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’ INTRODUCTION

Umpolung, a method for reversing polarity, is one of the most
useful strategies for the synthesis of organic or pharmaceutical
target molecules.1 Umpolung for an aromatic system could
provide an alternative approach to preparing useful aromatic
derivatives or enabling degradation of aromatic pollutants. The
umpolung of the aromatic structure has been observed for
chromium, molybdenum, and tungsten complexes.2 However,
because of the inertness of these aromatic systems, a strong
nucleophile, such as sodium alkoxide, must be used to induce
reaction. During our investigation on iridium chemistry, we
discovered a new type of iridium complex, which shows facile
umpolung in the benzene rings of the arylphosphine ligand, and this
complex displays a catalytic propensity for water splitting to produce
hydrogen. Hydrogen is a renewable clean energy from a sustainable
source, and several kinds of techniques for hydrogen production
from the reduction of water have been widely examined, for
example, photosynthetic methods by use of semiconductor-based
devices and transition-metal complexes in heterogeneous3 or homo-
geneous systems.4 While some of these methods have excellent
performance,4b,c some were quite complicated.4d,e In this paper, we
report a new approach to splitting water to release hydrogen.

’RESULTS AND DISCUSSION

When iridium dimers [(C∧N)2Ir(μ-Cl)]2 (C
∧N = 2-(3.5-dif-

luorophenyl)benzoxazolato-N,C2 (1a), 2-phenylbenzoxazolato-N,C2

(1b), and 2-(2-naphthyl)benzoxazolato-N,C2 (1c)5 were treated
with triphenylphosphine (PPh3), compounds 2a�2c were ob-
tained (Figure 1). All of these compounds possess a distorted-
octahedral coordination geometry and adopt cis-N�N chelate
disposition (Figures S1�S3 and Tables S1 and S2 in the
Supporting Information, SI). Among these three compounds,
complex 2a has the largest C�Ir�N bond angle (designated as
R in Figure 2 and Table 1) and also the smallest bond angle
N�Ir�P (β). The cyclometalating ligand (C∧N) of 2a is slightly
bulkier than that of 2b but much less bulky than that of 2c,
implying that expansion of the bond angle R for 2a is due to not
only steric repulsion between C∧N ligands but also the electronic
effect of the ligands.

To further investigate the effect of the ligand C∧N on the
molecular structures, calculations based on density functional
theory (DFT; the B3LYP/LANL2DZ level) for 2a�2c were
performed.6 For compound 2a, the highest occupied molecular
orbital (HOMO) is composed of 92% π(C∧N) þ 5% π(PPh3)
þ 2% d(Ir) and the lowest unoccupied orbital (LUMO) is
composed of 94% π(C∧N) þ 3% π(PPh3) þ 3% d(Ir). For
compound 2b, the HOMO is composed of 81% π(C∧N)þ 14%
π(PPh3) þ 3% d(Ir) and the LUMO is composed of 84%
π(C∧N) þ 14% π(PPh3) þ 1% d(Ir). For compound 2c, the
HOMO is composed of 92% π(C∧N) þ 6% π(PPh3) þ 1%
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shows facile umpolung in the phenyl rings of the arylphosphine ligand and
displays a catalytic propensity for water splitting.
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d(Ir) and the LUMO is composed of 86% π(C∧N) þ 12%
π(PPh3) þ 1% d(Ir) (Figure 3 and Figures S4�S6 and Tables
S3�S8 in the SI). The calculated dipole moment is 12.94 D for
2a (X = �6.8507, Y = �7.3126, and Z = 8.1917), 8.80 D for 2b
(X = �3.13, Y = �4.78, and Z = 6.70), and 9.22 D for 2c
(X = �5.65, Y = �2.86, and Z = 6.71). The Mulliken charge
distributions show negative charges for the cyclometalating
ligands of 2a�2c, which are �1.59, �1.10, and �1.28,

respectively, while they show positive charges, þ0.78, þ0.41,
and þ0.52, respectively, for the PPh3 ligands (Figures S7�S9
and Tables S9�S11 in the SI).7

The calculation reveals that all of these three compounds are
highly polarized. Most of their electrons are distributed over
cyclometalating ligands, and the PPh3 ligands have a deficiency of
electron density. The intramolecular charge interaction involving
the electron repulsion between two C∧N ligands and the
attraction between one of the C∧N ligands and the PPh3 ligand
is most obvious for 2a, which gives rise to not only the largest
R and the smallest β for 2a but also the distortion of two five-
membered rings, fmrs. The average mean deviation from the
plane of fmrs for 2a (md = 0.058) is larger than those of 2b and 2c
(0.018 and 0.009, respectively; Table1). Moreover, this intramo-
lecular charge interaction also makes the octahedral coordination
geometry of 2a very distorted (DA = 79.9 in Table1) and
unstable. In the reaction of 1a with PPh3, the intermediate 2a

Figure 1. Preparation and molecular structures of 2a�2c and molecular structures of 3a, 4a, and 5a.

Figure 2. Representation of the bonding configurations for complexes
2a�2c and 3a, the four bond angles R, β, γ, and δ, and two five-
membered rings, fmr1 and fmr2, where X = N and Y = C for 2a�2c and
X = C and Y = N for 3a.

Table 1. Some Bonding Parameters for Complexes 2a�2c
and 3a

bond angle (degree)

cmpd R β γ δ mda (Å) DAb (deg)

2a 93.50 90.70 90.40 85.30 0.058 79.9

2b 88.67 96.05 89.37 85.91 0.018 90.6

2c 87.42 98.43 87.47 86.43 0.009 93.5

3a 86.33 97.01 92.05 84.64 0.023 86.8
amd: average mean deviation from the plane for two five-membered
rings, fmr1 and fmr2. bDA: dihedral angle between fmr1 and fmr2.
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was first formed, and then the formation of compound 3a was
observed. After 5 h, all of 1a and 2a were completely converted
into 3a, which implies that compound 2a tends to convert to a
more stable configuration, 3a (Figure 4, route B, and Figure S10
and Tables S12 and S13 in the SI) with a trans-N�N structure
possessing more reasonable bonding parameters (R = 86.33, β =
97.01, md = 0.023, and DA = 86.8; Table 1).

The time-dependent 31P NMR spectrum of 3a in toluene-d8
containing a trace amount of water under nitrogen at 90 �C
(Figure S11 in the SI) shows that compound 3a was gradually
transformed to 4a, (C∧N)2Ir[P(C6H4OH)3] (C∧N = 2-(3.5-

difluorophenyl)benzoxazolato-N,C2) with trans-N�N disposi-
tion (Figure S12 and Tables S12 and S13 in the SI), which means
that the PPh3 ligand of 3a is extremely electron-deficient like that
of 2a. The phenyl rings of the PPh3 group for 3a are thus
umpolung and become good electrophiles, and even a weak
nucleophile, water, can attack these phenyl groups. The time-
dependent electron spin resonance spectra of the degassed
solution of complex 3a in toluene at 77 and 360 K were silent,
which means that a paramagnetic or radical intermediate was not
involved in this reaction. On the basis of the above-mentioned
information, we proposed an addition�elimination mechanism

Figure 3. Electron density of the HOMO of 2a (left) and 2b (right).

Figure 4. Catalytic cycle for water splitting to produce hydrogen.
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to explain the nucleophilic addition of water to the phenyl rings
of the PPh3 ligand for 3a (Figure 5). Because the cyclometalating
ligands of 3a are electron-withdrawing and sterically bulky, the
nucleophlic addition of a water molecule occurs entirely at the
para position of the umpolung phenyl ring and leads to dear-
omatization for this umpolung phenyl ring (Figure 5, step a1).
The rearomatization reaction then directs a hydride migration
from the sp3 carbon of the dearomatized system to the arylox-
onium ion, followed by the formation of hydrogen and a
(monohydroxophenyl)diphenylphosphine ligand (Figure 5, step
b1). Afterall, the PPh3 ligand was transformed to (trihydrox-
ophenyl)phosphine and the iridium complex 4a was obtained.

The production rate of hydrogen for the above-mentioned
reaction was fast and steady in the early stage (the average rate in
the first 10 min was 1.8 μmol s�1), and then the speed slowed
when the concentration of 3a decreased (Figure 6). The hydro-
gen produced could be collected by the method of water
displacement (Figure S13 in the SI) and verified by consumption
of diethyl maleate (Figure 4, routes C and E).

When a solution of complex 4a in toluene/water was refluxed
under an inert atmosphere of nitrogen for over 48 h, the
concentration of complex 4a remained unchanged and no
product formed, which means that a water molecule would not
attack the iridium center of complex 4a. However, when this
solution was exposed to air, complex 4a quickly disappeared and
an organophosphorus compound, tris(4-hydroxyphenyl)pho-
sphine oxide (5a), and the starting material 1a were obtained,
which could be attributed to the oxidative addition of O2 to
complex 4a and the reductive elimination of 5a from the iridium
center; two iridium fragments, (C∧N)2Ir(Cl), combined with
each other to form the starting material 1a. The composition and
structure of 5a are identified by NMR spectroscopy, elemental
analysis, and high-resolutionmass spectra (m/z = 326.0708), and

the spectral data of the recovered 1a are the same as those of
compound 1a. Therefore, a catalytic cycle (Figure 4) for the pro-
duction of hydrogen and (hydroxyphenyl)phosphine was obtained.

The nucleophilic addition of water to the phenyl groups of 2b
and 2c was not observed, which implies that a sufficient intramo-
lecular charge separation (ICS) is needed for the umpolung of these
phenyl groups, and the electron-withdrawing ability of cyclometallic
ligands of 2a could provide a suitable ICS effect for the umpolung of
this aromatic system. To our best knowledge, this is the first catalytic
cycle using an organometallic compound as the catalyst in a thermal
water splitting system to produce hydrogen.

’CONCLUSION

A new type of iridium complex was discovered that possesses
umpolung phenyl rings. This umpolung aromatic system can

Figure 5. Addition�elimination mechanism for the reaction of 3a with water.

Figure 6. Plot of hydrogen production for complex 3a dissolved in a
toluene/water solution (0.03 M) at 85 �C.
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react with water, a weak nucleophile, to produce hydrogen and
(hydroxyphenyl)phosphine. The electron-withdrawing ability of
cyclometalating ligands is important for the umpolung of the
aromatic system of the arylphosphine ligand.

’EXPERIMENTAL SECTION

Methods and Materials. All solvents were of analytical reagent
grade and were purified according to the standard procedure.8 3,5-
Difluorobenzoic acid was purchased fromMatrix and IrCl3 3 3H2O from
Seedchem Co. All other chemicals were purchased from Acros and used
as received. NMR spectra were measured on a Bruker Advance-400
MHz or a Mercury 300 MHz NMR spectrometer. Elemental analyses
(C, H, and N) were obtained from an Elementar Vario EL III analyzer.
Mass spectra were taken with a Finnigan/Thermo Quest MAT 95XL
instrument with electron impact ionization for organic compounds or
fast atom bombardment for metal complexes.
X-ray Structure Determinations. The diffraction data of com-

plexes 2a�2c, 3a, and 4a were collected on a Bruker SMART APEX
CCD diffractometer with graphite-monochromatized Mo KR radiation
(λ = 0.710 73 Å) at 105 K for 2a and 3a and at 297 K for 2b, 2c, and 4a.
All of the calculations for structure determination were carried out using
the SHELXTL package (version 5.1).9 The positions of the heavy atoms,
including the iridium atoms, were located by direct methods. The
remaining atoms were found in a series of alternating difference Fourier
maps and least-squares refinement.10 Basic information pertaining to the
crystal parameters and structure refinement is summarized in Tables S1
and S12 in the SI. Selected bond distances and angles are listed in Tables
S2 and S13 in the SI.
DFT Calculations. DFT calculations were performed with the

Gaussian 03 program suite11 at the B3LYP/LANL2DZ level to optimize
the geometry structures and to calculate the molecular orbitals, dipole
moment, and Mulliken charge distribution for 2a�2c.
Preparation of 1a�1c. Cyclometalated iridium(III) chloro-

bridged dimers (1a�1c) were synthesized according to a previous
method.12 A flask was charged with 10 mmol of iridium trichloride
(IrCl3 3 3H2O) and 22 mmol of an appropriate benzoxazole derivative,
2-(3,5-difluorophenyl)benzoxazole for 1a, 2-phenylbenzoxazole for 1b,
and 2-naphthylbenzoxazole for 1c. A solvent mixture composed of
60 mL of 2-ethoxylethanol and 20 mL of water was added to the above-
mentioned flask, and the resulting solution was stirred and warmed to
100 �C for 24 h under nitrogen. After cooling to room temperature, the
mixture was poured into 300 mL of pure water, and the precipitate of the
cyclometalated iridium dimer was collected, washed with deionized
water, and dried at 60 �C in a vacuum oven.
Experimental Data of 1a. Dark yellow solid. Yield: 75% 1H NMR

[300 MHz, DMSO-d6, 298 K; δ (ppm)]: 8.18 (d, J = 8.1 Hz, 4H), 7.31
(dd, J = 7.6 and 2.7 Hz, 4H), 7.22�7.12 (m, 8H), 6.99 (dt, J = 7.1 and 1.5
Hz, 4H), 6.14 (dt, J = 9.6 and 2.7 Hz, 4H). 13C NMR [75 MHz, CDCl3,
298 K; δ (ppm)]: 174.9, 169.2, 169.1, 167.5, 167.4, 160.3, 160.2, 158.7,
158.6, 149.1, 140.8, 133.6, 133.5, 133.4, 133.3, 125.1, 124.4, 118.0, 115.3,
115.0, 110.9, 108.6, 108.4, 107.2, 107.0, 106.8, 31.8, 31.1, 22.8, 14.3.
Anal. Calcd for C52H24F8Cl2Ir2N4O4 (MW = 1376.12): C, 45.38; H,
1.76; N, 4.07. Found: C, 44.89; H, 1.70; N, 3.98. MS (FAB; m/z):
1376.0319.
Experimental Data of 1c. Red solid. Yield: 65% 1HNMR [300MHz,

DMSO-d6, 298 K; δ (ppm)]: 8.93 (d, J = 8.4 Hz, 2H), 8.63 (s, 2H), 8.48
(s, 2H), 8.38 (s, 2H), 8.16 (d, J = 7.5 Hz, 2H), 8.11 (d, J = 7.2 Hz, 2H),
7.93 (d, J = 7.2 Hz, 2H), 7.83�7.80 (m, 4H), 7.71�7.57 (m, 8H), 7.37
(t, J = 7.8 Hz, 2H), 7.25�7.23 (m, 4H), 7.14 (t, J = 7.5 Hz, 2H),
7.02�7.0 (m, 2H), 6.5 (d, J = 7.5 Hz, 2H), 6.37 (s, 2H). Anal. Calcd for
C68H40Cl2Ir2N4O4 (MW=1432.43): C, 57.02; H, 2.82; N, 3.91. Found:
C, 56.28; H, 3.82; N, 2.85. MS (FAB; m/z): 1432.1689.

Preparation of 2a and 3a. A flask was charged with 2 mmol
(2.752 g) of 1a, 5 mmol (1.30 g) of triphenylphosphine, and 100 mL of
toluene. The solution was stirred under nitrogen and warmed to 100 �C.
Intermediate 2a first formed and then transformed into 3a; however, 2a
can be isolated and identified during the reaction. After 5 h, all of 1a and
2a was completely converted into 3a, the solution was cooled to room
temperature, and the reaction mixture was purified by column
chromatography.

Experimental Data of 2a. 1H NMR [300 MHz, CDCl3, 298 K;
δ (ppm)]: 7.22�7.33 (m, 7H), 6.99�7.07 (m, 2H), 6.63�6.86
(m, 12H), 6.36�6.48 (m, 3H), 6.02 (s, 2H), 5.56 (s, 1H). 13C NMR
[75 MHz, CDCl3, 298 K; δ (ppm)]: 139.4, 137.8, 134.8, 133.7, 133.5,
132.2, 131.6, 129.4, 127.5, 127.4, 125.2, 124.9, 124.5, 123.5, 122.2, 121.9,
118.9, 114.9, 111.6, 111.4. 31P NMR [121 MHz, CDCl3, 298 K; δ
(ppm)]: �12.77 (s). Anal. Calcd for C44H27N2O2ClF4IrP (MW =
950.3761): C, 55.61; H, 2.86; N, 2.95. Found: C, 54.49; H, 2.75; N, 2.84.
MS (FAB; m/z): 950.1065.

Experimental data of 3a. Yield: 90%. 1H NMR [300 MHz, CDCl3,
298 K; δ (ppm)]: 7.22�7.33 (m, 7H), 6.63�7.6 (m, 23H), 6.39 (t, J =
7.5 Hz, 1H), 5.92 (q, J = 9.9 Hz, 2H). 13C NMR [75 MHz, CDCl3, 298
K; δ (ppm)]: 149.3, 149., 139.6, 134.6, 132.6, 131.3, 130.7, 129.7, 128.8,
127.4, 127.2, 125.3, 125.1, 124.9, 123.8, 121.0, 119.6, 118.6, 115.3, 113.9,
111.3, 110.1, 109.1, 108.8, 108.2, 107.9, 107.5, 107.2, 106.8. 31P NMR
[121 MHz, CDCl3, 298 K; δ (ppm)]: �18.2 (s). Anal. Calcd for
C44H27N2O2ClF4IrP (MW = 950.3761): C, 55.61; H, 2.86; N, 2.95.
Found: C, 54.49; H, 2.75; N, 2.84. MS (FAB; m/z): 950.1065.
Preparation of 2b and 2c. A flask was charged with 5 mmol of

triphenylphosphine, 100 mL of toluene, and 2 mmol of an appropriate
cyclometalated iridium(III) chloro-bridged dimer, 1b for 2b and 1c for
2c. The solution was stirred under nitrogen andwarmed to 100 �C for 24
h. After cooling to room temperature, the reaction mixture was purified
by column chromatography.

Experimental Data of 2b. Yield: 85%. 1H NMR [300 MHz, CDCl3,
298 K; δ (ppm)]: 7.91 (d, J = 7.8 Hz, 1H), 7.77�7.79 (m, 1H), 7.70 (d,
J = 8.1 Hz, 1H), 7.48�7.60 (m, 6H), 7.34�7.39 (m, 1H), 7.21 (d, J = 8.4
Hz, 1H), 7.05�7.13 (m, 5H), 6.82�7.00 (m, 12H), 6.69�6.75 (m, 1H),
6.31�6.39 (m, 1H), 6.05 (d, J = 7.8 Hz, 1H). 31P NMR [121 MHz,
CDCl3, 298 K; δ (ppm)]: �10.13 (s). Anal. Calcd for C44H31N2O2-

ClIrP (MW=878.4141): C, 60.16; H, 3.56; N, 3.19. Found: C, 58.36; H,
3.43; N, 3.07. MS (FAB; m/z): 878.

Experimental Data of 2c. Yield: 86%. 1H NMR [300 MHz, CDCl3,
298 K; δ (ppm)]: 8.35 (s, 1H), 8.15 (d, J = 9 Hz, 2H), 7.84�7.87 (m,
1H), 7.77 (d, J = 8.1 Hz, 1H), 7.61�7.70 (m, 1H), 7.32�7.56 (m, 10H),
7.25�7.32 (m, 1H), 7.04�7.19 (m, 7H), 6.81�6.94 (m, 8H), 6.78 (t, J=
8.1Hz, 1H), 6.65 (d, J = 8.1Hz, 1H), 6.14 (d, J= 11.4Hz, 1H). 31PNMR
[121 MHz, CDCl3, 298 K; δ (ppm)]: �8.76 (s). Anal. Calcd for
C52H35N2O2ClIrP (MW = 978.5337): C, 63.83; H, 3.61; N, 2.86.
Found: C, 62.23; H, 3.49; N, 2.74. MS (FAB; m/z): 978.
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