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lonic Additive For Catalysis In Biphasic Reaction Systems

The present invention relates to an additive for improving the rate of
catalytic reactions in biphasic reaction systems and to the process itself.

Many reactions involve a biphasic reaction system consisting of a water
phase containing the catalyst and an organic phase containing the
substrate and product. Optionally the organic phase can include an
organic solvent.

French patents FR 2,314,910 (1975); FR 2,349,562 (1976); FR 2,338,253
(1976) and FR 2,366,237 (1976) disclose the use of aqueous biphasic
systems for catalytic reactions in which the catalyst is rendered soiuble In
the water phase by the introduction of ionic groups, whilst the substrate
and product are substantially immiscible with water. Subsequent
developments have been the subject of several reviews (see, for example,
E. Weibus and B. Cornils in Catayl/st Separation, Recovery and Recycling:
Chemistry and Process Design, Eds D. J. Cole-Hamilton and R. Tooze,
Springer, London, 2006, Chapter 5, Aqueous-Phase Organometallic
Chemistry, Eds. B. Cornils and W. Herrmann, Wiley VCH, Weinheim,
2004).

Despite the great success that has been achieved with this type of system
as a means of separating the products of a reaction from the catalyst and
solvent, these systems have generally proved ineffective when long chain
alkenes, or other substrates with low water solubility, are employed
because very low reaction rates are achieved.

DE 199 25 384 (2000), EP 1,057,524 (2000), DE 199 57 528 (2001), DE
199 57 522 (1999), EP 1,057,538 (2001) and DE 199 08 320 (2000)
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disclose a rate enhancement for the hydroformylation of long chain
alkenes in aqueous biphasic systems of up to 10 x by using alternative
reactor design and non-standard catalytic conditions. .

The use of amphiphilic ligands to enhance the reaction rate is disclosed in
J. Mol. Chem. A:1997,116, 297, J. Mol. Catal. A: 1995, 98, 69, Catal.
Today 1998, 42, 421, J. Mol . Catal. A: 2000, 156, 127, Calal. Letters
2003, 88, 219, Adv. Synth. Catal. 2002, 344, 274. However, catalyst
leaching is enhanced and the rate of phase separation is reduced in these

methods.

: Up to 6 fold enhancement of the hydroformylation rate can be achieved by
adding alcohol modifiers, but there is a corresponding loss in selectivity,
enhanced catalyst leaching and contamination of the product with alcohols
(Catal. Today, 1995, 24, 135). The use of cationic surfactants or phase :
transfer catalysts can enhance the hydroformylation rate by up to 5 fold,
but the longer chain surfactants which either have to be added separately

(up to 2 fold rate enhancement, EP 157316; Appl. Catal. A. : 2003, 242,
85: J. Mol. Catal. A: 2002, 189, 195; J. Mol. Catal. : 1999, 149, 1; J. Mol.
Catal. 1978, 4, 315; Adv. Synth. Catal. A: 2002, 344, 312; Adv. Synth.
Catal. 2002, 344, 184; Appl. Catal. A: 2002, 236, 173; Catal. Today
2003, 79/80, 43: Appl. Catal. A: 2002, 225, 239; J. Mol. Catal. A: 2003,
200, 157: J. Mol. Catal. A: 2002, 189, 195: J. Mol. Catal. A: 1999, 149, 1)
or as the counterion of an anionic phosphine ligand (up to 5 fold rate
enhancement, EP 163234, EP 302375, EP 602463) lead to foaming or
emulsification and hence difficult phase separation. Other enhancements
can be obtained by using cyclodexirins (Angew. Chem. Int. Ed. Engl.,
1995, 34, 2269; J. Mol. Catal. A, 2000, 176, 105) or thermoregulated
ligands which are organic soluble at high temperature but transfer into the
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water phase on cooling (Catal. Today, 1998, 44, 175; J. Mol. Catal. A:
1999, 147, 131).

In conclusion, the problem of low reaction rates in aqueous biphasic
reaction systems is due to the poor water solubility of the reactants.
Attempts to improve the reaction rate by increasing the solubility of the
reactants by inclusion of an additive have led to difficulties with separation

of the product.

We have now identified additives that provide excellent enhancement of
the reaction rate in agueous biphasic catalysis reaction systems, and
which also allow rapid phase separation and low catalyst leaching.

The present invention thus provides a water soluble additive for use in a
biphasic reaction system having a water phase containing the catalyst and
an organic phase containing the substrate and product. The organic
phase can optionally include an organic solvent. |

The additive is an ionic molecule, which consists of an organic cation,
together with an anion which may be organic or inorganic.

In one embodiment of the invention, the organic cation is a heterocyclic
compound having a four to eight membered ring which can be saturated or
unsaturated and having one or two heteroatoms (typically nitrogen,
oxygen, sulphur or phosphorus) in the ring, and will also be substituted
with at least one C4 to Cas alkyl chain, optionally branched and/or

optionally containing one or more heteroatoms.

The heterocyclic ring will typically consist of 4 to 8 atoms.
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In one embodiment the heterocyclic ring is a 5 or 6 membered ring.

In one embodiment the cation is a compound of formula:

E{s

- _R N~
R N/\N 2 of _ \l

\& g

wherein R, Rs and Rs are each independently Cq — Cos alkyl (preferably
C,4 to Cyz alkyl), optionally branched and/or containing one or more
heteroatoms. Ri and Rz can be the same or different.

In one embodiment the cation is a compound of formula:

R4\ PN /CH3
N @ N

wherein Ry is a Ci.19 (straight or branched) alkyl chain. In one
embodiment R4 is a Cg-Cg alkyl chain.

In one embodiment of the inVention, the cation can be a quaternary
ammonium or phosphonium salt. In general, the N or P atom is attachea
to at least one alkyl group having more than 4 carbon atoms. The alkyi
group can optionally be substituted by groups optionally containing
heteroatoms (for example heterocyclic rings).

In this embodiment the cation can be of formula Ry — E — (Rs)3
wherein Rj is a C1 to Cos alkyl (preferably C4 to Cq2 alkyl), optionally
branched and/or containing one or more heteroatoms;
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E represents N or P; each Rs independently represents a C, to Cg alkyl,
optionally a C4, Co, C3 or C4 alkyl group.

The additive consists of a cation as described above together with an
anion. The anion can be a halide (for example chloride or bromide),
sulphate, BF4, CF3SO3 or CF3CO2". Other anions that render the additive

water soluble can alternatively be used.

In one embodiment the additive is the 1-alkyl-3-methylimidazolium cation
with a suitable anion, such as CI', Br, CF3SO3 or CF3CO3". The alkyl
group in the cation can be, for example, a Cg, C7, Cg, Cg, C10, C11, Or Cq2
straight or branched alkyl chain.

In one embodiment the additive is the CgH17E(CH,CH3)s (Where E = N or
P) cation with a suitable anion, such as CI, Br, CF3S03 or CF3COy".

The additive described above is useful in any catalytic reaction involving
aqueous biphasic systems in which the catalyst is substantially dissolved
in the agueous phase, whilst the substrate is substantially contained in a
separate (non-aqueous, for example organic) phase. This separate phase
may consist of the substrate, product and any side products, but could
also contain a solvent that is immiscible with water. Non-exclusive
examples of suitable catalytic reactions include the hydrogenation,
hydrosilation, hydroboration, hydrovinylation, hydroformylation, oxidation
and hydroxycarbonylation of alkenes, Heck, Suzuki, Stille, and
Sonigashira couplings, and the like.

The substrates can be any organic compounds that are immiscible with
water and are suitable for the reaction. Non-exclusive examples include
alkenes with chain lengths of 5 to 50 carbon atoms and containing 1 {0 8
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double bonds, optionally branched or containing an aromatic ring or heteroatoms. The double
bonds may be terminal or internal. Especially preferred substrates are long-chain linear alkenes
with 5 to 24 carbon atoms or vinylaromatic compounds. Optionally substituted aromatic
compounds can also be substrates.

In a further aspect, the present invention provides a process for improved catalysis of a reaction
conducted in an aqueous biphasic system wherein the catalyst is substantially dissolved in the
aqueous phase and the substrate is substantially contained in the non-aqueous phase,

characterised in that a water soluble additive as described above is added to the reaction

mixture.

In one embodiment the chemical reaction is hydrogenation of alkenes.

In one embodiment the chemical reaction is hydroformylation of alkenes.

In one embodiment the chemical reaction is hydroxycarbonylation of alkenes.
In one embodiment the additive is 1-octyl-3-methylimidazolium bromide.

The present invention further provides a biphasic reaction system having: (i) a water phase
containing a catalyst and a water soluble additive; and (ii) a non-aqueous phase containing a
substrate and product, wherein the additive is an ionic molecule consisting of an organic cation

together with an anion, wherein the organic cation has the formula:

Ra
~ AN N’f

\ ®

CH,

wherein R, is a C,. straight or branched alkyl chain; and wherein the anion is selected from the

group consisting of a halide and a sulphate.

The present invention further provides a process for catalysis of a reaction conducted in a
biphasic system having an aqueous phase and a non-aqueous phase wherein a catalyst Is
substantially dissolved in the aqueous phase and a substrate is substantially contained in the
non-aqueous phase, characterised in that a water soluble additive comprising an ionic molecule

consisting of an organic cation together with an anion is added to the reaction, wherein the
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organic cation has the formula:

. ™~ _CH

- N . M .,""‘/‘
..
\_M/

3

wherein R, is a C;g straight or branched alkyl chain; and wherein the anion is selected from the
group consisting of a halide and a sulphate.

The present invention will now be further described with reference to the following, non-limiting,
examples and figures in which:

Figure 1 is a graph showing the effect of [OMIM]Br and different P/Rh ratios on the gas uptake

from a ballast vessel during the aqueous-biphasic hydroformylation of 1-octene.

oF



CA 02697002 2010-02-19
WO 2008/023171 PCT/GB2007/003197

Figure 2 is a graph showing the effect of the concentration of [OMIM]Br on
the average turnover frequency (TOF) and the linear/branched ratio (I/b)

for the hydroformylation of 1-octene.

Figure 3 is a graph showing gas uptake for a variety of alkenes in the

presence and absence of added [OMIM]Br.

[Rh(acac)(CO);] (acacH = 2,4-pentane dione) was obtained commercially.

TPPTS (P(3-CsHsSO3Na)s was prepared by the method described in
Inorganic Synthesis, 1998, 32, 14.

1-Octyl-3-methylimidazolium bromide [OMIM]Br, 1-hexyl-3-
methylimidazolium bromide, [HMIM]Br, and 1-decyl-3-methylimidazolium
bromide, [DecMIM]Br, were prepared as follows:

In a round-bottom flask equipped with a magnetic stirrer, a dry nitrogen
inlet and a reflux condenser topped with a nitrogen bubbler, N-
methylimidazole (20 cm®, 20.6 g, 0.251 mol), one of 1-bromohexane (38.7
cm®, 45.6 g, 0.276 mol), 1-bromooctane (47.7 cm®, 53.3 g, 0.276 mol) or
1-bromodecane (57.3 cm®, 61.1g, 0.276 mol), and ethylacetate (50 cm®)
were introduced. The homogeneous solution was heated under reflux for
14 hours. The biphasic system obtained was separated and the lower
ViSCous prdduct phase was washed with ethylacatate (3 x 50 cm®). The
product was dried in vacuo (0.1 mbar, 5 hours, 50°C) to yield a pale yellow

viscous oil.

1-Octyl-3-methylimidazolium chloride, [OMIM]CI.

In a round-bottom flask equipped with a magnetic stirrer, a dry nitrogen
inlet and a reflux condenser topped with a nitrogen bubbler, N-
methylimidazole (20 cm®, 20.6 g, 0.251 mol), 1-chlorooctane (47 cm®, 41.1
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g, 0.276 mol) and ethylacetate (50 cm®) were introduced. The
homogeneous solution was heated under reflux for 3 days. The biphasic
system obtained was separated and the lower viscous product phase was
washed with ethylacetate (3 x 50 cm®). The product was dried in vacuo
(0.1 mbar, 5 hours, 50°C) to yield a pale yellow viscous oil (41.1 g, 71%).

1-Octyl-3-methylimidazolium trifluoroacetate, [OMIM]TFA.
1-octyl-3-methylimidazolium bromide (8.02 g, 0.029 mol), dissolved in
distilled water (65 cm®), was added to a suspension of silver
trifluoroacetate (6.43 g, 0.029 mol) in distilled water (65 cm3). The
suspension was stirrer for 1 hour at 70°C. The silver bromide precipitate
was filtered over celite and the water evaporated. The residue was
dissolved in methanol and filiered over celite. The methanol was
evaporated and the product analysed for remaining bromide; addition of
0.1 mol cm™ aqueous AgBF. showed no sign of AgBr precipitation. The
product was dried in vacuo (0.1 mbar, 50°C, 5 hours) to yield a pale yellow
oil (6.61 g, 73.6%).

54 (400 MHz; CDCls; Me4Si) 0.81 (3H, t, °J 6.9, NC;H14CHs), 1.27 (10H,
m, CH,), 1.88 (2H, pent, °J 7.2, NCH,CHo), 4.04 (3H, s, NCHs), 4.24 (2H,
t, 3J 7.4, NCH,), 7.27, 7.33 (2H, 2 x t, °J 1.7, NC(H)C(H)N) and 10.36 (1H,
s, NC(H)N).

N-OctyI-N,N,N-triethylammonium bromide, [OctNEts]Br.

In a round-bottom flask equipped with a magnetic stirrer, a dry nitrogen
inlet and a reflux condenser topped with a nitrogen bubbler, triethylamine
(20 cm®, 14.5 g, 0.143 mol), 1-chlorooctane (25 cm®, 27.9 g, 0.145 mol)
‘and acetonitrile (50 cm®) were introduced. The homogeneous solution was
heated under reflux for 14 hours. The product was precipitated by addition
of ethylacetate at 5°C. The precipitate was then recrystallized from
ethylacetate (36.7 g, 87.3 %).
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Oy (300 MHz; CDCls; MesSi) 0.81 (3H, t, °J 6.7, NC;H14CHs), 1.20 (10H,
m, CH,), 1.32 (9H, t, °J 6.7, NCH.CHs), 1.63 (2H, m, NCH.CH,), 3.20 (2H,
m, NCHQC7H15) and 3.45 (6H, d, 3J 7.2, NCHQCH3), m/z214 (M+, 1000/0).

N-Octylpyridinium bromide, [OctPyr|Br.

In a round-bottom flask equipped with a magnetic stirrer, a dry nitrogen
inlet and a reflux condenser topped with a nitrogen bubbler, pyridine (10
cm®, 9.8 g, 0.123 mol), 1-bromooctane (24 cm®, 26.8 g, 0.138 mol) and
ethylacetate (30 cm®) were introduced. The homogeneous solution was
heated under reflux for 14 hours. The biphasic system obtained was
separated and the lower viscous product phase was washed with
ethylacetate (3 x 30 cm®). The product was dried in vacuo (0.1 mbar, 5
hours, 50°C) to vield a pale orange viscous oil (24.1 g, 71.6%).

On (300 MHz; CDCls; MesSi) 0.68 (3H, t, NC;H14CHs), 1.14 (10H, m, CH)),
1.91 (2H, q,, NCH>CH-CH>CsH14), 4.85 (2H, t, NCH=C;H;5), 8.06 (2H, t,
NCHCHCH); 8.45 (1H, t, NCHCHCH) and 9.49 (2H, d, NCHCHCH).

Catalyst preparation

A catalytic solution was prepared by stirring [Rh(acac)(CO).] (3.2 mg, 1.25
x 10™° mmol) with TPPTS (71.1 mg, 0.125 x 10° mol) in degassed water
(10 cm®) containing the appropriate additive (concentration shown in
Tables 1 to 3) under CO/H, (1:1, 1 bar) at 60°C for 1 hour.

The resulting yellow solution was stored under CO/H, and is subsequently
referred 1o as “the stock catalyst solution”.

Example 1

The stock catalyst solution (8 cm®, 1 x 10™ mol Rh) with [OMIM]Br as the
additive was transferred into an autoclave which had previously been
purged by alternating vacuum and argon (3 times) and a slow stream of
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argon emanating from it. The catalytic solution was purged 3 times with
CO/H. (1:1, 20 bar). Degassed 1-octene (2 cm®) was added and the
autoclave sealed and pressurised with CO/H» (20 bar). It was heated to
100 °C and stirred at 1000 rpm for 2 hours.

The stirrer was stopped, the autoclave quickly cooled (ice bath) and
depressurized and the organic phase analysed for its organic content by
gas chromatOgraphy (GC). The conversion of octene was 92.9% (average
turnover frequency (TOF) = 586 mol product (mol Rh h)™) and the I:b ratio
was 3.5. The phases were completely separate by the time the autolclave
was opened.

Comparative Example 2
Example 1 was repeated but omitting the [OMIM]Br. The conversion was
4.9 % (average TOF = 30) and the l:b ratio 3.9.

Examples 3 - 6
Example 1 was repeated but varying the amounts of [OMIM]Br added as
shown in Table 1. The results are presented in Table 1.

10
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Table 1 : Results obtained for hydroformyiation of 1-alkenes with different
concentrations of [OMIM]Br.

20 bar® (CO/Hz = 1:1); 100°C; 2 hours; [Rh]ag=1.25 mmol dm™®; P/Rh = 10
(P = TPPTS); alkene = 2 cm®;, H,O = 8 cm®.

256
154

32.8
1-decene 0.18 14.7 29.2

1-decene

1-hexene

Example | Substrate { [OMIM]Braq- | OMIMBY/P | Conversion Average
B i e
I ) I I N ) B
8 |theene] O ] 0 | %8

_ 9 [tdecene L

10 [tdecene

-

b
-

w| | »
~| wl o

10

2 Closed reactor, the pressure dropped as the gas was consummed
during the reaction.
b Concentration in the aqueous phase.

Example 7
Example 1 was repeated using 1-hexene as substrate instead of 1-octene
and 0.18 mol dm™ of [OMIMI]Br. The results are presented in Table 1.
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Comparative Example 8
Example 7 was repeated but omitting the [OMIM]Br. The resulits are

presented in Table 1.

Example 9
Example 7 was repeated using 1-decene as substrate instead of 1-
hexene. The results are presented in Table 1.

Comparative Example 10
Example 9 was repeated but omitting the [OMIM]Br. The results are
presented in Table 1.

Example 11 |
An autoclave fitted with mechanical stirrer, thermocouple pocket, pressure
transducer and attached to a ballast vessel via a catalyst injector and
mass flow controller was degassed by pressurizing three times with CO/H.
and releasing the pressure. The stock catalyst solution (8 cm“3; 1x 107
mol Rh) containing [OMIM]Br (0.5 mol dm™) was transferred into the
autoclave. The autoclave was pressurized with CO/H2 (1:1, 15 bar) and
heated to 100 °C. Meanwhile, the substrate injector was charged with 1-
octene (2 cm®). Once the reactor had reached 100 °C, the substrate was
injected using an overpressure of CO/H. and the pressure brought to 20
bar. CO/H> was then fed from the ballast vessel so as to maintain the
pressure in the autoclave at 20 bar and the pressure in the ballast vessel
was monitored electronically. At the end of the reaction (reaction time
shown in Table 2), the autoclave was quickly cooled (ice bath) and
depressurized and the contents analysed by GC for the organic products
and by ICP-MS (for Rh). The phases separated in less than 2 minutes
after opening the reactor. The results are shown in Table 2.

12
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Comparative Example 12
Example 11 was repeated but omitting the [OMIM]Br. The results are
presented in Table 2.

Example 13

Example 11 was repeated but adding excess TPPTS (0.5 mmol). The
results are shown in Table 2. Complete phase separation had occurred by
the time the autoclave was opened.

Example 14
Example 13 was repeated but the reaction was stopped after 1 hour. The

results are in shown Table 2. Complete phase separation had occurred by
the time the autoclave was opened.

Example 15

Example 11 was repeated but excess TPPTS (1 .O“mmol) was added. The
results are shown in Table 2. Complete phase sepa:ration had occurred by
the time the autoclave was opened.

Example 16

Example 15 was repeated but the reaction was stopped after 1 hour. The
results are shown in Table 2. Complete phase separation had occurred by
the time the autoclave was opened.

Example 17

Example 11 was repeated but using 1-hexene (2 cm®) in place of 1-
octene. The results are shown in Table 2.

13



CA 02697002 2010-02-19
WO 2008/023171 PCT/GB2007/003197

Comparative Example 18
Example 12 was repeated but using 1-hexene (2 cm®) in place of 1-
octene. The results are shown in Table 2.

Example 19
Example 11 was repeated but using 1-decene (2 cm®) in place of 1-
octene. The results are shown in Table 2.

Comparative Example 20

Example 12 was repeated but using 1-decene (2 cm®) in place of 1-
octene. The results are shown in Table 2.
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Comparative Example 21

Example 13 was repeated but using hexylmethylimidazolium bromide ([HMIM|Br
(0.5 mol dm™). The phases were fully separated by the time the autoclave was
opened (10 minutes). The results are shown in Table 3.

Comparative Example 22
Example 21 was repeated but using 1-hexene (2 cm™) as substrate. The phases
were fully separated by the time the autoclave was opened (10 minutes). The

results are shown in Table 3.

Comparative Example 23

Example 13 was repeated but using decylmethylimidazolium bromide
IDecMIM]Br (0.5 mol dm™). The solution appeared as a stable emulsion on |
opening the autoclave. The results are shown in Table 3.

Example 24
Example 11 was repeated but using [OMIM]CI (0.5 mol dm™). Phase separation
was complete on opening the autoclave (less than 10 minutes). The results are

shown in Table 3.

Example 25

Example 13 was repeated but using [OMIM]CI (0.5 mol dm™). Phase separation
was complete on opening the autoclave (less than 10 minutes). The resulis are
shown in Table 3.

Example 26
Example 13 was repeated but using [OctNEt3]Br (0.5 mol dm™). Phase
separation was complete on opening the autoclave (less than 10 minutes). The

results are shown in Table 3.
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Example 27
Example 13 was repeated but using [OMIM]TFA (0.5 mol dm™). Phase
separation was complete on opening the autoclave (less than 10 minutes). The

results are shown in Table 3.

Example 28
Example 27 was repeated but using [OMIM]TFA (0.27 mol dm™). Phase
separation was complete on opening the autoclave (less than 10 minutes). The

results are shown in Table 3.

Example 29

Example 13 was repeated but using [OctPyr]Br (0.5 mol dm™). Phase separation
was complete on opening the autoclave (:Iess than 10 minutes). The results are
shown in Table 3.
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CLAIMS

1. A biphasic reaction system, said system having
(1) a water phase containing a catalyst and a water soluble additive; and
(1) @ non-agueous phase containing a substrate and product,
wherein the additive is an ionic molecule consisting of an organic cation together with an

anion, wherein the organic cation has the formula:

R4 Pl |

\ @

wherein R, is a Cs.¢ straight or branched alkyl chain; and wherein the anion is selected
from the group consisting of a halide and a sulphate.

2. The biphasic reaction system as claimed in claim 1 wherein said additive comprises a
cation selected from 1-heptyl-3-methylimidazolium, 1-octyl-3-methylimidazolium, or 1-

nonyl-3-methylimidazolium.

3. The biphasic reaction system as claimed in claim 1 or 2, wherein the anion is a sulphate.
4. The biphasic reaction system as claimed in claim 1 or 2, wherein the anion is a halide.
S. A process for catalysis of a reaction conducted in a biphasic system having an aqueous

phase and a non-aqueous phase wherein a catalyst is substantially dissolved in the
agueous phase and a substrate is substantially contained in the non-aqueous phase,

characterised in that a water soluble additive comprising an ionic molecule consisting of
an organic cation together with an anion is added to the reaction, wherein the organic

cation has the formula:

R4 :
- - CH,

3 AP

wherein Ry is a Cyq straight or branched alkyl chain; and wherein the anion is selected

from the group consisting of a halide and a sulphate.

19



10.

11.

12.

CA 02697002 2013-08-29

The process as claimed in claim-5 wherein the reaction is hydrogenation, hydrosilation,

hydroboration, hydrovinylation, hydroformylation, oxidation or hydroxycarbonylation of
alkenes.

The process as claimed in claim 5 wherein the reaction is hydrogenation of alkenes.
The process as claimed in claim 5 wherein the reaction is hydroformylation of alkenes.

The process as claimed in claim 5 wherein the reaction is a Heck, Suzuki, Stille or

Sonigashira coupling reaction.

The process as claimed in claim 5 wherein the organic cation 1s 1-heptyl-3-

methylimidazolium, 1-octyl-3-methylimidazolium, or 1-nonyl-3-methylimidazolium.
The process as claimed in any one of claims 5 to 10 wherein the anion is a sulphate.

The process as claimed in any one of claims 5 to 10, wherein the anion is a halide.

20
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