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Liquid Phase Extraction and Separation
of Noble Organometallic Catalysts by
Functionalized Ionic Liquids

Min Li, Tao Wang, Patrisha J. Pham, Charles U. Pittman, Jr.,
and Tingyu Li

Department of Chemistry, Mississippi State University, Mississippi State,
MS, USA

Abstract: The separation of two noble organometallic catalysts from a homogeneous
organic phase was investigated using liquid phase extraction with functionalized ionic
liquids. Thirteen functionalized ionic liquids containing amino, hydroxy, thioether, car-
boxylic, or olefin functional groups were prepared by a standard neutralization method.
The extractions of Jacobsen’s catalyst and Wilkinson’s catalyst were conducted using
the functionalized ionic liquids as the extraction phase without adding any other metal
complexing extractant. The distribution factors between the ionic liquid (IL) phase and
toluene (organic solution phase) demonstrated that the functional groups in ILs
exhibited moderate to high affinity with the metal complexes. The influence of the
ionic liquid structure on the distribution factors was also investigated.

Keywords: Functionalized ionic liquids, organometallic catalyst, liquid phase extrac-
tion, distribution factor

INTRODUCTION

Room temperature ionic liquids (RTILs) have received considerable interest
as alternative solvents in a wide range of applications including use as
reaction solvents (1), extraction solvents (2) and for the preparation of new
materials (3). Ionic liquids (ILs) have remarkable properties, which include
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negligible vapor pressure, high thermal and chemical stability, and wide liquid
phase temperature range (4). A key feature of ILs is that their properties can be
tailored by judicious selection of cation, anion, and substituents (5). Extensive
studies exist of ionic liquids modified with functional groups, referred to as
functionalized or task specific ionic liquids (TSILs) (6). These have been
utilized in metal extraction (7) and catalyst immobilization (8). So far, most
functionalized ionic liquids have been designed by modifying the cation
structure when combined with common anions such as BF; and PFg (9-12).
However, a few papers have reported the modification of anions (13—-15).

Since the pioneering work of Dai et al. (16) and Rogers and co-workers
(17), many attempts have been made to use ILs as alternatives to traditional
organic diluents for solvent extraction of metal ions (16—25). Dai and
coworkers (16) examined the extraction of alkaline and alkaline earth
metals into ILs using crown ether as an extractant. Their studies showed
that the crown ether in ILs achieved higher extraction efficiency than that in
ordinary organic diluents. Rogers and coworkers (6) developed novel ILs
incorporating metal coordination groups. These “task-specific” ILs showed
high extraction efficiencies when used as an extracting phase alone or when
doped into nonspecific 1-alkyl-3-methylimidazolium-based ILs (7). These
biphasic extractions mainly focused on the removal of metal ions from the
water phase to an ionic liquid phase. Water immiscible ionic liquids were
used in these studies which incorporated hydrophobic anions such as PFg
or THLN .

Precious metal catalysts, e.g. Wilkinson’s catalyst (I) and Jacobsen’s
catalyst (II) (structures are shown in Scheme 1), are widely employed in
certain important homogeneous catalytic reactions. Wilkinson’s catalyst,
RhCI(PPh3); (Ph = phenyl), is widely used in homogeneous hydrogenations
of alkenes (26). Other applications of Wilkinson’s catalyst include: catalytic
hydroboration of alkenes using catecholborane and pinacolborane (27), and
selective 1,4-reductions of «,B-unsaturated carbonyl compounds in concert
with triethylsilane (28). Jacobsen’s remarkably efficient Co salen catalyst,
[(s)-(s)-(4)-N,N’-bis(3,5-di-tert-butylsalicylidene)- 1,2-cyclohexanediamino
cobalt (II)], has been used for hydrolytic kinetic resolutions (HKR) of

Z
PPh, Mo
TN,
PhsP—Rh—Cl o O
PhsP
(I) Wilkinson's catalyst (IT) Jacobsen's catalyst

Scheme 1. Structures of two homogeneous organometallic catalysts.
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terminal epoxides (29), and for enantioselective catalytic ring opening of meso
epoxides (30).

Homogeneous organometallic catalysts have several advantages versus
heterogeneous systems. Every metal center participates and each catalytic
site is identical in a given reaction. Homogeneous catalysts can be specifically
tailored structurally to modify their activity and frequently operate at mild
conditions. However, the separation and reuse of noble organometallic
complexes can be notoriously difficult because both the products and
catalysts are in the reaction solution. Wilkinson’s catalyst was recovered
with silica-immobilized P-donor ligands by solid-phase extraction (31). The
phosphorus ligands immobilized on silica in that study could be oxidized
under the rhodium extraction conditions. Simple and efficient homogeneous
catalysts extraction procedures will play an important role in the development
of practical homogeneous catalysis.

We now report the facile extraction and recovery of both Wilkinson’s and
Jacobsen’s catalysts from toluene by liquid-liquid extraction using novel func-
tionalized ionic liquids as the sole extraction phase without adding any other
extractant. Amino, hydroxy, carboxylic, thioether or olefinic functional groups
have been incorporated into both the cations and anions of ILs to prepare a
series of functionalized ionic liquids. These ILs were water-soluble and
therefore were tested to extract precious organometallic complex catalysts
from organic solutions.

EXPERIMENTAL
General Supplies and Equipment

Amino acids, other organic acids, Wilkinson’s catalyst, and Jacobsen’s
catalyst were purchased from Aldrich (Milwaukee, WI, USA). All other
chemicals and solvents were purchased from Aldrich (Milwaukee, WI,
USA), Fluka (Ronkonkoma, NY, USA), or Fisher Scientific (Pittsburgh, PA,
USA). A Beckman DU-640 spectrophotometer was used in the determination
of UV-Vis absorbance of organometallic complexes in toluene. 'H NMR
spectra were obtained on a Bruker Avance 300 MHz nuclear magnetic
resonance spectrometer in DMSO-de.

General Procedures for Preparing Functionalized Ionic Liquids

The major synthetic procedure with some modifications followed a neutraliz-
ation method reported by Ohno and coworkers (13). As shown in Scheme 2,
the first synthetic step was the quaternization of the 1-methyl imidazole
with alkyl bromides at 35—-70°C without any solvent present. The reaction
temperature was increased with an increase in the alkyl bromide’s chain
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HSC\N&N RBr H3C\;4\N/R anion exchange resin (OH form)
\:/ 0 — S
R=n-alkyl, T=35-70"C Br

R= CH,-CH=CH,, T=0 "C;

H;C +_ 0
Hzc\:‘ 4\N _R organic acids with functionl groups } SN N/R
— OHe water, 2 - 20hours o
RCOO

R=C,Hjs C4Hy, CgH;3, CH,-CH=CH,

~ natural amino acid: glycine, aspartic acid, serine, methioine, proline
COOH
aromatic acid:
HiC+ N
~ C,H
HoN NH, N7 N2

Organic Acid: < alkylamino acid: ~ NH;(CH,);COOH BF?

Regular IL: [emim][BF,]
unsaturated acid:  CH,=CHCH,COOH

metal extractant acid: HOOCH,C—NH-CH,CH,00H

\ hydroxy acid ~CH3~CH-COOH
OH

Scheme 2. Preparation of functionalized ionic liquids.

length. The reaction between 1-methyl imidazole and allyl bromide is highly
exothermic. Therefore the reaction should be carefully performed while
cooling in an ice bath and then the solution was stirred at room temperature
for 20 h. The reactions were run at a 30—35 g scale and the product yields
are high (about 92-97%).

Quaternization was used to introduce a carbon-carbon double bond unto
the cation’s structure. Double bonds are well known to show significant
coordination ability with soft acid metal ions such as silver, cuprous and
some low-valence precious metal complexes of rhodium or platinum.

The second step was to exchange bromide for hydroxide anions by elution
of aqueous imidazolium bromide solution through a strongly basic anion-
exchange resin (Amberlite IRA-400), which had been pretreated to its
hydroxide form. The immidazolium hydroxide obtained in the second step
was used directly as a diluted aqueous solution without purification. Finally,
the functionalized organic acids dissolved or suspended in water, were neutral-
ized by dropwise addition of the aqueous imidazolium hydroxide solution with
cooling for 2 to 20 hours. The excess organic acid was removed by filtration
after vigorously stirring the reaction residue with sodium carbonate in aceto-
nitrile or dichloromethylene. The ionic liquids were vacuum dried at 70°C
overnight after evaporation of the organic solvent. Most of the new ionic
liquids were free flowing and nearly colorless or pale yellow transparent
liquids at room temperature. General yields in this step were 60—70%.
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The structures and 'H NMR characterizations of the thirteen functiona-
lized ionic liquids prepared are listed in Tables 1 and 2.

Extraction of Organometallic catalysts by Ionic Liquids

Feedstock solutions of Wilkinson’s catalyst and Jacobsen’s catalyst were
prepared by dissolving exact amounts of these catalysts (15 mg) in
anhydrous toluene (30 ml) in capped vials. Desired concentrations of
catalyst solution could be obtained by further diluting the feedstock solution
with anhydrous toluene.

A typical extraction procedure was performed as follows: Ionic liquid
(0.5 ml) was introduced into a vial (4 ml) followed by the addition of catalyst
solution (1 ml). The biphasic mixture was shaken at 20°C for 30 min. After

Table 1. Structures and "H NMR characterizations of functionalized ionic liquids
with structural changes in their imidazolium cations

Functiona-
lized ionic
liquids Structure” '"H NMR
[emim][Gly] HSC\Lé\N/CZHS 1.35 (3H, t, NCH,CH3), 2.69 (2H,
\_/ me—coo® 3, NH,CH,COO), 3.83 (3H, s,
L NCHs), 4.19 (2H, g, NCH,CHy),
7.71 (1H, s, C(5)H), 7.81
(1H,s,C(4)H), 9.55 (1H, s, C(2)H)
[bmim][Gly] HIC 4 AN\ —Cily 0.89 (3H, t, N(CH,);CH3), 1.23
\_/ mc—coo® (2H, m, NCH,CH,CH,CHj),
111117 1.76 (2H, m, NCH,CH,CH,.
: CH,),2.78 (2H, d, NH,CH,.
C00), 3.91 (3H, s, NCHs), 4.23
(2H, t, NCH,(CH,),CH3), 7.84
(1H, s, C(5)H), 7.91
(1H,s,C(4)H), 9.78 (1H, s,
C(2)H).
[hmim][Gly] O AN —Cotts 0.85(3H, t, N(CH,)sCH3), 1.25
\/ e—cod® (6H, m,NCH,CH,(CH,);CH3),
| 1.77 (2H,m,NCH,CH,(CH,)5.
NH, CH;),2.78 (2H,d,NH,CH,COO0),

3.90 (3H, s, NCHs), 4.20 (2H, t,
NCH,(CH,),CH), 7.85 (2H, d,
C(5)H, C(4)H), 9.89 (1H, s,
C(2)H).

“For the functionalized ionic liquids in this series, the anion was held constant as
glycine, and the alkyl chain length of imidazolium was increased from 2 to 6.
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Table 2. Structures and 'H NMR characterizations of functionalized ionic liquids
with a variety of anion structures

Functio-
nalized
ionic
liquids

Structure”

'"H NMR

[amim)]
[Gly]

[amim]

[Pro]

[amim]
[Met]

[amim]
[Ser]

[amim]
[Vba]

[amim)]
[Imi]

HBC\;%N __CH,-CH=CH,
©
\—/ H,C—C00

NH,

HsC\L&\N __CH,-CH=CH,
\—/ cod®

HN

Hac\;é\N/CHZ-CH%HZ

coo
HC \/\(

HBC\:%N/CHZ-CH%‘HZ

)
H,C—=CHCH,COO

H%C\L/\N/CHZ-CI#G{Z

HOOCH,C—N—CI L_,C()()e
H

2.72 (2H, d, NH,CH,COO), 4.15 3H, s,

(NCHs), 5.06 (2H, d, CH,-CH=CH.,),
5.48 (2H, t, CH,-CH=CH,), 6.07 (1H,
m, CH,-CH=CH,), 7.76 (2H,d,C(5)H,
C(4)H), 9.50 (1H, s, C(2)H)

1.57 (2H, m, NHCH,CH,), 2.66 (2H,

m, COOCHCH,), 2.96 (2H, t,
NHCH,), 3.25 (1H, t, NHCHCOO),
3.85 (3H, s, NCH3), 4.83 (2H, d, CH,-
CH=CH,), 5.32 (2H, t, CH,-
CH=CH),), 6.03 (1H, m, CH,-
CH=CH,), 7.76 (2H,d,C(5)H, C(4)H),
9.41 (1H, s, C(2)H)

1.43 (2H, m, CH;SCH,CH,), 1.76 (
2H, t, CH;SCH,), 1.99 (3H, s, CH;S),
2.80 (1H, t, NH,CHCOO), 3.86 (3H, s,
NCHS), 4.88 (2H, d, CH,-CH=CH,),
5.36 (2H, t, CH,-CH=CH,), 6.07 (1H,
m, CH,-CH=CH,) 7.76 (2H, d, C(5)H,
C(4)H), 9.50 (1H, s, C(2)H)

2.82 (1H, t, NH,CHCOO), 3.24 (2H,

m, OHCH,CH), 3.87 (3H, s, NCHS),
4.87 (2H, d, CH,-CH=CH,), 5.34 (2H,
t, CH,-CH=CH,), 6.04 (1H, m, CH,-
CH=CH,), 7.75 (2H, d, C(5)H,
C(4)H), 9.38 (1H, s, C(2)H)

2.72 (2H, d, CH,=CHCH,COO), 3.87

(3H, s, NCH;),4.88 (4H, d, CH,-
CH=CH, and CH,—CHCH,COO),
5.32 (2H, t, CH,-CH=CH,), 5.93 (1H,
m, CH,=CHCH,COO], 6.09 (1H, m,
CH,-CH=CH,), 7.76 (2H, d, C(5)H,
C(4)H), 9.56 (1H, s, C(2)H)

3.10 (2H, s, NHCH,COOH), 3.54

(2H, s, NHCH,COO), 3.87 (3H, s,
NCHs), 4.87 (2H, d, CH,-CH=CH,),
5.35 (2H, t, CH,-CH=CH,), 6.05 (1H,
m, CH,-CH=CH,), 7.75 (2H, d,
C(5)H, C(4)H), 9.30 (1H, s, C(2)H)

(continued)



09: 18 25 January 2011

Downl oaded At:

834 M. Li et al.
Table 2. Continued
Functio-
nalized
ionic
liquids Structure” "H NMR
[amim]  HCG AN arara, 1.31 (2H, m, CH,CH,CO0O0), 1.60
[Apa] \—/ (2H, m, NH,CH,CH,), 1.81 (2H, t,
HqN/\/\/COO CH,COO0), 2.10 (2H, t, NH,CH,), 3.89
. (3H, s, NCH;), 4.87 (2H, d, CH,-
CH=CH,), 5.32 (2H, t, CH,-
CH=CH,), 6.05 (1H, m, CH,-
CH=CH,)
[amim] H»‘C\;%N/(‘”z-(‘”:(‘“z 1.16 (3H, d, CH;CHOH), 3.74 (1H, m,
[Lac] o o OHCHCOO), 3.83 (3H, s, NCH53), 4.82
H;C—CH—C00 (2H, d, CH,-CH=CH.,), 5.29 (2H, t,
OH CH,-CH=CH,), 6.01 (1H, m, CH,-
CH=CH,), 7.70 (2H, d, C(5)H,
C(4)H), 9.23 (1H, s, C(2)H)
[amim] Hf’\I%\N/CHz-CH:CHz 3.86 (3H, s, NCH3), 4.87 (2H, d,
[Daa] \__/ o CH,-CH=CH,), 5.31 (2H, t, CH,-
¢oo CH=CH,), 5.80 (1H, s, C(4)H in
phenyl], 6.04 (1H, m, CH,-CH=CH,),
HoN NH, 6.39 (2H, s, C(2), C(6)H in phenyl],
7.74 (2H, d, C(5)H, C(4)H), 9.56 (1H,
s, C(2)H)
[amim] RO AN cneci-oi, 2.15 (2H, d, CH,COOH), 3.31 (1H, t,
[Asp] NH,CHCOO), 3.87 (3H, s, NCH;),

HOOCH:C*HC—COO@

NH,

4.84 (2H, d, CH,-CH=CH.,), 5.32 (2H,
t, CH,-CH=CH,), 6.03 (1H, m, CH,-
CH=CH,), 7.73 (2H, d, C(5)H,
C(4)H), 9.20 (1H, s, C(2)H

“For the functionalized ionic liquids in this series, the cation, 1-allyl-3-methylimida-
zolium, was held constant and the anions were varied.

shaking, the upper toluene phase (0.5 ml) was pipetted out by a syringe and
transferred to a disposable UV-grade polymethacrylate cuvette. The UV-Vis
spectrum was obtained using a Beckman DU-640 spectrophotometer.

Determination of the Distribution Factors of the Two
Organometallic Complexes

The concentrations of the Wilkinson’s and Jacobsen’s catalysts in the toluene
phase were determined by UV-VIS spectroscopy using calibration curves.
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Standard calibration curves were obtained by plotting absorbance at a specific
wavelength against a series of standard metal complex concentrations in
toluene. The concentration of the metal complex in each ionic liquid was cal-
culated by mass balance. Finally, the distribution factors were calculated by
CrLs/Cloluenes the concentration of metal complex in the ionic liquid phase
divided by concentration of metal complex in the toluene phase.

RESULTS AND DISCUSSION

With pure toluene as a blank, the full UV-Vis spectra in toluene of the each of the
two organometallic catalysts are shown in Figs. 1 and 2. The absorbance of the
rhodium catalyst falls between 270—500 nm showing a single and wide peak.
The cobalt catalyst’s absorbance consists of three peaks when the concentration
is 0.1 mg/ml. However, the latter two peaks merges to a single and wide peak
when the concentration increases to 0.4 mg/ml. Calibration curves were
obtained by a linear regression fitting of the observed absorbance data (Figs. 3
and 4). Theoretically, the calibration curves should pass the origins according
to the Beer-Lambert law. However, in our results, neither calibration curve inter-
cepted the origin. The reason for this deviation is not clear. Possible explanations
are: (1) toluene shows moderate absorption at around 300 nm (A = 0.1). The
Y-axis interception in the rhodium catalyst calibration curve (obtained at
309 nm) is greater than that in cobalt’s curve (obtained at 450 nm) because
toluene shows negligible absorbance at 450 nm; (2) the low rhodium catalyst
solubility in toluene may lead to light scattering due to particulates in the
solution; (3) the association-dissociation equilibrium of the organometallic
complex in toluene shifts as a function of concentration.

Functions: Scan
4.8008 : J : . ' 3 i 2 J

Wilkinson’s catalyst in toluene (0. 1mg/ml) -

[Abs]

1 i g einininpit b +

-0.788 i S
200.8 Wavelength(nm) 800.0

Figure 1. UV-Vis absorbance spectra of Wilkinson’s catalyst in toluene.
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Functions: Scan
4.0000 : > : i :

[Abs]

200.0 ' T Wavelength (om) 800.8

Figure 2. UV-Vis absorbance spectra of Jaobsen’s catalyst in toluene.

Modification of the hydrophobicity of ILs is an important feature of the
controllable design of ionic liquids. The anions of ionic liquids generally
play a major role in determining their water solubilitiy (32). For example,
ILs with NOs; or CF;COO as anions are water soluble; ILs with PFg,
N(CF5S0,), as anions are water immiscible. Finally, the solubility of ILs
with BF, anion is cation-dependent. The new functionalized ionic liquids
are water soluble due to the hydrophilic properties of the carboxylic acid
anions. When the alkyl chain length in the methyl imidazolium cation
increases to six carbons, the functionalized ionic liquids are still water
miscibile. The strong hydrophilic property of these ionic liquids makes
them immiscible with some weakly polar organic solvents. Preliminary
screening of the miscibility of the ILs with organic solvents demonstrated
that these novel ILs are not miscible with toluene. This immiscibility was
exploited to extract and recover noble organometallic catalysts from toluene
solutions by liquid-liquid biphasic extraction.

The data in Table 3 confirms the capability of the functionalized ionic
liquids to extract the two catalysts. Coordination of the metal complexes by
functional groups on the ILs confers this ability. In control tests, the conven-
tional non-functionalized ionic liquid, [emim][BF,], exhibited no ability to
extract either Wilkinson’s rhodium catalyst or Jacobsen’s cobalt catalyst. In
contrast, the functionalized ionic liquids displayed moderate to very strong
extraction capability for both catalysts (measured by the distribution
factors). Two similar trends in the extraction capability were found for both
catalysts. When glycine was the anion, the distribution factors went up sub-
stantially with an increase in the alkyl chain length in the imidazolium
cations. The distribution factor D; was only 4.6 when [emim][Gly] was
used as the extracting ionic liquid (Table 3). D; rose to 71 using
[bmim][Gly] and finally jumped to 869 when [hmim][Gly] was used. This
increase in extraction capability going from ethyl to butyl and to hexyl
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Table 3. Distribution factors of the Wilkinson’s and Jacobsen’s
catalysts between ILs and toluene

ILs [emim][Gly] [bmim][Gly]
Dw 0.03 1.7

Dy 4.6 71

ILs [emim][BF,] [hmim][Gly]
Dw 0 8.8

Dy 0 869

ILs [amim][Pro] [amim][Daa]
Dw 3.1 23.8

Dy 0.47 19.8

ILs [amim][Ser] [amim][Gly]
Dw 2.7 2.3

Dy 0.12 1.3

ILs [amim][Apa] [amim][Lac]
Dw 8.1 0.68

Dy 5.3 1.7

ILs [amim][Met] [amim][Vba]
Dw 76 6.4

Dy 66.4 5.8

ILs [amim][Asp] [amim][[Imi]
Dw 0.57 2.9

Dy 0.93 3.5

Distribution factor = Cyp/Ciopuenes concentration of metal
complex in the ionic liquid phase divided by concentration of
metal complex in the toluene phase. Dw: distribution factor of
Wilkinson’s catalyst; Dj: distribution factor of Jacobsen’s
catalyst. The concentration of organometallic complex in toluene
phase was determined by UV-VIS spectrophotometer using a cali-
bration curve and the concentration of metal in ionic liquids phase
was calculated by mass balance. The structures of the ionic liquids
are shown in Tables 1 and 2.

groups on the imidazolium cation is remarkable. This augmentation of distri-
bution factors is ascribed to the enhanced hydrophobic properties of the ionic
liquids with longer alkyl chain length in immidazolium cations. Jacobsen’s
and Wilkinson’s catalysts are more soluble in a hydrophobic solvent than in
hydrophilic solvent.

The ionic liquids with amino and thioether groups exhibited higher extrac-
tion capabilities for the rthodium or cobalt complexes than ionic liquids with
hydroxy or carboxylic groups. Also as shown in Table 3, the distribution
factor Dy was 66.4 when ionic liquid [amim][Met] with the methionate anion
was used. Dy was far lower at 1.7 when [amim][Lac] with the lactate as anion
was used. In a similar vein, Dy was 23.8 when [amim][Daa] containing
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3.0 5

2.5

y=7.0793x+0.3677

2.0

® Absorbance
Calibration curve

Absorbence (at 309 nm)
&
1

0.5

0.0 —
0.00 0.05 0.10

T T T T T T 1

T T T
0.15 0.20 0.25 0.30 0.35

Concentration of Wilkinson's catalyst (mg/ml)

Figure 3. Absorption-concentration calibration curve for Wilkinson’s catalyst in
toluene, at a wavelength A = 309 nm.

two amino groups in its 3,5-diaminobenzoate anion was used. Dy was only
2.9 when [amim][[Imi] was used. These results clearly confirmed that amino
and thioether groups possess a stronger coordination ability than either
hydroxy or carboxylic acid groups in the extraction of the rhodium and cobalt
complexes.

E y=8.8569x+0.2325

® Absorbance
Calibration curve

Absorbence (at 450 nm)
N
o
1

T T T
0.0 0.1 0.2 0.3 0.4

Concentration of Jacobsen's catalyst (mg/ml)

Figure 4. Absorption-concentration calibration curve for Jacobsen’s catalyst in
toluene, at a wavelength A = 450 nm.
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CONCLUSION

A new series of functionalized ionic liquids containing amino, hydroxy,
thioether, carboxylic or olefinic groups in their anions or cations. These
new functionalized ionic liquids were successfully applied to extract and
recover precious organometallic complexes from the homogeneous toluene
phase. Studies on the back-extraction or recovery of metal complexes from
the functionalized ionic liquid phase are now in progress.
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