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Novel Ir-Complexes for Hydroformylation of Olefins with H20 as
the Hydrogen Source
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Abstract A series of novel Ir-complexes, namely Ir-L1, Ir-L2, Ir-L3 and Ir-L4, where L1~L4 represent phosphine ligands
having different electronic and steric effects, were synthesized in this work. Then the effect of the as-synthesized phosphine
ligands on the performance of the Ir(I)-complexes catalysts was investigated for the hydroformylation reaction using H20O as
the hydrogen source. It was found that the Ir-complex modified by the ionic bi-dentate phosphines L4 with a strong
n-accepting ability (1/rs.=781 Hz) can effectively promote water gas shift reaction (WGSR) and hydroformylation of olefins
at the same time. As a result, a 1-hexene conversion of 93% was obtained, and the total yields of the target (linear and
branched) aldehydes were up to 93% when using the Ir-L4 catalyst. Meanwhile, the yield of hexane from the hydrogenation of
1-hexene was less than 1%, showing that the side reaction of olefin hydrogenation can be almost completely inhibited when
using H20 as the hydrogen source. Moreover, by using the ionic liquid of [MePh3P]Br as the solvent, Ir-L4 catalyst can be
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efficiently recovered for at least 5 times.
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1 Introduction

Hydroformylation belongs to one of the most important
type of homogeneous catalytic reactions in chemical in-
dustry.['"2) In the hydroformylation reactions, olefins are
converted to aldehydes in the presence of syngas (CO+Hy)
with a 100% atom economy. The formed aldehydes can
undergo further reaction to obtain more valuable chemicals,
which are widely used in plasticizers, detergents, solvents
and important intermediates in organic synthesis process-
es.>¥ In the field of catalytic hydroformylation, most of the
research activities focused on systems involving rhodium-
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based catalysts.’-®1 Although rhodium-based catalysts al-
ways have high activity and are widely used in industry,
rhodium is one of the rarest metals in earth’s crust. As the
market’s (in particular, the automotive industry) demands
for rhodium continues to increase, the price of the precious
metals in general and of rhodium in particular has also risen
dramatically.®'% Therefore, it is highly desirable to develop
catalysts using metals other than rhodium for hydro-
formylation.

Iridium (97.67 €/g) is cheaper than rhodium (552.37 €/g,
the average price of precious metals over the last one year is
obtained from Heraeus). In addition, Beller et al. have
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shown that iridium, as an alternative metal to rhodium, can
be used to prepare efficiently catalysts for the homogeneous
hydroformylation of olefins.'*131 It is well known that
iridium-complex catalysts are often active for the hydro-
genation of olefins.'*!71 Therefore an important issue to
improve the performance of iridium-complexes for catalytic
hydroformylation is to suppress the hydrogenation process.
A frequently used method is to add lithium salts to the re-
action systems to inhibit the hydrogenation of olefins during
hydroformylation.l'%!31 Another method is to control the
amount of H, in the reaction system.'®!”] The water-gas
shift reaction (WGSR, H,0+CO — H,+CO,) over the
Ir-catalyst reported by Peter in 1984,72-211 is a good method
to inhibit hydrogenation of olefins in hydroformylation!??
by in situ generation of the desired amount of H,. Compared
to the methods that use H; as the reaction feed, the ones that
use water has the advantages of safety, low cost and being
environmentally friendly. However, the typical reaction
temperature of WGSR over the Ir-catalysts is in the range of
90~300 ‘C, which requires the stability of the Ir-catalysts
being improved. In addition to the above methods, the se-
lection of phosphine ligands in the metal-complexes is also
an important method to increase the rate and selectivity of
the reaction.?>24! It has been reported that the involvement
of m-acceptor ligands can significantly improve the activity
and selectivity of Rh-catalysts for hydroformylation.?>-281 [n
principle, there are three basic requirements for an Ir-P-
complex catalyst applied in hydroformylation with H,O as a
hydrogen source, that is, (1) it should have multiple cata-
lytic functions and be compatible for WGSR and hydro-
formylation; (2) the phosphines should be able to provide a
stronger m-acceptor ability to improve the activity and se-
lectivity of the catalysts; (3) it should be stable enough to be
recyclable to fit the highly atom economic process for the
synthesis of aldehydes.

It is well known that the linkage of imidazolium (or
imidazolyl) group to a P atom can greatly decreased the
electron-density of the synthetic phosphines.!'>? Herein, a
series of neutral and ionic (mono-/di-)phosphines L1~L4
were synthesized, and were further used to synthesize the
novel Ir(I)-complexes Ir-L1, Ir-L2, Ir-L3 and Ir-L4. Then
the Ir-complexes were applied to catalyze the hydrofor-
mylation of olefins using H,O as the hydrogen source
(Scheme 1). The electronic and steric effects of the
phosphine on the performance of the Ir(I)-catalysts were
investigated by means of the 'Jip.7sc measurement and the
single-crystal X-ray diffraction. In addition, Ir-L4, as an
ionic complex, can be used with the ionic liquid (IL) solvent
to realize the recovery and recycling of the Ir-catalyst,
which has been considered as an efficient alternative to
immobilize the homogenous catalysts.?>-33]

2 Results and discussion

2.1 Electronic and steric effects of phosphines

It is well established that an increase of 'Jip7se indicates
an increase in the character of m-acceptor ability of a phos-
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Scheme 1 A series of novel Ir-complexes catalyzed hydro-
formylation of olefins with H20O as the hydrogen source

phine.34331 The value of 'Jie.se for the selected phosphines
of L1~L4 compared to PPh; showed the order of L2
("Jpse=786 Hz), L4 ("Jwrse=781 Hz)>L1 ('Jprse=
735 Hz), L3 (‘J#pse = 735 Hz)>PPh; (1Joprse = 729
Hz).22 All of the selected phosphines, namely L1~L4,
exhibited a stronger m-acceptor character than PPh;. The
imidazolium-tailed phosphines (L2 and L4) have a stronger
m-acceptor ability than their imidazolyl-tailed analogues
(L1 and L3). It was found that imidazolium with a strong
electron-withdrawing character on the neighbored PPh,
fragment could greatly increase the m-acceptor ability of the
phosphine. Compared with L1, the increased steric hin-
drance of L3 had little effect on its electronic nature. The
same situation was observed for the 1.4 and L2 cases since
they had a close 'J»-7se value.

2.2 Single-crystal X-ray diffraction results of the Ir(l)-
complexes

The Ir-complexes Ir-L2, Ir-L3 and Ir-L4 were further
illustrated by the molecular structures obtained by the sin-
gle-crystal X-ray diffraction results (Figure 1 and Table 1).
These Ir-complexes may serve as the pre-catalysts for the
investigated hydroformylation reaction. As shown in Figure
1, Ir-complexes Ir-L2, Ir-L3 and Ir-L4 had a typical
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Table 1 Selected bond distances and bond angles in the Ir-complexes studied in this work

Selected bond length/nm Bond angle/(°)
Ir-complex
Ir—PI Ir—P2 Ir—Cco P1—Ir—P2
Ir-L2 0.23145(19) 0.23173(19) 0.18509(12) 176.65(7)
Ir-L3 0.23177(10) 0.23301(10) 0.18629(56) 173.85(3)
Ir-L4 0.23147(31) 0.23152(30) 0.18309(11) 173.79(11)
Ir(CO)(PPh3)>Cl 0.23309(10) — 0.17911(13) 180.00(-)

O/QP & F2
& L

IrL4a &%

Figure 1 Molecular models of Ir-L2, Ir-L3 and Ir-L4 deduced from the single crystal results (the hydrogen atoms and the solvent

molecules are omitted for clarity)

square-planar geometry, in which the four-coordinated
Ir(1)(5d%)-center was bound to two phosphine fragments in
the trans-position, one CO group, and one Cl ion. Ir-L3
and Ir-L4 were chelate complexes, in which two PPh;,
fragments were able to form a pocket. The P-Ir-P chelation
in these two complexes was presented in the trans-position
due to the existence of the bis(imidazolyl)-butyl bridge in
L3 and L4. In comparison to Ir(CO)(PPh;3),Cl [Ir—P and
Ir—CO distances are 0.23309(10) and 0.17911(13) nm],['¥!
Ir-L2, Ir-L3 and Ir-L4 were all featured with a much
shorter Ir—P linkage (0.23145~0.23301 nm), and a longer
Ir—CO bond distance (0.18309~0.18629 nm) (Table 1).
These features indicated that the enhanced m-accepting
ability of L2~14 in comparison to that in PPh; facilitated a
more intensive m-back donation interaction between the
Ir(I)-center and the phosphine, leading to a more consoli-
dated Ir—P linkages. In comparison to Ir-L3 and Ir-L4
wherein L3 ('Jwrs.=735 Hz) and L4 (‘Jwrse=781 Hz)
possessed a similar steric effect but differ in the electronic
effect, the two Ir—P distances in Ir-L4 (0.23147(31),
0.23152(30) nm] were much shorter than those in Ir-L3
(0.23177(10), 0.23301(10) nm) due to the imidazoli-
um-tailed phosphines L4 with a stronger m-accepting abil-
ity. In comparison to Ir-L2 and Ir-L4 wherein L2
(Ip5e=786 Hz) and L4 (!J»75e=781 Hz) possessed a
similar electronic effect but only differ in the steric hin-
drance, the Ir—P distances in Ir-L4 were also shorter than
those in Ir-L2 (Ir—P 0.23145(19), 0.23173(19) nm) due to
the chelating effect of the diphosphine in L4. As a whole,
Ir-L4 was the most stable complex due to an intensive
m-accepting ability as well as a favorable chelating steric
effect of L4.

The results of TG/DTG analyses of Ir-L1, Ir-L2, Ir-L3
and Ir-L4 in air flows (Figure 2) further supported the
above results about the stability of these complexes. It can
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be seen that the thermal decomposition temperature of ionic
Ir-complexes was generally higher than their neutral com-
plexes (Taecomp.: 210 C for Ir-L2 vs 200 C for Ir-L1;
260 ‘C for Ir-L4 vs 200 °C for Ir-L3). In particular, Ir-L4
with the most favorable chelating steric effect possesses the
best stability against the oxidative degradation in air with a
highest Tgecomp-

a
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Figure 2 TG/DTG analyses of the Ir-complexes in air flow

2.3 Hydroformylation of olefins catalyzed by Ir-
complexes with involvement of different ligands

Table 2 shows the influence of the phosphines of L1~1L4
with different electronic and steric effects on the catalytic
performance of Ir-complexes. The hydroformylation of
hexene with H,O as the hydrogen source was studied as a
model reaction. The screening reaction conditions were
provided in Table S1 in Supporting Information. It was
found that under the optimal conditions (140 C, 22 h, CO
4.0 MPa, H,0 of 0.3 g), the Ir-complexes modified by L1~

http://sioc-journal.cn/ 3573
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L4 generally presented higher yields of target aldehydes
than that by PPh; (Entries 1~4 vs Entry 5). Moreover, the
Ir- complexes modified by ionic phosphines universally
gave higher yields of target aldehydes than their neutral
counterparts (Entry 2 vs Entry 1; Entry 4 vs Entry 3). For
example, over the ionic complex of Ir-L4, the conversion of
1-hexene reached 93% and the selectivity to the aldehydes
reached 99%, and these two values were 85% (conversion)
and 99% (selectivity) over Ir-L3 (Entry 4 vs. Entry 3),
respectively, as a comparison. Over [Ir(COD)Cl], without
any phosphine ligands, only 12% conversion of 1-hexene
was obtained (Entry 6), reinforcing the importance of
phosphine ligands for the target reactions. These results
indicated that the synthesized Ir-complexes with multiple
catalytic functions showed high activity for WGSR and
hydroformylation. Moreover, the high selectivity to the
target aldehydes in Entries 1~6 showed obviously that
using H,O as the hydrogen source can significantly inhibit
the side reaction of hydrogenation of 1-hexene (Entries 1~
6 vs Entry 7). As described in the section of the single-
crystal X-ray diffraction, the enhanced m-accepting ability
for L2 and L4 rendered the complexes of Ir-L2 and Ir-L4
better stability with the indication of more consolidated Ir-P
linkages along with longer Ir-CO bond distances. Therefore,
the consolidated Ir-P linkages led to a better protection of
the Ir-catalyst from deactivation, and the weakened Ir-CO
bond favored the dissociation of the CO ligand to make a
vacant site for activation of the olefins substrate and then
the migration of COP®! (Entry 2 vs Entry 1; Entry 4 vs Entry
3 in Table 2). Especially for L4 with an intensive
m-accepting ability as well as a favorable chelating steric
effect, the corresponding Ir-L4 was the most stable com-
plex, and showed the best performance (Entry 4 in Table 2).

Table 2 Different Ir-complexes catalyzed hydroformylation of
1-hexene with H2O as the hydrogen source®

Entry Cat. Conv.%/% Sl Yield/% L/B
Aldehyde Isomer hexane
1 Ir-L1 72 99 <1 <1 72 77/23
2 Ir-L2 87 99 <1 <1 87 78/22
3 Ir-L3 76 99 <1 <1 76 76/24
4 Ir-L4 94 99 <1 <1 94 82/18
5¢ Ir-PPh3 57 99 <1 <1 87 73/27
6 — 12 99 <1 <1 12 72/28
7¢ Tr-L4 93 75 2 23 70 80/20

@ Ir-complexes 1.0 mol%, 1-hexene 5.0 mmol, H,O 0.3 g, NMP 2.0 mL, CO
4.0 MPa, 22 h, temperature 140 °C; ? Determined by GC and GC-MS; ¢ Ir-
PPhs: Ir(CO)(PPh;),Cl); “ CO/H,, V : V=2 : 1,4.0 MPa.

As is well known, the transition metal catalysts modified
by the ionic phosphines could be immobilized in the ionic
liquid (IL) solvents to achieve catalyst recovery and recy-
cling!®*3237], Ir-L4 as an ionic Ir-complex, which was fea-
tured with high polarity and improved stability against the
oxidative degradation, was applied with the IL of
[MePhsP]Br (methyltriphenylphosphonium bromide) for
the catalyst recycling purpose in this work (Figure 3). It was
demonstrated that the Ir-L4 system in combination with

3574 http://sioc-journal.cn/
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[MePhsP]Br can be recycled at least for 5 runs with gradu-
ally activity loss. The catalyst deactivation was not obvious
since the reaction solution was always clear and yellow
without precipitation of metal blacks. The ICP-OES analy-
sis results showed that the leaching of Ir in the combined
organic phase was non-detectable after 5 runs (below the
detection limit of 0.1 pg/g). Since the third run, the de-
creased activity of the catalyst was mainly due to the
physical loss during the transfer of the catalyst.

100

80

60

L/B ratio

40

Percentage/%

20

Cycle-index
Figure 3 Recycling uses of Ir-L4 for hydroformylation of 1-
hexene with H20 as hydrogen source (Ir-L4 1.0 mol%, 1-hexene
5.0 mmol, [MePhsP]Br 2.0 g, NMP 2 mL, H20 0.3 g, CO 4.0
MPa, temperature 140 C)

On the basis of our studies and previous mechanistic in-
vestigations, the following mechanism of hydroformylation
of olefins with H,O as the hydrogenation source over Ir-L4
system was proposed in Scheme 2. The mechanism inclu-
ded two cycle: cycle A for WGSR, and cycle B for hydro-

<P>Ir>/R /

AN

P 5 CO

Scheme 2 Proposed catalytic mechanism over Ir-L4 for hydro-
formylation of olefins with H2O
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formylation. Initially, in the presence of H,O, Ir-L4 was
facilitated to the formation of hydroxo complex 1. This
hydroxo complex was converted into the hydrido complex 3
with CO, and released CO, (Supporting Information, Figure
S1). The hydrido complex 3 can rebuild the hydroxo com-
plex 1 through hydrolysis reaction with the release of Ho.
Moreover, the hydrido complex 3 was widely used as active
species, not only for water-gas shift reaction, but also for
hydroinformylation of olefins. Therefore, after the coordi-
nation of the olefin, the H-transfer to the double bond, the
hydrido complex 3 was converted to alkyl-iridium inter-
mediate 5. Upon CO migration and insertion, 5 transformed
to the acyl-iridium intermediate 6, which can be converted
into the aldehyde and complex 1 by hydrolysis, or the al-
dehyde and complex 3 by hydrogenolysis, respectively.

The generality of the Ir-L4 system for hydroformylation
with H,O as the hydrogen source was investigated on the
scope of different olefins listed in Table 3. The results
showed that good yield of aldehydes can be obtained for the
terminal aliphatic olefins, but the yields of aldehydes de-
creased gradually with the increasing length of the carbon
chain in the olefins (Entries 1~5). 2-Octene also can be
used to prepare the target aldehyde with a high yield (75%,
Entry 6). The bulky steric hindrance of cyclooctene led to a
lower yield of aldehyde (Entry 7). When the reaction time of
styrene and its derivatives was extended to 48 h, moderate
yields of corresponding aldehydes (59%~71%) were ob-
tained (Entries 8 ~12).

Table 3 Generality of Ir-L4 for hydroformylation of olefin®

e}
Ir-L4
RN + CO + Hy — RJWH NG
O

Major product

1) 2) 3)
MH M;/\lorH MH

yield: 93%, L/B: 82/18 yield: 84%, L/B: 80/20 yield: 80%, L/B: 81/19

2 5) 6)
MH 4/\);/\[(** MH
0 0 0

yield: 74%, L/B: 81/19  yield: 66%, L/B: 73/27 yield: 75%, L/B: 29/71

7) 8)° ; 9)° y
o

yield: 59%, L/B: 29/71

yield: 23% yield: 63%, L/B: 31/69

10)° 11)b 12)p
o)
Cl © Br © F

yield: 70%, L/B: 25/75 Yield: 69%, L/B: 27/73 yield: 71%, L/B: 26/74

4 TIr-L4 1.0 mol%, olefin 5.0 mmol, H,O 0.3 g, NMP 2.0 mL, CO 4.0 MPa, 22
h, 140 °C, determined by GC and GC-MS; ® 48 h.
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3 Conclusions

A series of novel Ir-complexes (Ir-L2, Ir-L3 and Ir-L4)
were successfully synthesized and systematically investi-
gated by single-crystal X-ray diffraction and TG/DTG
analyses in this work. Ir-complexes had a typical square-
planar geometry. The enhanced m-accepting ability for
L2~L4 rendered the complexes of Ir-L2, Ir-L3 and Ir-L4
improved stability with indication of more consolidated Ir-P
linkages [2.3145~2.3301 A] along with longer Ir-CO bond
distances [1.8309~1.8629 A] than those in PPh; due to
m-back donation interaction. Consequently, the consoli-
dated Ir-P linkages could well protect the Ir-catalyst against
deactivation, and the weakened Ir-CO bond could favor the
dissociation of the CO ligand to make a vacant site for ac-
tivation of the olefins substrate and the CO migration. Since
L4 showed an intensive m-accepting ability as well as a
favorable chelating steric effect, the corresponding Ir-L4
was the most stable complexes (Taecomp. 0f 260 C for Ir-L4).
As a result, Ir-L4 with multiple functions showed high
activity for WGSR and hydroformylation. For example, a
93% conversion was obtained for Ir-L4 catalyzed hydro-
formylation of 1-hexene, and the selectivity to aldehydes
was up to 99%. The selectivity to hexane was only <1%,
showing that the side reaction of olefin hydrogenation can
be almost completely inhibited when using H>O as the hy-
drogen source. In addition, Ir-catalyst modified by the ionic
phosphines L4 could be immobilized in the ionic liquid (IL)
solvent of [MePhs;P]Br to achieve an efficient recycling of
the homogeneous Ir-L4 catalyst.

4 Experimental section

4.1 Reagents and analysis

The olefins, NMP, [Ir(COD)Cl]; and PPhs were
purchased from Shanghai Baika-chem Tech Inc. and Alfa
Aesar China. All solvents and reactants were dried. The 'H
and 3'P NMR spectra were recorded on a Bruker Avance
500 spectroscopy. The *'P NMR spectra were referenced to
85% H3PO4 sealed in a capillary tube as an internal
standard. Gas chromatography (GC) was performed on a
SHIMADZU-2014 equipped with a DM-Wax capillary
column (30 mX0.25 mmX0.25 wm). The analyses of GC-
Mass (GC-MS) equipped with a DB-Wax capillary column
(30 mX0.25 mmXx0.25 wm) were determined on an
Agilent 6890 instrument equipped with an Agilent 5973
mass selective detector. The amount of Ir and P in the
organic phase was quantified by using an inductively
coupled plasma optical emission spectrometer (ICP-OES)
on an Optima 8300 instrument (PE Corporation).

4.2 Synthesis

Phosphines and Ir-complexes were prepared according to
the procedures reported by Liu with some modifica-
tions.[1922-33]

4.2.1 Synthesis of complex Ir-L1

Under nitrogen atmosphere, a solution of [Ir(COD)CI],
[dimer of dichloro(1,5-cyclooctadiene)iridium(I), 0.05

http://sioc-journal.cn/ 3575
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mmol] in absolute dichloromethane (10 mL, refluxed with
calcium hydride and distilled freshly before use) was stirred
vigorously at room temperature for ca. 15 min, and then the
atmospheric CO (in a balloon) was introduced into the re-
action mixture for 50 min. The obtained mixture was treated
with a solution of L1 (0.1 mmol) in acetonitrile (5 mL) and
stirred vigorously for 5 h. Then diethyl ether was added to
afford the yellow precipitates, which were collected after
drying under vacuum with the yield of 65%. Ir-L1: Yellow
solid, m.p. 183~187 °C;'H NMR (500 MHz, CD,CL) ¢:
7.80~7.76 (m, 8H, Ph), 7.49~7.41 (m, 12H, Ph), 7.17~
7.16 (d,J=15 Hz, 4H, imi), 4.44 (t, /=15 Hz, 4H, 2NCH.,),
1.45~1.38 (m, 4H, 2CH>), 1.17~1.09 (m, 4H, 2CH>), 0.75
(t, J=15 Hz, 6H, 2CHs); 3'P NMR (202 MHz, CD,Cl,) 6:
10.04, (s, PPhy). Anal. calcd for C 53.69, H 4.85, N 6.42;
found C 53.25, H 4.99, N 6.22.

4.2.2 Synthesis of complex Ir-L2

Under nitrogen atmosphere, a solution of [Ir(COD)Cl],
[dimer of dichloro(1,5-cyclooctadiene)iridium(I), 0.05
mmol] in absolute dichloromethane (10 mL, refluxed with
calcium hydride and distilled freshly before use) was stirred
vigorously at room temperature for ca. 15 min, and then the
atmospheric CO (in a balloon) was introduced into the re-
action mixture for 50 min. The obtained mixture was treated
with a solution of L2 (0.1 mmol) in acetonitrile (5 mL) and
stirred vigorously for 5 h. Then diethyl ether was added to
afford the yellow precipitates, which were collected after
drying under vacuum with the yield of 80%. Ir-L2: Yellow
solid, m.p. 193~195 °C; 'H NMR (500 MHz, CD,Cl) &:
7.95 (q, J=20 Hz, 8H, Ph), 7.75 (t, /=20 Hz, 6H, Ph),
7.69~7.66 (m, 8H, Ph), 7.59 (s, 2H, imi), 3.79 (t, /=20 Hz,
4H, 2NCH), 3.71 (m, 6H, 2NCH3), 1.02~0.96 (m, 4H,
2CHy), 0.89~0.91 (m, 4H, 2CH»), 0.75~0.73 (t, 6H,
2CH3); 3'P NMR (202 MHz, CD,Cl,) &: 23.46 (s, PPh,).
Anal. calcd for C 43.02, H 4.03, N 4.67, S 5.34; found C
42.56, H4.66,N 4.97,S 4.97
4.2.3 Synthesis of complex Ir-L3

Under nitrogen atmosphere, a solution of [Ir(COD)CI],
[dimer of dichloro (1,5-cyclooctadiene)iridium(I), 0.05
mmol] in absolute dichloromethane (10 mL, refluxed with
calcium hydride and distilled freshly before use) was stirred
vigorously at room temperature for ca. 15 min, and then the
atmospheric CO (in a balloon) was introduced into the
reaction mixture for 50 min. The obtained mixture was
treated with a solution of L3 (0.05 mmol) in acetonitrile (5
mL) and stirred vigorously for 7 h. Then diethyl ether was
added to afford the yellow precipitates, which were
collected after drying under vacuum with the yield of 60%.
Ir-L3: Yellow solid, m.p. 225~228 “C; 'H NMR (500
MHz, CD,Cly) : 8.11~8.06 (m, 4H, imi), 7.54~7.44 (m,
6H, Ph), 7.40~7.38 (t, 9H, Ph), 7.25~7.21 (m, 5H, Ph),
6.08~6.01 (m, 2H, 2NCH,), 3.92~3.85 (m, 2H, 2NCH>),
2.32~2.22 (m, 2H, CHy), 1.92~1.83 (s, 2H, CHy); 3'P
NMR (202 MHz, CD,Cl) 6: 11.62 (s, PPh,). Anal. calcd for
C 51.63, H 3.96, N 6.88, found C 50.93, H 4.09, N 6.68.
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4.2.4 Synthesis of complex Ir-L4

Under nitrogen atmosphere, a solution of [Ir(COD)CI],
[dimer of dichloro(1,5-cyclooctadiene)iridium(l), 0.05
mmol] in absolute dichloromethane (10 mL, refluxed with
calcium hydride and distilled freshly before use) was stirred
vigorously at room temperature for ca. 10 min, and then the
atmospheric CO (in a balloon) was introduced into the re-
action mixture for 50 min. The obtained mixture was treated
with a solution of L4 (0.05 mmol) in acetonitrile (5 mL) and
stirred vigorously for 12 h. Then diethyl ether was added to
afford the yellow precipitates, which were collected after
drying under vacuum with the yield of 70%. Ir-L4: Yellow
solid, m.p. 172~174 ‘C; '"H NMR (500 MHz, CD,Cl,) é:
7.92 (s, 4H, imi), 7.83 (s, 2H, Ph), 7.67 (t, J=15 Hz, 2H,
Ph), 7.62~7.52 (m, 12H, Ph), 7.36~7.35 (m, 4H, Ph), 5.92
(s, 2H, 2NCH>), 4.00 (t, J=20 Hz, 2H, 2NCH>), 3.10 (m,
6H, 2NCH3), 2.09~2.03 (m, 4H, 2CH,); *'P NMR (202
MHz, CD,Cl,) d: 22.22 (s, PPhy). Anal. calcd for C 41.00, H
3.35, N 4.90, S 5.61; found C 39.71, H 3.68, N 4.77, S
5.150.

4.3 General procedures for hydroformylation of
olefins

In a typical hydroformylation experiment, Ir-L4 (0.05
mmol, Ir 1.0 mol%) was added sequentially in a 50 mL
sealed Teflon-lined stainless steel autoclave. Then NMP (2
mL, solvent), 1-hexene (or the other olefin, 5.0 mmol) and
H,0 (0.3 g) were added. The autoclave was purged with CO
(0.5 MPa) for three times, and then pressured by CO (4.0
MPa) respectively. The reaction mixture was stirred
vigorously at the appointed temperature for some time.
Upon completion, the autoclave was cooled down to room
temperature and slowly depressurized. The solution was
analyzed by GC to determine the conversion (n-dodecane as
internal standard) and the selectivity (normalization
method). And the products were further identified by
GC-Mass analysis.

As for the catalyst recycling experiments, Ir-L4 (0.05
mmol, Ir 1.0 mol%), [MePhs;P]Br (2 g) and the phosphine
(P/Ir=2, molar ratio) were added sequentially in a 50 mL
sealed Teflon-lined stainless steel autoclave. Then NMP (2
mL, solvent), 1-hexene (5.0 mmol) and H,O (0.3g) were
added. The mixture was added in a 50 mL sealed Tef-
lon-lined stainless steel autoclave which was purged with
CO (0.5 MPa) for three times, and then pressured CO (4.0
MPa) respectively. The mixture was stirred at 140 C for 22
h in the sealed autoclave. Upon completion, the reaction
solution was added with n-hexane (20 mL). Then the upper
organic phase was decanted from the obtained biphasic
reaction mixture, and the remaining IL phase was washed
with n-hexane (3 mLX3) to completely extract the reac-
tants and products. The combined organic phase was ana-
lyzed by GC and ICP-OES. The IL residue after the dryness
under vacuum was reused for the next run.

Supporting Information The screening reaction condi-
tions, and 'H NMR, *C NMR spectra for the products of
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hydroformylation of olefins. CCDC: Ir-L2, 1859529;
Ir-L3, 2016248; Ir-L4, 2016247. The Supporting Infor-
mation is available free of charge via the Internet at
http://sioc- journal.cn/.
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