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A S/SH bridged hetero-dinuclear Ru/Ge complex cation reacted
with H, to afford the p-S/p-H complex. The reaction was
considerably slower compared to that of the p-S/p-OH complex.
Thus, the p-S/p-SH and p-S/p-OH complexes might provide
models for the unready and ready states, respectively, of [NiFe]
hydrogenase.

[NiFe] hydrogenase, which catalyzes a reversible conversion
of dihydrogen into protons and electrons, has been recognized
as the key enzyme in hydrogen metabolism in nature.'
In the inactive form, the active site contains a hetero-dinuclear
Ni/Fe complex bridged by two cysteine thiolates and
an O-donor ligand. The O-donor ligand disappears upon
activation by H,, and the nickel approaches the iron, either
to form a direct Ni—-Fe bond or a p-hydride bridged metal pair.
Recently, Ogo and co-workers have reported the conversion of
a dinuclear Ni/Ru aqua complex to the Ni(n-H)Ru complex
upon treatment with H,, modeling the activation of
[NiFe] hydrogenase.” In the course of our [NiFe] hydrogenase
model studies,? > we synthesized hetero-dinuclear Ru/Ge com-
plexes having S/O bridges, f)mp(Dep)Ge(u-S)(p-O)f{u(PR3)
(lay, R = Ph, 1b; R = Et), and S/OH bridges,
[lbmp(Dep)Ge(p—S)(u—OH)f{u(PR3)](BArF4) (2a; R = Ph, 2b;
R = Et),4 and investigated the reaction of 1a and 2a with H,
(Dmp = 2,6-dimesitylphenyl, Dep = 2,6-diethylphenyl,
Arf = 3,5-(CF;),C¢H3).> Although this metal pair is not
identical with that of the hydrogenase, we have obtained
several important results that may provide insight into the
reaction mechanism of [NiFe] hydrogenase; (i) both 1a and 2a
activated H, heterolytically, but the reaction of 2a proceeded
more readily under milder conditions, (ii) the reaction of 2a
with H; afforded the p-S/p-H complex, which could model the
[NiFe] hydrogenase activation process, (iii) the reaction of H,
and 2a was reversible, and that (iv) 2a cannot merely activate
H, heterolytically, but further convert H, into two protons
and electrons. In order to expand the scope of this study, we
have examined the reactions of H, and Ru/Ge complexes
having S/S bridges (3a,b) and S/SH bridges (4a,b) (Chart 1).
This study may imply that the unready Ni-B’ and Ni-‘S’ states
of [NiFe] hydrogenase® are oxidized forms having an S-donor
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ligand as a third bridge, states, as has been proposed as a
possible structure for the inactive state.'”’

The p-S/p-S  complexes bmp(Dep)Ge(u-S)zi{u(PR_g)
(3a; R = Ph, 3b; R = Et) were synthesized from
Dmp(Dep)Ge(SH),, [RuCly(n®-p-arene)], and the corresponding
phosphines according to Scheme 1.* Protonation of 3a and 3b
upon treatment with H(OEt,),BAr', gave the p-S/p-SH

complex cations [bmp(Dep)Ge(u-S)(p-SH)ﬁu(PR3)](BArk‘4)
(4a; R = Ph, 4b; R = Et), respectively.4

As reported previously, the reaction of 3a and H resulted in
the recovery of the starting materials even under 10 atm H, at
90 °C in benzene.™ Unexpectedly, complex cation 4a was also
intact under 1-5 atm H, at 80-90 °C, while the p-S/u-OH
analogue 2a smoothly reacted with 1 atm H, at rt within 7 h.
On the other hand, the PEt; analogue 4b was found to react
with 1 atm H, gradually in refluxing benzene, and was
converted to the p-S/pu-H complex 5b in 83% yield in 3 days
with concomitant formation of H,S (Scheme 2).® The enhanced
reactivity of the PEt; adduct was also observed for the p-S/u-OH
complexes, so that the reaction of 2b and 1 atm H, was
completed within 5 min.” The reaction of 4b is considerably
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Scheme 3

slower compared to that of 2b. Thus sluggishness indicates the
reverse reaction for 4b is faster than for 2b. Indeed, addition of
1.1 equiv. H,S to 5b gave 4b quantitatively within 5 min at rt
with concomitant formation of H,. Complex 5a, synthesized
by the reaction of 2a and H,, was also converted to 4a
immediately upon a similar treatment with H,S. Thus, in
order to promote the forward H, activation reaction, the
removal of H,S is indispensable, and thus solvent-reflux
conditions are required.

Interestingly, the p-S/p-SH and p-S/p-OH complexes were
interconverted in the presence of H,O or H,S. When complex
4a was treated with 20 equiv. H,O in THF-d;y at 293 K,
complexes 4a and 2a were observed in a 98 : 2 ratio according
to the "H NMR spectra, and thus the equilibrium constant Keq
for Scheme 3 can be estimated to be ~10~*. It is of note that
interconversion was not observed between the pu-S/p-S com-
plexes 3a,b and the p-S/p-O complexes la,b, where proto-
nation of p-S or p-O would be essential for these conversions.

Our detection of the 4a < 2a equilibrium prompted us to
re-examine the reaction of 4a and H, in the presence of H,O.
When a THF solution of 4a was refluxed under 1 atm H, with
10 equiv. H,O for 1 day, the reaction proceeded as expected,
and complex 5a was obtained in 68% yield. In this reaction,
complex 2a was generated from 4a and H»O in situ, which then
reacted with H,.

It can be demonstrated that the p-hydride of 5b shows
protonic behavior as observed for 5a. Thus treatment of Sb
with tetraecthylammonium hydroxide resulted in quantitative

formation of ﬂ)mp(Dep)Ge(p-S)fiu(PEtQ (6b) (Scheme 4).
Conversely, the protonation of 6b by H(OEt,),BAr", in
toluene gave 5b, quantitatively.

The molecular structures of 5b and 6b, determined by X-ray
analysis, are shown in Fig. 1 and 2, respectively.i The structural
properties and the metric parameters of 5Sb and 6b are quite
similar to those of the previously reported PPh; analogues of
5a and 6a, respectively, irrespective of the different phosphines.>”
While their Ru-S and Ge-S bond distances are typical,*'° the
Ru(1)-H(1) distance of 5b is elongated compared to terminal
Ru-H bonds,> and is similar to those of p-hydride complexes.'!
The Ge(1)-H(1) distance is even longer than the Ru(1)-H(1)
bond, but is shorter than that of (depe)»(CO)Mo(n*-H-GePh,H)
[2.08(6) A],lz indicating a weak bonding interaction between Ge
and the hydride on Ru. The Ru(1)-Ge(1) distance of 2.5659(9) A
is also longer than those of the Ru-Ge o-bonds of
(CeHg)Ru(CO)(GeCly), [2.408(2) A] and cis-Ru(CO)4(GeCls),
[2.481(5) A].B Upon deprotonation, the Ru-Ge distance of 6b is

Scheme 4

Fig. 1 ORTEP drawings of 5b. Selected bond distances (A) and
angles (deg): Ru(1)-S(1) 2.4565(15), Ru(1)-P(1) 2.3176(12),
Ge(1)-S(1) 2.1486(12), Ru(1)-Ge(1) 2.5659(9), Ru(1)-H(1) 1.67(5),
Ge(1)-H(1) 1.97(6), Ru(1)-S(1)-Ge(1) 67.34(4), Ge(1)-H(1)-Ru(1)
90(2).

Fig. 2 ORTEP drawings of 6b. Selected bond distances (A) and
angles (deg): Ru(l)-S(1) 2.4757(14), Ru(l)-P(1) 2.2952(19),
Ge(1)-S(1) 2.1871(14), Ru(1)-Ge(1) 2.4157(6), Ru(1)-S(1)-Ge(1)
62.04(3), Ge(1)-Ru(1)-S(1) 53.10(3), Ru(1)-Ge(1)-S(1) 64.85(3).

shortened by 0.15 A compared to Sb becoming a common
Ru-Ge o-bond distance, and accordingly the bond angle around
S(1) becomes smaller by 5.3° from that of 5b.

In this study, we report that the p-S/u-SH complex was
converted to the p-S/u-H complex upon treatment with H,, as
was observed for the p-S/p-OH complex. This reaction was
considerably slower compared to that of the p-S/p-OH
complex. However, in the presence of H,O, the p-S/pu-SH
complex equilibrates with the p-S/p-OH complex, and
then it appeared to react with H, more smoothly to form the
p-S/u-H complex, although it is still slower than the case of
the p-S/pu-OH complex (Scheme 5). The different reactivity of
the p-S/p-OH and p-S/p-SH complexes toward H, reminds us

unready state ready state

Scheme 5
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of the ready states (Ni-B or Ni-SI;) and the unready states
(Ni-B’, Ni-‘S’, Ni-A, or Ni-SU) of [NiFe] hydrogenase.® in
which the ready Ni-B state is easily activated within a few
minutes under a hydrogen atmosphere, whereas the unready
Ni-A state requires longer activation times of up to hours.!
While the protein crystallographic analysis suggested that the
Ni-A state contains i-OOH as the third bridge, the Ni-B’ or
Ni-‘S’ states having a u-SH® may be important states showing
a reactivity like the unready Ni-A state.'”” Considering that
sulfate-reducing bacteria produce a large amount of H,S in
their metabolism, the active site may be converted by H,S into
the Ni-B’ or Ni-‘S’ states having a p-SH, similar to our results
reported here, which show the p-S/pu-OH complexes 2a,b and
the p-S/p-H complexes Sa,b quickly react with H,S and are
converted into the p-S/u-SH complexes 4a,b.

This work was supported by Grant-in-Aid for Scientific
Research on Priority Areas (No. 18GS0207) from Ministry of
Education, Culture, Sports, Science and Technology, Japan.
We are grateful to Prof. Roger E. Cramer for discussions and
careful reading of the manuscript.
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