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Thermoregulated Microemulsions by Cyclodextrin Sequestration:
A New Approach to Efficient Catalyst Recovery

Loic Leclercq, Matthieu Lacour, Samantha H. Sanon, and Andreea R. Schmitzer+*!

The separation of homogeneous hydroformylation cata-
lysts from reaction mixtures has been a tremendous chal-
lenge and continues to be the focus of intense research.!!
Over the last three decades, several elegant approaches
have been explored to overcome this limitation including
aqueous? and fluorous biphasic catalysis,” reactions in su-
percritical media and catalyst immobilization onto solid-
support materials.”! Although some of these novel concepts
have successfully been developed into commercial processes,
such as the Ruhr Chemie Rhoéne Poulenc process used in
the production of butyraldehyde,? catalyst recovery contin-
ues to be one of the key issues of homogeneous catalysis.
More recently, imidazolium ionic liquids have been used as
alternative reaction media for homogeneous catalysis.
Based on their highly charged nature, ionic liquids are well
suited for biphasic reactions with organic substrates. While
the first hydroformylation reaction in an ionic liquid (at that
time referred to as a molten salt) was performed by Par-
shall”! as early as 1972, it was not until 1995 that Chauvin
etal.®! used water-soluble phosphine ligands such as the
tri(m-sulfonyl)triphenyl phosphine sodium salt (TPPTS)" to
retain active rhodium complexes in the ionic-liquid phases
and used them successfully in biphasic hydroformylation cat-
alysis. Since then, a variety of different metal complexes
have been investigated for liquid-liquid biphasic hydrofor-
mylation reactions in ionic liquid media.'” Alkylmethylimi-
dazolium salts have also been applied as additives for the
aqueous-biphasic hydroformylation of higher linear olefins.
Cole-Hamilton et al. described the use of 1-octyl-3-methyl-
imidazolium bromide for classical aqueous biphasic hydro-
formylation with good reaction rates and catalytic activity.'"]
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The influence of surfactants and micelle forming agents on
the rate of the hydroformylation reaction may arise from
two sources. Due to the decreased surface tension at the
boundary of the aqueous and organic phases a larger inter-
phase area is produced which facilitates mass transport. Per-
haps more important is the effect which can be linked to the
appearance of micelles. Water-insoluble olefins show in-
creased concentration in the aqueous phase in the presence
of surfactants above the critical micelle forming concentra-
tion (CMC). The solubilized olefin is preferentially located
in the hydrophobic region of micelles and if the catalyst can
also be concentrated into that region then a very efficient
catalytic reaction can occur. In such micro-heterogeneous
systems metal-complex catalysis and micellar catalysis joint-
ly contribute to fast hydroformylation. However, in order to
achieve high conversions and good selectivities, fine-tuning
is required between the size and the charge of the micelle
and those of the catalyst and substrate molecules."” The sur-
factant should be able to produce a sufficiently large interfa-
cial area to promote mass transfer. Despite all advantages
brought by micellar catalysis, the presence of surfactants
complicates the phase separation and in some cases a kineti-
cally stable emulsion is obtained instead of a biphasic
system, after cooling down the reaction mixture. The emulsi-
fication must be reversible so that the products can be sepa-
rated by phase separation. Another advantage in using di-
alkylimidazolium salts as surfactants in the hydroformyla-
tion reaction is the possibility to vary their physico-chemical
properties by changing the alkyl groups and/or the anion.

It is well known that cyclodextrins (CDs) can form inclu-
sion complexes with various hydrophobic residues such as
linear alkyls, aromatics.'” Upon addition of CD to a surfac-
tant solution, a considerable change in the physicochemical
properties can be observed, that is, the surface tension of
the surfactant changes.'¥l The CD’s presence results in the
dissociation of the micelle to form inclusion complexes!™!
and thus controllable self-aggregating systems can be ob-
tained (Figure 1). We report here the winning combination
of imidazolium surfactants with CDs as a control element in
the thermoregulated olefin hydroformylation.
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Figure 1. Representation of the imidazolium surfactant/a-CD organiza-
tion. A) The majority inclusion complex at room temperature; B) at high
temperature the majority self organization is the micellar aggregation.

We used the 1-alkyl-3-methylimidazolium salts (in which
1-alkyl represents the 1-dodecyl and the 1-decahexyl resi-
dues, called [C;,MIM] and [C;MIM], respectively) as sur-
factants for the rhodium-catalyzed hydroformylation reac-
tion of water insoluble olefins. In this process, the CD can
form inclusion complexes with the alkyl residue of the imi-
dazolium surfactant at room temperature. However, during
the reaction (at 80°C) only micelles of 1-alkyl-3-methylimi-
dazolium salts are present in the bulk reaction. The use of
the CD/imidazolium surfactant combination in this reaction
results in good activity, an increase of the regioselectivity
and an important reduction of the decantation time
(Scheme 1). Our choice of CD was dictated by the nature of
the imidazolium salt and the substrate’s nature. The imida-
zolium salt can be complexed by the CD with the inclusion
of the alkyl chain into its hydrophobic cavity. In our case, o-

[Rh(CO),acac)/TPPTS
CO/M, 1:1

R/\/

80°C/1150 rpm

CD/imidazolium surfactant |
toluene/undecane

Scheme 1. Biphasic aqueous hydroformylation reaction performed in the
presence of Rh/TPPTS and a combination of CD/imidazolium surfactant.
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CD is a good choice because the cavity can accommodate
the alkyl chain more easily than native aromatic groups and
far more than ortho- and meta-substituted aromatics.!'’)

The substrates used are allyl-substituted aromatics and
styrene as a native aromatic olefin. The bromide and the tri-
flate anions were used in combination with [C,,MIM] and
[CieMIM] (Scheme 2).

substrates (
1:n=1;R'=H; R2 R®= OMe n
2:n=1;R" R®=0OMe; R2=OH

3n=0;R" RLR3=H R RS
RZ
imidazolium surfactants -
C 1 pMIMIIX]: m = 11 =\
[CoMIM]IX]: m = /NVN{\/);

[C1gMIM][X]: m = 15
X=BrorTfO

Scheme 2. Biphasic substrates and imidazolium surfactants used in the
aqueous hydroformylation reaction.

As mentioned by many authors, the purity of imidazolium
salts is essential for a catalytic process in order to avoid un-
desirable modifications of the active species."® Thus, we
have used imidazolium salts with high purity, which we pre-
pared according to a reported procedure."”! Before each
analysis, the imidazolium surfactant was dehydrated by
water extraction under vacuum.!'®l

In a first time, we have determined the critical micellar
concentration (CMC) values for each imidazolium surfac-
tant used in this work with and without a-CD (Table S1, see
Supporting Information). The CMC at 25°C found for
[C,L,MIM][Br] is in agreement with the data reported by
Inoue et al.™® The CMC values decrease for the same anion
with longer alkyl chain, which reflects the influence of the
hydrophobic character of the alkyl chain to the self-assem-
bly process. It is also important to note that the counterion
has a great influence on the CMC: for example, in the case
of [C;MIM] a decrease from 8.4 mm for the bromide to
2.1 mm for the triflate salts can be observed. For higher a-
CD concentration the CMC increases from 8.4 to 9.9 mm
(Table S1, entry 2, Supporting Information), as previously
reported.”” For the other imidazolium surfactants, the CMC
values increase in the presence of a-CD (Table S1, entries 3
and 4, Supporting Information).* The CMC value for
[C,MIM][Br] at 60°C is 2.5 mM, which demonstrates that
the temperature increase favors the micelle formation. At
this temperature, the addition of a-CD has no consequence
on the CMC value, which suggests that at 60°C no inclusion
complexes are formed (Table S1).

The results described above were used to set the parame-
ters of the catalytic hydroformylation. For each reaction, the
concentration of imidazolium surfactant was fixed at 8 mm
and the o-CD concentration was fixed at 5 mm, except for
[C,MIM][Br], where two concentrations were used: 5 and
25 mm (Table 1).
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Table 1. Conversion (C; %), Selectivity (S; %), linear/branched ratio (I/
b) for the hydroformylation of various substrates in the presence of imi-
dazolium surfactants with or without a-CD additives!®.

Entry Substrate  Surfactant a-cDE Pl gl

1 1 - - 3 30 31
2 1 - + 10 49 36
3 1 [CLMIM][Br] — 78 86 4.0
4 1 [CLMIM][Br]  + 87 80 39
5 1 [C,MIM][Br]  +U 41 87 4.6
6 1 [CMIM][Br]  + 100 9% 52
7 2 - - 74 49 33
8 2 - +1 25 89 49
9 2 [CLMIM][Br] — 51 79 14
10 2 [CoMIM][Br]  +0 73 85 2.0
1 2 [CMIM][Br]  +U 47 91 23
12 3 - - 21 87 03
13 3 - +1 38 93 0.3
14 3 [CLMIM][Br] — 99 9% 03
15 3 [CoMIM][Br]  +U 69 94 2.1
16 3 [CMIM][Br]  +0 100 89 0.2

[a] [Rh(acac)(CO),] (3.5 mm), TPPTS (18 mm), H,O (11.5 mL), substrate
(2.91 mmol), a-CD (5 mm, except for [e]), imidazolium surfactant (8 mm),
n-undecane (4 mmol, GC internal standard), 1150 rpm, 7=80°C, CO/H,
1:1: 50 atm. [b] Conversion calculated with respect to the starting olefin.
[c] S: % of the converted olefins. The side product was mainly internal
olefins. [d] I/b: linear/branched ratio (GC). [e] a-CD (25 mm). In all cases
the b1/b2 ratio was smaller than 1. All reported values were the mean of
at least three runs. The standard deviation of the mean never deviated
+1.5 %. For the calculation methods see the Supporting Information.

As a control experiment, we performed the hydroformyla-
tion of each substrate in the presence of [Rh(CO),(acac)]/
TPPTS without imidazolium surfactant and without a-CD
(Table 1). A second control experiment was realized in the
presence of imidazolium surfactant without the a-CD. For 1,
the two control experiments gave similar results: 3 and 10 %
conversion and an /b ratio of 3.1 and 3.6, respectively (en-
tries 1 and 2). The weak conversion increase in the presence
of a-CD is probably due to the formation of a weak inclu-
sion complex between the a-CD and 1. This observation is
also corroborated by the increase of the 1/b ratio. In both
control experiments the selectivities are in the same range
(about 40%) due, generally, to the formation of the hydro-
genated products. The use of [C;,MIM][Br] without a-CD
gives higher conversion (78 %) and enhances greatly the se-
lectivity of the reaction (86%), as well the 1/b ratio (4.0),
due to the constraint of the rhodium catalyst at the micelle’s
interface (i.e., anion exchange between the TPPTS ligand
and the bromide; AH=—36 kcalmol™' for PM3 calculation
of the anionic metathesis see Supporting Information).*"
The decrease of the conversion in the presence of a-CD
may be due to the partial complexation of the imidazolium
surfactant by a-CD which results in a decrease of the
number of micelle (AH =—45 kcalmol ™" for 2:1 complex be-
tween [C,,MIM][Br]/a-CD, see Table S2, Supporting Infor-
mation).?!! The selectivity and the 1/b ratio is the same with
or without a-CD. If the a-CD concentration is increased,
the conversion and the selectivity are in the same range, but
the /b ratio increase to 4.6 (Table 1, entry 5). We believe
that this can be attributed to a a-CD effect, that is, the
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modification of the micelle’s environment due to the rhodi-
um sequestration by the imidazolium charge and the partial
inclusion of the olefin in the CD’s cavity (AH=
—15kcalmol™" for the complex 1/a-CD).”) The modifica-
tion of the bromide anion give similar conversions and se-
lectivities, but the 1/b ratio decrease up to 2.7 in the case of
the triflate anion (see Supporting Information). This is due
to a lack of exchange between the TPPTS ligand and the tri-
flate compared with the bromide salt. The use of [C;{MIM]
[Br] with or without o-CD gives a quantitative conversion
of 1 with very high selectivities. Moreover, a high regioselec-
tivity is obtained with the couple a-CD/[C,MIM][Br] sur-
factant and the /b ratio enhances from 4.6 to 5.2.

For substrate 2, the control experiment without imidazoli-
um surfactant or CD, gives a better conversion, due to the
more hydrophilic character of this olefin (entry 7). The se-
lectivity is not high (49%) and the I/b ratio is in the same
range as 1 (entries 7 and 1). In the presence of a-CD, the
conversion decreases strongly to 25% but the selectivity, as
well as the 1/b ratio, increase (entries 8 and 9). We believe
that in the presence of a-CD, the formation of inclusion
complexes occurs by complexation of the allyl side chain in
the hydrophobic cavity. The encapsulation of the olefin in-
hibits the hydroformylation reaction. In the presence of
[C,MIM][Br] the conversion increases to 51 %, the selectiv-
ity is good, but the 1/b ratio decreases to 1.4 (entry 9). The
combination of [C,MIM][Br] and a-CD gives a better con-
version (73%) and a good selectivity (85%; entry 10), but
the 1/b ratio is smaller (2.0). The higher 1/b ratio is obtained
for this substrate by using [C,MIM][Br] and a-CD, even if
the conversion is smaller (entry 15).

For substrate 3, the use of [C;,MIM][Br] increases the re-
action selectivity, but the combination of a-CD/[C,MIM]
[Br] results in the decrease of the conversion due to the
competition between the incorporation of the substrate into
the micelle and its complexation by the CD (entries 13-15).
Previously, Monflier et al. have described the biphasic hy-
droformylation of styrene by a per(2,6-di-O-methyl)-a-CD
as mass transfer promoter, where the reaction rates were
good (100% conversion after 2 h vs. 65% without CD).”
In our study the enhancement of the reaction rate is due to
micelle formation and styrene transfer, as in the case of the
use of CD. However, when [C;MIM][Br] is used in combi-
nation with the a-CD, a complete conversion of the olefin is
obtained but the /b ratio is still low. The reaction may take
place in the case of the styrene, both at the micelle interface
and in the CD’s cavity.

To summarize the catalytic process, the imidazolium sur-
factants can exchange their bromides by the TPPTS sulfo-
nates. This exchange creates a high rhodium micro-concen-
tration in direct micelle proximity.” The aldehydes selectiv-
ities observed in the reaction are lower than in the case of
the previous use of the cyclodextrins as mass promoter.
When the olefin is inside the hydrophobic interior of the mi-
celle, the formation of the isomerization species leading to
internal olefins by (-hydride elimination is less prohibited
by the steric hindrance, as in the case of CDs.**! This obser-
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vation leaves us to suppose that the inclusion complex
formed by the CD and the substrate is present during the re-
action only in a very low amount. The substrate is trans-
ferred in the aqueous media into the micelle. For substrates
1 and 3 a competition may occur between the micelle self-
assembly and the substrate complexation into the a-CD. As
a general observation we can underline that the combination
of imidazolium surfactant and CD provides an increased 1/b
ratio, compared to the case where only imidazolium salts
were used. This fact can be seen as a synergistic participa-
tion of the inclusion complex and the micellar catalysis;
even a weak complexation of the substrate inside the a-
CD’s cavity provides a different reaction environment (as in
the case of styrene).

The most important parameter of this biphasic system has
not been discussed until now: the decantation process. The
emulsion type and time of phase separation are reported in
Table 2 for each catalytic system.

Table 2. Effect of a-CD (5 mm, except for [a]) on the time for phase sep-
aration after hydroformylation of various substrates in the presence of
imidazolium surfactants.

Entry Substrate Surfactant a-CD  Type™  Phase sep. [h]!
1 1 [CLMIM][Br] - olw 15
2 1 [C,MIM][Br] + o/w 2
3 1 [C,,MIM][Br] +0 ow 1
4 1 [CLMIM]|[TfO] - wlo 6
5 1 [CL,MIM][TfO]  + wlo 3
6 1 [C,MIM][Br]  — wilo 28
7 1 [C,MIM][Br]  + wlo 16
8 2 [C,MIM][Br] - o/w 3
9 2 [C,,MIM][Br] +B ow 2
10 3 [C,,MIM][Br1] - o/w 3
11 3 [C,,MIM][Br] +B ow 2

[a] a-CD (25 mm). [b] Emulsion type: w/o water in oil, o/w oil in water.

A drastic decrease of the decantation time is observed
when the o-CD is present in the bulk solution. The best re-
sults in terms of emulsion break process are obtained when
the reaction is performed in the presence of [C;,MIM][Br]:
0-CD in a 1:2 stoichiometry (entry 3). The decantation pro-
cess of [C;(MIM][Br] is presented in Figure 2 as an example.
It is obvious that from the beginning the decantation process
is faster in the presence of the a-CD. This rapid break of
the aqueous phase emulsion, containing the rhodium cata-
lyst and the imidazolium salt allows facile separation of the
catalyst and its reuse. The same aqueous phase was submit-
ted to several rounds of catalytic reactions, without modifi-
cation of the conversion or the selectivity (the recycling of
the aqueous phase for 1 is presented in Table 3).

In conclusion, we have demonstrated that imidazolium
surfactants can be used as “micellar promoters” in hydrofor-
mylation reactions. Furthermore, the combination of these
surfactants with a-CDs underpins a novel and efficient sepa-
ration strategy. The modification of the aggregation proper-
ties of the surfactants is only due to their complexation by
the a-CD. The supramolecular interactions of the imidazoli-
um surfactants favor the micellization process at high tem-
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Figure 2. First steps of the decantation process at the end of the catalytic
reaction: A) initial time; B) after 15 min; C) after 1 h; and D) after 16 h.
In each panel the left vial corresponds to the reaction performed only
with the imidazolium surfactant and the right vial represents the imidazo-
lium surfactant/cyclodextrin reaction mixture.

Table 3. Recycling of the aqueous phase with 1.

Run Surfactant Conversion [%] Selectivity [% |
1 [C,MIM][Br] 41 86
2 [C,,MIM][Br] 41 85
3 [C,MIM][Br] 40 84
4 [C,MIM][Br] 40 79
5 [C,MIM][Br] 38 75
1 [C\eMIM][Br] 100 96
2 [CieMIM][Br] 99 95
3 [C\eMIM][Br] 99 95
4 [C\eMIM][Br] 96 92
5 [C\eMIM][Br] 92 92

peratures and by decreasing the temperature CDs destabi-
lize the micelles by complexing the surfactant monomers
more strongly than they are bound in self-association pro-
cess. The temperature control of these equilibria provides a
valuable element for further developments in organometal-
lic catalysis as well as for various organic reactions. The
most important feature of our system is the decrease of the
decantation time and the perfect phase separation. This rep-
resents a nice example of the use of the supramolecular as-
sistance to thermoregulate a microemulsion catalytic pro-
cess. This parameter is of valuable interest for the recycling
of the rhodium catalyst without decrease in conversion or
selectivity. The catalytic mechanism and its extension to
other micellar catalysis is under study in our group.

Experimental Section

Material, methods, and synthesis: See the Supporting Information.

General hydroformylation experiments: [Rh(acac)(CO),] (4.07x
102 mmol), TPPTS (0.21 mmol) and, if necessary, surfactant (9.66x
102mmol) and a-CD (5.86x102mmol) were dissolved in water
(11.5 mL). The resulting aqueous phase and an organic phase composed
by the olefin (2.91 mmol) and undecane (4 mmol; GC internal standard)
were charged in a glove bag into the 60 mL reactor which was sealed and
heated at 80°C. Magnetic stirring was then started (1150 rpm) and the
autoclave was pressurized with 50 atm of CO/H, 1:1 from a gas reservoir
connected to the reactor through a high pressure regulator valve. At the
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end of the reaction the autoclave was cooled and depressurized and after
the decantation process the contents were analyzed using CG for the or-
ganic products. The results presented are the average of at least three
runs under each set of conditions.
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