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This communication presents a novel truncated Ni'-containing
metbalamin and describes its reversible one electron reduction to
a catalytically active Ni' species, that features cofactor F430 model
character. Our results strikingly demonstrate that stabilization of Ni'
is not restricted to the related hydroporhyrinoid ligands and is of
relevance to the application of metallocorrins in (biomimetic)
catalysis.

Coenzyme F430 is one of the most fascinating transition metal
containing cofactors, consisting of a central Ni-ion that is
embedded in a macrocyclic corphin ligand (Fig. 1A)."” This
special porphyrinoid complex is required by the enzyme
methyl-coenzyme-M-reductase (MCR) for the last step of bac-
terial formation of CH,4 from CO,.* In this enzymatic reaction, a
thiolate (coenzyme B) and a methyl thioether (methyl-coenzyme
M) are coupled to a disulfide (CoM-S-S-Co) under formation of
CH, (Fig. 1B).” Different mechanisms are controversially dis-
cussed for this unusual reaction that has never been observed
so far in non-enzymatic chemistry.*®*® Important insights
regarding the nature, coordination-, and redox chemistry of
coenzyme F430 were obtained with synthetic complexes such as
a Ni'-tetrahydrocorphinate,'® a Ni"-tetramethylcyclam® or a
Ni"-didehydrocorrin complex embedded in a protein.'? In this
context, the structurally closest relationship with the native
coenzyme reveals F430M (Fig. 1B), a pentamethylester that is
semi-synthetically derived from the natural porphinoid upon
dissociation from the protein.”® Electrochemical studies with
this hydrophobic model compound strikingly demonstrated
one-electron reduction of the inactive Ni'' form to a catalytically
active Ni' state.'**?
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Reversible metal-centered reduction empowers
a Ni-Corrin to mimic F4307

@ Reinhard Kissner® and

In 2018, we reported an unprecedented chemical pathway
for the synthesis of a metbalamin,'® i.e. an analogue of vitamin
By, containing other metals than cobalt. In particular, we
prepared a 5,6-dihydroxy-ni"balamin derivative (5,6-DHNibl)
in three steps starting from B;,, that exhibits an electronic core
structure reminiscent of coenzyme F430. Recent DFT studies of
Wu and Chen suggest that the Ni'-form of a truncated version
of our semi-artificial cofactor is enzymatically efficacious and
the authors proposed superior MCR activity compared to its
natural counterpart.'” In contrast to these encouraging compu-
tational results, the redox chemistry and catalytic activity of 5,
6-DHNibl and its derivatives, as well of metbalamins in general,
has not been studied so far. Inspired by seminal studies with
F430M and dicyano-cobester (DCCbs),'*>* the hydrophobic
models of F430 and Bj;,, respectively, we report herein on the
synthesis of the hydrophobic Ni" corrin 5,6-dihydroxy-heptamethyl
ni"byrinate (Ni-1*, Fig. 1) and its reversible one-electron reduction

A Rrooc

COOMe

COOMe

R = H: coenzyme F430 Ni-1* (this work)

R=CH3 F430M = oo !
B
methyl-coenzyme M CoM-S-S-CoB
S g0 MCR PNPC NN
HsC SO; + HS—R 038 S * CH,
coenzyme B R -
o (:300 9
R sl A 0P-07
Ho G, OH

Fig. 1 (A) Structures of cofactor F430 and its hydrophobic model F430M
in comparison to novel 5,6-dihydroxy-heptamethyl ni'byrinate (Ni-1*).
(B) Last step of methane generation in methanogenic bacteria.
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Table 1 UV/Vis, cyclic voltammetry and EPR data of Ni-1* and Ni-1 and their comparison to the hydrophobic cofactor F430 model F430M

Ni-1* F430M

Ni" Ni' Ni" Ni'
UV/Vis 277,447 (MeCN) 335, 380, 810, 880 (MeCN) 275, 440 (THF)" 278, 382, 754 nm (THF)"*
Amax [NM] (solvent)
cv —0.89 (DMF, SHE) —0.87 (DMF, SHE)"

Ey), [V] (solvent, ref.)
EPR (solvent, temp)

—0.95 (MeCN, SHE)
Silent

% Irreversible.

to the catalytically active Ni' form (Ni-1), that shares striking key
features with reduced forms of F430M (Table 1). Ni-1* was synthe-
sized as perchlorate salt starting from DCCbs'® in 3 steps
(Scheme 1). First, 5,6-dioxo-5,6-seco-Co,g-dicyano heptamethyl
cobyrinate (5,6-DOCbs) was synthesized from DCCbs according to
literature.>® Reductive demetallation of 5,6-DOCbs with CoCp,
(2.5 equiv.) and excess KCN in ‘BuOH led to the formation of
metal-free intermediate X that was re-metallated without additional
purification with Ni(OAc), in MeCN under Ar(g) to the Ni" complex
5,6-DONibs in quantitative yields.

Notably, isolation of the metal-free intermediate X (Scheme 1)
was not successful, due to its apparent high instability. Various
protocols were tested to convert 5,6-DONibs to Ni-1* in a subse-
quent ring closure reaction through pinacol-type coupling. Unex-
pectedly, couplings using either CoCp, or Sml, failed,"***
whereas a McMurry type reaction with TiCl,/Zn in 1,4-dioxane
finally led to Ni-1" in satisfactory yield (33%, isolated as Ni-1-
ClO,). Integrity of Ni-1* was verified by thorough spectroscopic
investigations using ESI-MS (M, m/zexp: 1069.61; M, m/zcac:
1069.45 for C5,H,5N,4NiO;,'), UV/Vis, as well as homo- and hetero-
nuclear one- and two-dimensional NMR spectroscopy. Especially,
'H-NMR studies underscored strikingly that Ni-1* with a
d8-configuration is diamagnetic and hence exhibits a square-
planar coordination geometry. The UV/Vis spectrum of Ni-1* in
MeCN displayed maxima at 263, 277, 316 and 447 nm (Fig. S3,
ESIf).>® The latter main vis absorption band is shifted towards

g1 =1.980, g = 2.194 (MeCN, 110 K)

—1.15% (MeCN, Fc/Fch)™*

Silent g1 =2.065, g| = 2.250 (MeCN, 88 K)**

longer wavelength by 7 nm compared to the vis absorption of
FA30M, whereas the characteristic double band at 263 and
277 nm in the UV region features higher intensity (eyyv/evis = 1.33),
as it is typical for corrins.”® This is different from the spectrum
of F430M that exhibits a less intense single UV band at 275 nm
(euv/evis = 0.85).1* Overall the spectrum is similar to that of other Ni'™-
containing corrinoids described earlier by the groups of
Eschenmoser®® and Kriutler,”” as well as our group.’® Analysis of
the CD spectrum of Ni-1" indicates that the stereochemistry at
C5 and C6 is identical with previously reported 5,6-DHNibl.'® The
"H-NMR spectrum of Ni-1" in CDCl, revealed a singlet at 5.57 ppm
for the C10 proton (Fig. 1A), thus with a strong highfield shift
(A0 = 0.2 ppm) compared to ring-opened secocorrin 5,6-DONibs.
Further details on the NMR structural elucidation of Ni-1* are
reported in the ESLt> Cyclic voltammograms of Ni-1* in DMF
showed a distinct cathodic wave with Ej, = —(0.93 £ 0.01) V vs. SHE
(Fig. 2 and Fig. S15, ESIT) When the scan was reverted at —1.2 V, a
distinct anodic wave appeared at E, = —(0.88 + 0.01) V with a similar
peak current value as the cathodic wave. This observation, comple-
mented by AE;, = 0.06V, is consistent with a reversible one-electron
transfer redox couple. For the reversible couple, E;/,, = —0.89 V vs.
SHE was calculated for Ni-1* in DMF. A similar single reversible one-
electron wave for the Ni-1*/Ni-1 couple was also detected in MeCN at
Ey, = —0.95 V vs. SHE (Fig. S16, ESIt).”® Reduction of the corrin
ligand is unlikely to occur above —1.0 V. Free corroles, expected to
be reduced more easily, are reported to undergo reduction only at

5,6-DONibs

Scheme 1 Synthetic route to 5,6-dihydroxy-heptamethyl ni'byrinate (Ni-1*) starting from DCCbs. Only the 'northern’ part of the corrin macrocycle is
shown, charges and counterions were omitted for clarity. Metal-free intermediate X was not isolated. (a) O,(g), methylene blue, CHsOD, 0 °C, 7.5 h.
(b) 1. CoCp> (2.5 equiv.), 2. KCN (exc.)/H,0, ‘BuOH, 23 °C, 60 min. (c) Ni(OAc),-4H,O (10 equiv.), MeCN (anhydr.), 23 °C, 15 min. (d) TiCly, Zn (s), pyridine,

1,4-dioxane/toluene, 1. 110 °C, 60 min, 2. 23 °C, 90 min.
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Fig. 2 Cyclic voltammograms of Ni-1* (0.42 mM) in DMF ([TBAPF¢] = 0.1 M)
in absence (black trace) and presence of chloroacetonitrile (red trace:
5.0 equiv., blue trace: 10 equiv., green trace: 25 equiv. and violet trace:
50 equiv.) Scans from —0.1Vto —1.3V to 0.3V and back to —0.1Vat 0.1V s~

potentials more negative than —1.0 V.?® Therefore, we ascribe the
peak pair at —0.89 V to a Ni"/Ni' redox couple, similar to the one
observed for F430M (E;/, = —0.87 V vs. SHE)." In a proof of principle
study, we investigated the electrocatalytic reduction of alkyl halide
2-chloroacetonitrile (CAN) with electrochemically generated Ni-1.
This reaction was extensively studied by Saveant and coworkers with
Co'balamins and Co-porphyrin complexes.?**°

Addition of CAN (5.0 equiv.) to a soln. of Ni-1* (0.42 mM) in
DMF and subsequent cyclo-voltammetric scans allowed the
detection of a catalytic current at the potential of the first
reduction wave (E, = —0.93 V vs. SHE) as well as a significant
decrease of the absolute anodic current. With addition of
increasing amounts of CAN (10-50 equiv.), the catalytic current
increased notably. Furthermore, the onset potential of the
catalytic reaction shifted slightly towards more positive poten-
tials (Fig. 2). Based on these results and earlier studies with
F430M>' and Ni'-isobacteriochlorins,*** we propose reversi-
ble one-electron reduction of Ni-1" to Ni-1 according to eqn (1).

Ni-1* + e~ — Ni-l 1)
Ni-1 + NCCH,Cl — [NCCH,-Ni"™1]" + CI~ (2)
[NCCH,-Ni"™1]" + e~ + H" — NCCH; + Ni-1*  (3)

It is anticipated that subsequent nucleophilic attack of Ni-1
at the methylene carbon of CAN generates an alkylated Ni'™
species (eqn (2)),%° that undergoes further reduction and pro-
tonation steps to form acetonitrile (NCCH;) and Ni-1" (eqn (3)).
The latter afterwards re-enters the catalytic cycle. While this
study demonstrated strikingly that electrocatalysis with Ni-1 is
principally possible, detailed electrocatalytic investigations are
certainly required to unravel the underlying mechanism and
the integrity of the formed product(s), as well as the scope of
the biomimetic catalyst, e.g. its potential in the construction of
C-C bonds under mild conditions.** The reduction process was
also studied with spectroelectrochemical (SEC) methods. In an
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SEC cell,” Ni-1* (2.56 mM in MeCN) showed the expected,
reversible reduction wave at —0.9 V (vs. SHE, Fig. $17, ESI}).*
At potentials more negative than —0.6 V, changes in the
absorption of Ni-1* are observed. The main visible absorption
band at 447 nm as well absorption at 540, 316, 263 and 240 nm
decreases, whereas absorption at 335 and 380 nm increases
(Fig. $18, ESIT).”® In addition to these spectroscopic changes, a
pronounced strong increase in the NIR region at 810 and
880 nm is detected. These changes are consistent with the
spectroscopical behavior of F430M upon electrochemical one-
electron reduction to a Ni' species for which additional electron
density in the d,=_,. orbital leads to destabilization of corrin t*
orbitals due to orbital mixing."*** As a direct consequence
more energy is required for the 1 — n* transitions to occur.*®
Upon reversal of the applied potential at —1.15 V, changes in
absorption between 440 and 880 nm start to reverse, reaching
the initial absorbance of Ni-1" at approx. —0.7 V on the return
scan (AAbs = 0). The metal-centered nature of the one-electron
reduction of Ni-1* to Ni-1 was further corroborated by EPR
spectroscopy.>® Bulk electrolysis in MeCN allowed quantitative
conversion of Ni-1" to Ni-1 at —0.95 V (vs. Ag-wire) within
15 min, as indicated by chronoamperometry. Subsequent EPR
measurements in frozen MeCN at 110 K revealed a broad,
asymmetric signal with g, = 1.980, g, = 2.194 respectively
(Fig. S13, ESI{).”® It has a p-p width of 15 mT at 110 K and
resembles the spectral feature of singly reduced F430M at
88 K,"* strongly supporting reduction at the metal center to a
square-planar Ni' species with the additional electron located
in the d,._). orbital. Density functional theory (DFT) calcula-
tions were conducted to optimize the ground state structures of
the Ni-1* and Ni-1 complexes (for details see ESIT).*® The
calculations are consistent with a metal-based reduction of
Ni-1". After reduction, the unpaired electron is mainly located
on the metal center as revealed by the Mulliken spin density
population at the Ni atom of 0.903 (Fig. 3, right). The popula-
tion of one virtual frontier orbital by one electron upon
reduction gives rise to a more stable structure after relaxation
when it occurs on the LUMO+1 orbital (antibonding o* between
the metal d,._. orbital and the nitrogen p orbitals) than on the
LUMO (mainly located on the tetradentate ligand with a small
participation of the metal, Fig. 3, bottom right). The presence of
one electron in the resultant ¢ orbital induces longer Ni-N
bonds in Ni-1 compared to Ni-1* (+0.068 A average), but the
overall geometry remains very similar with a planar Ni-N, core.

We have presented a novel truncated Ni'-containing metbala-
min as a suitable model of cofactor F430. Cyclovoltammetric and
spectroelectrochemical studies indicate a reversible one electron
reduction to a Ni' species, further supported by EPR and compu-
tational investigations. A reduction potential of E;;, = —0.89 V vs.
SHE was determined for the Ni"/Ni' couple of Ni-1*, similar to that
of F430M, a superb hydrophobic derivative of the natural
Ni-containing coenzyme. In a proof-of-concept study, we demon-
strated that electrocatalytic dehalogenation is principally possible
with the reduced Ni' corrin and intend to extend these studies to
biomimetic applications and to the construction of C-C bonds
under mild conditions in the near future.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Left: Plots of selected frontier orbitals of Ni-1*; Top, right: Simpli-
fied molecular orbital diagram derived from DFT calculations; Bottom,
right: Spin density plot of Ni-1. The newly added electron to Ni-1* to form
Ni-1 is highlighted in red.
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