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[Fe]-hydrogenase, or H,-forming methylene-tetrahydrometha-
nopterin dehydrogenase (Hmd), is the third class of hydrogenase.’
It catalyzes the reduction of methenyl-tetrahydromethanopterin
(methenyl-H;MPT™) with H, to form methylene-tetrahydrometha-
nopterin (methylene-H,MPT) and H™.? This is an intermediate step
in the reduction of CO, to methane by some methanogens, and it
occurs likely through heterolytic H, activation.® The structure of
[Fe]-hydrogenase, and especially its active site, has been sub-
jected to extensive spectroscopic and structural studies.*”® The
current model suggests that the active site contains an iron center
coordinated to a cysteine sulfur atom, two cis-CO ligands, a
bidentate pyridone molecule through its nitrogen and acyl carbon
atoms, and a yet unidentified ligand (Figure 1).%7 This active site
is unique compared to those of [FeFe]- and [FeNi]-hydrogenases,’
as it hosts a mono-Fe center and an unusual acyl-derivatized
pyridone cofactor.
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Figure 1. Structure of the active site of [Fe]-hydrogenase.

A few synthetic mimics of [Fe]-hydrogenase have been
reported.'®” ' However, they model only a fraction of the structural
features of the active site. Moreover, their reactivities are rarely
reported. Here we describe the synthesis and reactivity of Fe acyl
complexes, including those reproducing the first coordination sphere
of the Fe ion in [Fe]-hydrogenase. The model complexes show
interesting CO-exchange behavior.

Our synthetic strategy involved the installation of an acyl ligand
in an early stage (Figure 2). Reaction of 2'* with sodium 6-methyl-
2-mercaptopyridinate produced the diiron dithiolate complex 3 with
concomitant salt eliminations.

The structure of 3 was confirmed by X-ray crystallography
(Figure 2)."* The complex is a [Fe""Fe!'] homodimer bridged by
the two sulfur donors of the pyridinyl thiolate ligand. The Fe—C
distances for the CO and acyl ligands are comparable to those in
analogous Fe" complexes.'"!> The [Fe,S,] core is asymmetric with
a longer Fe—S$ distance of ~2.47 A and a shorter distance of ~2.36
A. Similar features were noted in a recently synthesized diiron(II)
dithiolate complex.''

3 reacted rapidly with phosphine, isocyanide, and cyanide to form
6-coordinate and mononuclear Fe'' complexes 4-6 (Figure 2). These
complexes were characterized by NMR, IR, Mass Spec, elemental
analysis, and in the case of 6, also X-ray crystallography.'* The
structure of 6 shows that the phosphine occupies a position trans
to the acetyl ligand. Because complexes 4—6 are iso-electronic,
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the sixth ligand (CN~, RNC) in 4 and 5 most likely occupies the
same position in each.
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Figure 2. Synthesis of complexes 3—6, and structures of 3 and 6. The
thermal ellipsoids are displayed in 50% probability. The counteranion for
5 is bis(triphenylphosphine)iminium (PPN).

Complexes 4—6 are structural mimics of [Fe]-hydrogenase. The
Fe ions are coordinated by the same set of five donor atoms as in
the enzyme. Moreover, the stereochemistry of the coordination
polyhedron of Fe ion is completely reproduced. In the enzyme, an
unidentified ligand occupies the position frans to the acyl ligand;
in the synthetic complexes, CN~, RNC, or PPh; occupies this
position. It was reported that CN™ is a weak inhibitor of [Fe]-
hydrogenase.® Complex 5 could then be considered as a mimic for
the CN™-inhibited [Fe]-hydrogenase.

Selected IR data for 3—6 are listed in Table S1, SI.'* The CO/
CN stretching frequencies in 4—6 are comparable to those of the
enzyme in various states, as well as some other monomeric Fel!
dicarbonyl species.>'%!!

[Fe]-hydrogenase binds reversibly an extrinsic CO. This reactivity
is an indication of some Lewis acidity at the Fe center, which is a
prerequisite for H, binding.'® The reaction of 3 with CO was thus
investigated. Upon exposure of 3 in CDCl; to 1 atm of CO, the
solution immediately changed from orange to yellow. According
to 'H NMR, two species were formed in a ratio of ca. 3 to 1.'*
When the CO atmosphere was removed, both species disappeared,
while 3 was reformed. Thus, 3 appeared to bind CO reversibly to
form two isomers. The reaction was further probed using '*CO,
which eased '3C NMR measurements. Seven '*C signals corre-
sponding to the acyl and carbonyl carbons were observed right after
the introduction of '*CO to a solution of 3 (Figure S1, SI)."* The
signals could be assigned to two species. The major species has
O(C) of 248.8, 208.5, 206.0, 204.8 ppm, while the minor species
has 6(C) of 251.2, 214.3, 207.3 ppm. The two lowest-field signals
are due to the acyl carbons, and their ratio of ca. 3:1 reflects the
relative abundance of the two species. This ratio is in good
agreement with that detected by '"H NMR. Among the five signals
for the CO ligands, three more intense signals should belong to
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the major species, while the other two belong to the minor species.
Assuming that 6-coordinate tris(carbonyl) species are formed, we
propose that the major species is the facial isomer and the minor
species is the meridional isomer (7A and 7B, Figure 3).'” While
there are two possible mer-isomers, only one of them exists, yet it
could not be further identified.
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Figure 3. Reactivity of 3 with '3CO and interconversion of 3 and 3*.

In the absence of CO, 7A and 7B quickly lost one CO to form
3%, an isotopologue of 3 (Figure 3).'* According to *C NMR, all
the acyl and carbonyl carbon atoms are '*C labeled in 3*. In the
IR spectra, all »(CO) and v(acyl) bands are shifted to lower
frequencies in 3% (Table S1).'"* Applying the Teller—Redlich
product rule,>'® TI(v*/v) = (u/u*)?, confirms that all acyl and
carbonyl carbon are isotopically labeled - the experimental data
give II(v*/v) = 0.875, which agrees with the value of 0.873
expected for six *C—O groups (n = 6). In a control experiment,
3* was subjected to a charge/discharge cycle of '2CO atmosphere.
Two such cycles were sufficient to regenerate 3.

The facile isotopic exchange among all the CO ligands in 3 suggests
a fast equilibrium between 3 and 7A+7B even under a CO atmosphere.
The isotopic exchange of the acyl carbon with *CO is also rapid.
Possible pathways are reversible elimination of CO and/or methyl
migration from the acyl ligand. A number of Fe acyl poly(carbonyl)
complexes have been previously reported.'*'>'*2° Equilibrium be-
tween Fe methyl CO and Fe acyl was indeed observed.”®?' For [Fe]-
hydrogenase, however, no exchange between the extrinsic and intrinsic
CO ligands was detected.’ The rigidity of the internal Fe carbonyls in
the enzyme might be attributed to two factors: (i) These Fe carbonyls
are not labile, as they might be stabilized by interaction with the protein
environment. This interaction might be the origin for the ~20 cm™!
higher stretching frequencies for the CO and CN™ ligands in the CN-
inhibited enzyme compared to those in model complex 5. (ii) Unlike
3, dimerization of the Fe active site is not possible in the protein. As
for the isotopic exchange on the acyl ligand, no data are yet available
for the enzyme.

Complex 3 did not activate H, (up to 50 bar).'* This unreactivity
is not unexpected because [Fe]-hydrogenase could not react with
H, in the absence of the enzymatic substrate methenyl-H,MPT ">
Another factor to consider is the role of the secondary coordination
sphere in [Fe]-hydrogenase. The homodimer 3 reacts as a masked
form of its 5-coordinate monomer (3’). Even though 3’ reproduces
the first coordination sphere of the active site of [Fe]-hydrogenase,
it is missing a hydroxyl group at the o position to the pyridinyl
nitrogen. The hydroxyl group may bear important functions in the
enzyme. It could serve as an internal base, and it interacts with the
side chain of His14.® Mutation of Hisl14 reduced the activity of
the wild-type enzyme to less than 1%.%® The next generation of
model compounds shall include similar secondary interactions.

In conclusion, we prepared an [Fe'"Fe"] dithiolate complex (3),
which reacted with small molecules to give monomeric Fel!
complexes that reproduce the first coordination sphere of the active
site of [Fe]-hydrogenase and its CN™- and CO-inhibited states. All
carbonyl and acyl ligands in 3 undergo rapid isotopic exchange
via monomeric Fe" tricarbonyl intermediates.
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