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Abstract: This paper reports a pH-dependent H2-activation {H2 (pH 1-4) f H+ + H- (pH -1) f

2H+ + 2e-} promoted by Cp*Ir complexes {Cp* ) η5-C5(CH3)5}. In a pH range of about 1-4, an aqueous
HNO3 solution of [Cp*IrIII(H2O)3]2+ (1) reacts with 3 equiv of H2 to yield a solution of [(Cp*IrIII)2(µ-H)3]+ (2)
as a result of heterolytic H2-activation {2[1] + 3H2 (pH 1-4) f [2] + 3H+ + 6H2O}. The hydrido ligands of
2 display protonic behavior and undergo H/D exchange with D+: [M-(H)3-M]+ + 3D+ h [M-(D)3-M]+ +
3H+ (where M ) Cp*Ir). Complex 2 is insoluble in a pH range of about -0.2 (1.6 M HNO3/H2O) to
-0.8 (6.3 M HNO3/H2O). At pH -1 (10 M HNO3/H2O), a powder of 2 drastically reacts with HNO3 to
give a solution of [Cp*IrIII(NO3)2] (3) with evolution of H2, NO, and NO2 gases. D-labeling experiments show
that the evolved H2 is derived from the hydrido ligands of 2. These results suggest that oxidation of
the hydrido ligands of 2 {[2] + 4NO3

- (pH -1) f 2[3] + H2 + H+ + 4e-} couples to reduction of NO3
-

(NO3
- f NO2

- f NO). To complete the reaction cycle, complex 3 is transformed into 1 by increasing
the pH of the solution from -1 to 1. Therefore, we are able to repeat the reaction cycle using 1, H2, and
a pH gradient between 1 and -1. A conceivable mechanism for the H2-activation cycle with reduction of
NO3

- is proposed.

Introduction

The chemistry of water-soluble organometallic complexes is
presently undergoing very rapid growth because of many
potential advantages such as alleviation of environmental
problems associated with the use of organic solvents, industrial
applications (e.g., introduction of new biphasic processes), and
reaction-specific pH selectivity.1 pH-dependent H2-activation in
aqueous media is one of the applications of the water-soluble
organometallic complexes.2 Herein, we report a unique pH-
dependent H2-activation cycle coupled to the reduction of the
nitrate ion (NO3

-). As shown in Scheme 1, the cycle is promoted
by an aqua complex [Cp*IrIII (H2O)3]2+ {1, Cp* ) η5-C5(CH3)5},3

a well-known dinuclear trihydrido complex [(Cp*IrIII )2(µ-H)3]+

(2),4 and a nitrato complex [Cp*IrIII (NO3)2] (3) in a pH range

of 4 to -1. To determine the structures of2 and 3 in these
acidic media, crystals obtained from 0.1 M HNO3/H2O (pH 1)
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solutions of2 and 10 M HNO3/H2O (pH -1) solutions of3
were used for X-ray analysis. Furthermore, electrospray ioniza-
tion mass spectrometry (ESI-MS) experiments of2 and3 were
also carried out under these acidic conditions.

Results and Discussions

Heterolytic H2-Activation. The aqua complex [Cp*IrIII (H2O)3]-
SO4 (1‚SO4) was prepared by the method described in a previous
paper.3a In a pH range of about 1-4, a pale-yellow solution of
1 reacts with H2 quantitatively (3 equiv of H2 based on1) to
yield a yellow solution of2 as a result of heterolytic H2-
activation {2[1] + 3H2 (pH 1-4) f [2] + 3H+ + 6H2O}.
Figure 1 shows pH-dependent1H NMR spectra of the reaction
of 1 (10 µmol) with H2 (0.1 MPa) in aqueous HNO3 (1 mL)
for 1 h at 30°C. The time course of H2-consumption on the
reaction of1 (100µmol) with H2 (0.1 MPa) in aqueous HNO3
(10 mL) at pH 2 at 30°C was measured by a constant pressure
gas buret (Figure 2). With the progress of the reaction, the
pH of the solution is decreased because of the heterolytic H2-
activation giving protons and2. We propose that the H2O ligands
in 1 could act as a base to release H3O+ (H2 + H2O f H- +
H3O+) and accelerate the heterolytic H2-activation to form2
under these conditions since it has been known that polar
solvents accelerate the heterolytic activation of H2.5 In addition,

above pH 4, complex1 is reversibly deprotonated to form a
dinuclear trihydroxo complex [(Cp*IrIII )2(µ-OH)3]+ (4)6 that
does not react with H2 under these conditions (Scheme 1 and
Figure 1).

Characterization of 2 in the Acidic Media. Hydrogen atoms
attached to transition metals are hydrides, and the hydridic
behavior can be accessed by appropriate reagents. The release
of the hydrogen atom as a proton can also be invoked by
appropriate reagents. It is thus of interest to investigate the
structures and properties of these transition metal hydrides,
especially, having the ligands of cyclopentadienyl derivatives,
such as [(Cp*FeIII )2(µ-H)4] and [(Cp*IrII)2(µ-H)2].7 The structure
of 2 in the acidic media (pH 1-4) was determined by1H NMR
(Figure 1), X-ray analysis, and ESI-MS. Crystals of2‚NO3 used
in the X-ray analysis (Figure 3)8 were obtained from a 0.1 M
HNO3/H2O (pH 1) solution of2. The bonding parameters of
2‚NO3 are very close to those of2‚ClO4 previously determined
by X-ray and neutron diffraction structure analysis.9 The Ir‚‚‚Ir
distances of2‚NO3 and2‚ClO4 are 2.4677(4) and 2.465(3) Å,
respectively.

Above pH 1, complex2 is soluble in HNO3/H2O at 30°C.
The positive-ion ESI mass spectrum of2 in 0.1 M HNO3/H2O
(pH 1) shows the consistency with a formulation or the
binuclearity; that is, a prominent signal atm/z 657.4{relative
intensity (I) ) 100% in the range ofm/z100-2000, Figure 4a}
has a characteristic distribution of isotopomers (Figure 4b) that
matches well with the calculated isotopic distribution for
[(Cp*Ir III )2(µ-H)3]+ ([2]+, Figure 4c). To establish the origin
of the hydrido ligands of2, the synthesis of D-labeled2
{[(Cp*Ir III )2(µ-D)3]+} by a reaction of1 (10µmol) with D2 (0.1
MPa) in HNO3/H2O (1 mL) at pH 2 for 15 min at 30°C has
been carried out. ESI-MS results show that the signal atm/z
657.4 shifts tom/z 660.4{[(Cp*Ir III )2(µ-D)3]+}. This indicates
that the deuterium atoms are incorporated in2 (Figure 4d-f)
and the rate of the H/D exchange between the bridging deuterido
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Figure 1. pH-dependent1H NMR spectra of the reaction of1 (10 µmol)
with H2 (0.1 MPa) in HNO3/H2O (1 mL) for 1 h at 30°C.

Figure 2. Time course of H2-consumption on the reaction of1 (100µmol)
with H2 (0.1 MPa) in HNO3/H2O (10 mL) at pH 2 at 30°C to yield 2
monitored by a constant pressure gas buret.

Figure 3. ORTEP drawing of2‚NO3. Crystals of2‚NO3 were obtained
from a 0.1 M HNO3/H2O (pH 1) solution of2. Selected bond lengths (Å)
and angles (deg): Ir1-H1 ) 1.75(10), Ir1-H2 ) 1.78(6), Ir2-H1 )
1.79(9), Ir2-H2 ) 1.76(6); Ir1-H1-Ir2 ) 88(4), Ir1-H2-Ir2 ) 89(3).
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ligands and H+ (HNO3/H2O) is kinetically slow enough to
observe the signal atm/z660.4{[(Cp*Ir III )2(µ-D)3]+} in HNO3/
H2O at pH 2.10 In a pD range of about 1.4-3.4 (pD) pH meter
reading+ 0.4),11 complex2 undergoes the H/D exchange with
D+ (DNO3/D2O): [M-(H)3-M]+ + 3D+ h [M-(D)3-M]+

+ 3H+ through [M-(H)2(D)-M]+ and [M-(H)(D)2-M]+

species (Figure 5, where M) Cp*Ir, at pD 1.4).12 In the pD
range, the more pD of the solution is low, the more the rate of
the H/D exchange is fast. This suggests that the rate of the H/D

exchange is dependent on the D+ concentration or the counterion
(NO3

- as a conjugate base) concentration.13

Oxidation of the Hydrido Ligands of 2 Coupled to
Reduction of NO3

-. Figure 6 shows pH-dependent1H NMR
spectra changes of2 from pH 4 to-1 at 30°C. In a pH range
of about-0.2 (1.6 M HNO3/H2O) to -0.8 (6.3 M HNO3/H2O),
complex2 is insoluble because of the common ion effect of
NO3

-, and it was confirmed that complex2 shows similar
solubility toward the aqueous solution of NaNO3. At pH -1
(10 M HNO3/H2O), a yellow powder of2 drastically reacts with
HNO3 to give a pale-yellow solution of3 with evolution of H2,
nitrogen monoxide (NO), and nitrogen dioxide (NO2) gases
(Figure 7). The evolved NO and NO2 gases were determined
by an NOx gas analyzer. To establish the origin of the evolved
H2, the reaction of2 with 10 M DNO3/D2O has been carried
out. Intriguingly, gas chromatographic (GC) experiments show
that the evolved gas is H2 but not HD or D2. Alternatively, the
reaction of D-labeled2 {[(Cp*Ir III )2(µ-D)3]+} with 10 M HNO3/
H2O provides only D2 but not HD or H2. Thus, the evolved H2
(or D2) is derived from the hydrido ligands of2 (or D-labeled
2). We propose that below pD 0.4, the powder of2 does not
undergo the H/D exchange with D+ (DNO3/D2O) before the
intramolecular H2-formation, though above pD 1.4, complex2
is soluble in DNO3/D2O and undergoes the H/D exchange with
D+. These results suggest that at pH-1, oxidation of the
hydrido ligands of2 {[2] + 4NO3

- (pH -1) f 2[3] + H2 +
H+ + 4e-} couples to reduction of NO3- (NO3

- f NO2
- f

NO). It is important to note that the transformation of2 to 3
does not occur in saturated (ca. 10 M) NaNO3/H2O.(10) (a) Ovchinnikov, M. V.; Angelici, R. J.J. Am. Chem. Soc.2000, 122, 6130-
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Figure 4. (a) Positive-ion ESI mass spectrum of2 in 0.1 M HNO3/H2O
(pH 1). The signal atm/z 657.4 corresponds to [2]+. (b) The signal atm/z
657.4. (c) Calculated isotopic distribution for [2]+. (d) Positive-ion ESI
mass spectrum of D-labeled2 prepared by a reaction of1 (10 µmol) with
D2 (0.1 MPa) in HNO3/H2O (1 mL, pH 2) for 15 min at 30°C. The signal
at m/z 660.4 corresponds to [(Cp*IrIII )2D3]+. (e) The signal atm/z 660.4.
(f) Calculated isotopic distribution for [(Cp*IrIII )2D3]+.

Figure 5. H/D exchange of2 (5 µmol) with D+ (0.1 M DNO3/D2O, 1 mL,
at pD 1.4) at 30°C monitored by1H NMR and ESI-MS. M) Cp*Ir.

Figure 6. pH-dependent1H NMR spectra changes of2 (10 µmol) in
HNO3/H2O (1 mL) from pH 4 to-1 at 30°C. In a pH range of about-0.2
(1.6 M HNO3/H2O) to -0.8 (6.3 M HNO3/H2O), complex2 is insoluble.
At pH -1 (10 M HNO3/H2O), a powder of2 drastically reacts with HNO3
to give a solution of3.
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Mechanism for the Reduction of NO3
-. The reduction of

nitrate ion (NO3
-) is of interest as a means of mimicking

reduction processes of oxido-nitrogen substrates in nature.14 We
propose a mechanism for the reduction of NO3

- as follows. At
pH -1, one hydrido ligand of2 behaves as H+ and reacts with
another hydrido ligand (H-) of 2 to evolve H2. Eventually,
electrons from2 are utilized for the reduction of NO3- into
NO2

- (nitrite ion). It appears that the evolution of H2 is a trigger
for the reduction of NO3- since GC experiments show that only
0.12 equiv (based on2) of H2 is evolved in the early stage
(within 30 s) of the NO3

- reduction (Figure 7a). As shown in
Scheme 2, once NO2- is formed, NO2

- is readily reduced into
NO with consumption of any Cp*Ir reducing species.15 Fur-
thermore, under the acidic conditions, NO is oxidized to NO2

by NO3
- that is reduced to NO2-. Formed NO2 can be reduced

by the Cp*Ir reducing species to regenerate NO2
-.

Characterization of 3 in the Acidic Media. The structure
of 3 in 10 M HNO3/H2O (pH -1) was determined by1H NMR
(Figure 6), X-ray analysis, and ESI-MS. Crystals of3 used in
the X-ray analysis were obtained from a 10 M HNO3/H2O
(pH -1) solution of3. An ORTEP drawing of3 is shown in
Figure 8.16 Complex3 adopts a distorted octahedral geometry
with the Ir atom coordinated by one Cp* and two NO3

- (one
monodentate and one bidentate) ligands. Such coordination
modes of nitrato ligands in a discrete molecule are also found
in [Cp*RhIII (NO3)2].17 The Ir-O bond length of3 {2.120(9)
and average of 2.175 Å for mono- and bidentate coordination
modes, respectively} is close to the Rh-O bond length observed
in [Cp*RhIII (NO3)2] {2.135(4) and average of 2.186 Å for the
mono- and bidentate coordination modes, respectively}, but is
somewhat different from the Ir-O bond length observed in
[Ir IIIH(NO3)2(PPh3)2] {2.03(4) and average of 2.27 Å for the
mono- and bidentate coordination modes, respectively}.18 The
positive-ion ESI mass spectrum of2 dissolved in 10 M HNO3/
H2O (pH-1) shows a prominent signal atm/z390.2 (I ) 100%
in the range ofm/z 100-600, Figure 9a), which has a
characteristic distribution of isotopomers (Figure 9b) that
matches well with the calculated isotopic distribution for [3 -
NO3]+ (Figure 9c).

Conclusions

In summary, the Cp*Ir complexes1, 2, and3 promote the
pH-dependent H2-activation cycle coupled to reduction of NO3

-.
In the pH range of about 1-4, the solution of1 reacts with H2
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J. Organomet. Chem.1980, 192, 235-251.
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Figure 7. (a) Time course of H2-evolution of the reaction of2 (7.2 mg, 10
µmol) with 10 M HNO3/H2O (1 mL, pH-1) at 30°C monitored by GC.
(b) Time course of evolution of NO (b) and NO2 (9) of the reaction of2
(7.2 mg, 10µmol) with 10 M HNO3/H2O (1 mL, pH-1) at 30°C monitored
by an NOx gas analyzer.

Scheme 2 †

† Evolved NO and NO2 gases were determined by an NOx gas analyzer.

Figure 8. ORTEP drawing of3. Crystals of3 were obtained from a 10 M
HNO3/H2O solution of3. Selected bond lengths (Å) and angles (deg): Ir1-
O1) 2.165(8), Ir1-O2) 2.184(8), Ir1-O4) 2.120(9), O1-N1 ) 1.25(1),
O2-N1 ) 1.24(1), O3-N1 ) 1.23(1), O4-N2 ) 1.29(1), O5-N2 )
1.20(1), O6-N2 ) 1.15(1); O1-Ir1-O2) 57.9(3), O1-Ir1-O4) 84.2(4),
O2-Ir1-O4 ) 74.7(4), Ir1-O1-N1 ) 93.5(7), Ir1-O2-N1 ) 93.0(6),
Ir1-O4-N2 ) 118.6(8), O1-N1-O2) 115.2(9), O1-N1-O3) 121(1),
O2-N1-O3 ) 122(1), O4-N2-O5 ) 113(1), O4-N2-O6 ) 125(1),
O5-N2-O6 ) 119(1).
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to yield the solution of2 as the result of heterolytic H2-activation
{2[1] + 3H2 (pH 1-4) f [2] + 3H+ + 6H2O}. Complex2 is
insoluble in the pH range of about-0.2 (1.6 M HNO3/H2O) to
-0.8 (6.3 M HNO3/H2O). At pH -1, the powder of2 reacts
with HNO3 to give the solution of3 with oxidation of the
hydrido ligands of2 {[2] + 4NO3

- (pH -1) f 2[3] + H2 +
H+ + 4e-} and reduction of NO3- (NO3

- f NO2
- f NO).

The unique reactivity of2 is governed by the bridging hydrido
ligands which display protonic behavior and undergo H/D
exchange with D+. To complete the reaction cycle, complex3
is transformed into1 by increasing the pH of the aqueous HNO3

solution from-1 to 1 (Scheme 1). Finally, it was confirmed
that the reaction cycle can be repeated at least three times by
using1, H2, and a pH gradient between 1 and-1.

Experimental Section

Materials and Methods. All experiments were carried out under
an Ar (or N2) atmosphere by using standard vacuum line techniques or
a glovebox. The manipulations in the acidic media were carried out
with plastic- and glasswares (without metals). The 65% HNO3/H2O
(for ultratrace analysis) was purchased from Wako Pure Chemical
Industries, Ltd., 65% DNO3/D2O (99% D) was purchased from Isotec
Inc., and D2O (99.9% D) was purchased from Cambridge Isotope
Laboratories, Inc.; these reagents were used as received. Purification
of water (18.2 MΩ cm) was performed with a Milli-Q system
(Millipore; Milli-RO 5 plus and -Q plus). H2 gas (>99.9999%) was
purchased from Taiyo Toyo Sanso Co., Ltd., D2 gas (>99.5%) was
purchased from Sumitomo Seika Chemicals Co., Ltd., and HD gas (HD
97%, H2 1.8%, D2 1.2%) was purchased from Isotec Inc.; these were
used without further purification. NO gas (>99%) was purchased from
Nippon Sanso Co. and purified by passing through a saturated NaOH
solution to remove NO2.

The 1H and 13C NMR spectra were recorded on a JEOL JNM-LA
500 spectrometer at 30°C. To determine the exact pH values, the NMR
experiments were performed by dissolving the samples in HNO3/H2O
in an NMR tube (diameter) 5.0 mm) with a sealed capillary tube
(diameter) 1.5 mm) containing 3-(trimethylsilyl)propionic-2,2,3,3-d4

acid sodium salt (TSP; 500 mM) dissolved in D2O (for deuterium lock).
ESI-MS data were obtained by an API 300 triple quadrupole mass
spectrometer (PE-Sciex) in positive detection mode, equipped with an
ion spray interface. The sprayer was held at a potential of 4.5 kV, and
compressed N2 was employed to assist liquid nebulization. Orifice
potential was maintained at 25 V. UV-visible spectra were recorded
on a Shimadzu Multispec-1500 diode array spectrophotometer at room

temperature. Elemental analysis was performed by Yanako CHN corder
MT-6. For the measurements of H2-consumption, a constant pressure
gas buret (Taitec Co.) was used at 30°C. H2, HD, and D2 gases were
determined by Shimadzu GC-16A{He carrier, 10% MnCl2-alumina
100/120 column (4.0 m× 3.0 mm i.d.) at-196 °C (liquid N2)} and
GC-8A {He carrier, molecular sieve-13X 30/60 column (4.0 m× 3.0
mm i.d.) at 40°C} equipped with a thermal conductivity detector. NO
and NO2 gases were determined by NOx gas analyzer (Shimadzu NOA-
7000) equipped with a chemiluminescence detector under N2 atmo-
sphere. The volumes of H2, NO, and NO2 were corrected by the pressure
and temperature of each experiment.

pH of the Solution. The pH of the solution was adjusted by using
0.01-10 M HNO3/H2O and 0.01 M NaOH/H2O (or by evaporation of
the solvent/dilution of the solution). In a pH range of 1-10, the pH of
the solution was determined by a pH meter (TOA; HM-5A) equipped
with a glass electrode (TOA; GS-5015C). Below pH 1, the pH of the
solution was estimated by the concentration of the solution; for example,
pH values of 0.1, 1.0, and 10 M HNO3/H2O were estimated to be 1, 0,
and -1, respectively. Values of pD were corrected by adding 0.4 to
the observed values (pD) pH meter reading+ 0.4).11

Syntheses of [(Cp*IrIII )2(µ-H)3]NO3 (2‚NO3). The aqua complex
[Cp*Ir III (H2O)3]SO4 (1‚SO4, 477 mg, 1.0 mmol) reacts with H2 (0.1
MPa) in HNO3/H2O (100 mL) in the pH range of about 1-4. After
being stirred for 4 h at 30°C, the mixture was concentrated to ca. 10
mL. To the solution was added 10 mL of 5 M HNO3/H2O (or 5 M
NaNO3/H2O) giving a yellow powder of2‚NO3, which was collected
by filtration, washed with a small amount of ether, and dried in vacuo
(yield: 70% based on1‚SO4). 1H NMR (500 MHz, HNO3/H2O at pH
2): δ -15.40 (s,µ-H), 2.08 (s,η5-C5(CH3)5). 13C NMR (HNO3/H2O
at pH 2): δ 11.09 (s,η5-C5(CH3)5), 86.94 (s,η5-C5(CH3)5). ESI-MS
(HNO3/H2O at pH 2): m/z 657.4{relative intensity (I) ) 100% in the
range ofm/z 100-2000}. UV-vis (HNO3/H2O at pH 2): λmax (nm), ε
(M-1 cm-1): 304, 28 000. Anal. Calcd for C20H33Ir2NO3: C, 33.37;
H, 4.62; N, 1.95. Found: C, 33.09; H, 4.55; N, 1.92.

X-ray Crystallographic Analysis. Crystallographic data for2‚
(NO3)(H2O)4 and3 have been deposited with the Cambridge Crystal-
lographic Data Center as supplementary publication no. CCDC-157 603
{for 2‚(NO3)(H2O)4} and 157 604 (for3), respectively. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, U.K.{fax, (+44)1223-336-033; e-mail,
deposit@ccdc.cam.ac.uk}. Measurements were made on a Rigaku/MSC
Mercury CCD diffractometer and a Rigaku AFC-7R four-circle
diffractometer with graphite monochromated Mo KR radiation (λ )
0.7107). All calculations were performed using the teXsan crystal-
lographic software package of the Molecular Structure Corp. Crystal
data, data collection parameters, structure solution and refinement,
atomic coordinates, anisotropic displacement parameters, bond lengths,
and bond angles are given in the Supporting Information.
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Figure 9. (a) Positive-ion ESI mass spectrum of2 dissolved in 10 M HNO3/
H2O (pH -1). The signal atm/z 390.2 corresponds to [3 - NO3]+. † (m/z
360.2) and ‡ (m/z 344.2) are product ions of [3 - NO3]+ and correspond
to [3 - NO3 - NO]+ and [3 - NO3 - NO2]+, respectively. (b) The signal
at m/z 390.2. (c) Calculated isotopic distribution for [3 - NO3]+.
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