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Nickel carbonite complexes supported by alkaline earth metals have
been accessed via salt-metathesis of the corresponding alkali metal
precursors. The new complexes undergo Schlenk-like exchange reac-
tions in solution which have been investigated by NMR spectroscopy.
Also their reactivity towards epoxides and carbon monoxide was studied.

Due to its high abundancy CO, represents a readily available
feedstock for the chemical industry." Hence, current research
efforts strongly focus on the development of often metal-based
catalysts to transform the molecule into reduced C,; building
blocks.> However, issues like poor selectivity, low turnover
numbers or high overpotentials prevent large scale applica-
tions. To overcome these problems, it is necessary to under-
stand how chemical and structural modification can affect the
performance of a catalyst. Therefore, chemists have designed
molecular systems for the activation of CO,, which gave access
to stabilised metal CO, adducts and allowed to elucidate the relation
between structure and reactivity of these key intermediates.® Due to
its ambiphilic nature CO, is highly eligible for bifunctional activa-
tion. Hence, systems which combine a reducing metallic Lewis base
with a Lewis acidic site, leading to a push-pull interaction, have
proved very efficient in facilitating the transforming of the CO,
molecule into a carbonite dianion (CO,>").* Transition metal-based
systems often involve alkali metals (AM) as Lewis acidic support
being introduced during the synthesis.” In our recent reports we
have described the synthesis of nickel carbonite complexes [L™"Ni
(CO,)AM] (AM = Li, Na, K), I*™ (Fig. 1), supported by a B-diketiminate
ligand, which represent intermediates in a Ni-mediated CO,
reduction process leading to CO.° It was found that even a change
from Na to K had significant effects on the reactivity of the system,
so that we were interested to extend the palette to earth alkaline
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metal ions as counterions. Surprisingly, alkaline earth (AE) metals
have not received as much attention in the construction of metal
CO, adducts’ despite their high natural abundance and strong
oxophilic character. Although, Jones et al. reported the first reduc-
tive disproportion of CO, at reduced Mg(1) sites already 10 years
ago,® no structurally characterised metal carbonite featuring an
interaction with AE metal cations has been described to date.
Herein we report the first representatives, accessed by exchange
of the AM counter ions in [L™"Ni(CO,)AM] complexes against
group II metal ions (Fig. 1).

First attempts to create such compounds via a simple salt-
metathesis approach starting from the previously described Li
complex [L"Ni(CO,)Li], I, and a respective AE iodide salt (AE =
Mg, Ca) failed; no reaction could be observed at all. Presumably,
the tendency of the Li" ion to develop covalent bonding contribu-
tions together with its highly oxophilic character prevented any
exchange reactions. Therefore, ' was used instead as the pre-
cursor compound leading to the formation of two new complexes
[Mg(THF),(L®"NiCO,),], 1, and [Ca(THF),(L*"NiC0O,),], 2 (see
Scheme 1).
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Fig. 1 Selected examples of Alkali metal stabilised CO, complexes.
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Scheme 1 Synthetic routes to the complexes 1, 2 and 2-18C6.

X-Ray diffraction analyses of single crystals grown of 1 and 2
revealed that in both cases two [L®"NiCO,]  fragments are
bridged by a central AE*" ion, coordinated in a n'-xO fashion by
the distal O atom of the carbonite ligand (for 1 see Fig. 2, left
structure). The AE** ion is further coordinated by four equato-
rially arranged THF molecules leading to an octahedral geome-
try. In case of 2 the disorder around the Ni"-CO,>” moieties
together with the high symmetry within the unit cell prevented
complete refinement of the molecular structure and all
attempts to grow single crystals of higher quality failed.

Hence, replacement of the THF ligands around the Ca**
by a chelating crown ether was pursued through the reaction of
2 with 18-crown-6. Indeed this afforded [Ca(18C6)(L*"NiCO,),],
2-18C6, in quantitative yields and an X-ray diffraction analysis
of single crystals led to a far better data set yielding a structure
similar to the one determined for 1 (see Fig. 2, right structure).

Although an excess of the respective AE salts had been used
for the cation exchange reaction starting from I'"?, both deri-
vatives 1 and 2 feature a Ni/AE ratio of 2: 1. However, monitor-
ing the reaction of I with Cal, by NMR spectroscopy it was
observed that two species are present in solution (see ESL ¥
Section S3). The same product mixture was also generated
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Scheme 2 Schlenk equilibrium of 1 or 2 when treated with (AE)I5.

when reacting isolated 2 at room temperature with an excess
of Cal, indicating that 2 is participating in a kind of Schlenk
equilibrium® (see Scheme 2). Indeed the minor product was
identified as 2 while for the main product a composition of
[CaI(THF),(L™"NiCO,)], 2/, is suggested (see below). By con-
trast, reaction of 1 with an excess of Mgl, was only observed at
temperatures above 50 °C, leading to the formation of
[MgI(THF),(L®"NiCO,)], 1/, in around 40% yield; cooling gave
back 1 as the single product. However, the reverse reaction did
not proceed continuously throughout the cooling process. The
ratio between 1 and 1’ remained unchanged until 0 °C, while at
—20 °C Mgl, precipitated from solution, accompanied by the
disappearance of all '"H NMR signals of 1’. Apparently, the
conversion of the complexes 1 or 2 to their respective asym-
metric counterparts 1’ or 2’ and vice versa does not proceed
within a dynamic equilibrium but is rather determined by the
amount of AE iodide salt, which is dissolved in solution.

To support the assignment of the second species in the
solutions discussed above at r.t. to 2’ a comprehensive DOSY
NMR study was performed (see ESIT). It was found that - as
should be expected - 2’ exhibits a smaller hydrodynamic radius
than its parent compound 2, supporting the formulation of a
mixed carbonite-iodide compound.

All attempts to isolate 1’ or 2’ failed, as (AE)I, consistently
precipitated when cooling down the solutions or reducing its
volumes, leading to the isolation of 1 or 2 as the sole products.
Therefore, DFT calculations were carried out to model the
suggested structures of the heteroleptic complexes. Further-
more, reaction energies for the Schlenk equilibria were calcu-
lated and found to be close to zero (see ESIT Section S5).

Fig. 2 Molecular structures of 1 (left) and 2-18C6 (right) as determined by X-ray diffraction analysis. H atoms and co-crystallised solvent molecules
omitted for clarity. 1 exhibits C; symmetry where the inversion centre is located at the Mg-position. Selected bond lengths (A) and angles (°): (for 1)
Ni1-C11.822(3), Ni1-011.932(2), C1-01 1.275(3), C1-02 1.239(3), O1-C1-02 130.5(3), 02-Mg1l 2.039; (for 2-18C6) Ni1-C1 1.779(7), Ni2-C37 1.820(7),
Ni1-01 1.909(5), Ni2-03 1.925(6), C1-0O1 1.243(8), C37-03 1.270(9), C1-02 1.243(8), C37-04 1.201(8), O1-C1-02 127.8(6), O3-C37-04 132.0(6),

02-Cal 2.191(7), O4-Cal 2.384(7).
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Scheme 3 Synthesis of the heterobimetallic complex 3.

Having found that counterions of the carbonites can be
exchanged by reaction with AE iodide salts we were interested
whether this approach can also be adapted to AE complexes
supported by f-diketiminate ligands to yield Ni/AE 1:1
complexes. Indeed, reaction of I"* with [LM**Mg(Et,O)I] led
to the selective formation of the heterodinuclear complex
[L®“NiCO,Mg(THF)LM*], 3 (Scheme 3). Single crystal X-ray
diffraction analysis revealed the expected tetrahedral coordina-
tion sphere around the Mg®" ion composed of LM, a n'-x0
coordinated carbonite ligand and a THF molecule (see Fig. 3).

Synthesis of the corresponding Ca derivative [L®"NiCO,.
Ca(THF)LDipp], 4, was also targeted, but, as Ca exhibits a
stronger tendency to undergo ligand exchange,’”“'° treatment
of ™ with [LPPPCa(THF)I] afforded a complicated mixture:
performing the reaction in THF 2 precipitated, while NMR
spectroscopic analysis revealed the presence of 2’ and
[Ca(LP™PP),] in solution as well as one further species. Analysis
via DOSY NMR measurements confirmed that the new complex
exhibits a very similar hydrodynamic radius as compared to 3
suggesting an assignment of this complex to 4 (Scheme 4).
Similar as in the case of 2 all attempts to isolate 4 failed as all
manipulations of the reaction mixture repeatedly triggered
ligand exchange reactions. DFT structure optimisation of the
hypothetical complex 4 led to a structure similar to the one of 3
(see ESIt Section S5).

Fig. 3 Molecular structure of 3. H atoms and co-crystallised solvent
molecules omitted for clarity. Selected bond lengths (A) and angles (°):
Ni1-C1 1.839(2), Nil-O1 1.925(2), C1-O1 1.269(4), C1-02 1.236(3),
01-C1-02 129.3(3), O2-Mgl 1.974(2).
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Having synthesised a series of AE metal supported carbonite
complexes the dependence of the degree of CO, activation on
the counter ions was analysed, which is reflected by the '*C
NMR shift (6"*C¢o,) and the C-O stretching frequencies (vgo,)*
(data is summarised in ESI,{ Table S1). Generally, the spectro-
scopic data suggest that the AE stabilised derivatives exhibit a
stronger CO, activation compared to the AM derivatives. This
was also supported by a stronger tendency of the AE complexes
to decompose under C-O bond cleavage reactions. While the
AM derivates are stable under inert conditions it was observed
that the AE derivates steadily decompose at room temperature
yielding [L*®"NiCO] among other products. The strongest acti-
vation of the CO,>” ligand was observed within 3. The low
coordination number and the Ni:Mg ratio of 1:1 favour a
strong interaction of the oxophilic metal with the carbonite
ligand leading to strong push-pull activation within the Ni-
CO,-Mg core.

In the context of CO, utilisation AE metals are often
employed as catalysts for copolymerisation reactions with
epoxides."" Hence, the reactivity of complexes 1 and 2 towards
propylene oxide was tested. In both cases an immediate con-
version occurred leading to new diamagnetic compounds, for
which NMR spectra suggested symmetric square planar ligand
arrangement around the Ni site. The solid-state structure of the
product derived from 2 as determined by single crystal X-ray
diffraction revealed that the carbonite ligand had been trans-
formed into carbonate yielding [AE(THF),(L®"NiCO3),], 5*°
(see Scheme 5 and ESIf). Following the reaction by 'H NMR
spectroscopy confirmed the formation of propylene as the side
product, showing that the propylene oxide has acted as an O
atom transfer reagent. Apparently, the carbonite ligand is
sufficiently reducing to favour a reaction of the complexes via
deoxygenation of the epoxide over a ring-opening at the
AE ions.

Next, we investigated whether the exchange of the AM
counterions by AE metal ions can alter the reactivity of the
carbonite towards substrates that had already been studied as
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Scheme 5 Oxidation of 1 or 2 with propylene oxide.
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Fig. 4 Molecular structures of 6. H atoms and co-crystallised solvent
molecules omitted for clarity. Selected bond lengths (A) and angles (°):
Ni1-C11.659(2), Ni2-C37 1.658(2), C1-01 1.197(3), C37-02 1.199(3), O1-
Mgl 2.015(2), O2-Mgl 2.003(2), O1-C1-Nil 173.6(2), Ni2-C37-02
178.8(2).

reaction partners. As previously described, exposure of I*™ to an
atmosphere of CO triggers the formation of [L®"NiCO] regardless of
the AM counterion present in the complex.** While 2 is reacting in
the same way as the AM derivates, the reaction of 1 led to a different
result. After exposure to CO a crystalline precipitate formed within a
few minutes, which was analysed by single crystal X-ray diffraction.
The solid-state structure (Fig. 4) revealed the formation of [Mg(THF),
(L™"NiCO),], 6, where a Mg”" cation bridges two [L*®"Ni’CO] ™ units
via the carbonyl O atoms, that is, through a very rare isocarbonyl
coordination."” The CO contact thus triggers a redox event in which
two electrons of the original carbonite ligand are transferred to the
Ni(u) centre with concomitant release of CO, (the released CO, was
detected during NMR spectroscopic monitoring of the reaction, see
ESIt), while CO coordinates instead. Interestingly, exposure of 3 to
CO led to the precipitation of the same product, meaning that a
ligand scrambling had occurred (see Scheme 6). Apparently, the low
solubility and precipitation of 6 represents a driving force towards
this product.

In summary, we report the isolation of the first structurally
characterised AE metal supported transition metal carbonite
complexes. It was shown that the complexes undergo Schlenk-
type exchange reactions in solution which have been especially
pronounced in case of the Ca derivatives. Reactivity studies
with epoxides indicated that the carbonite ligand can act as a
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Scheme 6 CO,/CO ligand displacement of Mg-supported Ni carbonite
complexes.
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reductant, preventing typical ring-opening reactions. Further-
more, for AE = Mg reactivity towards CO leads to a Ni° complex
with rare isocarbonyl bridges. Future work will aim at expand-
ing the palette of Lewis acidic support towards redox active
transition metals.
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