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The  effect  of  positive  charges  in  the  diphosphino-imidazolium  salts  of L2  was  investigated  in terms
of  coordinating  character,  structures  of  corresponding  Ir-complexes  and  catalysis  for  hydroformyla-
tion.  It  was  found  that  the  involved  positive  charges  exhibited  strong  electron-withdrawing  effect
on  the neighbored  phosphine  fragment,  rendering  L2  more  �-acceptor  ability  than  the  correspond-
ing  neutral  counterpart  of L1.  Consequently,  the  changed  coordinating  ability  of  L1  and  L2  led  to  the
variety  in  the structures  and  components  for the  Ir-complexes  (Ir-L1a,  Ir-L1b,  Ir-L2a,  and  Ir-L2b).  The
onic phosphines
iphosphines

onic iridium complexes
ydroformylation
omogeneous catalysis

complexation  of  L2 with  Ir(acac)(CO)2 led to a novel  five-coordinate  Ir(II)-complex  of  Ir-L2a  chelated
by  a PCC  (phosphine–carboanion–carbene)  pincer  in tripodal  mode,  whereas  the  complexation  of  L1
with  Ir(acac)(CO)2 led  to  a four-coordinate  square-planar  Ir(I)-complex  of  Ir-L1a  chelated  by  a PCP
(phosphine–carboanion–phosphine)  pincer.  In addition,  the  different  catalytic  performances  of  these
Ir-complexes  ligated  by  L1 and  L2 for hydroformylation  of  olefins  were  investigated.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

In transition metal catalyzed homogeneous catalysis, ligands
s well as transition metals play significantly important roles in
romoting the efficiency of the organic transformations [1]. Hydro-
ormylation of olefins is one of the most important industrial
rocesses relying on homogeneous catalysis with 100% atom econ-
my  [1,2]. The catalytic activity of the unmodified transition metals
or hydroformylation is generally in the ranking of Rh » Co > Ir,
u > Os > Pt > Pd » Fe > Ni, in which rhodium is the most efficient cat-
lysts for this reaction [3]. Comparatively, despite of the economic
dvantages over rhodium, iridium-catalysts remain relatively less
eveloped due to their much lower catalytic activity towards hyd-
formylation of olefins, as well as the competing hydrogenation
f olefins to unwanted alkanes [4–10]. More recently, Beller and
owokers had reported a promising result for hydroformylation of

 variety of olefins over a PPh3-modified Ir-catalyst which was  no
ore than 8 times slower than its Rh-counterpart [4]. Besides of
he applied transition metals, the selection of ligands such as triva-
ent phosphines is another dominant method for improvement of

∗ Corresponding author. Fax: +86 21 62233424.
E-mail address: yliu@chem.ecnu.edu.cn (Y. Liu).

ttp://dx.doi.org/10.1016/j.molcata.2015.11.005
381-1169/© 2015 Elsevier B.V. All rights reserved.
reaction rates and selectivity. Hence, a great deal of work has been
devoted to the ligand design [11,12].

In contrast to the electron-rich phosphine ligands as strong �-
donors [13,14], the electron-deficient ligands as �-acceptors also
attracted much attention due to the involved �-backdonation from
transition metals which corresponds to the unique performance for
homogenous catalysis. For example, the uses of Rh-complexes with
the �-acceptor ligands have been reported to be more active and
more selective catalysts for hydroformylation [15–18]. The typical
examples of electron-deficient ligands are phosphites and fluo-
roarylphosphines. However, P O bonds of phosphites are instable
and sensitive to hydrolysis [18] and the structural diversity for
fluoroarylphosphines with stable P-C linkages is limited [19–21].
Recently, the phosphine salts in which the positive charges are
vicinal to the P(III)-atoms of the phosphine fragments become
attractive candidates for mimicking the �-acceptor ligands due
to their advantages of the robustness and facile preparation. The
phosphino-imidazolium salts have been firstly developed by Canac
and Chauvin for the synthesis of the ionic transition metal com-
plexes [22–29] and then applied to homogeneous catalysis by us
[30–34].

In this paper, the diphosphine of L1 and its ionic counterpart of

L2 derived from quaternization of L1 by MeOTf were firstly pre-
pared according to the reported methods [24,30]. Then they were
used to develop the novel Ir-complexes (Ir-L1a, Ir-L1b,  Ir-L2a and

dx.doi.org/10.1016/j.molcata.2015.11.005
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Scheme 1. Synthesis of the Ir-complexes (Ir-L1a, Ir-L1b,  Ir-L2a and Ir-L2b) lig-
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mixture was  stirred vigorously at room temperature for 5 min.
ted by the neutral diphosphine of L1 and the diphosphino-imidazolium salts of L2
espectively.

r-L2b)  as well as applied to catalyze hydroformylation of olefins.
he effect of positive charge on the coordinating ability of L2 and
he catalysis for hydroformylation were investigated for the first
ime in comparison to those over L1 with typical �-donor ability
Scheme 1).

. Experimental

.1. Reagents and analysis

THF were dried and distilled over sodium/benzophenone, while
ichloromethane were dried over CaH2 and DMSO were dried over
nhydrous sodium sulphate. All other reagents were purchased
rom Shanghai Aladdin Chemical Reagent Co. Ltd., and Alfa Aesar
hina, and used as received. All reactions were carried out under
itrogen atmosphere, using Schlenk and vacuum line techniques.
he following analytical instruments were used. FT-IR spectra were
ecorded on a Nicolet NEXUS 670 spectrometer. The 1H, 13C NMR
nd 31P NMR  spectra for the analyses of the common compounds
ere recorded on a Bruker Avance 400 spectrometer. The 31P NMR

pectra for the analyses of the phosphine-selenides were recorded
n a Bruker Avance 500 spectrometer at ambient temperature. The
1P NMR  spectra were referenced to 85% H3PO4 sealed in a capil-
ary tube as an internal standard. Elemental analyses (CHN) were
btained by using an Elementar Vario EL III instrument. Gas chro-
atography (GC) was performed on a SHIMADZU-2014 equipped
ith a DM-1 capillary column (30 m × 0.25 mm × 0.25 �m).  GC-
ass spectrometry (GC–MS) was recorded on an Agilent 6890

nstrument equipped with an Agilent 5973 mass selective detector.

.2. Synthesis
2-(Diphenylphosphanyl)-1-{3-[2-(diphenylphosphanyl)-1H-
midazol-1-yl]phenyl}-1H-imidazole (L1)
sis A: Chemical 411 (2016) 337–343

L1 was  prepared according to the procedures reported by Chau-
vin [24] and us [30] with some modifications.

A solution of 1, 3-dibromobenzene (4.718 g, 20 mmol), imida-
zole (2.996 g, 44 mmol), K2CO3 (8.293 g, 60 mmol) and CuI (0.762 g,
4 mmol) in DMSO (50 mL)  was stirred vigorously at 120 ◦C for
48 h. The reaction mixture after cooling to room temperature was
filtered to give a clear solution which was  treated with CH2Cl2
(300 mL)  and deionized water (300 mL)  to give an organic-aqueous
biphasic solution. The collected organic phase was stripped of the
solvent under vacuum, and the obtained residue was purified by
column chromatography on silica gel, using CH2Cl2/ethanol (30:1)
as an eluent, to afford the product of 1,3-di-imidazolyl benzene as
a white solid (3.0 g, yield of 71.3%).

Under nitrogen atmosphere, to the solution of 1,3-di-imidazolyl
benzene (2.0126 g, 10 mmol) in dry THF (150 mL)  cooled to −78 ◦C
was added dropwise with N, N, N′, N′-tetramethylethylenediamine
(TMEDA, 3.0 mL,  20 mmol) and n-BuLi (2.5 M in hexane, 8.8 mL,
22 mmol). The obtained mixture after stirring vigorously for 1 h,
chlorodiphenylphosphine (PPh2Cl, 4.953 g, 22 mmol) was added
dropwise. The resultant mixture was  stirred overnight with the
reaction temperature increasing to ambient. After quenching
excess n-BuLi with deionized water, the obtained oily mixture was
removed of solvent in vacuo. The residue was  purified by column
chromatography on silica gel, using CH2Cl2/ethyl acetate (30:1)
as an eluent, to yield L1 as a white solid (2.53 g, 44%). 1H NMR
(400 MHz, ı, ppm, CD3CN): ı = 7.47 (t, J = 8 Hz, 1H, HPh), 7.32–7.36
(m,  24H, HPh + imi), 7.26 (s, 2H, Himi), 7.18 (s, 1H,  HPh). 31P NMR
(162 MHz, ı, ppm, CDCl3): ı = −28.2 (s, PPh2). The 31P NMR  signal
of L1 (ı = −28.2 ppm) observed herein was consistent to the one
reported by Chauvin [24] with two phosphine fragments located in
trans-position but different to the one reported by us [30] with two
phosphine fragments located in cis-position.

2-(Diphenylphosphanyl)-1-{3-[2-(diphenylphosphanyl)-3-
methyl-1H-imidazol-3-ium-1 yl]phenyl}-3-methyl-1H-imidazol-
3-ium bistriflate (L2)

L2 was  prepared according to the reported procedures [24,30]
with some modifications.

To a solution of L1 (0.5793 g, 1 mmol) in CH2Cl2 (30 mL)  cooled
at −78 ◦C was  added methyl-trifluoromethanesulfonate (0.3349 g,
2 mmol). The solution was  stirred overnight with the reaction tem-
perature increasing to ambient. After evaporation of the solvent
under vacuum, the residue was recrystallized from CH2Cl2/Et2O to
yield L2 as white solids (0.7 g, 77%). 1H NMR  (400 MHz, ı, ppm,
CD3CN): ı = 7.73 (s, 2H, Himi), 7.64 (s, 2H, Himi), 7.28–7.51 (m,
24H, HPh), 3.48 (s, 6H, NCH3). 31P NMR  (162 MHz, ı, ppm, CD3CN):
ı = −21.10 (s, PPh2).

2-(Diphenylphosphino)-1-phenyl-1H-imidazole (L3)
L3 was  obtained with the yield of 73% according to the prepa-

ration procedures for L1. 1H NMR  (400 MHz, ı, ppm, CD3COCD3):
ı = 7.46–7.49 (m,  8H, HPh), 7.33–7.34 (m,  8H, HPh + imi), 7.29 (s, 1H,
HPh). 31P NMR  (162 MHz, ı, ppm, CD3COCD3): ı = −31.17 (s, PPh2).

2-(Diphenylphosphino)-3-methyl-1-phenyl-1H-imidazol-3-ium
triflate (L4)

L4 was obtained with the yield of 87% after the stoichiometric
quaternization of L3 by MeOTf according to the preparation proce-
dures for L2. 1H NMR  (400 MHz, ı, ppm, CD3COCD3): ı = 8.11 (s, 1H,
Himi), 8.09 (s, 1H, Himi), 7.44–7.57 (m,  15H, HPh), 3.69 (s, 3H, NCH3).
31P NMR  (162 MHz, ı, ppm, CD3COCD3): ı = −20.7 (s, PPh2).

Ir-complex upon coordination of L1 to Ir(acac)(CO)2 (Ir-L1a)
Under nitrogen atmosphere, a solution of Ir(acac)(CO)2

(38.2 mg,  0.11 mmol) in dry CH2Cl2 (3 mL)  was added to a solu-
tion of L1 (57.9 mg,  0.1 mmol) in dry CH2Cl2 (3 mL). The resultant
Then n-hexane was added to precipitate the orange–yellow solids.
The orange-yellow solids were collected after dryness under vac-
uum with the yield of 88% (70 mg). The sample suitable for
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Table  1
Crystal data and structure refinement for Ir-L1a,  Ir-L1b, Ir-L2a and Ir-L2b.

Ir-L1a.CH2Cl2 Ir-L1b.H2O Ir-L2a Ir-L2b

Empirical formula C37H27Ir1N4O1P2.CH2Cl2 C37H28Cl1Ir1N4O1P2.H2O1 C39H34Ir1N4O2P2.2(CF3SO3) C39H34Cl1Ir1N4O1P2.2(CF3SO3)
Formula weight 882.69 852.22 1142.98 1162.43
Crystal system Monoclinic Orthorhombic Orthorhombic Triclinic
Space group P21/c Pbcn Pbca P-1
a  (Å) 13.0624(7) 26.2223(5) 16.1818(11) 12.8635(4)
b  (Å) 17.2838(10) 18.4901(4) 20.7304(15) 13.8201(4)
c  (Å) 16.2701(9) 28.9516(6) 26.5775(18) 13.9595(4)
˛  (0) 90 90 90 76.8250(10)
ˇ  (0) 108.816(2) 90 90 79.0570(10)
�  (0) 90 90 90 68.5560(10)
V  (Å3) 3477.0(3) 14037.3(5) 8915.6(11) 2233.47(11)
Z  4 16 8 2
dcalc (g cm−3) 1.686 1.609 1.703 1.728
�  (Mo-K�) (mm−1) 4.123 4.010 3.241 3.293
T  (K) 173(2) 296(2) 296(2) 296(2)
�  (A) 0.71073 0.71073 0.71073 0.71073
Total reflections 40121 159026 98932 26183
Unique reflections (Rint) 6129 (0.0911) 12367 (0.0670) 7838 (0.0881) 7811 (0.0333)
R1 [I > 2�(I)] 0.0333 0.0354 0.0430 0.0306
wR2 (all data) 0.0695 0.0835 0.1112 0.0896
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Goodness-of-fit on F2 1.027 1.066 

-ray diffraction analysis was obtained by recrystallization from
H2Cl2/n-hexane. 1H NMR  (400 MHz, ı, ppm, CD2Cl2): ı = 7.56–7.61
m,  8H, HPh), 7.34–7.43 (m,  14H, HPh), 7.27 (s, 2H, Himi), 6.78 (t,

 = 8 Hz, 1H, HPh), 6.70 (s, 1H, Himi), 6.68 (s, 1H, Himi). 31P NMR
162 MHz, ı, ppm, CD2Cl2): ı = 11.69 (s, PPh2). 13C NMR (125 MHz,
, ppm, CD2Cl2): ı = 187.89 (t, J = 8.75 Hz, Ir-CO), 144.62 (t, J = 2.5 Hz,
Ar), 142.18 (t, J = 13.75 Hz, CAr), 135.87 (t, J = 42.5 Hz, CAr), 134.45
s, CAr), 132.07 (t, J = 5 Hz, CAr), 131.29 (s, CAr), 130.24 (t, J = 26.25 Hz,
Ar), 128.53 (t, J = 6.25 Hz, CAr), 127.35 (s, CAr), 122.78 (s, CAr), 121.27
s, CAr). CHN-elemental analysis (found): C 55.15, H 3.64, N 6.8
calcd., C 55.70, H 3.41, N 7.02).

Ir-complex upon coordination of L1 to [Ir(cod)Cl]2 (Ir-L1b)
Ir-L1b. Under nitrogen atmosphere, a solution of [Ir(cod)Cl]2

33.6 mg,  0.05 mmol) in dry CH2Cl2 (2 mL)  was  stirred vigorously
t room temperature for about 10 min. Then the atmospheric CO
in a balloon) was introduced into the reaction mixture for 20 min.
fterwards, the reaction mixture was treated with a solution of L1

57.9 mg,  0.1 mmol) in dry CH2Cl2 (3 mL). The resultant mixture was
tirred for another 2.5 h and then n-hexane was added to precipitate
he yellow solids. The yellow solids were collected after dryness
nder vacuum with the yield of 89% (74 mg). The sample suitable
or X-ray diffraction analysis was obtained by slow volatilization
rom acetonitrile. 1H NMR  (400 MHz, ı, ppm, CD3CN): ı = 8.49 (s,
H, HPh), 8.28–8.33 (m,  4H, HPh), 7.68 (s, 2H, HPh), 7.44–7.54 (m,
1H, HPh), 7.37–7.38 (m,  6H, HPh), 7.14–7.15 (m,  4H, Himi). 31P NMR
162 MHz, ı, ppm, CD3CN): ı = 5.19 (s, PPh2). 13C NMR  (125 MHz,
, ppm, CD2Cl2): ı = 169.1 (s, Ir-CO), 141.32 (t, J = 42.5 Hz, CAr),
37.19 (s, CAr), 134.71 (t, J = 28.75 Hz, CAr), 132.47 (s, CAr), 131.53
t, J = 6.25 Hz, CAr), 131.11 (d, J = 40 Hz, CAr), 128.95 (s, CAr), 128.66
t, J = 6.25 Hz, CAr), 127.92 (t, J = 6.25 Hz, CAr), 127.55 (s, CAr), 126.24
s, CAr). CHN-elemental analysis (found): C 53.35, H 3.52, N 6.26
calcd., C 53.27, H 3.38, N 6.72).

Ir-complex upon coordination of L2 to Ir(acac)(CO)2 (Ir-L2a)
Under nitrogen atmosphere, a solution of L2 (90.7 mg,  0.1 mmol)

n dry CH2Cl2 (6 mL)  was added to a solution of Ir(acac)(CO)2
41.7 mg,  0.12 mmol) in CH2Cl2 (4 mL)  at 40 ◦C and the resultant

ixture with presence of trace water was stirred vigorously for
a 2 h. Then diethyl ether was added to the reaction solution to

recipitate the yellow solids, which were collected after dryness
nder vacuum with the yield of 65% (74 mg). The sample suitable
or X-ray diffraction analysis was obtained by recrystallization from
H2Cl2/diethyl ether. Due to the paramagnetic nature for the Ir(II)-
4520 1148
1.037 1.092

center complex-cation, the signals of 1H NMR  and 31P NMR  of Ir-L2a
attributed to ligand L2 were broadened to flatness. CHN-elemental
analysis (found): C 42.67, H 3.24, N 4.62 (calcd., C 43.08, H 2.98, N
4.90).

Ir-complex upon coordination of L2 to [Ir(cod)Cl]2 (Ir-L2b)
Under nitrogen atmosphere, a solution of [Ir(cod)Cl]2 (33.6 mg,

0.05 mmol) in dry CH2Cl2 (2 mL)  was stirred vigorously at room
temperature for about 10 min  and then the atmospheric CO (in a
balloon) was  introduced into the reaction mixture for 20 min. The
obtained mixture was  then treated with a solution of L2 (90.7 mg,
0.1 mmol) in acetonitrile (5 mL)  and was stirred vigorously for
about 4.5 h. Then diethyl ether was  added to precipitate the yellow
solids, which were collected after dryness under vacuum with the
yield of 81% (94 mg). The sample suitable for X-ray diffraction anal-
ysis was  obtained by recrystallization from acetonitrile/n-hexane.
1H NMR  (400 MHz, ı, ppm, CD3CN): ı = 8.63 (t, J = 4 Hz, 1H, HPh),
8.05 (s, 2H, Himi), 7.82–7.49 (m,  25H, HPh + imi), 3.27 (s, 6H, NCH3).
31P NMR  (162 MHz, ı, ppm, CD3CN): ı = 12.22 (s, PPh2). 13C NMR
(125 MHz, ı, ppm, CD3CN): ı = 167.49 (s, Ir-CO), 139.20 (t, J = 20 Hz,
CAr), 136.27 (s, CAr), 135.39 (s, CAr), 134.06 (d, J = 26.25 Hz, CAr),
133.72 (t, J = 7.5 Hz), 130.66 (t, J = 6.25 Hz), 130.32 (quintet, J = 5 Hz,
CF3SO3), 130.11 (s, CAr), 128.93 (s, CAr), 126.84 (t, J = 30 Hz, CAr),
126.37 (s, CAr), 123.31 (t, J = 27.5 Hz, CAr), 40.36 (s, NCH3). CHN-
elemental analysis (found): C 42.48, H 3.11, N 4.82 (calcd., C 42.36,
H 2.93, N 4.82).

2.3. X-ray crystallography

Intensity data for Ir-L1a,  Ir-L1b,  Ir-L2a and Ir-L2b were col-
lected on a Bruker SMARTAPEX II diffractometer using graphite
monochromated Mo-K˛  radiation (� = 0.71073 Å). Data reduction
included absorption corrections by the multi-scan method. The
structures were solved by direct methods and refined by full matrix
least-squares using SHELXS-97 (Sheldrick, 1990), with all non-
hydrogen atoms refined anisotropically. Hydrogen atoms were
added at their geometrically ideal positions and refined isotropi-
cally. The crystal data and refinement details are given in Table 1.
2.4. General procedures for hydroformylation of 1-octene

In a typical experiment, Ir-L1a (0.02 mmol, or the other Ir-
complex), the ligand at the required amount, the solvent (2 mL)
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Fig. 1. 31P NMR  spectra of the selenides of L1-L4 in comparison to that of PPh3

(202 MHz): (a) reacting elemental selenium with L1 in CDCl3 at 70 ◦C for 10 h; (b)
reacting elemental selenium with L2 in DMSO-d6 at 70 ◦C for 10 h; (c) reacting ele-
mental selenium with L3 in CDCl3 at 70 ◦C for 10 h; (d) reacting elemental selenium
with L4 in CDCl3 at 70 ◦C for 10 h; (e) reacting elemental selenium with PPh3 in

F
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ere mixed with 1-octene (10 mmol) in a 50 mL  sealed Teflon-
ined stainless steel autoclave, which was pressured with syngas
CO/H2 = 2:1, 4.0 MPa) and then stirred vigorously at 120 ◦C for 6 h.
pon completion, the autoclave was cooled down to room tem-
erature, the pressure was carefully released. The solution was
nalyzed by GC to determine the conversions (n-dodecane as inter-
al standard) and the selectivities (normalization method).

. Results and discussion

.1. Synthesis and characterization

It is believed that the magnitudes of 1JSe-P in the 77Se iso-
opomer of the phosphine-selenides in 31P NMR  spectra can be used
o measure the �-donor ability of the corresponding phosphines
35–37]. An increase of 1JSe-P indicates an increase in the charac-
er of �-acceptor ability (i.e., less �-donor ability) of a phosphine
36]. To estimate the �-donor ability of L1-L4,  their corresponding
hosphine-selenides were prepared by reacting elemental sele-
ium (with 7.63% 77Se) with each phosphine in deuterated solvent
nder the appointed conditions (See condition described in Fig. 1),
hich were directly analyzed without isolation by a Bruker Avance
00 spectrometer at ambient temperature. It was indicated that
he phosphine fragments in L1-L4 and PPh3 exhibited the �-
cceptor ability in an order of L2 (1JSe-P = 782 Hz), L4 (780 Hz) > L1
1JSe-P = 751 Hz), L3 (1JSe-P = 753 Hz) > PPh3 (1JSe-P = 729 Hz). Evi-

CDCl3 at 70 ◦C for 10 h.

ig. 2. The single crystal structures of the iridium complexes of Ir-L1a,  Ir-L1b, Ir-L2a and Ir-L2b (The hydrogen atoms and solvent molecules are omitted for clarity).
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Table  2
The selected bond distances, bond angles, vibrational frequency of CO (v, cm−1) in FT-IR spectra, and 31P NMR  signals for Ir-L1a, Ir-L1b,  Ir-L2a,  and Ir-L2b.

Ir-complex Bond distance/ ´̊A Bond angles/0 � (CO)/cm−1 31P NMR/ppm

Ir-P Ir -CCO Ir-CC
−

/carbene Ir-Cl P1-Ir-P2

Ir-L1a 2.2770(14)2.2714(14) 1.849(6) 2.130(5) – 170.94(5) 1978 11.69
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Ir-L1b 2.3166(14)2.3104(15) 1.814(6) – 

Ir-L2a  2.2988(19)2.3870(18) 1.90(1) 2.099(7)2.058(7)
Ir-L2b 2.2913(11)2.3086(11) 1.825(5) – 

ently after the introduction of positive charge into L1 or L3
hrough selective quaternization at N-site of imidazolyl ring, the
oordinating ability of the phosphine fragments in L2 or L4 changed
ramatically, with indication of the dramatically increased magni-
udes of 1JSe-P from 750 to 780 Hz.

Consequently, the resultant Ir-complexes ligated by L1 and L2
espectively are certainly different in structures and components.
he molecular structures of the obtained Ir-complexes analyzed
y the single crystal X-ray diffraction were depicted in Fig. 2. The
omplexation of Ir(acac)(CO)2 with L1 free of any additive led to
he formation of Ir-L1a with the yield of 88% which possessed
he typical square-planar geometry. The Ir(I) (5d8) center, lying
t the center of inversion, was coordinated by a PCP pincer in a
quare-planar chelating mode, as well as a CO ligand. The in situ
eneration of carboanion from meta-phenylene of L1 with acety-
acetonate (acac−) in precursor of Ir(acac)(CO)2 as a H+-scavenger
o afford a PCP pincer was the inherent driving force for the forma-
ion of Ir-L1a with the two fused six-member rings to Ir(I)-center, in
hich the shorter Ir-P bond distances [2.2770(14) and 2.2714(14)
] was observed corresponding to the more consolidated Ir-P link-
ges and then the good thermodynamical stability. Interestingly,
he complexation of Ir(acac)(CO)2 with L2 under the same con-
itions led to the formation of the ionic complex of Ir-L2a with
he presence of trace water, which was composed of Ir(II)-complex
ation and two OTf- counteranions. In comparison to Ir-L1a as

 four-coordinate complex, the complex cation of Ir-L2a was a
ve-coordinate one, in which the Ir(II) (5d7) center, lying at the
enter of trigonal bipyramid, was coordinated by a PCC (phosphine-
arboanion–carbene) pincer, and the other two ligands of CO and
HO)PPh2. The chelation of the PCC-pincer to Ir-center in the mode
f fused five-member and six-member rings was the thermody-
amic driving force for the formation of Ir-L2a.  Obviously, in ionic

igand L2,  the deprotonation at 2C position of meta-phenylene to
fford a carboanion and the heterolytic cleavage of one N2C-P bond

o give a transient N-heterocyclic carbene (NHC) along with the
elease of electrophilic P+Ph2 could result in a PCC pincer, which
as the first example to trap the potential PCC tripodal pincer in a

r(II)-complex along with the change of oxidation state of Ir-center

able 3
omparison of the catalytic performance of different iridium-complexes with or without

Entry Complex Ligand P/Ir Syngas (MPa) Conv. (%)b Sel. (

Aldeh

1 Ir-L1a – 2 4.0 42 68 

2  Ir-L1b – 2 4.0 89 62 

3  Ir-L2a – 2 4.0 35 45 

4  Ir-L2b – 2 4.0 91 30 

5  Ir-L1b L3 5 4.0 88 83 

6  Ir-L1b L4 5 4.0 85 70 

7  Ir-L2b L3 5 4.0 75 80 

8  Ir-L2b L4 5 4.0 21 51 

9e Rh(CO)(PPh3)2Cl L3 5 4.0 84 72 

a Ir-concentration 0.2 mol% (Ir-complex 0.02 mmol), 1-octene 10.0 mmol, NMP  (1-meth
b Determined by GC.
c L/B, the ratio of linear nonanals to branched ones.
d TON, turnover number = mol  of nonanals.(mol of Ir)-l.
e Rh(CO)(PPh3)2Cl 0.04 mol%.
2.3837(13) 176.35(5) 1981 5.19
– 102.17(6) 2062 –
2.3739(12) 176.31(4) 1996 12.22

from +1 to +2. In particular, the electron-withdrawing effect of the
neighbored positive imidazoliums in L2 not only makes the depro-
tonation at 2C position of meta-phenylene much easier to afford
carboanion along with acetylacetonate as the H+-scavenger, but
also facilitate the generation of N-heterocyclic carbene (NHC) since
the imidazolium-neighbored phosphine units can be regarded as
the NHC-phosphenium adducts [24,25,29]. The concurrent released
phosphenium of +PPh2 was hydrolysed to give (HO)PPh2 as an
accessible phosphinite ligand [29] to coordinate to Ir-center, and
simultaneously the liberated H+ from H2O was reduced by Ir+ ion to
H2 with the result of the formation of oxidative Ir2+ ion. Resultantly,
in Ir-L2a,  the complex cation counteracted by two OTf− anions is
in low-spin state with the paramagnetism due to the presence of
one unpaired electron in Ir(II) (5d7) center. Hence, the 1H NMR  and
31P NMR  signals attributed to Ir-L2a are broadened to flatness. In
contrast to Ir-L2a complex, we had reported a Pd-complex in which
the same PCC pincer induced from L2 was  trapped but without the
concurrent coordination of (HO)PPh2 to the metal center [33].

In contrast, the complexation of [Ir(cod)Cl]2 dimer instead of
Ir(acac)(CO)2 with L1 and L2 respectively led to the formation of Ir-
L1b (yields 89%) and Ir-L2b (yields 81%) which both possessed the
typical square-planar geometry. The Ir(I) (5d8) center, lying at the
center of inversion, was coordinated by the diphosphine located in
trans-positions, as well as a CO and a Cl− ligands. However, without
the presence of acac− as the suitable acid-scavenger, the gener-
ation of carboanion from meta-phenylene to afford a PCP pincer
from L1 (or L2) was  unfavorable [28], and then the coordination
of Cl− to Ir-center became convenient to form Ir-L1b (or Ir-L2b),
in which cis-positioned two  –PPh2 fragments projected inwards to
be able to form a pocket around Ir-center, allowing L1 (or L2)  to
develop P-Ir-P chelation in trans-position with bite angle of 176

◦

due to the bulky bis(imidazolyl)-phenyl bridge in L1 (or L2). How-
ever, the structural parameters in Ir-L1b and Ir-L2b were quite
different (Table 2). As for Ir-L2b,  the more consolidated interactions

between Ir and P were observed [2.2913(11) and 2.3086(11) Å] due
to the �-backdonation in Ir-P linkages derived from the intensive
�-acceptor ability of L2 (1JSe-P = 782 Hz). This is consistent with the
observed CO vibrational frequency of Ir-L2b (1996 cm−1), which is

 the presence of auxiliary ligand for hydroformylation of 1-octenea.

%)b L/Bc TONd

ydes Hydrogenation products Isomerization products

31 1 3.3 143
26 11 3.3 276
35 20 2.7 80
50 20 2.6 140
11 6 2.7 365
19 11 3.3 299
14 6 2.9 300
44 5 3.1 54

5 23 1.5 1512

yl-2-pyrrolidinone) 2 mL, syngas CO:H2 = 2:1 (volume ratio), temp. 120 ◦C, time 6 h.
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Table 4
Generality of Ir-L1b with the presence of L3 for hydroformylation of different olefinsa.

Entry Substrate Conv. (%)b Sel. (%)b L/Bc TONd

Aldyhydes Hydrogenation products Isomerization products

1 1-Hexene 87 95 3 2 2.3 423
2  Styrene 41 89 11 – 0.4 181
3  Cyclohexene <5 – – – – –

a Ir-concentration 0.2 mol% (Ir-L1b 0.02 mmol), L3 0.06 mmol  (P/Ir = 5 molar ratio), olefin 10.0 mmol, NMP  2 mL, syngas 4.0 MPa  (CO:H2 = 2:1, volume ratio), temp. 120 ◦C,
time  6 h.
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b Determined by GC.
c L/B, the ratio of linear aldehydes to branched ones.
d TON, turnover number = mol  of aldehydes.(mol of Ir)-l.

igger higher than Ir-L1b (1981 cm−1). So the stability of the ionic
omplex of Ir-L2b was good enough to stand in open air for more
han one month without decomposition.

.2. Catalytic performance of Ir-complexes for hydroformylation
f olefins

It is well known that the properties of a transition metal com-
lex (in terms of the coordinating geometry, the valance state of
etal center and the thermal stability) and the involved ligands
ith different electronic and steric effects dramatically influence

he catalysis for organic transformations. In this part, the inherent
atalytic performance of Ir-L1(a,  b) and Ir-L2(a, b) and the effect of
he auxiliary ligands (L1-L4) were investigated comparatively for
ydroformylation of 1-octene. As summarized in Table 3 under the
ptimal conditions (120 ◦C, syngas 4.0 MPa, NMP  as a solvent), Ir-
1(a, b) and Ir-L2(a, b) all showed moderate activities with TON in
he ranking of Ir-L1b > Ir-L2b,  Ir-L1a > Ir-L2a (Entries 1–4). Obvi-
usly, the ones with square-planar geometry (Ir-L1b and Ir-L2b)
xhibited higher activities than the chelated Ir-L1a and Ir-2a. The
atters ligated by the PCP- and PCC-pincer respectively would be
nfavorable to the dissociation of the involved ligands to form the
ctive Ir-species and then impede the accommodation of the sub-
trates (CO and 1-octene), leading to the poorer transformation of
-octene to nonanals.

In addition, compared to Ir-L1b,  Ir-L2b exhibited a worse
hemoselectivity in terms of nearly the same conversion of 1-
ctene with much lower aldehyde formation (Entry 2 vs 4).
nterestingly, the involvement of L3 was found to be able to both
mprove the chemoselectivity to nonanols with TON increased from
76 up to 365 over Ir-L1b and 140 to 300 over Ir-L2b,  indicat-

ng the role of L3 to suppress isomerization and hydrogenation
Entry 2 vs 5; Entry 4 vs 7). In comparison, TON of 365 over Ir-
1b/L3 system was just ca. 5 times lower than the corresponding
h(CO)(PPh3)2Cl/L3 one (TON = 1512) on the benchmark of the
ame yield of nonanals (Entry 5 vs 9).

The reaction data over Ir-L1b and Ir-L2b indicated that even
ith the similar structure and the same Ir+ center, the changed

oordinating ability for L2 because of the introduction of the
ositive charges could definitely result in the different catalytic per-
ormance for hydroformylation. The relatively stronger �-donor of
1 (1JSe-P = 751 Hz) exhibited better catalytic performance in com-
arison to L2 with less �-donor ability (1JSe-P = 782 Hz) (Entry 2
s 4). And the involvement of L3 with relatively strong �-donor
bility (1JSe-P = 753 Hz) further improved the catalytic performance
f Ir-L1b with the highest TON of 365 (Entry 5), and Ir-L2b with
he TON of 300 (Entry 7). Comparatively, the weak �-donor ability
f L4 corresponded to the decreased efficiency for hydroformyla-

ion (Entries 6 and 8). Especial in Entry 8, the combination of L2
nd L4 both with the weak �-donor ability (L2, 1JSe-P = 782 Hz; L4,
JSe-P = 780 Hz) led to the poor transformation in terms of 1-octene
onversions and aldehyde selectivities (TON = 54).
It was found that Ir-L1b/L3 also exhibited well activity towards
the hydroformylation of 1-hexene and styrene, but inert to cyclo-
hexene (Table 4).

4. Conclusions

The introduction of positive charge(s) into a phosphine was
indeed a feasible methodology to develop the robust �-acceptor
ligands. The intensive electron-withdrawing effect of the positive-
charges rendered the neighboured phosphine fragments more
�-acceptor ability such as in L2 and L4.  The phosphine frag-
ments in L1-L4 and PPh3 exhibited �-acceptor ability in an order
of L2 (1JSe-P = 782 Hz), L4 (1JSe-P = 780 Hz) > L1 (1JSe-P = 751 Hz), L3
(1JSe-P = 753 Hz) > PPh3 (1JSe-P = 729 Hz). The different coordinat-
ing ability of L1 and L2 consequently led to the variety in the
structures and components for the Ir-complexes (Ir-L1a, Ir-L1b,
Ir-L2a and Ir-L2b). The complexation of L2 with Ir(acac)(CO)2
afforded a novel five-coordinate Ir(II)-complex of Ir-L2a chelated
by a PCC (phosphine–carboanion–carbene) pincer in tripodal mode,
whereas the complexation of L1 with Ir(acac)(CO)2 led to a four-
coordinate square-planar Ir(I)-complex of Ir-L1a chelated by a
PCP (phosphine–carboanion–phosphine) pincer. The different Ir-
complexes in terms of structures and components consequently
corresponded to the different catalytic performance for hydro-
formylation of olefins. It was  found that the PCP-chelated Ir-L1a and
PCC-chelated Ir-2a exhibited the worse activities towards hydro-
formylation than Ir-L1b and Ir-L2b with square-planar geometry.
Even for Ir-L1b and Ir-L2b with the same structures and Ir+-center,
and the similar components, their catalytic performance varied
greatly because of the changed coordinating ability of L1 and L2.  The
relatively stronger �-donor of L1 (1JSe-P = 751 Hz) exhibited better
catalytic performance than L2 with less �-donor ability.
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