A\C\S

ARTICLES

Published on Web 01/03/2002

pH-Dependent H »-Activation Cycle Coupled to Reduction of
Nitrate lon by Cp*Ir Complexes

Seiji Ogo,*' Hidetaka Nakai,” and Yoshihito Watanabe* T+

Contribution from the Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan, and

Center for Integratie Bioscience, Myodaiji, Okazaki 444-8585, Japan

Received July 30, 2001

Abstract: This paper reports a pH-dependent Hj-activation {H, (pH 1—-4) — H* + H~ (pH —1) —
2H* + 2e7} promoted by Cp*Ir complexes {Cp* = 55-Cs(CHa)s}. In a pH range of about 1—4, an aqueous
HNO; solution of [Cp*Ir''(H,0)3]>" (1) reacts with 3 equiv of H, to yield a solution of [(Cp*Ir'),(u-H)s]* (2)
as a result of heterolytic Hp-activation {2[1] + 3H, (pH 1—4) — [2] + 3H" + 6H,0}. The hydrido ligands of
2 display protonic behavior and undergo H/D exchange with D*: [M—(H);—M]* + 3D* = [M—(D)s—M]* +
3H* (where M = Cp*Ir). Complex 2 is insoluble in a pH range of about —0.2 (1.6 M HNO3/H,0) to
—0.8 (6.3 M HNO3/H,0). At pH —1 (10 M HNOs/H,0), a powder of 2 drastically reacts with HNO; to
give a solution of [Cp*Ir'"'(NO3).] (3) with evolution of H,, NO, and NO, gases. D-labeling experiments show
that the evolved H; is derived from the hydrido ligands of 2. These results suggest that oxidation of
the hydrido ligands of 2 {[2] + 4NO3;~ (pH —1) — 2[3] + H, + H" + 4e~} couples to reduction of NO3~
(NO3~ — NO;~ — 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, Hz, and
a pH gradient between 1 and —1. A conceivable mechanism for the H,-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 selectivitypH-dependent KHactivation in
aqueous media is one of the applications of the water-soluble
organometallic complexésHerein, we report a unique pH-
dependent Ktactivation cycle coupled to the reduction of the
nitrate ion (NQ™). As shown in Scheme 1, the cycle is promoted
by an aqua complex [Cp*l(H,0)3]2" {1, Cp* = 1>-Cs(CHz)s} 2
a well-known dinuclear trinydrido complex [(Cp*I)a(u-H)s]

(2),* and a nitrato complex [Cp*I(NOs),] (3) in a pH range

* To whom correspondence should be addressed.
T Institute for Molecular Science.
* Center for Integrative Bioscience.
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of 4 to —1. To determine the structures @fand 3 in these
acidic media, crystals obtained from 0.1 M H{B,0 (pH 1)
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above pH 4, compleX is reversibly deprotonated to form a
‘ ppm ppf" dinuclear trihydroxo complex [(Cp*#)2(u-OH)s] " (4)¢ that
Figure 1. pH-dependentH NMR spectra of the reaction df (10 umol) does not react with Hunder these conditions (Scheme 1 and
with Hz (0.1 MPa) in HNQ/H2O (1 mL) for 1 h at 30°C. Figure 1)
39 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
2 - 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,
14 especially, having the ligands of cyclopentadienyl derivatives,
such as [(Cp*F&),(u-H)4] and [(Cp*Ir')a(u-H)2].” The structure

of 2in the acidic media (pH 44) was determined biH NMR
(Figure 1), X-ray analysis, and ESI-MS. Crystal6flO3 used

in the X-ray analysis (Figure 8)vere obtained from a 0.1 M
HNO3/H,O (pH 1) solution of2. The bonding parameters of
2-NOs are very close to those @ CIO, previously determined

by X-ray and neutron diffraction structure analy%iBhe Ir--+Ir

[Ha)/[1] (mol/mol)

0% T T T T 1
0
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Figure 2. Time course of kkconsumption on the reaction ©{100xmol)
with Hy (0.1 MPa) in HNGQ/H,O (10 mL) at pH 2 at 3C°C to yield 2

monitored by a constant pressure gas buret. distances 02-NOz and2-ClO, are 2.4677(4) and 2.465(3) A,
respectively.

solutions of2 and 10 M HNGQ/H,O (pH —1) solutions of3 Above pH 1, complexX is soluble in HNGQ/H,0O at 30°C.

were used for X-ray analysis. Furthermore, electrospray ioniza- The positive-ion ESI mass spectrumain 0.1 M HNOs/H,O

tion mass spectrometry (ESI-MS) experiment® @ind3 were (pH 1) shows the consistency with a formulation or the

also carried out under these acidic conditions. binuclearity; that is, a prominent signal mtz 657.4{relative

intensity () = 100% in the range afvz 100-2000, Figure 4

has a characteristic distribution of isotopomers (Figure 4b) that
Heterolytic H-Activation. The aqua complex [Cp*I{(H.0)g]- matches well with the calculated isotopic distribution for

SO, (1-SOy) was prepared by the method described in a previous [(Cp*Ir'"),(u-H)3] ™ ([2]*, Figure 4c). To establish the origin

paperi?In a pH range of about-14, a pale-yellow solution of ~ of the hydrido ligands of2, the synthesis of D-labele@

1 reacts with H quantitatively (3 equiv of K based oril) to {[(Cp*Ir'M)(u-D)3] "} by a reaction ofl (10 umol) with D, (0.1

yield a yellow solution of2 as a result of heterolytic H MPa) in HNGy/H,0 (1 mL) at pH 2 for 15 min at 30C has

activation{2[1] + 3H, (pH 1-4) — [2] + 3HT + 6H,0}. been carried out. ESI-MS results show that the signatvat

Figure 1 shows pH-dependeii NMR spectra of the reaction  657.4 shifts tawz 660.4{[(Cp*Ir'"),(u-D)3s] "} . This indicates

of 1 (10 umol) with H, (0.1 MPa) in agueous HN{1 mL) that the deuterium atoms are incorporate@i(Figure 4d-f)

for 1 h at 30°C. The time course of Hconsumption on the  and the rate of the H/D exchange between the bridging deuterido

reaction ofl (100 xmol) with H, (0.1 MPa) in aqueous HNO

(10 mL) at pH 2 at 30C was measured by a constant pressure % E‘LOéEﬁFSAF_’-BJ;{g)g- lljnohr/lg-_ %Ag?twswglﬁ% a%lm Soc.. Dalton Trans

gas buret (Figure 2). With the progress of the reaction, the 1981 1997-2002. T ' b '

i i i (7) (a) Ohki, Y.; Suzuki, HAngew. Chem., Int. EQ00Q 39, 3120-3122. (b)
pH of the solution is decreased because of the heterOIwc H Hou, Z.; Koizumi, T.; Fujita, A.; Yamazaki, H.; Wakatsuki, ¥. Am. Chem.

Results and Discussions

activation giving protons ang2l We propose that the® ligands So0c.2001, 123 5812-5813.

in 1 could act as a base to releasgdf (H, + H,O — H™ + (8) Crystal dat%%Q/(N(ﬁa)(leS)a: CZO?g'gr(z)'(\‘3c)’7AMbW 7%-3&?&;’”}50”““*
X o space grou m (No. 11),a = 7. b =13 ,C =

H3O0™) and accelerate the heterolytio-Hctivation to form2 12.71390?1) Ap = 101.890(2), V = 1275.3(8) R z=2D.,=2062¢g

under these conditions since it has been known that polar , S % #(MoKa) = 104.90 cm’, R = 0.034, ancR, = 0.095.

. . . . (9) Stevens, R. C.; Mclean, M. R.; Wen, T.; Carpenter, J. D.; Bau, R.; Koetzle,
solvents accelerate the heterolytic activation gf th addition, T. F. Inorg. Chim. Actal989 161, 223-231.
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Figure 4. (a) Positive-ion ESI mass spectrum2fn 0.1 M HNGy/H-0

(pH 1). The signal atwz 657.4 corresponds t@][". (b) The signal at/z

657.4. (c) Calculated isotopic distribution fa2]f. (d) Positive-ion ESI
mass spectrum of D-label&prepared by a reaction df (10 gmol) with

D7 (0.1 MPa) in HNQ/H2O (1 mL, pH 2) for 15 min at 30C. The signal
at m/z 660.4 corresponds to [(Cp*h).D3]*. (e) The signal atvz 660.4.
(f) Calculated isotopic distribution for [(Cp*IF).D3]*.
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Figure 5. H/D exchange of (5umol) with D* (0.1 M DNOy/D20, 1 mL,
at pD 1.4) at 3C°C monitored by'H NMR and ESI-MS. M= Cp*Ir.

ligands and H (HNOgs/H,0) is kinetically slow enough to
observe the signal awz 660.4{[(Cp*Ir'""),(u-D)3]*} in HNO3/
H,0 at pH 21%1n a pD range of about 1:43.4 (pD= pH meter
reading+ 0.4) ! complex2 undergoes the H/D exchange with
D* (DNOy/D,0): [M—(H)s—M]* + 3D* = [M—(D)s—M]*

+ 3H*' through [M—(H)z(D)—M]* and [M—(H)(D),—M]*
species (Figure 5, where M Cp*Ir, at pD 1.4)12 In the pD
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Figure 6. pH-dependentH NMR spectra changes & (10 umol) in
HNO3/H20 (1 mL) from pH 4 to—1 at 30°C. In a pH range of about0.2
(1.6 M HNG3/H,0) to —0.8 (6.3 M HNGY/H,0), complex?2 is insoluble.
At pH —1 (10 M HNGy/H0), a powder oR drastically reacts with HN®
to give a solution of3.

exchange is dependent on thé Ebncentration or the counterion
(NOs™ as a conjugate base) concentrafidn.

Oxidation of the Hydrido Ligands of 2 Coupled to
Reduction of NO;™. Figure 6 shows pH-dependeti NMR
spectra changes @ffrom pH 4 to—1 at 30°C. In a pH range
of about—0.2 (1.6 M HNQ/H;0) to —0.8 (6.3 M HNGQ/H0),
complex2 is insoluble because of the common ion effect of
NOs~, and it was confirmed that compleX shows similar
solubility toward the aqueous solution of NalG\t pH —1
(10 M HNO4/H,0), a yellow powder of drastically reacts with
HNO; to give a pale-yellow solution & with evolution of H,
nitrogen monoxide (NO), and nitrogen dioxide (BQyases
(Figure 7). The evolved NO and N@ases were determined
by an NQ gas analyzer. To establish the origin of the evolved
H,, the reaction of2 with 10 M DNOs/D,O has been carried
out. Intriguingly, gas chromatographic (GC) experiments show
that the evolved gas isdbut not HD or . Alternatively, the
reaction of D-labele@ {[(Cp*Ir'"")(u-D)s] "} with 10 M HNO/
H»0 provides only D but not HD or B. Thus, the evolved K
(or Dy) is derived from the hydrido ligands @f(or D-labeled
2). We propose that below pD 0.4, the powder2ofloes not
undergo the H/D exchange withTD(DNO3s/D,0) before the
intramolecular H-formation, though above pD 1.4, compl2x
is soluble in DNGQ/D,0 and undergoes the H/D exchange with
D*. These results suggest that at pHL, oxidation of the

range, the more pD of the solution is low, the more the rate of hydrido ligands of2 {[2] + 4NOs;~ (pH —1) — 2[3] + H, +
the H/D exchange is fast. This suggests that the rate of the H/DH* + 4e°} couples to reduction of N© (NO;~ — NO,™ —

(10) (a) Ovchinnikov, M. V.; Angelici, R. JI. Am. Chem. So200Q 122 6130~
6131. (b) Ovchinnikov, M. V.; Guzei, I. A.; Angelici, R. @rganometallics
2001, 20, 691-696.

(11) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188-190.

(12) Similarly the isotope exchange from fMD);—M]* to [M—(H)s—M]*
occurs in a pH range of about 1 to 3.

NO). It is important to note that the transformationfo 3
does not occur in saturated (ca. 10 M) Nai\@O.

(13) Darensburg and Ludving have described a counterion carrier effect to reduce
the kinetic barrier for proton extraction from a metal hydride. Darensbourg,
M. Y.; Ludving, M. M. Inorg. Chem.1986 25, 2894-2898.
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=19 02-1r1—04 = 74.7(4), Ir=01—-N1 = 93.5(7), Irt-02—N1 = 93.0(6),
Ir1-04—N2=118.6(8), O+-N1-02=115.2(9), O+-N1-03=121(1),
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Figure 7. (a) Time course of btevolution of the reaction d (7.2 mg, 10
umol) with 10 M HNGs/H»0 (1 mL, pH—1) at 30°C monitored by GC.
(b) Time course of evolution of NO&) and NQ (H) of the reaction oR
(7.2 mg, 1Qumol) with 10 M HNOs/H20 (1 mL, pH—1) at 30°C monitored
by an NQ gas analyzer.

Scheme 2 1
NO gas' NO, gas’
2H* 2¢” 2HY, & NO;
NO; & NO, & NO \ NO; + NO,

~

H,0

~

H,0

e
T Evolved NO and N@gases were determined by an Ngas analyzer.

Mechanism for the Reduction of NG;~. The reduction of
nitrate ion (NQ™) is of interest as a means of mimicking
reduction processes of oxido-nitrogen substrates in nétie
propose a mechanism for the reduction of N@s follows. At
pH —1, one hydrido ligand o2 behaves as Hand reacts with
another hydrido ligand (F) of 2 to evolve H. Eventually,
electrons from2 are utilized for the reduction of N into
NO,~ (nitrite ion). It appears that the evolution of i a trigger
for the reduction of N@ since GC experiments show that only
0.12 equiv (based og) of H; is evolved in the early stage
(within 30 s) of the N@~ reduction (Figure 7a). As shown in
Scheme 2, once NQO is formed, NQ~ is readily reduced into
NO with consumption of any Cp*Ir reducing speciés-ur-
thermore, under the acidic conditions, NO is oxidized too,NO

(14) (a) Tanaka, K.; Komeda, N.; Matsui, Thorg. Chem.1991, 30, 3282-
3288. (b) Willner, I.; Lapidot, N.; Riklin, AJ. Am. Chem. S0d.989 111,
1883-1884. (c) Moyer, B. A.; Meyer, T. J. Am. Chem. S0d.979 101,
1326-1328.

(15) Fukuzumi, S.; Yorisue, TChem. Lett1991, 1913-1916.
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by NO;~ that is reduced to N©. Formed NQ can be reduced
by the Cp*Ir reducing species to regenerate,NO
Characterization of 3 in the Acidic Media. The structure
of 3in 10 M HNOs/H,0 (pH —1) was determined biH NMR
(Figure 6), X-ray analysis, and ESI-MS. Crystals3ofised in
the X-ray analysis were obtained from a 10 M HM&,0
(pH —1) solution of3. An ORTEP drawing of3 is shown in
Figure 8% Complex3 adopts a distorted octahedral geometry
with the Ir atom coordinated by one Cp* and two NQone
monodentate and one bidentate) ligands. Such coordination
modes of nitrato ligands in a discrete molecule are also found
in [Cp*Rh"(NO3),].1” The Ir—O bond length of3 {2.120(9)
and average of 2.175 A for mono- and bidentate coordination
modes, respective}yis close to the RRO bond length observed
in [Cp*RN'"(NO3),] {2.135(4) and average of 2.186 A for the
mono- and bidentate coordination modes, respecfiyédyt is
somewhat different from the +O bond length observed in
[Ir'""H(NOs)2(PPh),] {2.03(4) and average of 2.27 A for the
mono- and bidentate coordination modes, respecfivélffhe
positive-ion ESI mass spectrum ®fissolved in 10 M HNQ
H>0 (pH —1) shows a prominent signal miz 390.2 { = 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 f8r
NO3]* (Figure 9c).

Conclusions

In summary, the Cp*Ir complexek 2, and3 promote the
pH-dependent Hactivation cycle coupled to reduction of NO
In the pH range of about-14, the solution ofl reacts with H

(16) Crystal data foB: CjyoH1sIrN2Og, MW 451.46, orthorhombic, space group
Pbca(No. 61),a = 14.893(3) A b = 14.413(2) Ac = 13.068(2) AV =
2805(1) B, Z = 8, D. = 2.138 g cm®, u(Mo Ka) = 95.69 cml, R =
0.042, andR, = 0.149.

(17) Hursthouse, M. B.; Malik, K. M. A.; Mingos, D. M. P.; Willoughby, S. D.
J. Organomet. Chen198Q 192, 235-251.

(18) Cash, D. N.; Harris, R. O.; Nyburg, S. C.; Pickard, F.JHCryst. Mol.
Struct.1975 5, 377-385.
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Figure 9. (a) Positive-ion ESI mass spectrum2adissolved in 10 M HN@
H20 (pH —1). The signal atn/z 390.2 corresponds t@[— NOg]*. T (m/z
360.2) and F1fvz 344.2) are product ions oB[— NO3]™ and correspond
to [3— NO; — NOJ* and B — NO; — NOy] ', respectively. (b) The signal
at m/z 390.2. (c) Calculated isotopic distribution f& |- NOg] .

to yield the solution o as the result of heterolytic Factivation
{2[1] + 3H, (pH 1-4) — [2] + 3H' + 6H,0}. Complex2 is
insoluble in the pH range of about0.2 (1.6 M HNQ/H,0) to
—0.8 (6.3 M HNQ/H20). At pH —1, the powder o reacts
with HNO;3 to give the solution of3 with oxidation of the
hydrido ligands of2 {[2] + 4NOs;~ (pH —1) — 2[3] + H> +
H* + 4e} and reduction of N@ (NO3~ — NO;~ — NO).
The unique reactivity o2 is governed by the bridging hydrido
ligands which display protonic behavior and undergo H/D
exchange with D. To complete the reaction cycle, compl@x
is transformed intd. by increasing the pH of the aqueous HNO
solution from—1 to 1 (Scheme 1). Finally, it was confirmed

temperature. Elemental analysis was performed by Yanako CHN corder
MT-6. For the measurements og4donsumption, a constant pressure
gas buret (Taitec Co.) was used at°& H,, HD, and D gases were
determined by Shimadzu GC-16@He carrier, 10% MnGlalumina
100/120 column (4.0 nx 3.0 mm i.d.) at—196 °C (liquid N2)} and
GC-8A {He carrier, molecular sieve-13X 30/60 column (4.0x18.0
mm i.d.) at 40°C} equipped with a thermal conductivity detector. NO
and NQ gases were determined by N@as analyzer (Shimadzu NOA-
7000) equipped with a chemiluminescence detector undeatido-
sphere. The volumes ofHNO, and NQ 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 HNOs/H,0 and 0.01 M NaOH/kKD (or by evaporation of
the solvent/dilution of the solution). In a pH range of10, 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 HN®1,O were estimated to be 1, 0,
and —1, respectively. Values of pD were corrected by adding 0.4 to
the observed values (pB pH meter readingt 0.4)*

Syntheses of [(Cp*IM ),(u#-H)3]NO3 (2:NO3). The aqua complex
[Cp*Ir'"(H20)3]SO4 (1-SQ4, 477 mg, 1.0 mmol) reacts with H0.1
MPa) in HNGQy/H,O (100 mL) in the pH range of about-4. After
being stirred fo 4 h at 30°C, the mixture was concentrated to ca. 10
mL. To the solution was added 10 mlf 6 M HNOy/H,O (or 5 M
NaNGy/H,0) giving a yellow powder o2:-NOs, which was collected
by filtration, washed with a small amount of ether, and dried in vacuo
(yield: 70% based od-SQy). *H NMR (500 MHz, HNQYH,0 at pH
2): 6 —15.40 (su-H), 2.08 (s,17°-Cs(CHs)s). *3C NMR (HNOs/H,0
at pH 2): 6 11.09 (s,17°-Cs(CHs)s), 86.94 (s,7°-Cs(CHs)s). ESI-MS

that the reaction cycle can be repeated at least three times byHNO4/H,O at pH 2): m/z 657.4{ relative intensity () = 100% in the

using1, Hy, and a pH gradient between 1 and.

Experimental Section

Materials and Methods. All experiments were carried out under
an Ar (or Ny) 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% HNED
(for ultratrace analysis) was purchased from Wako Pure Chemical
Industries, Ltd., 65% DN@D,O (99% D) was purchased from Isotec
Inc., and BO (99.9% D) was purchased from Cambridge Isotope

range ofm/z 100-200Q . UV—vis (HNOs/H,0 at pH 2): Amax (NM), €
(M~ cm™): 304, 28 000. Anal. Calcd for £Ha3lr,NOs: 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 foe-
(NO3)(H20), and 3 have been deposited with the Cambridge Crystal-
lographic Data Center as supplementary publication no. CCDC-157 603
{for 2-(NO3)(H20),} and 157 604 (foB), respectively. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, U.Kfax, (+44)1223-336-033; e-malil,
deposit@ccdc.cam.acjukMeasurements were made on a Rigaku/MSC

Laboratories, Inc.; these reagents were used as received. PurificatiorMercury CCD diffractometer and a Rigaku AFC-7R four-circle

of water (18.2 M2 cm) was performed with a Milli-Q system
(Millipore; Milli-RO 5 plus and -Q plus). Hgas ¢99.9999%) was
purchased from Taiyo Toyo Sanso Co., Ltds @as ¢99.5%) was
purchased from Sumitomo Seika Chemicals Co., Ltd., and HD gas (HD
97%, H 1.8%, Dy 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 N@

The H and**C NMR spectra were recorded on a JEOL JNM-LA
500 spectrometer at 3C. To determine the exact pH values, the NMR
experiments were performed by dissolving the samples in HNKO
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-
acid sodium salt (TSP; 500 mM) dissolved ip@(for deuterium lock).
ESI-MS data were obtained by an APl 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 Nwas employed to assist liquid nebulization. Orifice
potential was maintained at 25 V. UWisible spectra were recorded

diffractometer with graphite monochromated Me.Kadiation ¢ =
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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mation (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

on a Shimadzu Multispec-1500 diode array spectrophotometer at roomJA011846L
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