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[Ni(NHPnPr;)(‘S;’) 1, the First Nickel Thiolate
Complex Modeling the Nickel Cysteinate Site
and Reactivity of [NiFe] Hydrogenase**

Dieter Sellmann,* Franz Geipel, and Matthias Moll

Dedicated to Professor Gerhard Fritz
on the occasion of his 80th birthday

Hydrogenases assume a central role in the natural hydrogen
and energy metabolism by catalyzing the reaction (1a). The
characteristic feature of H, activation by hydrogenases is the
heterolytic H, cleavage according to Equation (1b). It is
established by the H,/D* exchange [Eq. (1c)], and serves as
test reaction for hydrogenase activity.[!

H, = 2H' + 2e" (1a)
H, e H + H (1b)
D,0 + H, @ HD + HDO (1c)
The molecular structures of a [NiFe]®? N oo
and recently also that of a [FeFe] hydro- Cli /C
genasel’l have been determined by X-ray F?\

crystallography. However, the mechanisms ~ cys§_ X SCvs
of reactions (1a) - (1c) remained discussed \N,/
controversially, in particular with regard to "
the role and oxidation states of the metals
in the active centers.[! Figure 1 schemati-
cally depicts the active center of the [NiFe]
hydrogenase from D. Gigas in the oxidized
(inactive) form.

Since the discovery of nickel as essential
metal of [NiFe] hydrogenases,”! the nickel
sulfur entity of their active centers has
attracted particular attention. Redox titra-
tions, EPR, IR, and EXAFS results indi-
cated it as the H, activation site. The redox processes of [NiFe]
hydrogenases were interpreted either as nickel-centered
comprising oxidation states ranging from Ni'! to Ni’,[ or as
nickel thiolate centered yielding nickel thiyl species.’] Alter-
natively, it was recently postulated that the redox processes
are centered at the iron atom which is electronically coupled
to nickel in the oxidation state Nil.[47]

Nickel complexes with hydrogenase activity are extremely
rare. So far, catalysis of a H,/D* exchange could be observed
only with the thiosemicarbazone complex [NiL,]Cl, (L=
0-CH,(OH)—CH=N-NHCSNH,).[l Model complexes with
nickel thiolate cores and catalysis activity for the H,

Figure 1. Sche-
matical drawing
of the active cen-
ter of [NiFe] hy-
drogenase from
D. Gigas in the
oxidized form
(Xr=0",
OH-, H,0).1I
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heterolysis have remained unknown inspite of intensive
research.l”! Such complexes could solve the important ques-
tion, which requirements must be met in order to achieve a
heterolytic H, activation.

The reactions of [Ni(NHPnrPr;)(‘S;y’)] (1a) [‘S;?~ = bis(2-
sulfanylphenyl)sulfide(2 — )] yielded answers to this ques-
tion. Complex la is dia-
magnetic in the solid state
and in solution, has a four-
coordinate Ni"! center sur-
rounded by one N, one
thioether, and two thiolate
donors, and exhibits a
strongly flattened tetrahe-
dral coordination geome-
try. Figure 2 depicts the
molecular structure deter-
mined by X-ray crystallog-
raphy.[']

When treated with D, at slightly elevated pressure (10 bar),
complex 1a gave the DNPnPr; complex 1b and HD [Eq. (2)].

Figure 2. Molecular structure of 1a
(C-bonded H atoms omitted).

[Ni(NHPnPr;)(‘S;’)] + D, — [Ni(NDPnPr;)(‘Sy)] + HD 2)

The reaction is slow and could be monitored by 'H/”H NMR
spectroscopy. The 2H NMR spectrum of the reaction solution
(CH,Cl,) showed the ND signal of 1b at 6 = — 1.85 after 96 h.
Running the reaction (2) under 30 bar D, in a high-pressure
NMR tube allowed the observation of the second product
HD, which gives rise to a 1:1:1 triplet in the "H NMR spectrum
(Figure 3).

D2

CD.Cl»

-

7.5

Figure 3. a) 2H NMR spectrum of the solution of 1a in CH,Cl, under D,
(10 bar), recorded at standard pressure after 96 h. b) HD region of the
CD,(l, reaction solution when 1a had been treated with D, at 30 bar for
96 h.

Removal of all volatiles yielded solid 1b. Its IR spectrum
(KBr) exhibited a v(ND) band at 2427 cm~! that could be
assigned through comparison with the v(NH) band of 1a at
3273 cm~! (¥(NH): ¥(ND) = 1.35).

The NH proton of 1a is weakly acidic, as demonstrated by
the H*/D* exchange according to Equation (3).

CD,Cl,

1a + D,0 %, 1p + HDO 3)

562 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Preliminary experiments showed that the homologous
[M(NHP#Pr;)(‘S;’)] complexes with M =Pd", Pt undergo
identical reactions [Eq. (2) and (3)], but are more active
giving rise to shorter reaction times.

The Equations (2) and (3) demonstrate that 1a is able to
exchange NH protons with molecular D, and (subsequently)
with H* or D*. Substitution of D, for H, and combination of
Equations (2) and (3) sums up to give Equation (4), which
demonstrates that 1a catalyzes the hydrogenase reaction (1c¢)
and the heterolytic cleavage of H, (D,).

D,O + H, X% HD + HDO @

Complex 1a contains a four-coordinate Ni'' center, which
potentially can add one or two more ligands. In addition,
complex 1a has two built-in Brgnsted basic sites represented
by the thiolate-donor lone pairs. A third Brgnsted basic site
potentially is the N donor of the HNP#nPr; ligand when it
assumes the phosphonium imide structure B.['"!

H
(S5)Ni—N=PnPr;  +—

H
S5)Ni—N—PrPrs
e ®

A B

These considerations, supported by previous results on the
H, activation at transition metal thiolate sites,'! suggest the
mechanism outlined in Scheme 1 for the D, heterolysis
catalyzed by 1a.

S\
‘/H; NI\NPP\
(__\/Ni\ll\lPPrg < i
s (__S/N'\ NPPrg
HD
@ b)
d) o H('D eD
] !
_\S D s H
S | S~z |
C FN~npPr, C AN ~—=nppr.
\_/
c)

Scheme 1. Mechanism of the [Ni(NHPnPr;)(‘S;’)] catalyzed D,/H" ex-
change according to Equation (1c¢).

D, adds to the nickel center (step a) and is heterolytically
cleaved by the concerted action of the Lewis acidic nickel
center and one Brgnsted basic thiolate donor (step b). The
resulting acidic thiol deuteron scrambles with the acidic
phosphorane imine proton (step c). The thiol proton and
nickel deuteride ligand combine to give HD, which is released
(step d as reversal of steps a and b). The resulting DNP#nPr;
complex 1b can exchange with H,O to give back the starting
catalyst 1a (step e).

0570-0833/00/3903-0562 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 3



COMMUNICATIONS

The results reported here allow a series of conclusions:

1) Identification and isolation of both the reaction products
1b and HD enabled the unambiguous proof of the D,
heterolysis by complex 1a. Therefore, the HNPnPr; ligand
of 1a becomes an important probe for the reaction
mechanism. Furthermore, H,/D, exchange reactions cata-
lyzed homolytically by metal traces, reaction flask walls,
etc. can be excluded.

2) The H, heterolysis catalyzed by [NiFe] hydrogenases can
take place at a Ni! center coordinated by cysteinate
ligands. It does not require a Ni! »Ni! reduction. It
requires only the removal of the “X” ligand (“X” = 0%,
OH-, or H,0) when the inactive oxidized form of [NiFe]
hydrogenase is (reductively) converted into the active
form.

3) The [NiS,] geometry in Figure 1 is neither tetrahedral nor
planar, but strongly distorted. The same holds true for the
[NiNS;] geometry of 1a. The symmetry of four-coordinate
Ni! complexes, however, strongly influences the relative
energies of nickel acceptor and donor orbitals that must
interact with the o and o* orbitals of H,.['” Thus it could be
the asymmetry of the nickel sites in [NiFe] hydrogenase
and 1a that favors their interaction with H,.

Experimental Section

All manipulations were carried out under exclusion of air.

D,/NH exchange of 1a with D, and identification of 1b: In a NMR tube, a
purple solution of 1a (45 mg, 0.1 mmol) in CH,Cl, (2 mL) was treated with
D, (10 bar) in an autoclave. 2H NMR spectra were recorded after 48 and
96 h at standard pressure. After removal of all volatiles, the purple residue
was identified as 1b by IR spectroscopy.

D,/NH exchange of 1a with D, and identification of HD: The reaction of
1a with D, under 30 bar was carried out in CD,Cl, in a high-pressure NMR
tube (Fa. Wilmad, 528-PV-1, inner diameter 2.2 mm) and monitored by
'"H NMR spectroscopy after 48 h and 96 h.

D*/NH exchange of 1a with D,O and identification of 1b: To a saturated
solution of 1a in CD,Cl,, a 50-fold excess of D,0O was added. The reaction
was monitored by 'H NMR spectroscopy by the decrease of the vNH signal
of 1a. The resulting 1b was precipitated from the solution by addition of n-
hexane and identified by its IR spectrum in KBr.

1a: 'H NMR (269.6 MHz, CD,CL): 8 =750 (d, 2H; C;H,), 728 (d, 2H;
C,H,), 706 (m, 2H; CH,), 6.92 (m, 2H; CH,), 1.94 (m, 6H; PCH,), 1.69
(m, 6H; CH,), 1.05 (t, 9H; CH;), —1.85 (s, br, 1H; NH); IR (KBr):
V(NH) =3273 cm~%. 1b: 2H NMR (61.25 MHz, CH,Cl,): 6 =—1.85 (s, br,
1D; ND); IR (KBr): ¥(ND)=2427 cm™".
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