
Theoretical Modeling of Putative Ni(III) -F430
Intermediates of Methylcoenzyme M Reductase

Tebikie Wondimagegn† and Abhik Ghosh*,†,‡

Institute of Chemistry, UniVersity of Tromsø
N-9037 Tromsø, Norway

ReceiVed May 30, 2000
ReVised Manuscript ReceiVed December 19, 2000

Methycoenzyme M reductase (MCR)1,2 catalyzes the last
chemical step of methane formation by methanogenic organisms
(methanoarchaea), the reaction involving a two-electron reduction
of a methylthioether, coenzyme M (CH3-S-CoM), by N-7-
mercaptoheptanoyl-threonine phosphate (CoB-SH). A key com-
ponent of the active site of MCR is F430 (Scheme 1) a nickel
tetrapyrrole cofactor, whose Ni(I) form is present in the active
form of the enzyme, MCRred1.1,2 On the basis of high-resolution
X-ray crystallographic structures of two EPR-silent high-spin
Ni(II) forms of the inactive enzyme, Ermler and co-workers3

proposed the mechanism shown in Scheme 1. The mechanism
provokes the question whether the tetrapyrrole ligand of F430,
which is unusual in its ability to stabilize low-valent Ni(I) in a
nitrogen-only ligand environment, can also give rise to high-valent
Ni(III) intermediates. We present here density functional theory
(DFT) calculations4,5 that suggest that the answer is “yes”. In
addition, other inactive EPR-visibleS ) 1/2 states of MCR are
known, known as ox1 and ox2, for which either Ni(I) (d9) or
Ni(III) (d 7) formulations are conceivable.1,6,7 A limited attempt
is also reported here on the theoretical modeling of these states.

In this work, we simulate various putative Ni(III) derivatives
of the natural F430 cofactor by a relatively “high-fidelity” model
complex designated F′430 (Scheme 1). The F′430 complexes are
“derived” from natural F430 by replacement of all peripheral alkyl
substituents by methyl groups. Here we report calculated DFT
results on three Ni(III)-F′430 complexes with ClO4-, CH3, and
CH3-S- axial ligands, the sixth ligand in each case being
O-bound acetamide (Am). The CH3-S- and Am ligands are
intended to model the coenzyme M thiolate (CoM-S-) and
Glna147 axial ligands, respectively, found in the crystal structure
of MCRox1-silent.3 In a recent paper, we have presented analogous
DFT calculations on four-coordinate Ni(I) and low-spin Ni(II)
F′430 and 12,13-diepi-F′430 complexes.8

A key result of this study is that the singly occupied MOs of
the model complexes [NiIII (F′430)(ClO4)(Am)]+ and [NiIII (F′430)-
(CH3)(Am)]+ are very different in terms of their spatial distribu-
tion and essentially correspond to Ni dz2 and dx2-y2 orbitals,
respectively. As shown in Table 1, the Ni unpaired electron spin
population in [NiIII (F′430)(ClO4)(Am)]+ is approximately 0.57, with
the remainder of the electronic spin distributed over the axial
ligands. In contrast, the Ni unpaired electron spin population in
[Ni III (F′430)(CH3)(Am)]+ is approximately 0.77, and the remainder
of the unpaired spin is distributed roughly equally on the four
nitrogens of the F′430 ligand. The Ni spin population in the
Ni(III) -CH3 case is surprisingly similar to a value of 0.83 found
earlier for Ni(I)-F′430,8 a result that may be relevant to areas of
nickel chemistry, not specifically connected to MCR and cofactor
F430. Thus, Ni(III) complexes with the unusual “t2g” 6(x2 - y2)1

electronic configuration may simulate Ni(I) in terms of their
electronic spin density profiles and EPR parameters. The different
electronic configurations of [NiIII (F′430)(ClO4)(Am)]+ and [NiIII -
(F′430)(CH3)(Am)]+ are reflected in significant differences in
coordination geometry of the nickel center. In the Ni(III)-ClO4

case, the Ni-N distances are 1.96-2.08 Å. In the Ni(III)-CH3

case, the Ni-N distances are significantly longer, 2.00-2.21 Å,
as expected on the basis of occupancy of the Ni dx2-y2 orbital.

These results are in generally good agreement with relevant
experimental results. For example, Jaun generated Ni(III)-
F430Me5 electrochemically in acetonitrile and observed an EPR
spectrum characteristic for a tetragonally distortedS) 1/2 system
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Scheme 1

Table 1. Selected Optimized Distances (Å), Atomic Charges, and
Spin Populations of Ni(III)-F′430 Complexesa

Distances

cmpd Ni-NA Ni-NB Ni-NC Ni-ND c d

[Ni III (F′430)(ClO4)(Am)]+ 2.08 2.01 2.01 1.96 2.12 (O) c
[Ni III (F′430)(CH3)(Am)]+ 2.21 2.13 2.01 2.00 1.96 (C) 2.20
[Ni III (F′430)(SCH3)(Am)]+ 2.20 2.10 1.97 1.96 2.34 (S) 2.42

Charge

cmpd NA NB NC ND Ni L b

[Ni III (F′430)(ClO4)(Am)]+ -0.3433 -0.4326 -0.3763 -0.4052 0.5630-0.5765
[Ni III (F′430)(CH3)(Am)]+ -0.3396 0.4112-0.3921 -0.4047 0.6275 0.4108
[Ni III (F′430)(SCH3)(Am)]+ -0.3415 -0.4238 -0.3762 -0.3902 0.5107 0.0222

Spin Populations

cmpd NA NB NC ND Ni Lb

[Ni III (F′430)(ClO4)(Am)]+ 0.0052 0.0309 0.0353 0.0167 0.5707 0.1880
[Ni III (F′430)(CH3)(Am)]+ 0.0795 0.0933 0.0486 0.0578 0.7685-0.0814
[Ni III (F′430)(SCH3)(Am)]+ 0.0885 0.0842-0.0032 0.0081 0.6546 0.1353

a Some relevant symbols are explained in Scheme 1.b The charge
or spin population refers to the atom in the axial ligand (other than
Am) that is directly bonded to the nickel atom.c In these compounds,
the Am ligand fell off the nickel atom in the course of geometry
optimization.

1543J. Am. Chem. Soc.2001,123,1543-1544

10.1021/ja001870j CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/24/2001



with a (z2)1 ground state (g ) 2.020,g ) 2.211),9 consistent with
our finding of a (z2)1 ground state for [NiIII (F′430)(ClO4)(Am)]+.
Similarly, Bocian and co-workers have reported EPR evidence10

for the existence of Ni(III) tetrapyrrole complexes with unusual
"t2g"6(x2 - y2)1 electronic configurations. Thus, these researchers
found a typical (z2)1-type Ni(III) EPR spectrum for [Ni(TPP)-
(Py)2]+ but a very different spectrum for [Ni(TPP)(CN)2]- (TPP
) tetraphenylporphyrin), which they assigned to an (x2 - y2)1

d-occupancy. DFT calculations from our laboratory supported the
conclusions reached by Bocian and co-workers. Using the unsub-
stituted porphyrin ligand (P) in our DFT calculations, we found
that the (z2)1 configuration of [Ni(P)(Py)2]+ was favored over the
(x2 - y2)1 configuration by 0.43 eV, but for [Ni(TPP)(CN)2]-,
the energy ordering was reversed with the (x2 - y2)1 configuration
favored by 0.96 eV.11 Thus, the very stronglyσ-donating methyl
ligand in [NiIII (F′430)(CH3)(Am)]+ and the cyanide ligands in
[Ni(TPP)(CN)2]- discourage occupancy of the dz2 orbital and favor
occupancy of the dx2-y2 orbital instead. The optimized nickel-
ligand bond distances in [Ni(P)(Py)2]+ versus [Ni(TPP)(CN)2]-

exhibited the same qualitative differences as those found here
for [Ni III (F′430)(ClO4)(Am)]+ and [NiIII (F′430)(CH3)(Am)]+ (Table
1).

In a recent DFT study of the Ni(I) and low-spin Ni(II) states
of F′430 and 12,13-diepi-F′430, we have shown that the F430 ligand
exhibits unique conformational characteristics, very different from
its thermodynamically more stable 12,13-diepimer and from other
hydroporphyrins. Figure 1, which presents stick diagrams of all
the F′430 and 12,13-diepimeric structures optimized in our
laboratory until now, clearly shows that the F′430 complexes are
significantly less ruffled than the diepimeric structures. Steric
interactions involving the 12- and 13-substituents and the methine
hydrogen at the 10-position exercise a significant planarizing force
on the F430 macrocycle and discourage it from strong ruffling.
This may be a factor that stabilizes the Ni(I) oxidation state. We
wrote11 that Nature appears to have “specifically tailored the
molecular architecture of F430 for occupancy of the nickel dx2-y2

orbital and for relatively long Ni-N bonds”. In light of the above

results, it is tempting to propose that this may indeed be an
important principle of F430 chemistry: the viability of the putative
Ni(II) -CH3 and Ni(III)-CH3 intermediates of F430 should also
depend critically on occupancy of the nickel dx2-y2 orbital.

We also attempt here to briefly address the controversial
assignment of the nickel oxidation states of the EPR-visible
inactive ox1 and ox2 states of MCR. The less reducing conditions
necessary for generating the ox states, relative to red1, and the
fact that the reductant Ti(III) citrate converts ox1 to red1 suggest
that ox1 is Ni(III).1,6,7 However, the ox1 and ox2 states12 exhibit
the same EPRg-value pattern and14N ENDOR hyperfine coupling
as red1 and Ni(I)-F430,13 indicating a metal (x2 - y2)1 electronic
configuration. On the basis of this finding and a variety of other
considerations, the authors of the magnetic resonance study
concluded that ox1 and ox2 are Ni(I), not Ni(III). To us, this
conclusion did not seem to be entirely convincing: what if a
CoM-S-Ni(III) -F430 species also has an (x2 - y2)1 configuration
and simulates the EPR behavior of Ni(I)? Our calculated results
on the model complex [Ni(F′430)(SMe)(Am)]+ permit a partial
evaluation of these different electronic-structural scenarios.

Our calculated results on [Ni(F′430)(SMe)(Am)]+ support the
suggestion, on the basis of considerations of EPRg-values and
hyperfine couplings,12 that a description of ox1 in terms of a high-
spin Ni(II) center spin-coupled to a sulfur radical is not reasonable.
The optimized geometry of [Ni(F′430)(SMe)(Am)]+ reveals long
Ni-N distances, consistent with occupancy of the Ni dx2-y2 orbital.
However, the unpaired spin profile is qualitatively unlike that in
Ni(I)-F′430, [NiIII (F′430)(ClO4)(Am)]+ or [NiIII (F′430)(CH3)(Am)]+,
with the main contributions as follows: Ni (65%), S (14%), and
two opposite nitrogen atoms, NA and NB (8-9%, each). The open-
shell orbital resulting in this spin-density distribution involves
metal-ligand π-bonding and may be schematically represented
as follows:14

In conclusion, DFT calculations provide a simple explanation
of how MCR might achieve the somewhat paradoxical stabiliza-
tion of both low-valent Ni(I) and high-valent, formally Ni(III)-
methyl intermediates, the key factor in each case being the facile
occupancy of the Ni dx2-y2 orbital. Second, the calculations show
that the electronic spin density profiles of (x2 - y2)1-type Ni(III)
species can be deceptive and closely mimic those of Ni(I) species,
a result that may be of relevance to other areas of nickel chemistry
such as the chemistry [NiFe] hydrogenases.15 Third, the (x2 -
y2)1-type EPR and14N ENDOR spectra of MCR ox1 and ox2
appear not to be compatible with the spin density profile of an
F430-Ni(III) -thiolate model complex, in agreement with conclu-
sions reached by Hoffman, Ragsdale, and co-workers.12
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Figure 1. Stick representation of the optimized geometries of various
F′430 complexes. Hydrogen atoms are omitted for clarity.
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