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Extraction of Electrons from H, with a Ni'Ru' Catalyst

Takahiro Matsumoto, Bunsho Kure, and Seiji Ogo*
Center for Future Chemistry, Kyushu University, 744 Moto-oka, Nishi-ku, Fukuoka 819-0395

(Received July 14, 2008; CL-080690; E-mail: ogo-tcm @mbox.nc.kyushu-u.ac.jp)

The mechanism of extraction of electrons from H, catalyzed
by hydrogenases has proven challenging to elucidate. Catalytic
extraction of electrons from H, has been achieved by use of a
low-valent Ni'Ru' complex [Ni'(u-SR),Rul(n°-CsMeg)]{ (-
SR), = N,N'-dimethyl-N,N -bis(2-mercaptoethyl)-1,3-propane-
diamine} as the active catalyst with evolution of H, under
ambient conditions. The electrons extracted from H, have been
used for a catalytic reduction of Cu?>* to Cu® with the NiRu
complexes.

Hydrogenases (Hpases) are enzymes that catalyze the acti-
vation of H; into two protons and two electrons under ambient
conditions (eq 1).'* Hydrogen isotope exchange experiments
implicate as a first step the heterolytic cleavage of H, into a
proton and a hydride ion (eq 1).! Extraction of electrons from
H, with metal hydride species (MH) has been investigated by
Halpern and James,> Hembre and co-workers,® Collman and
co-workers,” and other groups.®

Hy - H" + H™ — 2H' + 2e~ (1)

Recently, we showed a heterolytic activation of H, and a
subsequent hydrogen isotope exchange reaction between gas-
eous isotopes and medium isotopes with a Ni'"Ru" aqua complex
[Ni"(p-SR),Ru" (H20)(17°-CsMeg)I(NO3)2 {1, (14-SR); = N,N'-
dimethyl-N,N'-bis(2-mercaptoethyl)-1,3-propanediamine}, a
Ni'Ru" hydride complex [Ni'l(OH,)(1-SR),(u-H)Ru'l(n°-
CsMeg)|(NO3) (2), and a low-valent Ni'Ru! complex [Nil(u-
SR)zRuI(né—CéM%)] (3) in water at pH 4-6 under ambient con-
ditions (23 °C, 0.1 MPa).>'® However, the extraction of electrons
from H, was not achieved.

Here, we report the successful catalytic extraction of
electrons from H, by use of the low-valent Ni'Ru' complex
3 as the active catalyst with evolution of H, under ambient

conditions. The extracted electrons are used for the reduction
of Cu* to Cu® {E°(Cu?t/Cu®) = 0.340V vs. NHE}.

In the absence of H,, under stoichiometric conditions, the
low-valent complex 3 (20 umol) reacted with Cu(CF;SOs3);
(20 umol) at 23°C to give Cu® in acetonitrile under conditions
without the formation of 2 (eq 2), whereas the hydride complex
2 did not react with Cu* in acetonitrile or water (eq 3). Figure 1a
shows the result of a reaction of 3 with Cu?>* to give 1 (or the
corresponding acetonitrile complex) and Cu®. It was confirmed
by X-ray photoelectron spectrum (XPS) that the binding energy
(Cu 2p3/2) of the obtained Cu® is 932.0eV, which corresponds
to Cu® (Figure S1 in Supporting Information).'!
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In the presence of H, (0.1 MPa, 47.5 pmol), under stoichio-
metric conditions, the aqua complex 1 (5umol) reacted with
CuSOy4+5H,0 (5umol) in D,O (100 mmol) at pD 4 at 23°C
(1/Cu®*/H,/D,0 = 1/1/9.5/20000) to give Cu® together with
the consumption of H, and the generation of D, and HD, which
were determined by GC analysis. Figure 1b shows the time-
dependent changes of the moles (JApmol|) of the consumption
of H, and the generation of D, and Cu® in the reaction of 1
with Cu?t in D,0 at pD 4 at 23°C in the presence of H,.2 1t
is important to note that the ratio of the changes of the moles
(|Apmol|) of Hy, D5, and Cu® are ca. 2:1:1 as shown in Figure 1b.
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Figure 1. (a) Reaction of 3 (20 umol) with Cu(CF;S03), (0, 5, 10, 15, 20, and 30 umol) in acetonitrile at 23 °C in the absence of H; to give 1
(or the corresponding acetonitrile complex) and Cu®. (b) Time-dependent changes of the moles (JAumol|) of the consumption of H, and
the generation of D, and Cu® in the reaction of 1 (5 pmol) with CuSO4-5H,0 (5 pmol) in D,O (100 mmol) at pD 4 at 23 °C in the presence
of H, (0.1 MPa, 47.5 }Lmol).12 (c) pH-dependent yields of Cu® in the reaction of 1 (5 wmol) with CuSOy4+5H,0 (5 pmol) in H,O (100 mmol)
at pH 1-10 at 23 °C for 1h in the presence of H;, (0.1 MPa, 47.5 umol).
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Scheme 1. A proposed mechanism for the catalytic reduction of
Cu?* to Cu® with NiRu complexes in water at pH 4-6 at 0.1 MPa
of H,. (a): Heterolytic activation of H, (see ref 9). (b): Heterolytic
activation of H. (¢): Reductive elimination of H,. (b, ¢, and d): Hy/
D, 0 isotope exchange (see ref 10).13 (e): Reduction of Cu?* to Cu®
(this work). H,': Isotope labeled hydrogen gas (see Scheme S1 in
Supporting Information).!!

In the presence of H, (0.1-0.8 MPa), under -catalytic
conditions (1/Cu?*/H,0 = 1/200/20000), electrons were ex-
tracted from H, to reduce CuSO,4-5H,0 to Cu’. The catalytic
conditions for the reduction of Cu?* to Cu® were optimized
for reaction time (Figure S2),'! reaction temperature (Figure
$3),'! and pressure of Hy (Figure S4).!! Turn over numbers
(TONSs: mol of Cu®/mol of 1) of the reduction of Cu* increased
with increased reaction time, reaction temperature, and pressure
of Hz.

Figure lc shows the pH-dependent yields of Cu® in the
reaction of 1 (5umol) and CuSO4:5H,0 (5umol) with H,
(0.1 MPa, 47.5 umol) in H,O (100 mmol) at pH 1-10 at 23°C
for 1h (1/Cu’**/H,/H,0 = 1/1/9.5/20000), which indicates
a maximum around pH 4. It was confirmed that no reduction
of Cu?* occurred at pH 4 in the absence of 1 or H, (as blank
experiments shown in Figure S5).!! The pH-dependence of the
catalytic reduction of Cu?* is similar to the pD-dependence
of the hydrogen isotope exchange reaction between gaseous
isotopes and medium isotopes.'°

A proposed mechanism for the catalytic cycle of the reduc-
tion of Cu?* to Cu® with the NiRu complexes in the presence of
H, in water at pH 4-6 is shown in Scheme 1. H; is heterolytical-
ly activated twice. The first heterolytic activation of H, with 1
(a in Scheme 1) gave the hydride complex 2.° The second
heterolytic activation of H, with 2 (b in Scheme 1) resulted in
formation of 3 via a reductive elimination of hydrido ligands
of a dihydride species P (¢ in Scheme 1).1° The formation of
H, (c in Scheme 1) was confirmed by isotope-labeling experi-
ments (Scheme S1 in Supporting Information).!! Complex 1
is regenerated by a reduction of Cu?* to Cu’ with 3 (e in
Scheme 1) to complete the catalytic cycle. Thus, four electrons
derived from H, are introduced into the Ni"Ru"" complexes 1
and 2 (a and b in Scheme 1). The evolving H, removes two
electrons from the dihydride species P (¢ in Scheme 1). The
remaining two electrons of the Ni'Ru! complex 3 are released
to reduce Cu* to Cu® (e in Scheme 1).
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In conclusion, we have succeeded in the catalytic extraction
of electrons from H; by use of the low-valent Ni'Ru' complex 3
as the active catalyst with evolution of H, for the first time. The
extracted electrons were used for the reduction of Cu?* to Cu®.
In place of the two electron system of eq 1, the four electron
system of this study is described as eq 4 with omission of the
NiRu catalysts. The present study should provide a valuable
insight into the elucidation of the mechanism of the action of
Hases.

2H, - 2H" +2H™ — 2H' +2¢~ + H, 4)
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