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Reduction of carbon dioxide (Gdissolved in water to formate
ion (HCOQO") by transition metal hydride complexes is one of the
attractive reactions that utilizes G@s an economical and ecological
C; building block for chemical synthestslhe dissolved C@shows
the following equilibrium (eq 1, K; = 6.35 and K, = 10.33)?

1)

Although reduction of HC@ by in-situ formed transition metal
hydride complexes in water has been repoftegijuction of CQ

as the actual substrate by transition metal hydride complexes in
water under acidic conditions has not been achieved. The thermo-
dynamic effect of HC@ as a base on the reduction of HEO
dissolved in water has been investigatedthough the kinetic effect

of a proton on the reduction of G@issolved in water under acidic
conditions has yet to be reported.

The effect of a trace amount of water (or alcohol) on the
reduction of CQdissolved in organic solvents or supercritical CO
by transition metal hydride complexes has been attracting great
interest! The water is suggested to be a protonic cocatalyst that
accelerates the reduction of g@lthough the acceleration mech-
anism has yet to be clarified because most of such transition metal
hydride complexes are unstable in water under acidic conditions.

We have previously reported transfer hydrogenations of a variety
of carbonyl compounds catalyzed by an in-situ formed hydride
species [>-CsMeg)Ru' (bpy)HL(SOs) {[1](SOu), bpy = 2,2-
bipyriding that is stable enough to reduce the carbonyl compounds
even at pH 3 in waterHowever, the definitive structure dfhas
yet to be disclosed.

We report herein the isolation of whose structure was
unequivocally determined by X-ray analysis. Compleacts as a
robust reducing agent for the reduction of £i@ water in a pH
range of about 35 at ambient temperature under stoichiometric
conditions® The isolation and structural determinationlgfrovide
one with an excellent opportunity to elucidate the role of a proton
in the reduction of C@dissolved in water under acidic conditions.

The hydride complexd was synthesized from the reaction of an
aqua complex [{8-CsMeg)RU' (bpy)(OH)1(SOs) {2(SOy)} with
NaBH, as a hydrogen donor in & at about pH 7 at 25C.
Addition of CRSO;Na into the aqueous solution df gave an
orange powder oi(CF:SG;). Orange crystals of(CRS0;) used
in X-ray analysis (Figure T)were obtained by diffusion of diethyl
ether into a methanol solution a{CF;S0;) at 25°C. Complexl
adopts a distorted octahedral coordination which is surrounded by
one 175-CsMeg ligand, one bpy ligand, and one terminal hydrido
ligand (H1) that occupies a bond position. In the IR spectra as KBr
disks of 1, the peak at 1908 cm was assigned to(Ru—H) that
shifts to 1370 cm! by isotopic substitution of D for H (see
Supporting Information, Figure S1). The shift value (538 &m

CO, + H,0=HCO; + H = CO;”” + 2H"
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Figure 1. ORTEP drawing ofl. The counteranion (GS0s) is omitted
for clarity. Selected bond length¥&) and angles ¢/deg): Rut-H1 =
1.51(4), RuxN1 = 2.077(3), RutN2 = 2.071(3), Ru+C1 = 2.257(4),
Rul—C2 = 2.312(4), Ru+C3 = 2.233(3), Ru+C4 = 2.219(4), Rut
C5= 2.197(3), Ru+C6 = 2.218(4); N+Rul-N2 = 77.1(1).
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agrees well with that expected by Hooke’s law calculation for a
pure Ru-hydrido stretching mod@.

Complex [l](SOQy) has high solubility in water (20 mg/mL at
pH 7.0 at 25°C). It has been confirmed biH NMR,® IR, and
electrospray ionization mass spectrometry (ESI-MS) that the
structure ofl is preserved in aqueous solution. In the IR spectrum
of 1in H,0, thev(Ru—H) band is observed at 1889 chwhich is
similar to that observed in the solid sample. The positive-ion ESI
mass spectrum df in H,O/acetone shows a prominent signal at
m/'z 421.2{relative intensity () = 100% in the range afvz 100—
100G which corresponds tth (Supporting Information, Figure S2).

The hydride compleXt(CFSG;) (18 umol) reacts with C@
saturated KO (3 mL) at pH 4.0 at 25C under CQ atmosphere
(0.1 MPa) to give a formate complexnftCsMes)RU' (bpy)-
(OCHO)](CRS0s) 3(CRS0y) that is in equilibrium with the aqua
complex2(CRSG;) and HCOO. The structures o2 and3 were
determined byH NMR, ESI-MS, and X-ray analysfsThe release
of HCOO™ was observed by*H NMR analysis (Supporting
Information, Figure S3). The yields 8fand HCOO are 16% and
48%, respectively, based dnTo establish the origin of the formato
ligand in 3, the reaction oflL with 13CO, in H,O has also been
carried out. ESI-MS results show that the signah&t465.2 shifts
to m/z 466.2 (Supporting Information, Figure S4). This indicates
that the labeled carbon atom is incorporated into the formato ligand.

Analysis of kinetic data obtained by monitoring a decrease of
the absorption band at 285 nm bfevealed that the reaction af
with CO,-saturated KO at pH 4.2 at 25C was pseudo first-order
with respect tol as shown in Figure 2. The rate of the reaction
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The mechanism of acid-catalyzed reduction of,@&solved in
water under acidic conditions may be summarized in Scheffie 1.
We have found an inverse kinetic isotope effdeiikp = 0.59) in
the CQ reduction by the hydride compleix(Supporting Informa-
tion, Figure S5). Such an inverse isotope effect indicates a product-

like transition staté11 This study indicates that the development
; ‘ o ! of robust hydride catalysts for acid-catalyzed hydrogenation of CO
0 50 100 150 200 . o " : .
time / sec in water under acidic conditions is a worthy endeavor in the
construction of new C@reduction systems in water.
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