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Preparation and Reactivity of a Nickel Dihydride Complex**
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and Seiji Ogo*

Hydrogen has the potential to provide clean, green energy for
the 21st century.l"! One path to using hydrogen as an energy
source is to develop catalysts based on the hydrogenase
(H,ase) class of enzymes.” In order to better understand
and harness the properties of H,ase, we previously con-
structed a robust H,ase mimic based on a NiRu bis-p-thiolato
assembly.”! In addition to successfully replicating the chem-
ical features of the [NiFe]H,ase, we were able to gain a
number of crucial insights into their structural and mecha-
nistic features. These findings have now been incorporated
into the biological literature (Scheme 1).[!

As part of our model study, we proposed the existence of a
crucial bimetallic NiRu dihydride intermediate in the cata-
Iytic cycle.®! Unfortunately, the dihydride could not be
directly observed, but implicated by isotope labeling experi-
ments. To provide further insights into the nature of the
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Scheme 1. Proposed active-site structures of the active forms of
[NiFe]H,ase. a) Monohydride active form.? X =vacant coordination
site. b) Dihydride active form.”
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dihydride species, which is capable of acting as an electron
donor, we have developed a remarkable dinuclear octahedral
bis(u-hydrido)dinickel(IT) complex [Ni',(Me,-tpa),(u-H),]Y,
(1Y,, Me,-tpa =bis((6-methyl-2-pyridyl)methyl)(2-pyridyl-
methyl)amine, Y =NO;, BF,, or PFy). Complex 1(NO;), can
be derived from the reaction of a mononuclear complex
[Ni"(Me,-tpa)(NO;)](NO;) (2(NO;)) with NaBH, in H,O.
Complex 2(NO;) was synthesized by the reaction of Ni'-
(NOs),6 H,0O with Me,-tpa in CH;CN. The structure of 2 was
characterized by X-ray analysis (Figure S1 in the Supporting
Information), electrospray ionization mass spectrometry
(ESI-MS; Figure S2), and IR spectroscopy (Figure S3).

We investigated the dinuclear complex 1" by X-ray
analysis and describe herein the first octahedral Ni" dihydride
complex reported to date (Figure 1).*! Brown crystals of
1(BF,), suitable for X-ray diffraction were obtained from the
substitution of NO;™ in 1(NO;), to BF,” in CH;OH at —40°C.
Complex 1 has a diamond {Ni",(u-H),} core, in which the Ni
atom adopts a distorted-octahedral coordination. The average
bond lengths of Nil-N2 and Nil-N3 (2.189 A) are longer
than those of Nil-N1 and Nil-N4 (2.087 A) because of the
steric requirement of the 6-methyl groups bound to the
pyridines. The distance of Nil--Nil* (2.6105(8) A) is longer
than that of a previously reported four-coordinated Ni"
dihydride complex (2.3939(6) A).1%

Magnetic susceptibility measurements of 1*" in the solid
state indicate the presence of an antiferromagnetic exchange
interaction between two Ni centers. This interaction is also
confirmed by ESR silence and signals in the diamagnetic
region of 'H NMR spectrum.

Figure 1. ORTEP drawing of 1(BF,), with ellipsoids at 50% probability.
The counteranions, solvents (CH;OH and H,0), and hydrogen atoms
of Me,-tpa are omitted for clarity. Selected distances [A]: Ni1--Ni1*
2.6105(8), Ni1-N1 2.075(3), Ni1-N2 2.191(4), Ni1-N3 2.186(4), Nil-
N4 2.098(4).

Angew. Chem. Int. Ed. 201, 50, 10578 -10580


http://dx.doi.org/10.1002/anie.201104918

The positive-ion ESI mass spectrum of 1(PF,), in CH;OH
shows a prominent signal at m/z 377.1 that corresponds to 1>,
and a characteristic isotopic distribution that matches the
calculated isotopic distribution (Figure S4 in the Supporting
Information), thus indicating that 1** has a dimeric structure
in CH;OH. To establish the origin of the hydrido ligands of
1%, [Ni'y,(Mey-tpa),(u-D),](PFy), ([Do]-1(PFy),) was synthe-
sized from NaBD,. The mass spectrum showed the parent
peak at m/z 378.1, thus demonstrating that the hydrido
ligands originate from NaBD,.

Of particular note is the observation that 1** decomposes
via reductive elimination to produce H, gas and leaves behind
a low-valent Ni' complex 3 in CH;CN (Scheme 2). This
decomposition is analogous to that proposed for the reductive
elimination of H, from our NiRu model complex.!!
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Scheme 2. Proposed mechanism for the reaction cycle with the Ni-
(Me,-tpa) complexes 1-3. The structures of 1 and 2 were determined
by X-ray analysis. Complex 3 was characterized by ESR.

When 1°* was dissolved in CH;CN under an N, atmos-
phere, the appearance of a strong absorption band around
590 nm, which corresponds to a gradual color change from
brown to dark purple, was observed in the UV/Vis spectrum
(Figure S5a,b in the Supporting Information). This color
change is concurrent with the evolution of H, gas, where the
yield of evolved H, is 94% based on 1°", as determined by
GC. Use of [D,]-1*" confirmed that the H, originated from the
hydrido ligands. The dark-purple species 3 showed an ESR
spectrum typical of Ni' (Figure S6 in the Supporting Informa-
tion). The ESR spectrum of a frozen solution of 3 in CH;CN,
measured at 7 K, exhibits a rhombic signal with g values of
2.28, 2.16, and 2.04, which are similar to those observed for
some Ni' complexes.”)

The mechanism of reductive elimination was determined
by means of products analysis of mixtures of 1" and [D,]-1*".
Mixing 1** and [D,]-1*" in CH,CN results in intermolecular
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H'/D* exchange to produce 1*', [Ni'y(Me,-tpa),(u-D)(p-
H)]*" ([D]-1*"), and [D,]-1*", as confirmed by ESI-MS. These
three complexes can thereafter release the corresponding gas
by means of intramolecular reductive elimination to give H,,
HD, and D,, as determined by GC. The evidence for
intramolecular reductive elimination was supported by the
fact that decomposition of 1** to 3" with evolution of H,
followed first-order kinetics (ky = 1.0 x 10~ s7!; Figure S5c,d
in the Supporting Information). Furthermore, the kinetic
deuterium isotope effect value (ky/kp) was determined to be
2.4, which is consistent with that of reductive elimination of
H, by the other metal hydride complex."”

We were also able to demonstrate that 3" acted as a
reducing agent, in common with the reduced form of our
NiRu H,ase mimic. Complex 3" was able to reduce methyl
viologen (MV?*"), the ferrocenium ion ([Fe™(CsHs),]"), and
methylene blue. The quantitative reduction of MV*" by 3" in
CH,CN under an N, atmosphere gave MV, as confirmed by
UV/Vis spectroscopy (Figure S7). To the best of our know-
ledge, this is the first example of reduction of MV>" by
electrons from a metal hydride complex.!'!' A cyclic voltam-
mogram (CV) of 3" in CH;CN showed a reversible redox
couple at E;,=-128V versus Ag/AgNO;, which was
assigned to the one-electron oxidation of the Ni' to the Ni"
state (Figure S8).

Following these observations, we propose the following
mechanism for the extraction of electrons from the nickel
complexes (Scheme 2). In the first step, reaction of 2 with
NaBH, produces the bis(u-hydride) species 1?*. This dihy-
dride then undergoes reductive elimination to produce the
low-valent Ni' species 3". Complex 3" then reduces an
electron acceptor to return to 2*. We believe this is a
mechanistic analogue for our NiRu H,ase mimic and, by
extension, for [NiFe]H,ase itself.

In conclusion, we have synthesized a Ni" dihydride
complex as a model for the dihydride active form of our
[NiFe]H,ase mimic. While this complex is not a direct model
for the core of hydrogenase itself, it mimics many of the
essential structural and mechanistic aspects, that is, it involves
a dihydride complex of an octahedral Ni center, which can
evolve H, by reductive elimination. Rather than being the
complete solution, this model provides us with a central piece
of evidence and we can anticipate finally solving how
[NiFe]H,ase uses hydrogen as an energy source.

Experimental Section

[Ni'",(Me,-tpa),(u-H),](PFs), (1(PFy),): Method A: NaBH, (38 mg,
1.0 mmol) was added to an aqueous solution (4.0 mL) of 2(NOs)
(0.10 g, 0.20 mmol) to precipitate a brown powder of 1(NOs;),, which
was collected by filtration. A solution of NH,PF, (164 mg, 1.0 mmol)
in CH;OH (4.0 mL) was added to a solution of 1(NOs), in CH;OH
(20 mL) and the resulting mixture was allowed to stand for 3 days at
—40°C to afford crystals of 1(PFy),, which were collected by filtration
and dried in vacuo (yield: 40 % based on 2(NO;)). Method B: NaBH,
(38 mg, 1.0 mmol) was added to a solution of 2(NO;) (0.10g,
0.20 mmol) in CH;0H (20 mL) to give a brown solution, to which
was added NH,PF; (164 mg, 1.0 mmol) in CH;OH (4.0 mL). The
resulting solution was allowed to stand for 3 days at —40°C to afford
brown crystals of 1(PF),, which were collected by filtration and dried
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in vacuo (yield: 50 % based on 2(NOs)). ESI-MS (CH;0H): m/z (% in
the range m/z 200-2000): 377.1 (100) [1**], 899.3 (16) [{1(PF,)}"];
elemental analysis caled (%) for CyHsNgF,Ni,P, (1(PF;),): C 45.92
H, 4.43; N 10.71; found: C 46.02, H 4.21, N 10.56.

[Ni"(Me,-tpa)(NO)J(NO3) (2(NOs)): Ni'(NO,),6H,0 (0.87 g,
3.0 mmol) was added to a solution of Me,-tpa (1.0 g, 3.1 mmol) in
CH;CN (80 mL) to give a purple solution, to which diethyl ether
(200 mL) was added. The resulting solution was allowed to stand for 3
days to afford purple crystals of 2(NO;), which were collected by
filtration and dried in vacuo (yield: 83 % based on Ni"(NO;),-6 H,0).
ESI-MS (CH;CN): m/z (% in the range m/z 200-2000): 438.1 (100)
[2*]; FT-IR (KBr disk): #=2873-3077 (m, aliphatic C—H), 1607 (s,
aromatic C=C), 1576 (s, aromatic C=C), 1281-1496 cm™" (m, NO;");
elemental analysis calcd (%) for C,yH,N¢NiO, (2(NOs)-H,0): C
46.27, H 4.66, N 16.19; found: C 46.12, H 4.62, N 16.10.

[Ni'(Me,-tpa)(CH;CN)](PF;) (3(PFg)): 1(PFg), (10 mg, 9.6 pmol)
was dissolved in CH;CN (1.0 mL) and the resulting solution was
allowed to stand for 3 h to give a dark-purple solution of 3(PF,) with
evolution of H,. The solvent of the dark purple-solution was removed
under reduced pressure to leave a dark purple powder of 3(PFy),
which is very air- and moisture-sensitive (yield: 99% based on
1(PFg),). UV/Vis (CH;CN): A, (e)=670 (3540), 347 (2640);
elemental analysis calcd (%) for C,,H,sNsF(NiP (3(PFy)): C 46.92,
H 4.47, N 12.44; found: C 46.82, H 4.11, N 12.36.

X-ray crystallographic analysis: Crystals of 1(BF,), suitable for X-
ray diffraction were prepared by substituting of the NO;~ counterion
in 1(NOs;), with BF,~ by adding a solution of NaBF, in CH;OH to a
solution of 1(NO;), in CH,;OH at —40°C. Crystals of 2(NO;) suitable
for X-ray diffraction were prepared by recrystallization from an
CH;CN/diethyl ether solution of 2(NO;). Measurements were made
on a Rigaku/MSC Saturn CCD diffractometer with confocal mono-
chromated Moy, radiation (4 =0.7107 A). Data were collected and
processed using the CrystalClear program (Rigaku). All calculations
were performed using the teXsan crystallographic software package
of Molecular Structure Corporation. CCDC 825133 (1(BF,),) and
825134 (2(NOs)) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Received: July 14, 2011
Published online: September 14, 2011

Keywords: bimetallic complexes - dihydrides - hydrogenases -
nickel

[1] Special issue “Toward a Hydrogen Economy”, Science 2004, 305,
958.

[2] a) C. Tard, C.J. Pickett, Chem. Rev. 2009, 109, 2245-2274;
b) F. A. Armstrong, N. A. Belsey, J. A. Cracknell, G. Goldet, A.
Parkin, E. Reisner, K. A. Vincent, A. F. Wait, Chem. Soc. Rev.
2009, 38, 36-51; c) M. Rakowski DuBois, D. L. DuBois, Chem.

Soc. Rev. 2009, 38, 62-72; d) F. Gloaguen, T.B. Rauchfuss,

Chem. Soc. Rev. 2009, 38, 100-108; e) S. Vogt, E.J. Lyon, S.

Shima, R. K. Thauer, J. Biol. Inorg. Chem. 2008, 13, 97-106;

f) G.J. Kubas, Chem. Rev. 2007, 107, 4152-4205; g) A.L.

de Lacey, V. M. Fernandez, M. Rousset, R. Cammack, Chem.

Rev. 2007, 107, 4304-4330; h) W. Lubitz, E. Reijerse, M.

van Gastel, Chem. Rev. 2007, 107, 4331-4365; i) P. E. M. Sieg-

bahn, J. W. Tye, M. B. Hall, Chem. Rev. 2007, 107, 4414 —-4435;

j) V. Artero, M. Fontecave, Coord. Chem. Rev. 2005, 249, 1518 -

1535; k) I. P. Georgakaki, L. M. Thomson, E. J. Lyon, M. B. Hall,

M. Y. Darensbourg, Coord. Chem. Rev. 2003, 238239, 255—-

266; 1) R. H. Morris in Concepts and Models in Bioinorganic

Chemistry (Eds.: H.-B. Kraatz, N. Metzler-Nolte), Wiley-VCH,

Weinheim, 2006, chap. 15, pp. 331 -362.

a) A. Volbeda, M.-H. Charon, C. Piras, E. C. Hatchikian, M.

Frey, J. C. Fontecilla-Camps, Nature 1995, 373, 580-587; b) Y.

Higuchi, T. Yagi, N. Yasuoka, Structure 1997, 5,1671-1680;¢c) Y.

Higuchi, H. Ogata, K. Miki, N. Yasuoka, T. Yagi, Structure 1999,

7, 549 -556.

[4] a)J. W. Peters, W. N. Lanzilotta, B.J. Lemon, L. C. Seefeldt,
Science 1998, 282, 1853 —1858; b) Y. Nicolet, C. Piras, P. Legrand,
E. C. Hatchikian, J. C. Fontecilla-Camps, Structure 1999, 7, 13—
23.

[5] S. Shima, O. Pilak, S. Vogt, M. Schick, M. S. Stagni, W. Meyer-
Klaucke, E. Warkentin, R. K. Thauer, U. Ermler, Science 2008,
321, 572-575.

[6] a) S. Ogo et al., Science 2007, 316, 585587 (see the Supporting
Information for full citation); b) S. Ogo, Chem. Commun. 2009,
3317-3325.

[7] a) H. Ogata, W. Lubitz, Y. Higuchi, Dalton Trans. 2009, 7577 -

7587, b)J. C. Fontecilla-Camps, P. Amara, C. Cavazza, Y.

Nicolet, A. Volbeda, Nature 2009, 460, 814-822; c)S. O.N.

Lill, P. E. M. Siegbahn, Biochemistry 2009, 48, 1056 —1066.

a) S. Pfirrmann, C. Limberg, B. Ziemer, Dalton Trans. 2008,

6689-6691; b) S. Pfirrmann, C. Limberg, C. Herwig, C. Knispel,

B. Braun, E. Bill, R. Stésser, J. Am. Chem. Soc. 2010, 132, 13684 —

13691; c¢) M. R. Grochowski, T.L.W.W. Brennessel, W.D.

Jones, J. Am. Chem. Soc. 2010, 132, 12412-12421; d) B.E.

Barton, T. B. Rauchfuss, J. Am. Chem. Soc. 2010, 132, 14877 -

14885.

[9] a) P. Ge, A. L. Rheingold, C. G. Riordan, Inorg. Chem. 2002, 41,
1383-1390; b) E. Kogut, H.L. Wiencko, L. Zhang, D.E.
Cordeau, T. H. Warren, J. Am. Chem. Soc. 2005, 127, 11248—
11249; ¢) G. Bai, P. Wei, D. W. Stephan, Organometallics 2005,
24, 5901 -5908.

[10] D.Rabinovich, G. Parkin,J. Am. Chem. Soc. 1993, 115,353 -354.

[11] The catalytic reduction of MV*" by Ru hydride complexes with

H, has been proposed (R. T. Hembre, J. S. McQueen, V. W. Day,
J. Am. Chem. Soc. 1996, 118, 798-803). However, a recent
report described that MV?" was reduced by tetramethylpiper-
idine, which was introduced as a base, in the absence of the
catalysts and H, (Ref. [2j]).

[3

—

8

—_

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 201, 50, 10578 -10580


http://dx.doi.org/10.1021/cr800542q
http://dx.doi.org/10.1021/cr800542q
http://dx.doi.org/10.1021/cr800542q
http://dx.doi.org/10.1039/b801144n
http://dx.doi.org/10.1039/b801144n
http://dx.doi.org/10.1039/b801197b
http://dx.doi.org/10.1039/b801197b
http://dx.doi.org/10.1039/b801796b
http://dx.doi.org/10.1021/cr050197j
http://dx.doi.org/10.1021/cr0501947
http://dx.doi.org/10.1021/cr0501947
http://dx.doi.org/10.1021/cr050186q
http://dx.doi.org/10.1021/cr050185y
http://dx.doi.org/10.1016/j.ccr.2005.01.014
http://dx.doi.org/10.1016/j.ccr.2005.01.014
http://dx.doi.org/10.1016/S0010-8545(02)00326-0
http://dx.doi.org/10.1016/S0010-8545(02)00326-0
http://dx.doi.org/10.1038/373580a0
http://dx.doi.org/10.1016/S0969-2126(97)00313-4
http://dx.doi.org/10.1016/S0969-2126(99)80071-9
http://dx.doi.org/10.1016/S0969-2126(99)80071-9
http://dx.doi.org/10.1126/science.282.5395.1853
http://dx.doi.org/10.1016/S0969-2126(99)80005-7
http://dx.doi.org/10.1016/S0969-2126(99)80005-7
http://dx.doi.org/10.1126/science.1158978
http://dx.doi.org/10.1126/science.1158978
http://dx.doi.org/10.1126/science.1138751
http://dx.doi.org/10.1039/b900297a
http://dx.doi.org/10.1039/b900297a
http://dx.doi.org/10.1039/b903840j
http://dx.doi.org/10.1039/b903840j
http://dx.doi.org/10.1038/nature08299
http://dx.doi.org/10.1021/bi801218n
http://dx.doi.org/10.1039/b816136b
http://dx.doi.org/10.1039/b816136b
http://dx.doi.org/10.1021/ja106266v
http://dx.doi.org/10.1021/ja106266v
http://dx.doi.org/10.1021/ja104158h
http://dx.doi.org/10.1021/ja105312p
http://dx.doi.org/10.1021/ja105312p
http://dx.doi.org/10.1021/ic010966r
http://dx.doi.org/10.1021/ic010966r
http://dx.doi.org/10.1021/ja0533186
http://dx.doi.org/10.1021/ja0533186
http://dx.doi.org/10.1021/om050544f
http://dx.doi.org/10.1021/om050544f
http://dx.doi.org/10.1021/ja00054a055
http://dx.doi.org/10.1021/ja952206j
http://www.angewandte.org

