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Abstract: Complexes, where a doubly reduced CO,>~
(carbonite) ligand is spanned between a nickel(IT) centre
and a transition metal(Il) ion (TM=Fe, Co, Zn) have
been accessed. In non-coordinating solvents the carbon-
ite ligand exhibits a flexible coordination behaviour as
observed by NMR spectroscopy and supported by DFT
calculations. In particular the [Ni-CO,-Fe] representa-
tive replicates the respective entity in an intermediate
formed during CO,-conversion by the enzyme [Ni,Fe]-
CODH in many ways (structure, spectroscopic proper-
ties, reactivity). Our investigations reveal that transition
metal ions reduce the reduction potential of the carbon-
ite unit but increase its tendency to undergo C—O bond
cleavage. This may explain the choice of an iron(II) ion
instead of a s- or p-block-based Lewis acid as part of the
active site. )

The [Ni,Fe]-containing carbon monoxide dehydrogenase
([Ni,Fe]-CODH) represents a natural blue-print for CO,
activating systems.! These enzymes are employed by
bacteria as catalysts for the reversible transformation of CO,
to CO with high turnover frequencies and almost no
overpotential.”! The conversion occurs at a nickel centre
embedded in an iron-sulphide environment, supported by a
Lewis acid, namely, a high-spin Fe" centre, the so-called
ferrous-component II (FCII).'*¥ Dobbek and co-workers
have achieved the crystallisation and structural character-
isation of the intermediate C,g4,-CO, in which a doubly
reduced CO,*" ligand, coined carbonite, is bound in a Ni'-
(u-CO,-xC: k0)-Fe" fashion.P!
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While these findings concerning the CODH are inspiring
the field of CO, activation, the electronic structures of the
intermediates and the role of FCII remain debated.!'** ©
Investigations on biomimetic model complexes can contrib-
ute valuable information to such discussions, as they may
help explaining certain structural features, the role of
components in the active site and the behaviour of
postulated intermediates.”! However, despite the high inter-
est in the CODH, molecular compounds that replicate the
CO,-bound state of the [Ni,Fe]-CODH, i.e. featuring a Ni-
CO,-Fe moiety, are hardly known. In fact, the only example
of a Ni-CO,-Fe complex was reported by Lee and coworkers
in 2017 (Figure 1, X).®! This scarcity of structural model
complexes certainly arises from synthetic difficulties attrib-
uted to the high reactivity of metal-bound CO, complexes."

The iron-sulphur cluster surrounding the nickel atom in
the CODH mainly determines the electronic situation at the
metal and also serves as a reductant. We have shown that
with B-diketiminato coligands (L'®") complexes bearing Ni'-
CO,* moieties can be generated that mimic structural
features of the intermediate C,.4,-CO, like the exceptionally
short Ni—C bond and also the reactivity with protons
(leading to CO formation). Notably, these complexes can be
accessed either starting with nickel(0) by CO, activation, or,
alternatively and more conveniently, via deprotonation of a
B-diketiminato Ni" formate precursor [L®*NiOOCH].'! In
the carbonite complexes [L®'Ni(CO,)AM] thus obtained
the charge is compensated by an alkali metal ion (AM=Li,
Na, K), resulting in a bifunctional system where the carbon-
ite ligand is activated between the Ni centre and the Lewis
acidic AM support.'"! Most recently we reported that the
AM counter ion can be exchanged by group II metal ions
using a salt metathesis approach.['? In the present contribu-
tion we make use of what we have learned in this previous
work to accomplish the introduction of transition metal ions
as the Lewis acidic counterions, in particular high-spin Fe'’,
to emulate the enzymatic intermediate even more closely.

Ni,Fe]-CODH
[Ni,Fel-CO Lee 2017 This work
Crea2-CO,
Cys-S,
ys-S.,, /\\ ,~SCys @ Q
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Figure 1. Structure of the C,.4,-CO, state of the [Ni, Fe]-CODH (left) and
its molecular models.
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Based on the previous experiences with earth alkaline
metal ions a salt metathesis approach was pursued, and for
the saturation of the residual coordination sphere at the
transition metal centres (M) a B-diketiminato ligand was
chosen. As mentioned, a strong focus was on iron(II), but to
establish a viable synthetic procedure to access the target
molecule with a paramagnetic [L®'Ni(CO,)FeL™*] entity,
first of all the corresponding zinc compound was targeted, as
this enabled evaluation of the reaction course via NMR
spectroscopy. Following our previously reported route to a
[Ni,Mg]-derivative,'? initial attempts were performed using
zinc halide precursors [LM*ZnX] (X=Cl, Br, I) for a salt
metathesis with [Ni,AM]-carbonite complexes, however, in
no case a conversion was observed. Hence, the more
electrophilic Zn precursor [LM*Zn(OTf)THF], 1%, with a
weakly coordinating triflate ligand was synthesised
(Scheme 1) to facilitate the exchange reaction.

Indeed, reaction of [L®"Ni(CO,)Na] with 1*" gave
[LB*Ni(CO,)Zn(THF)LM*], 2% as clearly indicated by
NMR spectroscopy (SI section 2.5). Based on this finding
also the syntheses of 2™ and 2° were achieved using
analogous precursors (Scheme 1). Single crystal X-ray anal-
ysis showed that all three derivatives are isostructural,
exhibiting the same p,-x’C,0:x0O’ coordination of the
carbonite ligand (Figure 2). A THF solvent molecule was
found to be coordinated (besides LM* and carbonite) at the

S ’ g L 120 M=Zn, B=Et

N LutHOTf, N_  «THF ,
) ( MI-B  ——— C M 1Fe M = Fe, B = N(SiMe3),
N7 THF 7o

2 _HB 2 1o M = Co, B = N(SiMe3),
™
’Pr@ P ‘@ Q
§
Bu 'Pr ™ 'Pr

2Zn M =2Zn
(B) i(: Nl'Lok("'Na —» i(: N.'QOK\ M" jé 2fe M=Fe

Co M=
‘Bu ,PrﬁPr ~NaOTf  BU jp, @Pr gj, 2¢° M=Co

Scheme 1. Synthesis of complexes 1 (A) and their reaction with
[L®“Ni(CO,)Na] to form 2" (B).
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Scheme 2. Temperature-dependent interconversion of 2% and 2" and
the calculated Gibbs free energies (AGpr) for THF liberation from 2.

=2Zn AGpgr = 15.0 kd/mol
83.4 kJ/mol
Co 19.2 kd/mol

M sites leading to a tetrahedral coordination for all
derivatives.

Although 2™& and 2" share a very similar solid-state
structure, NMR spectroscopic investigations revealed that in
non-coordinating solvents the THF ligand of 2*" (unlike the
one in 2M) is rather labile and can be cleaved off at elevated
temperatures to yield [L™'Ni(CO,)ZnLM*], 2”™(see Sup-
porting Information section 3), which shows at 65°C just one
sharp signal set for all iso-propyl and tert-butyl residues of
the L™ ligand, indicating an on average C,-symmetric
structure and thus a u,-kC:x’0,0’ coordination mode of the
carbonite ligand within 2%, Lowering the temperature leads
to a broadening of the signals before two sharp signal sets
are visible, as expected based on the structure of 27"
(Scheme 2); the point of coalescence is 25°C and the energy
barrier for the transformation 2%"—2%"/THF as estimated
using the Eyring equation amounts to 61.4 kJ/mol (see
Supporting Information section 3).

Attempts to isolate 2”™ failed, since extensive drying at
elevated temperatures led to continuous decomposition of
27" Therefore, DFT calculations were performed to sub-
stantiate the experimental findings. Structure optimisation
of 2% confirmed that upon THF dissociation a x*0,0’
coordination at the Zn ion is the most favourable one
(Figure 3 and Supporting Information section9). Surpris-
ingly, the Nil-O1 bond in the original structure of 2*" is
significantly elongated but not completely cleaved in the
DFT-optimised structure, so that there is no C,-symmetry
(Table 1). We assume that in solution the carbonite ligand
exhibits a fluctuating interaction of both O-atoms with the

Figure 2. Molecular structures of complexes 2¥. Hydrogen atoms are omitted for clarity. For selected bond length and angles see Table 1.
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Figure 3. DFT-Optimised structures of 2°™ (left) and 27 (right). Hydro-
gen atoms are omitted for clarity. 2" is isostructural to 2™ (see
Supporting Information Figure S88). For selected bond length and
angles see Table 1 or Supporting Information Table S9.

Ni centre, resulting in a C,, symmetric structure on the
NMR time scale. In accordance with the observed temper-
ature-dependency the free enthalpy for the interconversion
2727 /THF was calculated to be 15 kJ/mol, indicating a
slightly endergonic process (Scheme 2).

Due to their paramagnetic nature 2 and 2% could not
be investigated by NMR spectroscopy, so that the potential
THF liberation was studied solely via computational
methods. While calculations for 2 gave similar results
compared to the Zn-derivative, optimisation of 2" yielded a
very different structure with a clear kC coordination at the
nickel site (Figure 3). However, the dissociation 2F—2F/
THF was found to be significantly more endergonic,
suggesting that it does not occur in solution and that
correspondingly 2 does not feature a carbonite rearrange-
ment. This difference in behaviour compared to the Zn and
Co derivatives can be rationalised by the more pronounced
oxophilic character of Fe,"™ inhibiting the liberation of
coordinated THF.

As 2 and 2 feature open-shell metal sites, the
electronic structures of both complexes were investigated.
The Mossbauer spectrum of 2% displays a doublet with an
isomer shift (J) of 0.98 mm/s and a quadrupole splitting
(4E,) of 2.09 mm/s, consistent with a high-spin Fe"" site (see
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Scheme 3. Reaction between [L®“Ni(CO,)Na] and [L®NiBr].

Supporting Information section 6). The EPR spectrum of 2¢°
shows a signal characteristic for a tetrahedral high-spin Co"
site (see Supporting Information section 7). SQUID meas-
urements revealed that 2 and 2% exhibit a room-temper-
ature magnetic moment somewhat above the spin-only
values for S=2 and §=3/2 states, respectively, suggesting
that all unpaired electrons are located at the Fe/Co centres
(see Supporting Information section 8). Therefore, no intra-
molecular redox-events (electron transfers) occur within the
Ni"-CO,>-M" cores, indicating that the Fe'" and Co" centres
exclusively act as Lewis acids. Interestingly, when trying to
generate a homobimetallic [Ni,Ni] carbonite by reacting
[L®'Ni(CO,)Na] with [L®'NiBr] a redox reaction was
observed leading to [L™Ni(THF)] and release of CO,
(Scheme 3 and Supporting Information section 2.14). Appa-
rently, the higher electronegativity of the Ni' centre
compared to Fe/Co" triggers the release of the two
electrons stored within the carbonite ligand to reduce both
L®*Ni" moieties.

Having observed that the carbonite complexes can act as
reductants their chemical behaviour toward other le -
oxidants was tested. While [L®'Ni(CO,)Na] was able to
reduce [CoCp,][PF] with concomitant formation of [L"™"Ni-
(THF)] and CO,, no redox reaction could be observed when
mixing [CoCp,][PF,] with complexes 2", indicating a differ-
ence in reduction potentials (SI section 4.1 and 4.3). Hence,
CV studies were performed to understand the redox proper-
ties of the carbonites. A detailed description of the collected
data can be found in the Supporting Information (section 4),

Table 1: Spectroscopic and metric data of the [Ni,Fe]-CODH and respective carbonite model complexes. Bond lengths and angles are given in [A]

and [°].
[Ni,Fe]-CODH® 2Me® 2 27 e 2" 2°° Xl
(CredZ'COZ)
Or3c [ppm] - 175.8 174.63 178.46 - - -
Veoz [em ] 1724, 1741 1577 1573 - 1577 1577 1510
d(Ni1-C1) 1.805(31) 1.839(2) 1.815(3) 1.823 1.803(3) 1.819(2) 1.858(1)
d(Ni1-071) - 1.925(2) 1.933(2) 2.120 1.929(2) 1.931(2) -
d(C1-01) 1.298(30) 1.269(4) 1.254(4) 1.306 1.259(4) 1.258(4) 1.269(2)
d(C1-02) 1.316(30) 1.236(3) 1.265(4) 1.255 1.269(4) 1.264(3) 1.289(2)
d(M-01) - - - 2.099 - - 2.204(1)
d(M—-02) 2.030(18) 1.974(2) 1.976(2) 2.081 1.988(2) 1.980(2) 2.066(1)
/(01-C1-02) 117.9(2.6) 129.3(3) 128.5(3) 119.4 127.3(3) 128.6(2) 116.5(1)
0 [mm/s] 0.82 - - - 0.98 - -
AEq [mm/s] 2.82 - - - 2.09 - -

(a) Structural data by Dobbek et al.®¥ IR spectroscopic data by Bagley et al."™! Méssbauer data for C.4 by Miinck et al.'® (b) data reported in a

previous paper'? (c) DFT-optimised model (see SI).
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while this discussion will focus on the oxidative waves of
[L®“Ni(CO,)Na] and 2", as these are closely associated with
the carbonite ligands. [L®“Ni(CO,)Na] features an irrever-
sible oxidation at —1.10 V (I) which is assigned to an
oxidation of the CO,*" ligand (Figure 4, red line). This event
is followed by a reversible oxidation at —1.07 V (II/II')
assigned to the Ni/Ni" redox couple of [L®'Ni(THF)],
forming upon decomposition after event I. Complexes 2"
display a very different electrochemical behaviour featuring
an irreversible oxidation at about —0.35 V (I*, Figure 4, blue
line showing exemplarily the curve of 2¢°). Hence, exchange
of the Na* counterion by [LM*M]" moieties shifts the
reduction potential of complexes 2™ to more positive
potentials by about 0.8 V. This difference in reduction
potential can be explained by a stronger delocalisation of
charge/electron density within the Ni"-CO,>-M" cores,
inhibiting e~ transfer.

Furthermore, the LM*M-moieties also significantly affect
the stability of the Ni carbonites. Complexes 2M readily
decompose within a few days at room-temperature via C—O
bond cleavage to yield [L®'NiCO] and [L™'Ni(CO;)M-

I1 OpA

200
—— [L'B“Ni(CO,)Na]

r T % T - T % T g T . T o T T T = T d 1
-6 -14 12 10 -08 -06 -04 -02 00 02
E[V]vsFc

Figure 4. Superimposed CV curves for [L"™"Ni(CO,)Na] and 2% in THF/
0.1 M [BuyN][PFg], scan rate 100 mV/s.

@ QN Pr THF, Q\ Pr
rB? N:‘S;)\ M” :g QQ o/ \N:E tBuiE :Ni'-co
@ é’ Bui ,P gj’ "
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Scheme 4. Decomposition of 2".
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(THF)LM*], 3", as main products (Scheme 4). In contrast,
the [Ni,AM] derivatives are rather stable under inert
conditions and can be stored for several days; C—O bond
cleavage was only observed upon addition of electrophiles
(H", Me;Si*, CO,)."" As such external triggers are not
required for complexes 2™, they obviously exhibit signifi-
cantly stronger activation of the carbonite ligands, which
intrinsically are already at the edge of C—O bond cleavage.
This is corroborated by a large red shift of the C-O
stretching frequencies (v¢g,) for all derivatives supported by
divalent metal ions, indicating high degrees of activation
(Table 1).

Naturally, the initial step of the decomposition of 2" is
the liberation of CO, which should yield a Ni(II)-oxo-M(II)
complex [L®'Ni(u-O)MLM=], 4™, The released CO itself
triggers a cascade of reactions, eventually leading to the final
product mixture (for detailed analysis of the reaction course
see Supporting Information section 5). In an attempt to trap
the oxo-intermediate 4™, decomposition of complexes 2™
was performed under dynamic vacuum to avoid subsequent
reactions with CO. However, this led to the isolation of
[L®*Ni(u-OH),MLM*], 5™ instead of 4™. Ni-oxo species are
usually considered as highly reactive.'"! Hence, it is assumed
that formation of 5™ proceeds via reaction of transient 4™
with trace amounts of H,O (Scheme 4).

Taken together, the Ni-CO,-Fe entity within 2" closely
mimics the respective moiety in the enzymatic intermediate
C..a»-CO, (Table 1). Crystallographic data of this enzymatic
state had revealed an exceptionally short Ni—C bond (1.805
(31) A), which is very well reproduced by 2 (1.803(3) A)
and can be rationalized by a partial carbene character of the
carbonite ligand.”'®! The only other known Ni—-CO,-Fe
complex, X, reported by Lee and co-workers, features a
significantly longer Ni—-C bond (1.858(1) A). It reproduces
the strong O—C—O bending and the 5'-xC coordination of
the carbonite ligand, though, which is bound in a #*xC,0
mode in 2. The Mossbauer data of FCII present in C,.q,-
CO, have not been reported yet but they are likely similar
to those of the 2e-oxidised state Cq.'" Here the 4E,
value is somewhat larger due to the presence of four
inequivalent ligands while the iron centre in 2 is coordi-
nated by a symmetric bidentate p-diketiminate. The ¢ values
are both in the typical region for high-spin iron(II) centres.
While investigations on the reactivity of X were impeded by
its instability,®! we found that 2™ nicely replicates the
chemical behaviour of C,.4,-CO,: In contact with a proton
(LutH(OTY) in case of 2, see Supporting Information
section 5.4) CO is released. CO formation proceeds even
without an electrophilic trigger, which emphasises the strong
activation of CO, spanned between the nickel and iron ions,
that is also reflected in the CV measurements: The push-pull
effect delocalises the charge and leads to a comparatively
high oxidation potential. Considering the various common
features between C,.;,-CO, and 2™ it is worthwhile to also
compare the vibrational absorptions. In a unique study from
2003 a band at about 1730 cm™' was assigned to the CO,
bound state in [NiFe]-CODH; no other information is
available."” However, this spectral region is more character-
istic for CO, ligands at nickel that are only weakly

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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activated,”” while the CODH is considered to feature a
strongly activated carbonite ligand.”! The presented carbon-
ite complex 2% exhibits a C-O stretching frequency at
1577 cm™! indicating strong activation of the CO, molecule.
Insofar we propose that the assignment of the band in the
CODH work to a CO, adduct was not correct. Instead, a
Ni’-carbonyl species would be conceivable (for instance,
K,[L®*Ni’CO], absorbs at 1715 cm™")."® Ni’-carbonyls do
not represent intermediates in the catalytic cycle of the
CODH but it may be possible that such species accumulated
under the experimental conditions in the previous work.

In conclusion we report here novel nickel(II)-carbonite-
transition-metal(II) complexes, which feature a strongly
activated CQO, ligand, as indicated by the short Ni—C bonds,
the position of v, bands, CV measurements, as well as the
chemical behaviour. In particular the [Ni,Fe] representative
thus resembles C,.,-CO, in many ways. For our studies an
inverse relation between redox behaviour and activation
emerged: transition metal ions reduce the reduction poten-
tial of the carbonite unit but increase its tendency to
undergo C—O bond cleavage. It may thus be inferred that
also FCII on the one hand supports the activation, so that a
mild decrease of pH can trigger CO formation, and on the
other hand prevents electron transfer from the carbonite
unit.

Supporting Information
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Supporting Information.['**!
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