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Cofactor F430 is a nickel-containing hydrocorphinato complex that plays important roles in the enzymatic
formation and oxidation of methane. In methanotrophic bacteria, F430-dependent methyl-coenzyme M
reductase (MCR) catalyses the endergonic conversion of the heterodisulfide adduct of coenzymes M and
B with methane to methyl-coenzyme M and coenzyme B. In a radical mechanism, the Ni()-induced
formation of a transient thiyl radical of coenzyme B from the heterodisulfide has been proposed. Herein,

we introduce a new semi-artificial Ni-complex derived from vitamin By, as functional model of F430. We
Received 12th December 2024

Accepted 18th January 2025 demonstrate with electrochemical studies that the low valent Ni() complex cleaves the biomimetic

model compound diphenyl disulfide into approx. 0.5 equivalents of thiophenol and a transient thiophenyl

DOI 10.1035/d4sc08416k radical at a potential of —1.65 V vs. Fc/Fc*. Thiyl radicals are trapped in solution with phenylacetylene as
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Introduction

Anaerobic oxidation of methane (AOM) plays an important role
in the global carbon cycle."? In this way, a hundred million tons
of CH, are oxidized annually to CO, by the interplay of meth-
anotrophic archaea and sulfate-reducing bacteria in marine
sediments (eqn (1)).> This biotransformation prevents the
release of large amounts of the highly potent greenhouse gas
methane into the atmosphere.*

CH, + SO,*~ — HCO;™ + HS™ + H,0, AG” = —17 kJ mol (1)

In 2003, the groups of Shima and Thauer as well as of deLong
independently suggested methyl-coenzyme M reductase (MCR)
as the key enzyme of AOM.>® MCR depends on cofactor F430,
a tetradentate Ni-hydrocorphin complex with either a hydrogen
or a S-configured methylthio group at position 17> of the
macrocyclic ligand (Fig. 1, left).” The low valent Ni(1) state of
F430 is critical for the enzymatic formation of methyl-
coenzyme M (H3C-S-CoM, Scheme 1C) and coenzyme B (HS-
CoB, Scheme 1C) from CH, and the heterodisulfide adduct of
coenzyme M and coenzyme B (CoM-S-S-CoB; eqn (2)).*°
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thiophenyl-substituted olefins, but also lead to degradation of the Ni-complex.

This endergonic reaction (AG® = 30 k] mol ') proceeds as
the reverse of exergonic methane formation (AG® =
—30 kJ] mol™') in the metabolism of chemotrophic metha-
nogens (eqn (2) from right to left)." Since methane oxidation
and methane formation are catalyzed by the same F430-
dependent enzyme (i.e. MCR),"*** the forward and back reac-
tions described by eqn (2) should proceed via the same mech-
anism according to the concept of microscopic reversibility.**

CH4 + CoM-S-S-CoB = CH;-S-CoM + HS-CoB,
AG® = +30 4+ 10 kJ mol™" (2)

Among different mechanistic proposals,'**” a Ni(1)-induced
radical cascade reaction has been suggested by computational
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Fig. 1 Structural formulas and core structures of cofactor F430 and
F430M (left) and of the new seconibester model Ni-1* (right). The (10 +
2) m-electron core structures are shown in bold.
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A: Radical Mechanism of AOM
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Scheme 1

(A) Proposed radical mechanism of AOM catalyzed by F430-dependent MCR (ref. 1 and 2). (B) Biomimetic electrochemistry study.

Electrogenerated Ni-1 reduces diphenyl disulfide (PhSSPh) to thiophenol (PhSH) and thiophenyl radical 1. Radical 1 adds to phenylacetylene
yielding vinyl-radical 2 that is further converted to olefins 3 and 4 (ref. 28). (C) Structures of CoB-SH and HzC-SCoM.

studies and was later supported by transient kinetic spectros-
copy studies.>***® In this mechanism, the low valent Ni(1) form
of F430 converts the heterodisulfide CoM-S-S-CoB in a one-
electron reduction to Ni(u)-S-CoM and a transient thiyl-
radical of coenzyme B (Scheme 1A). The latter abstracts
a hydrogen atom from methane, which is converted into H;C-
S-CoM (Schemes 1A and C). The endergonic homolytic scission
of the particularly strong C-H bond of methane (439 kJ mol )
with a thiyl radical is unknown in synthetic chemistry, but has
precedence in other enzymatic systems.' It probably proceeds
through a concerted mechanism as suggested earlier for
anaerobic hexane activation by a thiyl radical.*®

Fundamental work on properties and reactivity of F430 in
apolar solvents was reported by Jaun and colleagues with F430M
(Fig. 1, left), a non-polar pentamethyl ester model of native F430
mimicking the hydrophobic active site of MCR.*"** In contrast
to these fundamental studies, biomimetic AOM chemistry has
not been studied so far with F,;, models.>**”

With this terra incognita in mind, we herein describe a new
functional model of F430 in the low valent Ni(i) state that
induces transient thiyl radical formation by reductive cleavage
of a model disulfide.

The semi-artificial Ni-complex Ni-1* (Fig. 1, right) contains
a central Ni(u)-ion embedded in a tetradentate seconibester
ligand derived from vitamin By,.

The pseudo-macrocyclic (10 + 2) m-electron system is remi-
niscent to the electronic core structure of F430 and contains
additional electron-withdrawing keto and hydroxy groups
similar to modifications at the periphery of its natural coun-
terpart F430 (Fig. 1). Structurally different seconirrin derivatives
have been developed earlier in the group of Albert Eschenmoser

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthetic route towards the F430 model Ni-1* starting from
vitamin By,. Only the last step is shown (positions at C5 and C10 are
indicated).

during the two total syntheses of vitamin Bj,, but were not
investigated in biomimetic and electrocatalytic studies.*****

Experimental

For the preparation of Ni-1%, we first synthesized 5,6-dioxo-5,6-
seco-heptamethyl nibyrinate (5,6-DONbs) from vitamin B;, in an
isolated yield of 33% according to a procedure developed earlier
in the Zelder group.”**** Subsequently, 5,6-DONbs was reduced
with NaBH, to the new 5-hydroxy-6-oxo-5,6-seco-heptame-
thylnibyrinate (Ni-1*) and isolated as ClO,~ salt (88%, Fig. 2).

Results and discussion

The reduction of the keto-group of 5,6-DONbs to a hydroxy
functionality was pursued to prevent undesired ligand-centered
redox chemistry during electrochemical studies. The structural
integrity of Ni-1* was verified by HR-ESI-MS (M’, m/zex:
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1069.45084; M', m/Zeqe: 1069.45261 for Cs,H,5N,NiO,") and
spectroscopic investigations using UV/vis, as well as homo- and
heteronuclear one- and two-dimensional NMR spectroscopy
(Fig. S2-S97). The visible region of the absorption spectrum in
CH;CN is reminiscent to the spectrum of hydrophobic F430M
(Fig. 1 left) with a red shifted maximum at 461 nm (A4 = 30 nm;
log & = 3.94) (Fig. S27).22 The NMR spectra of Ni-1* showed sharp
peaks indicating a square-planar coordination geometry of Ni(u)
with a d%-configuration. The HMBC spectrum lacked correla-
tions between the protons of the methyl group at C51 (1.81
ppm) and C6 (189.27 ppm) as expected for a pseudo-macrocyclic
seconirrin ligand (Fig. S1 and S9%). Although, we were not able
to grow suitable crystals for structural analysis, the configura-
tion was tentatively assigned by "H-"H NOESY spectroscopy on
the DFT-optimized geometries. These data revealed an R
configuration on C5 (Table S27).

Cyclic voltammetry (CV) studies of Ni-1* in CH;CN showed
a quasi-reversible redox feature (E;,, = —1.61 V; AE, = 80 mV)
with a distinct cathodic wave at E,. = - 1.65 Vvs. Fe/Fc’ (Fig. 3A).
The observed E; ,-value is more negative to the one of F430M in
DMF (Ey, = —1.32 V vs. Fc/Fc').?2 The reduction of Ni-1*
(3.7 mM in MeCN) was additionally studied with spectroelec-
trochemical (SEC) methods in an OTTLE cell exhibiting
a reversible reduction wave at —1.81 V vs. Fc/Fc¢" (Fig. S11 and
Table S371). At potentials more negative than —1.4 V vs. Fc/Fc’,
changes in the UV/vis spectra of Ni-1* were observed with iso-
sbestic points at 327 and 430 nm indicating a clean conversion
to a single product with a strong absorption at 382 nm and
additional characteristic weaker bands in the NIR region at 813
and 888 nm. This SEC behavior shows remarkable similarities
with that of F430(M) upon one-electron metal-centered reduc-
tion.'** For the natural cofactor F430 and its hydrophobic
derivative F430M (Fig. 1, left), changes in the NIR region have
been ascribed to a metal-to-ligand-charge transfer from Ni(i) to
the hydrocorphinato ligand (Fig. 3B).>*

Additional evidence for a metal-centered reduction was ob-
tained from continuous wave (CW) EPR measurements of Ni-1
in frozen toluene/MeCN at 10 K (Fig. S121). The spectrum
consists of two main features with a broader signal A centered at
lower fields and a narrow signal B. Double integration of the
simulated signals indicates approximately 95% of species A and
only 5% of species B. The main anisotropic component A, with
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Fig. 3 (A) Cyclic voltammogram of Ni-1* (1.5 mM) recorded at 0.1 V

s71in CH3CN containing TBAPFg (0.1 M). (B) UV/vis-SEC of Ni-1* (2.65
mM) recorded in CH3CN containing TBAPFg (0.6 M). Ni-1* contains
a Ni(1)-ion whereas Ni-1 contains a Ni()-ion.
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principal g values (g = 2.175, g, = 1.980) with sizeable
differences from g, is attributed to a metal-localized para-
magnetic center, and specifically to a Ni(1) species (d°, S = 1/2).
The spectrum resembles those of square-planar hydrophobic
F430M (g = 2.250, g, = 2.065)** and, in particular, a previously
reported Ni-corrin derivative (g = 2.194, g, = 1.980).> For the
minor component B, the narrow linewidth, low g anisotropy
and small deviation of the average g value (g = 1.997, g, =
2.005) from the free electron g. = 2.0023 suggests a ligand-
centered radical.

In biomimetic electrochemistry studies, we tested low valent
Ni-1 for the reductive cleavage of different model disulfides as
proposed in the first step of the mechanism of AOM (Scheme
1A). Cystine and dibenzyl disulfide were initially considered as
models of the aliphatic heterodisulfide CoM-S-S-CoB, but
cystine showed poor solubility in CH3;CN, whereas the redox
potential difference between dibenzyl disulfide (Ep. = - 2.72 V
vs. Fe/Fe') and Ni-1* (E,c = - 1.65 V vs. Fe/Fc') was too large for
successful electrocatalysis.* In contrast to the inertness of Ni-1
toward dibenzyl disulfide, MCR-bound F430 cleaves the
aliphatic archetype CoM-S-S-CoB, although F430(M) exhibits
a more positive reduction potential than Ni-1*.22° We propose
that protein binding alters both the inner-,*” and secondary
coordination sphere of F430, shifting its reduction potential to
more negative values, thereby enabling reductive cleavage.’ The
impact of the secondary coordination sphere on the reduction
potential of a Ni(u)-complex has already been demonstrated in
a related protein-F430 model.>” However, the reduction poten-
tial of MCR-bound F430 has not been reported so far.”® In
contrast to cystine and dibenzyl disulfide, diphenyl disulfide
(PhSSPh, Scheme 1B) exhibits a more positive standard reduc-
tion potential (Ep. = —2.09 V vs. F¢/Fc*).%* Addition of PhSSPh in
CV experiments with Ni-1" resulted in a catalytic current
attributed to substrate reduction with an onset at —1.65 V vs. Fc/
Fc' that follows reduction of Ni-1" to Ni-1 (Fig. 4). The CV
became irreversible and the catalytic current increased with
increasing concentration of the substrate (0-110 equiv.; Fig. 4).
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Fig. 4 Cyclic voltammogram (CV) of diphenyl disulfide (PhSSPh,
2.5 mM, blue dashed) and of Ni-1[ClO,] (1.02 mM, orange dotted) in
the absence and presence of diphenyl disulfide (1, 10, 30, 70, 110
equiv., gray and black solid) at 0.1V s~ in CHsCN containing TBAPFg
(0.1 M). CV scans were initiated at —1.16 V vs. Fc/Fc*.
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In the absence of the Ni-complex reduction of PhSSPh was only
observed at significantly more negative potentials (AE = -
0.443 V; Fig. S131).%

Controlled potential electrolysis (CPE) of PhSSPh (20 mM; 20
equiv.) was performed in CH;CN/water (16% v/v) and TBAPF;
(0.1 M) at potentials of —1.65 V vs. Fc/Fc¢' for 90 min in the
presence and absence of Ni-1 (1 equiv.). Whereas no cleavage of
PhSSPh to PhSH was observed in the absence of Ni-1 (Fig. S147),
approximately 0.5 equiv. of PhSH (0.55 mM) were detected in
the presence of Ni-1 based on GC-MS analyses (Fig. S15 and
S16t1). LC-UV/vis analysis of the reaction mixture revealed
degradation of Ni-1 (Fig. S17%) into different products as
undesired side reaction. Since Ni-1 was not affected by the
presence of PhSH in control experiments, we speculate that the
transient thiyl radical PhS" (1, Scheme 1B) triggers degradation
of Ni-1. A similar behaviour has been observed earlier for MCR
upon reduction in the presence of the heterodisulfide CoM-S-S-
CoB.*® The resulting inactivation of the enzyme has been
explained by uncontrolled reactions of the thiyl-radical of
coenzyme B derived from the Ni(i)-induced cleavage of the
heterodisulfide.” For this reason, we attempted to catch the
reactive thiyl-radical 1 with a radical trap. Phenylacetylene
seemed perfectly suited,”*’ because the addition of thiyl-
radicals to alkynes is well explored and terminal alkynes are
largely unreactive towards nucleophilic additions of thiols.*>**
In these CPE experiments, we observed formation of the thiyl-
radical adducts 3 and 4 (Scheme 1B) with GC-MS analysis
(Fig. S18,1 R, = 12.63 and 17.37 min) in the presence, but not
the absence of the Ni-complex (Fig. S19t). In accordance with
a mechanism proposed by Ishibashi and co-workers (Scheme
1B),*® we suggest the formation of PhSH and the transient thiyl
radical 1 upon Ni(1) induced cleavage of PhSSPh. The subse-
quent addition of the thiyl species to phenylacetylene yields
vinyl radical 2 that either abstracts a hydrogen atom of PhSH to
yield 3 or reacts with 1 to form 4.

Subsequently, we also tested the hydrogen atom abstraction
from cumene (BDE = 84.5 keal mol™")*? as an activated model of
methane in our CPE experiments with Ni-1" and PhSSPh.
Neither the formation of dicumene or any other cumene
derivative was observed in the reaction mixture (Fig. S207)
hinting towards radical C-H activation of the substrate.*® The
RS-H bond dissociation energy (BDE) of thiophenol (PhSH;
BDE = 79 kcal)* is probably too low for hydrogen atom transfer
from cumene to 1.

Conclusions

In summary, we present a semi-artificial Ni-complex derived
from vitamin B, as structural and functional model of cofactor
F430. The low-valent Ni(1) state of the biomimetic complex
exhibits striking spectroelectrochemical similarities with its
natural archetype and exhibits a half wave potential (E;/,) of
—1.61 V vs. Fe/Fe'. This strong reducing power of the Ni(1) state
makes the one-electron cleavage of diphenyl disulfide into
approx. 0.5 equivalents of thiophenol and a thiophenyl radical
possible. The transient thiyl radical was trapped with phenyl-
acetylene as thiophenyl substituted olefins 3 and 4, but leads

© 2025 The Author(s). Published by the Royal Society of Chemistry
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also to degradation of the Ni-complex. The activation of C-H
bonds in cumene was attempted, but not observed due to the
low BDE of thiophenol (BDE = 79 kcal mol ). For achieving
radical C-H activation in the future, the cleavage of disulfides
with a significantly higher BDE and a more negative reduction
potential than thiophenol is required. For this purpose, the
incorporation of Ni-1" into protein-models to explore additional
secondary coordination sphere effects is suggested. In addition,
our group develops new Ni-corrin derivatives with a more
negative reduction potential than Ni-1*.

Overall, the present electrochemical model reaction mimics
the first step of the radical mechanism in the anaerobic oxida-
tion of methane with MCR and contributes therefore to the
current understanding of F430-catalyzed reactions.
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