1,3,3-tetramethylguanidinium
to Scheme 18. Impregnation of the modified sil&&or 54 lactate (TMGL) supported on mesoporous MCM% Eor
with additional ionic liquid, Rh(acac)(C@)and the ligand 1-hexene hydroformylation, catalyst activity was found to
TPPTS (9 or TPPTIM @4) (structure in Scheme 16) be strongly dependent on the degree of ionic liquid pore

Scheme 18. Preparation Route of Silica SILP Material Modified with 3-Triethoxysilylpropylimidazolium Fragments®”

Bu Bu Bu
N ®N - - -
\ cl @ x &«
q) BuCl (N) NaX/CH,CN q) silica gel [N)
H\ reflux H\ -NaCl H\ CHCl;
Si(OEt); Si(OEt)s Si(OEt); >SiuoEt
o}

53 X = BF,
54 X = PFg
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filling, i.e., ionic liquid loading (ratio between ionic liquid
volume and pore volume of support), and also on the silica
support, with the highest TOF (up to 389 obtained at
ionic liquid loadings between 0.08 and 0.13 (corresponding
to 10-15 wt %) for MCM-41 catalysts. The obtained
selectivity of up to 77.8% fon-heptanal was slightly higher
compared to previously published results for monoden-
tate Rh catalysts. Moreover, recycling experiments with
Rh-TPPTS dissolved in TMGL on MCM-41 support dem-
onstrated, in contrast to the other ionic liquids, no deactiva-
tion after 11 cycles, clearly indicating the metal complex to
be retained within the ionic liquid film. The authors explained
this behavior by a slightly coordinating ability of TMGL to
the rhodium atom. TIC e

The same authors reported on the structural characteriza- 276 13.8 0 styrene
tion of the Rh-TPPTS SILP systerfs.X-ray powder ' p ! bar S $enIcmyamne

diffraction (XRD) studies on MCM-41 with various ionic  fjgure 13. Temperature and pressure dependence of vinylarene
liquid loadings indicated that no structural changes to the hydroformylation catalyzed by rhodium ionic liquid entrapped-sol
support were facilitated by the ionic liquid film, while gel catalysts. Reproduced based on data from ref 110. (Reaction
scanning electron microscopy (SEM) images established aconditions: syngas composition€0, = 1:1, T= 50°C,t = 12
smoothened morphology for the ionic liquid loaded support. h, 1.2 g of sot-gel catalyst, 1 mmol of vinylarene, 15 mL of alkane
Moreover, nitrogen absorption/desorption isotherms on cata-Solvent).
lysts revealed decreasing specific surface area, pore volume
and mean pore diameter with increasing ionic liquid loading.
The shape of the isotherms indicated, however, no significant
differences in ionic liquid dispersion in the mesopores of
the support before and after heating at conditions resembling
reaction. This was further supported by high-resolution
transmission electron microscopy (HRTEM) images, eventu- 5 1.2. Continuous Flow Reactions
ally leading to the conclusion that the ionic liquid film . . .
remained stable on the MCM-41 support. The full technical po_tentlal of SILP cataly5|s_ has lately
been extended to continuous flow processes with fixed-bed
reaction design¥!Here, Rh-SILP catalyst systems modified
with the charged phosphines cesium 3,4-dimethyl-2,5,6-tris-
(p-sulfonatophenyl)-1-phosphanorbornadiene (NORBOS-
Cs) (55 and bis(n-phenylguanidinium)phenylphosphine
hexafluorophosphate38) (Scheme 10), which previously
have been shown to be active and/or selective in biphasic
liquid—liquid hydroformylation ¢ide suprg, were used in
a multiple layer of either [BMIM][PE] or [BMIM][ n-CgH17~

Sbranched aldehyde | %0

of the branched aldehyde, accompanied by a higher overall
reaction rate. The catalyst system has been recycled in four
consecutive runs without loss of performance. However, after
the fifth run, deterioration of the catalyst was observed,
resulting in lower activity and selectivity.

The catalytic species present in the SILP catalyst was
further studied by means of FT-IR and NMR spectroscopy.
FT-IR data of fresh SILP systems indicated the catalytic
precursor Rh(acac)(Cjvco = 2080, 2010 cm') and the
resting state of the active species HRh(CO)(TPRT&jb)

(vco = 1984 cntY), with the latter exclusively observed for
used SILP systems. Furthermofé? NMR data revealed
the presence of active Rh-TPPTS specie$'Jrn-r) = 32

ppm (130 Hz), d) clearly indicating the homogeneous nature A o .
of the SILP Rh-TPPTS complex catalyst systems contained OOfSpOrﬂF;%rr:g I;qnu(;dlc_)gcatlgoerphous silica for hydroformylation

as a highly dispersed phase on the internal surface of the First, a silica SILP RISS[BMIM][PF  catalyst was used
porous supp.ort.. o o o - for liquid, continuous-flow 1-octene hydroformylation in
Recently, ionic liquid immobilization within a silica sel what essentially was a three-phase, syrgaganic liquid-
gel matrix has been reported for the rhodium-catalyzed jonic liquid fixed-bed reaction system. A steady catalyst
hydroformylation of vinylarenes to branched aldehy#s.  performance corresponding to a TOF of 44 hnd linearity
The catalyst was formed by mixing the precursor [Rh(COD)- around 72%n-nonanal was achieved after-3 h of reaction,
Cl]z, ligand TPPMS 2), prehydrolyzed Si(OCha, and  albeit with low 1-octene conversiorr(%) restricted by the
modified ionic liquid 1-butyl-3-[3-(trimethoxysilyl)propyl]-  |jow solubility of the syngas in the l-octene phase. No
imidazolium chloride in THF for 6 h. Aging at room |eaching of rhodium metal was detected by ICP analysis of
temperature for 12 h and removal of the solvent resulted in oytiet samples after this relatively short reaction time.
the sot-gel entrapped ionic liquid catalyst solution. The  More comprehensive studies have been performed with
modified ionic liquid was obtained by reacting imidazolium the catalyst systems in propene gas-phase hydroformyla-
with 3-(trimethoxysilyl)propyl chloride at 100C for 72 h.  tjon 192 Here, the steady-state catalytic performance of
All catalyst systems showed good selectivity toward the analogous silica SILP catalysts based on the different ligands
branched aldehyde in the hydroformylation of vinylarenes, was initially found to be drastically influenced by the catalyst
regardless of the electromc_ nature of the su_bs_trate (Figurecomposition with respect to L/Rh ratio and ionic liquid
13). Due to the small pore size of 27 A, a steric influence of |oading, which both altered activity and selectivity, but rather
the studied substrates was observed, with the more bulkyjndependent of whether ionic liquids with [RF or [n-CgH1~
ones causing a reduction in both rate and selectivity. 0OSQj~ anions were contained in the catalyst phase. In
The branched to linear ratio was slightly influenced by particular, the catalyst systems based on sulfoxantphos ligand
the partial pressure of the syngas, with more branched7 (Scheme 4) proved interesting, as high linear product
aldehyde being formed under higher total pressures. Increasselectivity up to 96% was attained with these systems at high
ing the temperature resulted in a more significant decreaseL/Rh ratios, indicating the presence of homogeneous catalyst
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Table 21. Hydroformylation of Propqul\évzith SILP Silica ionic liquid solvent, a relatively large excess of ligand was
Rh-phosphine/[BMIM][PF ¢] Catalysts™ also found to be required for obtaining a stable catalyst
ionic liquid loading  ToF  n-butanal system, even in reactions with pretreated support. This aspect
entry ligand L/Rh wt % o (h1) (%) was further recognized by solid-st&#8i and**P MAS NMR
191 33 59 0.00 555 174 to be dlrectly r_elatgd to an irreversible reaction of the Ilga_nd
192 33 29 108.4 0.78 20.6 47.4 with the acidic silanol surface groups during catalysis.
193 33 2.9 138.9 1.00 16.8 50.0 Moreover, FT-IR measurements on the supported catalysts
194 55 11.3 6.9 0.05 88.4 66.7 under syngas at catalytic relevant conditions yielded CO
igg gg %ii 20.8 g-olg 4759'; 7536-5’ bands assignable to the isomee&/ee HRh(CO)(7) com-
' ' ' : plexes {ico™@= 1994, 1948 cm’; vccte = 2035, 1964 cmt)
197 55 213 6.9 0.05 28.2 72.2 J
198 7 25 0.00 37.4 63.0 analogous to those obser_ved for_relate_d xan_thgne ligand-
199 7 2.4 23.6 0.17 15 64.0 based rhodium complexes in organic and ionic liquid solvents
200 7 25 68.1 0.49 51 66.4 (see Table 18), thus verifying the homogeneous complex
gg% ; ig-g »50 %01% 43%% %‘g‘g formation in the SILP catalyst system. Additionally, the
: : : : : catalyst instability was established to be associated with
203 7 10.0 72.2 0.52 25.4 95.8 . . ; S
204 7 200 27.8 020 167 96.0 degradation of the two isomeric complexes, which in turn
205 105.6 0.76 was correlated to the accessible amount of ligand available

aReaction conditionsp(H./CO/GHg = 1:1:1)= 5 bar (entries 192 for cpr_nplex form.ation' _Consequen@ly, the prerequisites for
197) and 10 bar (entries 19804), T = 100°C, t =5 h. SILP catalysts: ~ Obtaining an active, highly selective, and durable SILP

0.2 Wt % Rh, dried silica gel (116C, 24 h, in vacuo), [BMIM][PE] hydroformylation catalyst were shown to involve both the

used for impregnatiorf. Support loaded with ionic liquid only. presence of ionic liquid solvent and an excess of bisphos-
phine ligand to compensate for some detrimental surface
reactions.

complexes. With less ligand present, however, the selectivity
was only comparable to the best selectivity obtained with ~ The long-term stability and the kinetics of the SILP
the monodentate ligands using catalyst based on nonmodifiechydroformylation catalysts have also been studied in continu-
silica support. It was realized that the catalysts deactivatedous propene hydroformylation by Riisager and Haumann et
by prolonged use, with a simultaneous decrease in catalytica|-1°4 From variation of ionic liquid content in catalysts and
activity and selectivity, independent of the type of ionic parametrical changes of reaction conditions (e.g., reaction
liquid, ionic liquid loading, and the L/Rh ratio comprised in temperature and pressure, reactant concentrations, and resi-
the catalyst. This behavior was attributed to ligand degrada-dence time), the reaction rate was found to be independent
tion in the presence of the silica support material. Table 21 of mass transport limitations from the gas into the liquid
compiles steady-state results for the hydroformylation of phase and allowed an activation energy of 63t2.Q) kJ
propene with a series of different silica catalyst systems basednol™ to be determined. This value is in good agreement
on the ionic liquid [BMIM][PFs]. with earlier results from homogeneous, biphasic hydroformy-

Riisager et al. have also studied the influence of the silica /ation in aqueous media, as shown in Table 22.
surface on catalyst stability and selectivity. Analogous silica  Variation in the syngas composition further established
Rh-sulfoxantphos/[BMIM]i-CgH./0SQ] catalysts (and cata-  the pressure dependencies on the reaction rate to be first order
lysts without ionic liquid) were prepared using partially in propene and fractional orders of 0.4 an@.4 in H, and
dehydroxylated support and subsequently used for continu-CO, respectively. These values are similar to those found in
ous-flow propene hydroformylation reactions under similar homogeneous hydroformylation that can be derived from the
reaction conditions as previously reporf&in contrast to generally accepted Wilkinson mechanism for ligand modified
the case of earlier catalysts based on nontreated support, thehodium catalysid!®112 Furthermore, the catalyst selectivity
dehydroxylated catalysts containing ionic liquid (ionic liquid toward n-butanal was found only to be dependent on the
loadingo. = 0.1) were now found to maintain their initial ~syngas ratio at relatively low reaction temperatures (in
maximum level of activity for more than 60 h on stream contrast to the catalytic activity), where linear aldehyde could
(i.e., TON> 2400) along with a high selectivity around 96% be formed practically exclusively (99.5%) with a 4-fold
n-butanal. However, catalysts without ionic liquid still excess of CO gas, as shown in Figure 14. Such high
deactivated in prolonged reaction, probably as a consequenceselectivity has not been reported for Rleatalyst systems
of slow surface diffusion of the ligand from the initial Rh- in either homogeneous or biphasic reaction systems, normally
coordinated active state to a surface-bonded state, in whichperformed in batch autoclavés.Under optimized reaction
the metal atom is less coordinated to the ligand. Besides theconditions, a steady-state catalyst performance corresponding

Table 22. Activation Energies for Different Rh-Catalyzed Hydroformylation Systemg°4

entry substrate catalyst (kd/mol) solvent support ref
206 propene SILP HRh(C&(y)? 63.2 [BMIM][n-CgH170SGy) SiO; 104
207 propene HRh(CO)(TPPTS) 77.0 water 105
208 1-octene HRh(CO)(TPPTS) 65.9 water 106
209 1-octene HRh(CO)(TPPTS) 71.0 water SiQ 107
210 LinalooP HRh(CO)(TPPTS) 60.7 water SiQ 108
211 1-dodecene HRh(CO)(TPPTES) 72.8/70.9 watef 109

aSILP catalysts: 0.2 wt % Rh, dehydroxylated silica gel (86015 h, in vacuo)7/Rh= 10, [BMIM][ n-CgH;-0SQy] loading= 0.1). ° Linalool:
3,7-dimethyl-1,6-octadien-3-ot.Two different algorithms were used for data analy$i€TAB (cetyltrimethylammonium bromide) surfactant
used.
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80 T T T T 100 Table 23. Comparison between SILP Rh-7-Catalyzed
A\ Hydroformylation 2 of Propene and 1-Butené&'®
rA— /' - 99 Pswbstate T~ TOF  1-butene/ n-aldehyde
60 L entry substrate (bar) (°C) (h™') propené (%)
e . 98 212  propene 21 100 103 25 95.6
L 3 213  1-butene 1.9 100 260 98.0
e 497 © 214  propene 2.1 120 308 2.1 94.8
~ 40} oy 215 1-butene 1.9 120 647 97.6
(% 96 B
e O— N = a Reaction conditionsp(H,/CO = 1:1) = 10 bar, residence tinve
r n\ﬂ/”n/q 2 17 s. SILP catalysts: 0.2 wt % Rh, dehydroxylated silica gel (8D0
/ 495 15 h, in vacuo),7/Rh = 10, [BMIM][ n-CgH170SQj] loading = 0.1.
20 | /‘/A b Ratio of TOF for 1-butene and propene.
| & —A—TOF.. —2—n-butanal,., - 94 o ] o
—8— TOF .. —0— n-butanal, . limiting mass transport from the gas into the liquid phase.
0 1 L 1 1 93 With these catalysts, the activation energy was calculated
0 1 2 3 4 to be 63.8 kJ mott, in accordance with the value earlier
(H,:CO) ratio obtained for the propene reaction, excluding additional pore

Fi L diffusion of the larger substrate inside the SILP catalyst.

igure 14. Effect on the syngas composition in the SILP Rh- H h : talvst ith tal loadina hiah

catalyzed hydroformylation of propene. Reproduced from data in ''OWEVEr, When using catalysts with metal loading higher

ref 113 (Reaction conditionsp(H,/CO = 1:1) = 10 bar, SILP than 0.9 wt %, a lower effective activation energy of 55.2

catalysts: 0.2 wt % Rh, dehydroxylated silica gel (5@ 15 h, kJ mol ! was found, indicating that the rate of gd&uid

in vacuo),7/Rh = 10, [BMIM][ n-CgH:70SQy] loading = 0.1). transition in the catalyst pores became important, possibly
due to an increased viscosity induced by the high ligand

to an activity of TOF= 471 h'! and 94% linear selectivity ~ content.

could be obtained at 100 and 10 bar (HCO = 1:1) with A clear enhancement in both activity (about 2.5-fold up

a conversion degree about 20%. to 647 ') and selectivity from ca. 95% to 98%pentanal

The long-term stability of the SILP catalyst was further was observed for SILP-catalyzed hydroformylation of 1-butene
confirmed by unchanged selectivity during a week of compared to propene in the temperature range-120°C.
continuous operation, despite the fact that a minor gradual This activity difference was found to resemble the difference
decrease in activity (ca. 0.1% per hour) was observed asin the ratio of molar solubility (measured by a magnetic
heavies (mainly aldol products), remaining dissolved in the suspension balance) between propene and 1-butene in the
ionic liquid catalyst phase, were formed, particularly at higher ionic liquid phase in the SILP catalysts very closely, as
conversion. During extended operation, these heavies pre-shown in Table 23.
sumably reduced the effective catalyst concentration and As earlier described (sections 2.1. and 2.2), the solubility
increased the catalyst film thickness on the support, causingof most gases is very low in ionic liquids. However, from
flooding of smaller pores and a lowering of the reaction the above results, it becomes obvious that in the case of
surface. Since the selectivity remained unchanged, it wasSILP-catalyzed hydroformylation, no mass transport limita-
concluded that the catalyst complex was still intact, and short tion from the gas into the ionic liquid phase can be observed,
periodically exposure to vacuum could reactivate the catalyst leaving the question where the reaction actually takes place
and restore the initial catalyst performance. in ionic liquid biphasic and SILP systems.

The same authors have also studied the effect of carbon A first attempt to answer this question has been made by
dioxide addition to the reactant gi8.CO;, gas is known to  Steinrick et al. using X-ray photoelectron spectroscopy
have high solubility in most ionic liquids, lowering their ~ (XPS) studies on ionic liquid solutions of platinum com-
viscosity and thus enhancing the diffusion of other g&<é&® plexest!’118 They reported the enrichment of platinum
The examination clearly demonstrated that the initial catalyst complexes at the ionic liquid [EMIM][eHsOSGy] —vacuum
activity obtained without C@cofeed could be increased by interface with the bulk of the ionic liquid phase being
2—35% by addition of 1.836.4 bar of CQ gas to the depleted from platinum. If this observation holds true under
reactant stream containing a syngas pressure of 10 bar. Ireaction conditions, the hydroformylation (and hydrogena-
contrast, the initial selectivity was essentially not influenced tion) would become a surface reaction and therefore be less
(<1%) by the CQ addition and remained constant around influenced by the gas solubility, which would explain
94.5%n-butanal with no detection of hydrogenated products adequately why reactions in ionic liquids proceed readily
being formed. despite the poor gas solubility of especiallyghs. Recently,

Recently, the SILP concept was further extended to molecular dynamics studies on biphasic ionic ligtiriganic
continuous-flow, gas-phase 1-butene hydroformylation using System® have further indicated this depletion effect. Thus,
the SILP Rh-sulfoxantphos/[BMIMif-CgH:/0SQy)/silica clearly, m_uch more work has_to be do_n_e in this respect in
catalyst systeriil® The average reaction order with respect order to find optimized reaction conditionsiot only for
to partial pressure of 1-butene was found to be 1, whereashydroformylation.
the H, partial pressure was found to have a positive effect o .
on the reaction rate and the CO monoxide partial pressure ad.2. lonic Liquid —Supercritical CO , Systems
slightly negative one. All three observations are in accordance . ) .
with the mechanism of homogeneous Rh-catalyzed hydro- 5.2.1. Biphasic-Catalyzed Reactions
formylation, as is the case of SILP-catalyzed propene As described in the previous section, supported ionic
hydroformylation. Furthermore, variation of catalyst rhodium liquid-phase Rh catalyst systems are only ideally suited for
loading between 0.1 and 0.3 wt % revealed a linear continuous, gas-phase applications of vaporizable substrates
dependency on the hydroformylation rate, indicating no due to possible catalyst leaching in liquid systems. Another
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recent development allowing continuous-flow, hydroformy- 70

lation of liquid, long-chained alkenes has, however, been

developed by Cole-Hamilton and co-workétsThey have 60

applied a concept involving use of biphasic ionic liquid/

scCQ (scCQ: supercritical CQ) systems where alkene, 50 - B
syngas, and scCeither separately or mixed) are passed . =
into a tank reactor containing an ionic liquid with a dissolved 00 07 B Aldehye %) { 1 - 03
ionic Rh catalyst. Here, reaction is efficiently enhanced, since ~@- Isomerisation (%) ¢ | g
scCQ is typically very soluble in ionic liquid phases, while 304 -@-miratio / § =)
the ionic liquid is essentially insoluble in scG&4*115 At Ead ot I )
the end of the reaction, the products flow out of the reactor 20 - 20
dissolved in scCg leaving behind the ionic liquid catalyst "

phase in the reactor due to its insolubility in scCBinally, 10+ e

the product stream is decompressed to release the products

and eventually the CQcontaining any excess syngas can 18 2

be recompressed for an emission free and continuous proces Fraction number
that requires no further product or catalyst separation. Figure 15. Effect of changing syngas composition during the

The first successful continuous hydroformylation per- continuous Rh-catalyzed hydroformylation of 1-octene using a

formed using the described biphasic ionic liquid/seCO [OMIM][Tf ,N]/scCQ reaction system. Reproduced with permission

. - from ref 121. Copyright 2003 American Chemical Society. (Reac-
systems was reported by Cole-Hamilton et al. with 1-octene i conditions: p(Ho/CO = 1:1) = 40 bar e = 200 bar F_ceene

using a RB(OAC)s-[PhP(GH.SQy)o][PMIM] 2 56 catalyst = 0.76 mmol min, Feo, = 1.00 nL min?, Feo = 1.86 mmol
system 56/Rh = 16) dissolved in [BMIM][PF] at 100°C min~! (fraction 1-5), Fco = 0.8 mmol mirr? (fraction 6-9), Fco
and 40 bar syngas LCO = 1:1) at 200 bar total pressut®. = 1.12 mmol min* (fraction 10-13), Fco = 1.86 mmol mim*

During 33 h of continuous hydroformylation, the catalyst gﬁgﬁg{ i;;tleg angzc?n z %E?a(g?)?ggﬁél(féagtfi?ghlg(—é_?)-
activity was found to remain constant but modest, with a S a - &
TOF of 8 %, with no indication of catalyst decomposition SO:IPMIM] 2 (56) (56/Rh = 15), 12 mL of [OMIM][TfN].)
(in contrast to initial studies on 1-hexene and 1-nonene with 5000 ; ; ; , , ; 100
aryl phosphite ligands, where HF, formed from hydrolysis
of the ionic liquid by water traces, led to ligand degrada-
tion'9). Moreover, Rh leaching into the sc@Product 000
stream was found to be less than 1 ppm, and the selectivity /
towardn-nonanal remained constant around 76% throughout L /
the reaction with no occurrence of ligand oxidation. Ligand
oxidation had, in preliminary reactions performed in repeti- E 3000 - °© —o T o
tive batch mode with successive catalyst recycling, resulted | /./ 497
in significant Rh leaching due to formation of unmodified Ve
HRh(CO), 57 catalyst which displays some solubility in 2000
scCQ. This resulted in a continuous decrease of catalyst N 96
selectivity (from 79% to 71%) and increased isomerization rooa
activity (up to 20%). 1000 . . \ | | . 95

In further studies using the Rh-phosphine catabGtthe 2 4 6 8 10 12 14 18
productivity of the continuous hydroformylation reaction was Time / h
optimized with respect to reaction parameters using terminal Figure 16. Continuous Rh-catalyzed hydroformylation of 1-octene
Cs—C1, alkenes and styrene as substrafé8y systemati- using a [OMIM][Tf,N]/scCO reaction system with ligand8.
cally increasing the alkyl chain length on the ionic liquid Reproduced based on data from ref 121. (Reaction conditjafii/
cation and the anion in the ionic liquid, [OMIM][3] was o= ,111)h: 40 bar, Poal 200 gaﬂT = 1°f° C. Catalyst
found to be the most effective solvent, providing a rate system: Rh(acac)(C@)ligand 58 and [OMIM][TTN].)
increase as a result of increased solubility of long-chained for 72 h of continuous operation, yielding constant rate, and
alkenes. Furthermore, increasing the flow rate through the selectivity between 75 and 78%, and an average low Rh
system, and hence the partial pressure of CO and H metal leaching of less than 0.1 ppm. The metal leaching was,
increased the reaction rate as the solvating power of thehowever, also prone to variation depending on the applied
mobile phase decreased, thus allowing more substrate tareactant partial pressures, because lower pressures resulted
partition in the catalyst phase. However, an upper limit of in increased solubility of both the substrate and the catalyst
the partial pressures of the reactants, corresponding to whain scCQ. Moreover, the purity of the compressed £gas
effectively can be used for reaction, was found, which in used to make the scGQvas also found to affect the Rh
turn was determined by the ability of the sc£fhase to leaching—as well as the amount of isomerization products
extract reaction products. Thus, at very high syngas partial presumably due to traces of oxidized phosphine ligand
pressures, the reaction system was limited when the rate offormed by impurities in the C@gas, resulting in formation
product dissolution by the mobile phase was insufficient to of 57, as also observed in earlier studiéln Figure 15 the
remove it at a rate equivalent to that at which is it formed. effect of changing the partial pressure through variation of
Nevertheless, optimized conditions allowed a TOF of 517 the flow rates of syngas is shown for the reaction of 1-octene.
h~! to be achieved, which is significantly higher than that = The linear selectivity in the biphasic 1-octene hydroformy-
obtained for present commercial hydroformylation systems lation ionic liquid/scCQ reaction was further improved, as
of higher alkenes. Furthermore, the catalyst proved stableshown in Figure 16, when the original catalyst system

—a—TON
—o— n-nonanal /A 4 99

9%, / [eUBLOU-U

hN
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Scheme 19. Preparation Route to 4,6-Bis(diphenylphosphino)phenoxazine Ligand (Nixantphos) Modified with a

3-Propylimidazolium lonic Tag?
@N
cl N\ N~
(\/ (\/

NaH Br” "I | N N N~ N ol
o) o 0

PPh,  PPh, PPh,  PPh, PPh,  PPh,

58
aThe detailed synthesis procedure can be found in ref 121.

Table 24. Comparison of Commercial and lonic Liquid/scCQ T T T T T T T T
i 22
1-Octene Hydroformylation Systent 20000 1 |
process BASF Shell ionic liquid
entry characteristics process  process /scCQ?
216  substrate l-octene 1-octene  l-octene 15000 | i
217  ligand none P(butyl); 58
218  [Rh] (mmol %) 80 80 15
219  p(bar) 300 80 200 z
220 T(°C) 150 200 100 © 10000 -
221 STY (h™) 0.5 0.3 0.74 (1.4)
222 rate (mol L1h™Y) 2.8 1.8 4.1 (7.8) - —— TOF,,., wue = 500 h'
223 TOF () 35 20 272 (517) sleady siale
224 linear aldehyde (%) 50 80 92 (75) 5000 - .
a Optimized values obtained with catalyst syst&6(Rh(OAC)s- -
[PhP(GH4SGs),][PMIM] 2 in [BMIM][PF ¢]) are given in parentheses. o
b Space time yield as liters of product per liter of catalyst solution. 0= : . L . L ' .
0 10 20 30 40
Time/h

involving the monophosphine ||gar!d [PhIiS_EQSQ:,)z]- Figure 17. Cumulative turnover number for continuous, fixed-
[PMIM] > (56) was changed for the bisphoshine ligab8l o4 Rh-catalyzed hydroformylation of 1-octene using a silica SILP
containing a xanthene skeleton (nixantphos) with an ionic 56 [OMIM][Tf ,N]/scCQ; reaction system. Reproduced based on
liquid tag, prepared by the route shown in Schemé?19. data from ref 123. (Reaction conditiong(H,/CO = 1:1) = 40

Here, a constant selectivity around 97.88onanal and  bar, powa = 100 bar,T = 100°C, F1-qctene= 0.42 cn¥ min™, Foa
a steady-state TOF of 272 hwere maintained for more = 854 cn® min™, H,/CO:1-octene= 10.)
than 15 h of reaction. However, the selectivity dropped
dramatically after longer reaction times due to ligand
oxidation (confirmed by NMR), and rhodium leaching of
about 0.2 ppm was slightly higher than that observed using
the initial catalyst system containing monophosphine ligand.
Nevertheless, the optimized ionic liquid/scE®@iphasic
process using the modified nixantphos ligasicompared
favorably with present commercial 1-octene hydroformyl
tion processes using cobalt-based catalysts (with or without
modifying phosphine ligand), as shown in Table 24, where
some key features of the reaction systems are compared. )

6. Concluding Comments

5.2.2. SILP-Catalyzed Reactions As shown in this review, significant progress in recent
Recently, Cole-Hamilton and co-workers further combined years has now allowed biphasic ionic liquid hydroformylation
the SILP catalysis concept (see section 5.1 for details) with catalysts to be engineeretly careful choice of ionic liquid
the use of scC@as transport vector for carrying out 1-octene and through rational ligand desigito provide very effective
hydroformylation in a continuous-flow, fixed-bed reaction catalyst immobilization and acquire optimized catalytic
systemt?3124|nitial results obtained with the established performance. Detailed spectroscopic characterization has
[OMIM][Tf oN] catalyst system supported on silica at 100 further established the complex chemistry in ionic liquid
°C and 100 bar total pressure yielded selectivity around 76% hydroformylation catalysts to be identical to the complex
n-nonanal, as also previously found in the analogous biphasicformation in traditional solvent systems. Moreover, reaction
ionic liquid/scCQ reaction systen?® More interestingly, systems requiring only CQH,, and alkene, without need
very high reaction rates corresponding to TOF of 5800 for toxic CO or any volatile organic solvents, have recently
h~ could be maintained for at least 40 h of continuous flow been introduced as an attractive protocol for carrying out
operation (TONs> 20000) independent of ionic liquid hydroformylation in a benign manner.
loading on the SILP catalyst (but dependent on the substrate However, ionic liquids generally exhibit rather low syngas
flow with higher rates at higher flows), as exemplified in solubility, which makes biphasic hydroformylation systems
Figure 17. prone to mass transfer limitations. In such cases, most parts
The results confirmed that the reaction was not limited of the reaction are restricted to the diffusion layer of the
by mass transport into the ionic liquid phase, and they further ionic liquid catalyst phase rather than the bulk solvent,
indicated that inhibiting low-volatile aldol products, which resulting in inefficient use of both expensive ionic liquid and

eventually may have formed during the reaction, were
efficiently removed from the supported ionic liquid catalyst
layer by the scC@product stream. No genuine rhodium
metal leaching measurements have so far been reported for
the solid catalyst system to establish whether the metal
inventory remains sufficiently immobilized in the ionic liquid

a- phase during operation. However, analyses by NMR and
ICPMS have revealed traces of both ionic liquid and Rh
metal (up to 4 ppm) in some of the collected samples.
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precious metal catalyst. Supported ionic liquid-phase (SILP) (32) Dyson, P. J., Geldbach, T. J., Edidetal Catalyzed Reactions in

catalyst systems and combined ionic liqugtCQ catalyst

lonic Liquids Catalysis by Metal Complexes, Vol. 29; Springer:
Dordrecht, 2005.

systems can, however, circumvent these transport problems (33) Adams, D. J.; Dyson, P. J.; Tavener, SCiemistry in Alternatie

by enabling an improved contact between the ionic liquid

Reaction MediaJohn Wiley & Sons: West Sussex, 2004.

catalyst phase and the syngas, thus making diffusion issues (34) Baerns, M.; Claus, RChemical Reaction Engineering Aspects of

much less important. Importantly, process intensification and
improved catalyst materials utilization have also proven

Homogeneously Catalyzed Reactioims Applied Homogeneous
Catalysis with Organometallic Compound3ornils, B., Herrmann,
W. A., Eds.; Wiley-VCH: Weinheim, 2002.

possible with these catalyst systems when implemented into (35) Berger, A.; de Souza, R. F.; Delgado, M. R.; DuponfTetrahe-

continuous-flow, fixed-bed reaction desif.
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