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A portfolio of value-added chemicals, fuels and building block compounds can be envisioned from CO,
on an industrial scale. The high kinetic and thermodynamic stabilities of CO,, however, present a signifi-
cant barrier to its utilisation as a C1 source. In this context, metal-ligand cooperation methodologies have
emerged as one of the most dominant strategies for the transformation of the CO, molecule over the last
decade or so. This review focuses on the advancements in CO, transformation using these cooperative
methodologies. Different and well-studied ligand cooperation methodologies, such as dearomatisation—
aromatisation type cooperation, bimetallic cooperation (M---M’; M" = main group or transition metal) and
other related strategies are also discussed. Furthermore, the cooperative bond activations are subdivided
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based on the number of atoms connecting the reactive centre in the ligand framework (spacer/linker
length) and the transition metal. Several similarities across these seemingly distinct cooperative method-
ologies are emphasised. Finally, this review brings out the challenges ahead in developing catalytic
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Introduction
Importance of utilising CO, as a chemical feedstock

The utilisation of fossil fuels to meet global energy demands
and feedstock chemicals leads to the continuous rise in
carbon dioxide (CO,) emissions. The CO, level in the atmo-
sphere is currently 417.21 parts per million, as measured at
the Mauna Loa Baseline Observatory on 10th May 2022." The
steep rise in CO, levels over many decades is attributable to
the industrial processing of non-renewable fossil fuels (coal,
oil, natural gas), which are still utilised to produce electricity,
commodity chemicals and materials. Activities such as defor-
estation, expansion of vehicle use and other demands due to
population increase have exacerbated this further.> Thus, the
alarming levels of anthropogenic CO, have led to significant
climate change and global warming. A substantial paradigm
shift in approach towards green, sustainable and renewable
technologies is required.>”

Currently, CO, is used on a large scale for the synthesis of
urea, salicylic acid and polycarbonates by the chemical indus-
try. In addition, CO, is utilised in oil recovery, the beverage
industry, low temperature storage applications and for fire
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systems from these CO, transformations.

extinguishers. It is introduced in syngas feeds in quantities of
up to 30% for the synthesis of CH;OH. Together, carbon
capture utilisation and storage (CCUS) technologies only
reduce a fraction (ca. 299 million tonnes per year) of annual
CO, emissions, which amount to 33 Gtonnes (2019).%’
Electricity and heat production usages are the most significant
contributors to CO, emissions, amounting to just over 14
Gtonnes (40% of the total emissions) during 2019.%° A com-
prehensive switch to renewable energy sources such as
geothermal, wind, solar and biomass-based resources for
hydrogen production would make a substantial impact,
helping to mitigate CO, levels and providing part of the solution.

A further aspect that needs to be addressed is resourcing
raw materials needed for the chemical and manufacturing
industries. CO, is considered as a sustainable alternative C1
feedstock to fossil fuel derived CO because it is abundant, in-
expensive, and non-toxic. A portfolio of commodity chemicals
can be envisaged from CO,, including base chemicals, poly-
mers and fuels."** The promise of using CO, as a Ci
synthon, however, faces significant practical challenges in
terms of chemical activation due to its high thermodynamic
and kinetic stabilities. The CO, molecule is centrosymmetric,
non-polar and a weak electrophile. The bond energies of its
C=O0 bonds are 127 kcal mol™" and its C=0 bond lengths are
1.16 A

Many transformations of CO, involve its reduction with
hydrogen leading to various oxidation levels of the carbon

This journal is © The Royal Society of Chemistry 2022
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centre.”>'® As an example, the formation of formic acid is
thermodynamically unfavourable in the gas phase due to large
negative entropic contributions (ASyos x —216 J mol™* K™,
AGjos x 7.8 keal mol™). This becomes favourable in aqueous
media (AG,o5 x —2.3 keal mol™) and in the presence of a base
to form the corresponding formate salts. On the other hand,
reduction to methanol is thermodynamically favourable
(AH,05 x —11.9 kcal mol™, AG,qgx —2.3 keal mol™), yet selec-
tive reduction and the development of efficient catalytic path-
ways to this molecule remain a challenge.'”*' Methanol is one
of the most important building blocks for industry and can be
used for hydrogen storage and fuel cell applications similar to
formic acid.>?

In this context, homogeneous catalysis plays a vital role in
tackling the challenges associated with rising CO, levels.”?
Transition metal catalysts provide various bond activation
tools to functionalise CO,. They can activate CO, in a number
of different ways and many different coordination modes of
CO, are observed.>**® The development of stable, low cost,
active and selective catalysts operating under mild conditions
is imperative for industry from the long-term perspective in
terms of sustainability. The chemical industries need to be
inspired by nature where plants use atmospheric CO, from the
air to synthesise molecules. Typically, nature employs multi-
functional strategies for this, where the transformation at the
transition metal centre is supported by additional sites on a
given enzyme to facilitate the transformation. This cooperation
between multiple sites appears to be an essential factor. Here,
recent developments where metal ligand
cooperation (MLC) and related strategies have been employed
to open up pathways leading to the transformation of CO,.

we focus on

Metal ligand cooperation related to CO,

A key strategy and theme for research on CO, activation is
focused on MLC methodologies. For the reasons outlined
above, CO, is a challenging molecule to activate, and thus mul-
ticentre activation strategies are required. MLC is a term uti-
lised to describe bond activations and other processes in
which the metal and ligand work together in synergy to
achieve them. Ligand participation is key for the bond for-
mation and bond breaking steps at the metal centre. Such pro-
cesses can occur either in a concerted or stepwise manner. For
example, in the context of CO, activation, the presence of
either a basic site on the ligand backbone, which can attack
the electrophilic carbon centre, or an acidic site, which coordi-
nates to one of the Lewis basic oxygen centres, would decrease
the activation barrier for CO, activation. Essentially, any inter-
action between the ligand and CO, in the inner/outer sphere
or ligand centred photo or redox transformations in the metal
complex could be classified as MLC.*® One ground-breaking
example in this category belongs to Noyori’s bifunctional
asymmetric hydrogenation catalysts where H, is activated
across a metal-amido bond (ie. M-NR, + H-H — H-M-
NHR,).>’

In general, metal-centred activation of small molecules is
predominant across catalysis. Bond breaking and bond
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making steps are the cornerstones of many processes, such as
hydrogenations, hydroformylations, C-C couplings, olefin
metathesis and polymerisations.*® Oxidative addition is one of
the most important fundamental steps in many catalytic pro-
cesses (Fig. 1A). It requires a metal centre with the ability to
increase its oxidation state by two units. In contrast, MLC
methodology emerged as an alternative avenue for bond acti-
vation where cooperation of a ligand was a key feature.?**°
These methodologies provide unprecedented pathways for the
cleavage of strong carbon-oxygen bonds and transformations
on CO,.*" There have been many promising developments
across a range of MLC methodologies involving CO, in recent
times. Several interesting cooperative pairs have been identi-
fied across the periodic table. This can be attributed to the rise
in the number of ligands from simple innocent Lewis bases to
versatile multifunctional scaffolds, modulating the structural
rigidity and electronic and steric properties of the metal
complex. Insights into the different binding modes of CO,
in MLC would further enrich our knowledge of CO,
functionalisation.

The most common cooperative methodologies are shown in
Fig. 1. Firstly, [2 + 2] cycloaddition of CO, across unsaturated
M=E units (i.e. one atom; where E = CR,, SiR,, NR or O) is an
alternative method (Fig. 1B). These form a four-membered
metallacyclic species of the type [MC(O)OE]. A significant
bond polarity between M and E facilitates the activation of
CO,. Secondly, a remote or lateral reactive site on a ligand can
work in cooperation with the metal for the activation of CO,
(Fig. 1C). When the reactive centre is distanced two or three
atoms away from the metal centre, this leads to the formation
of stable (five or six) chelate rings upon reaction with CO,,
which serve to stabilise the resulting products. Thirdly,
Milstein-type dearomatisation-aromatisation transformations
(Fig. 1D) have been widely used in the last decade or so for the
activation of CO,. This was applied in catalytic transformations
where cooperation typically occurred between a dearomatised
ligand containing a deprotonated methylene “side-arm” and

E

E-E' =

A) LMOD —S | m0*2)
A L oxidative " g

addition 7 /E co,
_M —_—
N -CO,
co, \?_?
(B) LM=E — y_¢
i
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_¢® w07
|

M’ = p or d block element

Fig. 1 Bond activation via oxidative addition (A) and an overview of the
main MLC strategies for the activation of CO,, including [2 + 2] cyclo-
addition across M=E multiple bonds (one-atom bridges) (B); MLC acti-
vation of CO, across transition metal and ligand centres (two- and
three-atom bridges) (C); dearomatisation—aromatisation (D) and bi-
metallic activations (E); (M indicates a metal, L indicates a ligand and E
and E' stand for different donor elements containing various
substituents).
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the metal centre. This is a subclass of the two-atom or three-
atom bridged systems but is considered in a separate section
here since it also involves the dearomatisation-aromatisation
transformation alongside CO, activation. Finally, the bi-
metallic cooperation between two contrasting metal centres
(Fig. 1E). For example, early-late transition metal combi-
nations or cooperation between a metal and main group metal-
loid species (e.g. Al, Ga, In). Here, we explore the various devel-
opments in these key MLC types; each are outlined in the fol-
lowing sections.

Recent developments in metal ligand
cooperation methodologies involving
CO,

Activation of CO, across a one-atom bridge (Fig. 1B)

Bonding and reactivity of metal-ligand multiple bonds. The
reaction of CO, with transition metal complexes containing
reactive metal-ligand single bonds (M-E; where E = H, CR3,
NR,, OR) typically proceeds via “normal insertion” into the M—
E bond to form M-OC(O)-E. This leads to the formate, acetate,
carbamate and carbonate products, respectively.** It should be
noted that there are rare examples of “abnormal insertion” of
the type M—-C(O)-OE also.**** In contrast, complexes posses-
sing metal-ligand multiple bonds [M=E (or M=E); where E =
CR,, SiR,, O, NR containing functional groups] can undergo
[2 + 2] cycloaddition reactions with CO,. This is a class of com-
plexes where extensive n-bonding between metal and E com-
ponent renders them nucleophilic, depending on the nature of
E.*® These compounds are typically highly reactive and often
quite unstable. The reactivity is further influenced by bond
polarity due to the difference in electronegativity between the
metal and E. Thus, the bond is polarised either as M>'=E®~ or
M’ =E’" and this will dictate the regiochemistry of CO, acti-
vation. It should be noted that the MLC of M=E systems can
be comparable to bimetallic M-M or M-E' (where E' = main
group element) cooperation. This is covered in the last section.

Four major classes of metal-ligand multiple bonds are dis-
cussed in this section. The ligands can be carbenes, silylenes,
nitrenes and oxo functionalities. Firstly, Fischer and Schrock
carbenes are the two major classes of carbenes extensively
investigated in this family.>”° Fischer carbenes are electro-
philic, L-type, two-electron donors with weak back-bonding
from metal to ligand. On the other hand, Schrock carbenes are
nucleophilic. Secondly, silylenes (R,Si:) are heavier analogues
of their lighter congener carbenes; however, due to the low
electronegativity of silicon (Si: 1.8 vs. C: 2.5 on the Pauling
scale), and its ability to stabilise incipient positive charge, sily-
lenes are inherently electrophilic. In addition, they have the
tendency to form hypervalent bonds, making them distinct
when compared to carbenes. Finally, the bonding in terminal
oxo (M=O0) and imido (M=NR) complexes involves extensive
n-bonding interactions with the metal due to lone pairs on the
oxygen and nitrogen centres. The hybridisation of E changes
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from sp” for carbenes and silylenes to sp for imido. In terms
of oxo and imido compounds, those examples that react with
CO, tend to be high valent early transition metals where the
reactivity observed involves nucleophilic attack at the electro-
philic carbon centre of CO,.

[2 + 2] cycloaddition reactions involving L,M=CR, and CO,.
Representative carbene complexes exhibiting [2 + 2] cyclo-
addition reactions with CO, are highlighted in Scheme 1.
Grubbs and co-workers characterised the first nucleophilic
Fischer carbene iridium() complex supported by Ozerov’s
amidophosphine PNP pincer ligand.**™* The square planar
complex, [(PNP)Ir=C(H)O'Bu] (1), which contains a short
Ir=C bond [1.882(4) A], reacts with CO, in C¢Ds to form the
stable carbonyl complex (3) along with ‘butylformate as a by-
product. The reactivity was explained by nucleophilic attack of
the d,- HOMO electrons at the iridium centre on the n* orbital
of the CO, moiety. The population of the n* orbital of CO,
results in the reduction of the bond order of the C-O bonds.
Furthermore, the proximity of the electron rich oxygen centre
to the Ir=C bond also serves to reduce this bond order
by interrupting the = backdonation, thereby facilitating the
formation of the intermediate metallalactone, [IrC(O)OC]
complex 2 (Scheme 1, top). The formation of this species was
supported by low temperature NMR studies and density func-
tional theory (DFT) calculations. In the DFT optimised struc-
ture of 2, the former iridium-carbon double bond is elongated
to 2.003 A and the IrC(0)-O distance elongated from 1.16 A to
1.348 A.

Later, Piers and co-workers showed that square planar
nickel pincer complexes, [(PCP)Ni(L)] (4a-c), where the PCP
ligand was based on a 10,10-dimethyl-9,10-dihydroanthracene
scaffold and L = PMe;, PMe,Ph or ‘BuCN, underwent reversible
[2 + 2] cycloaddition with CO, in toluene (or C¢Ds) to yield
square pyramidal nickellalactone complexes 5a-c¢ (Scheme 1,
middle).** In the reaction involving the PMe,Ph ligand, new

Ph, 0
PPh, P
CO, J/) To|__,
N—Ir’
‘ i, CeDs
oe P | |
PPh, _>—ppn, OBu
Q)] 2
P'Pr > i
2 COZ ‘PPrz
|—L |*L
Q P'Prz toluene Plprz
L = PMes,
PMe,Ph, 'BUCN, (5a-c)
tBu2 (Buz (o]
R Ph RO o-¢
AN €O, N\ O97C Pn
/Ni—C\ — 29, /Ni\ C~ph
Ph toluene % o»c\\
Bu, 'Bu, o
®) (9

Scheme 1 Selected examples involving [2 + 2] cycloaddition between a
carbene moiety and the CO, molecule. The inset in the top reaction
provides a simplistic representation of the interaction between complex
1 and CO; in this transformation (see text for details).
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C-C and Ni-O bonds were formed with distances of 1.571(2) A
and 2.146(1) A, respectively. The corresponding carbon-oxygen
distances were found to be 1.276(2) A and 1.226(2) A.
Interestingly, the related higher oxidation state complex,
[(PCP)NiBr][SbFs] (6), did not react with CO,. This is due to the
carbene centre becoming more electrophilic as a result of the
Ni(m) oxidation state, as compared to Ni(0) in 4a-c. As
expected, the nickel-carbon distance in the pincer ligand is
shorter in the Ni(u) complex when compared to the corres-
ponding distance in Ni(0) complex, cf. 1.874(4) A in 6 and
1.906(1) A in 4¢ (‘BuCN). The *C{*H} NMR chemical shift also
reflects the change in electronic parameters at the metal
centre from Schrock-type, § 114.6 ppm (THF-dg) in complex 4c,
to more Fischer-type, § 250.8 ppm (CD,Cl,) in 6 in terms of
carbene-type character.

A closely related complex, [(PCP)Ni(NC'Bu)], 7 (shown in
the box in Scheme 1, middle), where the PCP ligand in this
case is [C{0-C¢H4P('Pr),},], gave intractable mixtures upon reac-
tion with CO, unlike the 10,10-dimethyl-9,10-dihydroanthra-
cene based complexes 4a-c.** The key difference between
these two ligand scaffolds was attributed to the change in
torsion angles involving the aryl rings and rigidity of the
ligand backbones. These examples demonstrate the effect of
tailoring the ligand platform and the charge at the metal
centre on the propensity for CO, activation.

Hillhouse and co-workers previously isolated a nucleophi-
lic, trigonal planar, zerovalent nickel complex containing a
“CPh,” carbene fragment, complex 8, as shown in Scheme 1,
bottom.*> It was found that the nickel-carbon distance was
1.836(2) A. NMR spectroscopy revealed a signal in the *C{'H}
NMR spectrum at § 222 ppm (d, */pc = 51 Hz). When a solution
of 8 was placed under a CO, atmosphere in toluene, new cyclic
complex 9 was formed as a bright yellow solid in 90% yield.
This complex contained a dicarboxylate {{OC(O)C(Ph),C(O)
O]} unit coordinated to the nickel centre. The formation of 9
was explained by the initial [2 + 2] cycloaddition to form the
nickellalactone, i.e. NiC(Ph),C(O)O, followed by a second inser-
tion of CO, into the Ni-C(Ph), bond. It was rationalised that
the second insertion was driven by relaxation of the strain
associated with the initial four-membered ring. In 9, the two
Ni-O distances were found to be 1.8696(13) A and 1.8773(13)
A, the C=0 bond lengths were 1.221(2) A and 1.225(2) A. The
corresponding O-C(O) distances were 1.292(2) A and 1.287(2) A
and the C-C(Ph), distances were 1.554(3) A and 1.559(3) A. It
appeared that there was significant double bond character in
the O-C(O) units.

[2 + 2] cycloaddition reactions involving L,M=SiR, and CO,.
More recently a number of research groups have investigated
cycloadditions involving L,M=SiR, species and CO,
(Scheme 2). Emslie and co-workers reported the reaction of
manganese-hydride complexes containing terminal silylene
units (10a, 10b) with CO, to give trans-]MnH(CO)(dmpe),] (11)
and the corresponding polysiloxane [R,SiO], products
(Scheme 2, top).*® The proposed mechanism for this trans-
formation was via a [2 + 2] cycloaddition between the
Mn=S8iR, unit and one of the double bonds of the CO, mole-

This journal is © The Royal Society of Chemistry 2022
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(16) (17) - not exp. obs.

Scheme 2 Selected examples of reactions involving silylene complexes

cule. The formation of a strong Si-O bond was proposed to be
the driving force for the formation of the polysiloxane product.

Over a number of years, the Whited group has worked
extensively on metal silylene complexes, where the silylene
unit is embedded in a pincer scaffold. In one such example,
they highlighted a MLC process in [RuH(=SiP,")(CO)(PPh;)]"
(12), where Php Si is Si(0-CcH,PPh,), reacted with CO, to form
complex 13 (Scheme 2, middle-left).”” The new complex was
found to contain a new metallacycle featuring a RuOC(H)OSi
ring. The transformation was attributed to Ru-Si cooperative
bond activation. The first step involved the insertion of a CO,
molecule into the Ru-H bond to form the corresponding
formato [RuOC(O)H] complex. The carbonyl oxygen of this new
species was then stabilised by interaction with the Lewis acidic
silicon centre, thus forming the RuOC(H)OSi cycle. It was
shown that the transformation could be monitored by *°Si
NMR, which revealed a clean transition from é = 278 ppm, in
12, to 6 = 118 ppm in the product, consistent with a change in
hybridisation at silicon. This mode of cooperative activation
(i.e. activation involving a TM and a Lewis acid) shares a
resemblance with FLP type activation where activation occurs
through the cooperation of the M-H functionality and a
p-block Lewis acid.

Developing on this, the same group reported a contrasting
mechanism for the reductive cleavage of CO, mediated by a
related rhodium silyl [Rh(®P,Si°"")(NBD)] (14, Scheme 2,
middle-right).*® They showed that 14 readily reacted with CO,
in CH,Cl, to form the square planar complex 15, which fea-
tured a new CO ligand and a bridging oxygen atom between
the rhodium and silicon centres. Here, the CO, molecule has
undergone reductive cleavage to form a Si-O bond and a
rhodium(i) carbonyl ligand. The 2-electron reduction of CO, to
Rh-CO and Si-O is facilitated by MLC and the polarity differ-
ence between the rhodium and silicon centres. Among others,
two main mechanisms were considered by DFT calculations
(Scheme 3). The first one involved the formation of a NBD free

Dalton Trans., 2022, 51, 1582-T1611 | 11585
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PCy, PCY2

| co, ’

Si=Rh-OTf —= TfO—i, Rh=CO G = 37.0 kealimol
[e)

PCy, PCy,
(15)
PCy, PO g
co, s
TfO~si—Rn(NBD) — | TfO—Si--Rh — 15
“Nep G = 23.5 keal/mol
AG = 23.5 kcal/mol
PCy, PCy,
(14) "Anomalous" insertion

Scheme 3 DFT calculated pathways for CO, reductive cleavage of CO,
into CO and siloxide by complex 14. Top: silylene pathway, bottom:
anomalous insertion pathway.

complex with a silylene (Rh=S8i) species formed via migration
of triflate to the metal centre and subsequent reaction with
CO, via [2 + 2] cycloaddition. This pathway, however, required
a significantly large activation barrier (37.0 keal mol ™", 298 K).
Whereas the second pathway proceeded via an “anomalous”
insertion into the Rh-Si bond to form the siloxyacyl species,
RhC(0O)OSi. This was found to have a more reasonable acti-
vation barrier of 23.5 keal mol™". The RhC(O)OSi species then
underwent de-insertion of CO to form the Rh-CO unit with the
remaining oxygen bridging the silicon and rhodium centres.
Incidentally, the “normal” insertion pathway, leading to RhOC
(0)Si, was also ruled out since it was found to be a high energy
species.

Later, Whited and co-workers also reported the reactivity
of CO, on a 3d® cationic cobalt(i) silylene complex
[Co(=SiP,™)(CO),]" (16, Scheme 2, bottom).***° The reaction
leads to dinuclear complex 18, which features Co(u) centres
and the silicon centres are bridged (y*) by an oxo species.
Again, this arises due to the 2-electron reduction of CO, to CO
(which is eliminated) and where each cobalt centre undergoes
a one electron oxidation. The reaction was investigated by DFT
calculations, which suggested that it proceeded via an initial
[2 + 2] cycloaddition of CO, across the cobalt-silicon double
bond. Interestingly, when the substituents at phosphorus were
changed to iso-propyl groups, the same transformation invol-
ving CO, was not observed. This suggests that the influence of
the ligand’s electronic and steric properties are also important
parameters.

The reactivity highlighted in the two examples above is
reminiscent of the bimetallic cooperative activation of CO,
leading to the formation of metal oxo M-O and M-CO bonds
(vide infra). In these examples, MLC is facilitated by the for-
mation of strong Si-O bonds, which provide a thermodynamic
driving force for the transformations. It becomes evident that
in different situations the deoxygenation of CO, is strongly
driven by the formation of E-O bonds (for example, where E =
Si, B and Al) in addition to the formation of stable transition
metal-CO species.

Reaction of metal-oxo complexes with CO,

The reactivity of carbon dioxide with transition metal oxo com-
plexes has been explored; selected examples are shown in
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Scheme 4 Reaction of high valent early transition oxo complexes with
CO,. Ar* = 2,6-diisopropylphenyl (Dipp).

Scheme 4. Recently, a nucleophilic rhenium(v) oxo imido
complex, [Re(=NDipp)(=0)(BDI)] (19, where Dipp = 2,6-diiso-
propylphenyl and BDI = N,N-bis-(Dipp)-3,5-dimethyl-
B-diketiminate) was shown to reversibly bind CO, to form the
carbonate complex 20 [Scheme 4(a)].>' The carbonate ligand in
this complex coordinates with a ¥*-0,0 coordination mode,
forming a four-membered ring motif. Calculations revealed
the weak entrapment of the CO, molecule with a binding
strength of 2.2 kcal mol™". A crystal structure revealed that
Re-O distances involving the carbonate ligand were 2.018(4) A
and 2.021(4) A.

It is of interest to explore the further transformation of CO,
once it has been activated at a metal centre. One of the many
examples is shown in Scheme 4(b).>> Love and co-workers
demonstrated that the air stable, high valent perrhenate
complex [N(hexyl),][(ReO,)] could be utilised as a catalyst for
the hydrosilylation of CO,. Utilising this complex with a cata-
Iytic loading of 2.5 mol%, with Ph,SiH, and 1 atm pressure of
CO, gave the products silylformate, silylacetal and methoxy-
silane. The product distribution and selectivity were strongly
dependent on the nature of the specific silane, solvent, temp-
erature, and reaction duration. CH;OH was obtained from
CH;0SiPh,H after quenching with H,O in almost quantitative
yield. The selectivity for the formation of CH;OSiPh,H was
improved under optimised reaction conditions (DMF, Ph,SiH,,
80 °C). The different pathways for the catalytic hydrosilylation
of CO, using [ReO,]” were investigated by experimental and
DFT methods. Experimental results clearly ruled out direct
[2 + 2] cycloaddition between CO, and Re=O to form the
corresponding carbonate species, [ReO;(CO3)]”. Alternative
mechanistic pathways proposed by DFT calculations suggested
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the activation of PhSiH; by Re=O0 in the first step. This hydro-
silane can be activated via two different routes; either (i) 1,2-
addition of the Si-H bond across the Re=0 bond to form a
rhenium hydride siloxide species, Re(H)(OSiH,Ph), with an
activation barrier of AG = 27 kcal mol™. This is followed by
insertion of the CO, molecule into the resulting Re-H bond to
generate the formato species, Re{OC(O)H}(OSiH,Ph); or (b)
through a Re=0-:-SiH;Ph interaction, forming a hypervalent
“ReO-SiH;Ph” species followed by insertion of CO, directly
into one of the Si-H bonds to form the silylformate adduct
[ReOSiPhH,{OC(O)H}]. This latter pathway has a lower acti-
vation barrier (AG = 19.4 kcal mol™"). Subsequent Si-H bond
activation in the same way would explain the observed silyl
acetal and methoxysilane products.

Interestingly, the [N(hexyl),][(ReO,)] complex was also
found to serve as a catalyst for the N-methylation of amines
(including 'Pr,NH, pyrrolidine, morpholine, piperidine) using
CO, as a C; source and silanes as a reducing agent. Similarly,
a simple environmentally benign inorganic oxometallate,
K,WO, (10 mol% catalytic loading), was also shown to act as a
catalyst for the N-methylation or N-formylation of amines
using PhSiH; as a reducing agent under the following reaction
conditions: CH,;CN, 70 °C, 12 h.>?

Furthermore, the soluble monomeric molybdate dianion
[PPN],[M00,] {PPN = (Ph;P),N'} reacted with CO, to form well
defined mono- and bicarbonate complexes [MoO;(k*-0,0-
CO3)P™ (21) and [M0O,(x*-0,0-CO;),]>~ (22, Scheme 4c).>* In
monocarbonate complex 21, the C-O bonds were found to be
1.3357(14) and 1.3048(13) whilst the Mo-O bond was 2.2191(9)
A. The C=0 bond [1.2258(13) A] was elongated with respect to
free CO, as expected (cf. 1.162 A in CO,). Stoichiometric reac-
tion of the monocarbonate, [PPN],[MoO;(x*-0,0-CO,)], with
Et;Si-H resulted in the clean conversion to formate [PPN][OC
(O)H] and [PPN][MoO;(OSiEt;)] in good yields. Isolation and
characterisation of discrete homogeneous cycloaddition inter-
mediates resulting from the reaction between CO, and Mo=—0O
(such as 21 and 22) provides an insight into the mechanism of
activation of their heterogeneous counterparts.

The Cummins group also demonstrated the nucleophilicity
of the oxo ligand, and the effect of a lithium cation, on the
reactivity of a titanium complex with CO, [Scheme 4(d)].*®> The
anionic titanium oxo complex, [Li(Et,0),][Ti(=O}N(‘Bu)(3,5-
Me,CeHs)}5] (23), rapidly reacted with one equivalent of CO, in
Et,O to generate complex 24. As shown in the scheme, this
new complex features a titanium-carbonate moiety where the
carbonate is coordinated in a rare k'-O coordination mode to
the titanium centre. The negative charge resides on the other
two oxygen atoms and is stabilised by Li-O interactions with
an unsymmetrical k*>-0,0 mode (Li-O distances 1.911(5) A and
2.257(5) A). The lithium cations also form a hexamer type
structure where they connect the carbonate moieties of other
complexes within a hexagonal motif. The binding of CO, was
found to be reversible in solution under dynamic vacuum and
was additionally assisted by sequestering the lithium cations
with 12-crown-4. The Ti-O bond length in 24 was found to be
1.849(2) A, which was a significant elongation when compared
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to the titanium-oxygen distance in starting material 23
(1.712(2) A). This infers relatively weak n-bonding between
titanium and oxygen centres following CO, activation. On the
other hand, the weak binding of CO, was also supported by
the bond lengths found in 24. The TiO-C distance was 1.319(3)
A, the C=0 distance was 1.232(3) A and the C-OLi distance
1.292(3) A. Complex 24 could be further reacted as a means of
transforming activated CO,. The addition of Me;SiOTf to 24
resulted in the formation of silyl carbonate complex
[Ti{OC(0)OSiMe; HN(‘Bu)-(3,5-Me,CeHj)}s] (25) and elimination
of LiOTf. Heating this new complex above 80 °C results in the
loss of CO, and the formation of siloxide complex [Ti(OSiMe;)
{N(‘Bu)(3,5-Me,CeHs)};]. Similarly, complex 24 reacts with piva-
loyl chloride, ‘BuC(O)Cl, to form [Ti{OC(O)'Bul{N(‘Bu)(3,5-
Me,CeHj)};] with the elimination of LiCl and CO,. An analogous
nitride system is outlined in the following section.

Reaction of metal-nitrido and -imido complexes with CO,,

Many of the developments observed for metal-oxo complexes
with CO, are also found for the corresponding nitrido and
imido complexes. A range of selected examples are shown in
Scheme 5. Transformations similar to those found for oxo
complex 23 above were also observed for the nitride complex,
[Na][Nb(=N}{N(‘Bu)(3,5-Me,C¢H3)};]. This complex reacted
with CO, to form the corresponding carbamate complex,
[Na][Nb{N — CO,HN(‘Bu)(3,5-Me,CcH;)}5]. This further reacted
with Ac,O to give the isocyanate-acetate complex [Nb(OAc)
(0=C=N){N(‘Bu)(3,5-Me,CcH;)};] with the elimination of
sodium acetate. Finally, reduction with SmI,, followed by reac-
tion with Na/Hg (two electron reduction) resulted in the extru-
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Scheme 5 The [2 + 2] reaction of selected amido or imido complexes
with CO,.
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sion of CO and regeneration of the starting niobium nitride.
This series of transformations provided a closed cycle for the
transformation of CO, into CO mediated by a nitride
complex.>®

The Bergman group was one of the pioneers in the develop-
ment of the area surrounding metal-ligand multiple bond acti-
vation, first demonstrating [2 + 2] activation of CO, across an
iridium-imido triple bond (Scheme 5, top). They synthesised
the first “one legged piano stool” complex, containing an
iridium(m) centre, a n°-CsMes ligand and a nucleophilic imido
ligand containing bulky substituents at nitrogen.’”>®
Complexes of the type [Ir(Cp*)(=NR)] (where R = ‘Bu,
SiMe,'Bu, 2,6-Me,-CgH3, 2,6-'Pr,-CgH;) were investigated. The
presence of strong n-donor interactions between the metal and
imido ligand were confirmed by short Ir-N distances [e.g.
1.712(7) A for Ir(Cp*)(=N‘Bu)] and linear arrangements [a Ir-
N-C angle of 177.2(5)° for the same complex]. As shown in the
scheme, the reaction of [Ir(Cp*)(=N‘Bu)] with CO, led to [2 +
2] cycloaddition across the iridium-nitrogen bond and the for-
mation of the carbamate complex, [(Cp*)Ir{OC(O)N‘Bu}] (26),
isolated as a red crystalline solid. The Ir-N bond length, in
this carbamate complex was found to be 1.943(6) A. This was
longer than the corresponding distance for the starting
material (vide supra). Furthermore, the reduction of the Ir-N-C
bond angle to 141.6(5)° confirmed the change in hybridisation
of imido nitrogen from sp to sp”.

More recent examples exhibiting similar reactivity were
reported by a number of research groups. For example, in 2018
Schneider and co-workers reported the reaction of a square
planar  pincer complex, [If(=N'Bu)(PNP)] {PNP =
N(CH=CHP’Bu,),}, with CO, at 283 K in THF, resulting in [2 +
2] cycloaddition to form the corresponding carbamate
complex, [Ir(OC(O)N‘Bu)(PNP)].>°

Similarly, a set of nickel(ir) imido complexes of the type
[Ni(=NR)(dtbpe)], analogous to carbene complex 8 (Scheme 1,
bottom), were found to react with CO, (R = 2,6-Pr,C¢H; and
1-adamantyl, and dtbpe = tBuZPCHZCHZPtBuZ]. For complexes
where R = 2,6-Pr,CsH,, square planar nickel metallacycles of
the type, [Ni{OC(O)N(2,6-'Pr,C¢H;)}(dtbpe)] were formed via a
[2 + 2] addition, as a pale-yellow solid. This complex was struc-
turally characterised. The key distances were Ni-O 1.9334(15)
A, Ni-N 1.8912 A, O—C 1.229(2) A and C-O 1.340(2) A. It was
found, however, that the corresponding electron rich and steri-
cally hindered adamantyl complex directly formed a bicarba-
mate product of the form [Ni{OC(O)N(l—Ad)C(O)O}—(dtbpe)].
The substituents on the imido nitrogen influence the reactivity
of Ni=N-R complexes. Again, this is analogous to related
carbene complex 8, which forms dicarboxylate complex 9 (vide
supra). The isolated adamantyl bicarbamate complex shows
two carbonyl stretching bands at 1667 cm™" and 1624 cm ™" in
the IR spectrum. Thus, it can be stated that the reactivity of
carbene and imido species on a Ni(dtbpe) fragment is
analogous.®

[2 + 2] cycloaddition reactivity was also reported for palla-
dium(u) complexes. Munz and co-workers reported that term-
inal sulfonimido complex [Pd(NTs)(CAAC)] {where Ts = p-tolue-
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nesulfonyl and CAAC = cyclic(alkyl)(amino)carbene} also
reacted with CO,. The authors indicated that the zwitterionic
character of the palladium-nitrogen bond (Pd®" and N°7)
made the nitrogen centre strongly nucleophilic thus facilitat-
ing its reactivity with CO,. The resulting product was [P'W
ENTS}(CAAC)] containing a four-membered cyclic palladacar-
bamate metallacycle.®!

Another recent example involving an anionic rare earth
lanthanide cerium(iv) imido complex was reported by Schelter
and co-workers (Scheme 5, middle).®> They demonstrated that
cerium complex 27, shown in the scheme, reacted with CO, to
form complex 28, which existed as a dinuclear structure featur-
ing carbamate functional groups. This, again, formed via a
[2 + 2] cycloaddition.

An interesting example was reported by Berke and co-
workers that showed competing reactions involving H, and
CO, with group 6 transition metal pincer type complexes
(Scheme 5, bottom).®* The pincer ligand used in this investi-
gation was [N(CH,CH,P'Pr,),]”, (P’'NP’), where the central func-
tional group was an amido species. The starting complexes,
[M(CO)(NO)(P'NP')] {M = Mo (29a), W (29b)}, reacted with CO,
(at 2 atm pressure, 298 K) to form the [2 + 2] cycloaddition
product (across the metal-nitrogen bond) to form octahedral
carbamate complexes (30a, 30b, respectively). In the X-ray
structure of the tungsten complex (trans isomer), the W-N dis-
tance was found to be 2.2603(19) A. This is elongated by 0.2 A
with respect to the precursor complex. The W-O distance was
recorded as 2.2155(18) A, the C(0)-O distance 1.283(3) A, and
the C=0 distance 1.208(3) A. During this study, the cyclo-
addition product was found to be an “off-cycle step”, interfer-
ing with the productive catalytic hydrogenation of CO, in the
presence of base (which occurs via complexes 31a or 31b,
respectively). This example demonstrates the competition
between the 1,2-addition of H-H and the [2 + 2] cycloaddition
of CO, across the M-amido (M = Mo, W) reactive site. Due to
the strong, irreversible binding of CO,, complexes 30a and 30b
were found not to react further with H,, thus blocking the cata-
Iytic activity. On the other hand, it should be noted that the
same ligand platform supporting the late transition metal
complex, [(P'N(H)P')IrH;] (the analogue to 31 with a proton at
the nitrogen centre), reported by Hazari and co-workers was an
excellent catalyst for the production of formate.** Here, [2 + 2]
cycloaddition across the iridium-amido bond was not
observed in the catalytic cycle involving the iridium-amido
bond in [(P'NP')IrH,]. The key differences between these two
systems can be traced back to their tendency to form strong
M-O bonds and the presence of n-acceptor co-ligands, NO and
CO, on the M(0) metal centres, making the [2 + 2] pathway
irreversible.

Mountford and co-workers studied the reactivity of three-
legged piano stool complexes [Ti(=NR)(n’>-C;Me;){MeC
(NiPr2)2}], containing imido ligands, NR; R = ‘butyl (32a) and
2,6-diisopropylphenyl (Dipp, 32b) with CO, (Scheme 6).°>°°
The reactivity of these complexes was dependent on the substi-
tuents on the imido nitrogen. Reactions of 32a and 32b with
CO,, proceed through a [2 + 2] cycloaddition involving the tita-
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Scheme 6 Reactivity of titanium imido complex with CO,.

nium-imido bond to form the corresponding carbamate com-
plexes, [Ti{O(CO)NR}n>-CsMes)(MeC(N'Pr,),)] (33a and 33b,
respectively). The carbamate complexes reacted in two
different ways depending on the R substituents. In the case of
33b, the carbamate reacted further with an additional equi-

valent of CO, to form bicarbamate species [Ti{OC(O)N
(C¢H3'Pr,)C(0)O}(n>-CsMes){MeC(N'Pr,),}]  (34), where a

second molecule of CO, inserted into the Ir-N bond. Whereas
for 33a, the carbamate underwent a retrocycloaddition reaction
eliminating ‘BuNCO as a by-product and forming transient
titanium oxo species [Ti(=0)(n’>-CsMe;)}{MeC(N'Pr),}] (35),
which dimerised quickly forming a Ti,O, (p,-O) bridged struc-
ture (36). It was postulated that the difference in reactivity
between 33a and 33b was due to the electron donating (‘Bu)
and withdrawing (2,6-diisopropylphenyl) properties of the sub-
stituents, which influenced n-bonding in Ti=NR species as
well as stabilisation of the resulting bicarbamate species, in
the case of 34. The aryl group on nitrogen is able to reduce the
electron density on the resultant “OC(O)N(C¢H;'Pr,)(CO)O”
moiety thereby forming a more stable complex, resistant to ret-
rocycloaddition. For the case of ‘Bu complex 33a, the tendency
of early transition metals to form strong M-O bonds yet again
acts as a thermodynamic sink for the formation of 36.

A similar reactivity pattern was found in a set of bis-imido
complexes containing niobium(v) metal centres of the type
[Nb(N’Bu),(BDI)] and [Nb(N‘Bu)(Ndipp)(BDI)] (37, Scheme 7).
They undergo [2 + 2] cycloaddition with CO, at 298 K. The effect
of the substituent on the second spectator imido ligand NR (R =
‘Bu or Dipp) played a crucial role in terms of reactivity. For
example, in the case of 37, the carbamate complex [Nb(OC(O)
_NtBu)(Ndipp)(BDI]] (38) was isolated from hexane (Scheme 7,
top). The newly formed bond lengths in this complex were
found to be Nb-O 2.070(3), ‘BuN-CO 1.391(5), C(0)-O 1.345(5)
and O=C 1.205(5) A. In the same way as that outlined for
complex 33a above, complex 38 also underwent a [2 + 2] retro-
cycloaddition to eliminate ‘BuNCO from the carbamate and
generates transient oxo species, [Nb(=O)(Ndipp)(BDI)] (39),
which could be trapped with pyridine to form [Nb(O)(Ndipp)
(BDI)(pyridine)] (40). Finally, complex 40 was found to trans-
form further by dimerising to form the bis-u-oxo complex
[Nb(Nar)(x"'-BDI)( pyridine)(u-O)Nb(Nar)(BDI)] (41). In contrast,
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Scheme 7 The [2 + 2] cycloaddition reaction of niobium imido com-
plexes with CO, and their further transformations.

bis-imido complex [Nb(N‘Bu),(BDI)] (42) formed iminodicar-
boxylate bridged dimer [Nb(N‘Bu){p-O,CN(‘Bu)CO,}(BDI)], (43)
through the proposed successive carbamate [Nb{OC(O)N(‘Bu)}
(N‘Bu)(BDI)] and bicarbamate [Nb{OC(O)N(‘Bu)C(0)O)}(N‘Bu)
(BDI)] intermediates after reaction with CO, (Scheme 7,
bottom). The extensive reactivity was ascribed to the high
energy d-valence electrons of group 5 and the n-loading meth-
odology using M=NR multiple bonds.®®

In summary, the [2 + 2] bond activation of CO, represents a
suitable and promising reaction step for the activation of CO,.
The key transformations for each of the species, CR,, SiR,, NR
and O, are summarised in Scheme 8. Each shares a similar
initial mode of CO, addition via reactivity of one of the C=0
bonds in CO,, though the regiochemistry is dependent on the
polarisation of the M=E bond. This mode of reactivity is con-
sistently observed across a range of transition metal systems.
Subsequent steps, when observed, then follow different path-
ways. In many cases, the CO, binding is reversible and weak
within the complexes. This may preclude further functionalisa-
tion of this moiety since it is not sufficiently activated. On the
other hand, in some examples, the stability of the resulting
product is too high, thus precluding their use within a catalytic
process. Some fine tuning of the M=E species is required
specifically with regard to the polarity of the bond and the
nature of n-bonding within the M=E bond. The two most
common deactivation pathways have been found: (a) dispro-
portionation of CO, and (b) the formation of stable M-CO
and/or M-O bonds. Thus, to date, transformations of CO, uti-
lising M=E systems are limited to stoichiometric ones.
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Scheme 8 Summary of the reactivity of M=E (E = CR,, SiR,, NR, O)
multiple bonds with CO,. L = auxiliary ligands, R = alkyl/aryl
substituents.

Activation of CO, in systems containing a two-atom bridge
(Fig. 1C)

This section focuses on systems that present a two-atom spacer
between activated CO, and the transition metal centre in the
final product. As shown in Scheme 9, we outline three key
modes of CO, activation involving systems containing two-
atom (AB or EH) bridges. For the purposes of defining this
reactivity we consider two scenarios, either two centres A and
B (where A is connected to the metal centre) or two centres
containing an electronegative atom and hydrogen atom (i.e.
E-H). In the case of A and B centres, there are two types of acti-
vation mode. Type 1 is typically found when there is a degree
of unsaturation between the A and B centres. In this case, an
oxidation state increase by two at the metal centre is observed.
In type 2, the B functional group is a nucleophilic heteroatom.
In both of these cases, the activation can be classed as a 1,3-

o
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Scheme 9 Three different types of CO, fixation involving a two-atom
bridge. For type 1, the oxidation state of the metal centre increases by
two.
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addition of CO,. This is analogous to the 1,3-addition observed
in the dearomatisation/aromatisation systems that are outlined
in a separate section below (vide infia). This mode of activation
“traps” the CO, molecule within a 5-membered metallacycle
where the outer centre B attacks the electrophilic carbon
centre and a new M-O bond is formed.

An alternative and quite different mode of two-atom bridge
activation is also possible. This third type of transformation
occurs when the two atoms are an E-H unit. In this case, there
is an attack of the electrophilic carbon with an external nucleo-
phile. Upon activation, a covalent bond between the hydrogen
of the E-H unit and the oxygen of the former CO, molecule is
not possible. However, a six membered arrangement is feasible
via hydrogen bonding interactions between the hydrogen and
oxygen atoms. This mode of transformation, in particular, has
found application in the hydrogenation of CO, to formates. A
number of relevant examples for each type of activation are
outlined below.

Type 1 activation

There are several examples where the AB ligand unit is an
unsaturated alkene or alkyne moiety (Scheme 10). The first
examples typically employed zerovalent nickel-based precur-
sors, which led to the formation of five-membered nickellalac-
tones; a representative original example reported by Hoberg,
Schaefer and co-workers is shown in Scheme 10.*° Such
systems represent one of the first examples of stoichiometric
CO, activation and transformation.”®”? Activation is expected
to be facilitated by the cooperation of the pre-coordinated
alkene (or alkyne), which bridges the metal and CO, moiety,
furnishing the stable five membered metallacycles. This is
shown in the scheme where [Ni(cdt)] is reacted with ethene
and CO, in the presence of bidentate ligands, bipy or dcpe,
where the products 44 and 45 are formed. Nickel’s original tri-
dentate ligand is lost from the coordination sphere and is
replaced by the bidentate ligand and a new k*-C,0-CH,CH,C
(0)O ligand is formed via the coupling of one ethene and one
CO, molecule. During the transformation, the oxidation state
of the metal increases by two and the new organic fragment
acts as an X,-type ligand (i.e. an oxidative coupling reaction).
In a number of related examples involving nickel metal
centres, it was found that further transformation of the metal-
lalactones was possible, leading to the formation of organic
functionalities such as carboxylic acids and organic formates.
The corresponding iron-based metallalactones were also
prepared (Schemes 11 and 12). The five-membered rings

)
C
L, ~CH
L,, CO, (1 atm) 2, /[ 2
= Nih \

[Ni®(cdt)] + H,C=CH,
(o]
L’ \o/ \O

Toluene, rt
- cdt

L, = bipy (44), dcpe (45)

Scheme 10 First example of an isolated nickellalactone from oxidative
coupling involving ethene and CO; [cdt = 1,5,9-cyclododecatriene; bipy
= bipyridine and dcpe = bis(dicyclohexylphosphino)ethane].
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Scheme 11 Ligand controlled insertion of CO; into ferralactones.

formed in these systems are less stable than the nickel(u)
systems, which means that they are able to undergo multiple
insertions of either CO, or alkenes. This is exemplified in the
reactions reported by Hoberg and co-workers (Scheme 11).”>
They reported the transformation of [Fe(CH,CH,),(PEt;),] with
ethene and CO, gases in the presence of various co-ligands.
The initial oxidative coupling transformation led to ferralac-
tone complexes 46a and 46b. As shown in the scheme, the co-
ligands influenced the subsequent reactivity and selectivity of
the insertion of a second equivalent of CO,. When the co-
ligand was the bidentate ligand dcpe, the complex [Fe{OC(O)
CH,CH,C(0)O}(dcpe)(PEt;),] (47a) was formed. It should be
noted that in the original article, the authors indicated that it
was likely that some PEt; ligand remained within the coordi-
nation sphere of the metal centre within these transform-
ations. The formation of 47a is the result of a formal insertion
of a second CO, molecule into the Fe-C bond of 46a. Complex
47a contains a seven-membered metallacycle. On the other
hand, when the co-ligands were monodentate Pme; ligands, a
different product selectivity was observed. In this case [F'e{ﬁ
(O)CH(CH3)C(0)O}(Pmej3),(PEt;),] (47b) was formed. Complex
47b contains the smaller six-membered metallacycle. The pro-
posed mechanism for this transformation involves a prior
“ring contraction” process where the five-membered ferra-
lactone is transformed into the four-membered equivalent (i.e.
46b;,;, in the scheme) via a set of P-hydride elimination/
migratory insertion, isomerisation steps. The insertion of a
second CO, molecule into the new Fe-C bond occurs. Neither
47a or 47b were isolated, however, their identities were con-
firmed by their subsequent reaction with acidic methanol solu-
tions, which liberated the methyl esters of succinic acid and
methylmalonic acid, respectively.

More recently, an interesting iron system was reported by
Chirik and co-workers (Scheme 12).”* In this case, instead of
double insertion of CO, to form a ferralactone, there was evi-
dence of multiple insertions of ethene moieties. Their investi-
gation focused on the reactivity of pyridine(diimine) iron
complex 48 with ethene and CO, under various conditions.
These reactions led to the formation of a range of iron carboxy-
late products of the type of complex 49, where the R group (as
shown in the scheme) was found to have even chain lengths
up to 20 carbon atoms long. This arises from multiple inser-
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Scheme 12 Unsaturated iron carboxylate products via proposed inter-
mediate species 48;,.. The R group is variable depending on the con-
ditions (see text for details).

tions of the ethene. By examining the product distributions,
carrying out stoichiometric experiments with hydrogen and
deuterium labelling studies, it was rationalised that the five-
membered metallalactone species, 48, was the common
intermediate in all transformations and multiple insertions
into this species was possible, leading to further macrocyclic
metallalactone intermediates. It was proposed that competitive
f-hydride elimination steps with ethene insertion were impor-
tant in determining the size of the chain. Furthermore, both
saturated and unsaturated chains (as well as dicarboxylate
species bridging two iron complexes) were observed, providing
evidence for metal-hydride species. It was also found that one
of the imine functional groups on the ligand underwent a
single electron reduction.

Bernskoetter and co-workers recently reported the synthesis
of Fe(0) complex 50 containing a coordinated alkene, which
promoted CO, fixation leading to the formation of the stable
ferralactone 51 (Scheme 13).”> The authors also prepared a
Fe(0) complex containing coordinated CO, instead of an alkene.
The use of KCg as a reducing agent in the presence of CO,
(1.5 atm) led to the stoichiometric formation of acrylate salts.

Earlier this year, Field and co-workers reported the isolation
and structural characterisation of unsaturated ferralactone
complexes derived from phenylacetylene and CO,
(Scheme 14).”° Their investigations revealed some interesting
selectivity. For example, when trans-[Fe(H)(C=CPh)(dmpe),]
[52; dmpe = bis(dimethylphosphino)ethane] was reacted with
CO,, the initial product was the corresponding formate
complex (53), which resulted from the formal insertion of the
CO,, unit into the Fe-H bond. This fast insertion step, which
was observed immediately after addition, was found to be
reversible, however, and it was found that the thermodynamic
product from this reaction mixture was the ferralactone
complex, cis[Fe{C(H)=C(Ph)C(0)O}(dmpe),] (54). Partial con-
version to complex 54 was achieved after extended periods. In

PEt, (\ PEt |

2
EtzP//,,"Fl e g L
e
7| —— _ N
ep?” | er? | o—Cs,
PEL,

(50) (51)

Scheme 13 Ferralactone formed from direct CO,—ethylene coupling.
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Scheme 14 Ferralactone regioisomers via CO, fixation in iron acety-
lido/acetylene complexes.

this case, the former hydride was located on the a-carbon in
the product. An analogous complex is found in the case of a
‘butyl group in place of the phenyl substituent. Interestingly,
regio-isomer complex 56 was obtained by using the n*-bound
alkyne precursor 55 instead of complex 52. This switch in
regioselectivity was rationalised on the basis of a different
mechanism of activation. It was suggested that the electrocyc-
lic (oxidative) coupling of CO, with the =n-bound phenyl-
acetylene occurred. Finally, when the alkyne was changed to
the parent acetylene, double CO, insertion products were
additionally observed, cis-[Fe{C(H)C(CO,H)C(0)O}(dmpe),]
and cis-[Fe{C(H)C(H)C(O)O}(dmpe),], in a ratio of approxi-
mately 2:1. Similar observations were also found for the
corresponding complexes containing bis(diethylphosphino)
ethane as a co-ligand.””

Similar oxidative coupling transformations, where alkenes
are utilised as the AB coupling unit, have been observed across
a range of other transition metals. Selected examples are high-
lighted in Scheme 15. Early examples by the groups of Cohen
and Bercaw described the coupling of CO, and coordinated
alkene in titanocene at —78 °C to form stable, bright red tita-
nalactone 58 (Scheme 15, top). This metallalactone functional
group was confirmed by infrared spectroscopy where a
vibration band for the C=O stretch at 1653 cm " was
observed.”® The use of "C isotope labelling confirmed the
BC-'3C bond in the lactone fragment formed with a coupling
constant of 52 Hz between the f-methylene carbon and carbo-
nyl carbon of [(Cp*),Ti{0"C(O)-">CH,CH,}]. Attempts to
reproduce the same reactivity at 0 °C led to unidentified
products.

Interestingly, the two-atom bridge can also be part of an
aromatic system such as the phenyl unit in the example of 59
(Scheme 15, middle), where the carbon of the CO, molecule
adds to the p-carbon in the phenyl unit.”” More recently,
Miqueu and co-workers characterised the shortlived n’-
benzyne titanacene intermediate formed from complex 59 by
UV-photospectroscopy and DTF calculations.®® The insertion
of CO, into the 2-atom bridge (C,—Cjg) of this short-lived inter-
mediate explains the formation of metallalactone 60
(Scheme 15, middle). Furthermore, a related example was
reported by O’Hare where the two Cp* ligands were replaced
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3 HoC Me;P Hs
(61) (62)

Scheme 15 Selected examples of CO, and alkyl/alkene coupling on
early transition metal complexes.

with a fused version of these ligands, ie. n°-permethyl-
pentalene (Pn*).?! Titanium dialkyl complexes of the type [Ti
(Pn*)R,] (where R = Me, CH,Ph) were isolated and exposed to
CO, to give the products of double insertion, [Ti(Pn*)(x>-0,0-
0,CR),], where CO, inserted into the M-R bond. In these
cases, coordinated carboxylate groups were the resulting
products.

The reactivity of vanadium complex 61 (Scheme 15 bottom)
with CO, to form metallalactones was studied by the Teuben
group.®” Despite the presence of p-hydrogen atoms, the degree
of planarity of the lactone ring increases their distance to the
metal centre and increases its stability against p-hydride
elimination.

Although palladalactones, such as complexes 63 and 64
(Fig. 2), are accepted intermediates in the mechanism of the
palladium catalysed formation of acrylates from CO, and
alkenes, they have not been isolated from stoichiometric
investigations. Nonetheless, they have been studied by compu-
tational methods®® and prepared by alternative synthetic
methods by the groups of Yamamoto®! and Limbach.®® Other
metallalactones form via the reaction of an alkene molecule

Cy
o Cy |/
Me3Py_ /O\c/ Np 0 P
Pd N/ ¢
Me,P /Pd\A
P
H3C Cy/ \Cy
(63) (64)

Fig. 2 Examples of palladalactones prepared by alternative synthetic
methods.
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with CO, using the precursors [Zr(Cp),(C,H,)(PMe;)]*® and
[Rh(bpy)(C,H,)C1],*” respectively.
Pursuing the catalytic synthesis of acrylic acid, the

Carmona and Galindo groups developed a series of molyb-
denum and tungsten complexes, which inserted CO, into the
2-atom bridge of a coordinated alkene.®®°° In these cases,
species containing coordinated CO, or intermediate metalla-
lactone could neither be detected nor isolated. Nonetheless,
these are postulated as intermediates within the transform-
ations. Attempts to liberate the acrylate from stable dimeric
complexes and regenerate the starting complexes were not suc-
cessful and unfortunately a catalytic cycle was not realised.®®*°
More recently, in 2019 Carmona and co-workers further out-
lined the synthesis of related complexes of the same metals
where both CO, and alkenes were simultaneously coordinated
to the metal centre.”® Crystal structures of these complexes
were reported. In these cases, however, attempts to react CO,
with the alkene were unsuccessful and no acrylate formation
was observed.

Recently, Iwasawa and co-workers reported the reactivity of
Ru(0) complex 65 (Scheme 16), which contained a tetradentate
phosphorus ligand (L,).°* This complex was active for the cata-
lytic conversion of ethene and CO, into acrylate salts as shown
in the scheme. In addition to the isolation of the main ruthe-
nalactone product of CO, activation involving the two-atom
bridge bond (C=C) (complex 66), small quantities of the
corresponding carbonato complex [Ru(Ly)(x*-0,0-CO5)] were
also observed. This suggested that some disproportionation of
CO, into [CO;]*~ and CO occurred, similarly to a number of
other investigations highlighted herein. Indeed, further
heating of the mixtures gave greater conversions to the carbo-
nato complex. Alongside, two additional complexes were
obtained. These were the carbonyl complex, [Ru(L,)(CO)], and
hydridoacrylato complex 67. The formation of the carbonyl
complex confirmed the disproportionation-type reactivity.
Complex 67 formed as a result of B-hydride elimination.
Whilst the selectivity to generate complex 67 was poor, it was
found that treatment with a base in the presence of further
ethene gave the acrylate salts and regenerated complex 65,
thus providing a catalytic means of synthesising acrylate salts
from CO,. At this stage the catalytic activity is limited.
Nevertheless, it highlights the potential for the synthesis of
CO, derived acrylates with zerovalent ruthenium complexes.
This system was explored in further mechanistic detail, which

PPh, Pth
. R| CHz /P//,, ‘\\\C ~, C H </P///,,,, i ‘“\\\H
— u
7/ \ c / o—C\ SCH,
\/F'Ph th PPhy 2—PPh;
(65) (66) (87)
H,C=CHj , KOR
ﬁ/ HOR
CH,
ko~¢~¢”

H

Scheme 16 Investigations leading to the first example of the ruthe-
nium-catalysed synthesis of acrylate salts from ethene and CO,.
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revealed a second competitive pathway for the formation of
acrylate salts.””

Finally, Hopmann and co-workers reported some compu-
tational investigations into the mechanisms of carboxylation
reactions involving M-C(sp®) and M-C(sp®) species, where M =
Cu, Rh, Pd.**** These revealed that depending on the type of
ligand, steric effects and the nature of the metal, inner-sphere
or outer sphere mechanisms involving cyclic or acyclic tran-
sition states were possible.

Type 2 activation

One other common strategy for the activation of CO, is for the
outer B atom of the AB unit to contain a nucleophilic func-
tional group. In this way, it attacks the electrophilic carbon
and a five-membered ring is formed, as outlined in Scheme 9
above. There are a wide variety of functional groups that have
been utilised for this mode of activation. Selected examples
are given in Scheme 17.

An example of a multidentate ligand system that was
explored by the Stephan group for CO, activation was shown in
Scheme 17, top.”> They reported the transformation of
complex 68, which contained a ligand derived from
[N{(CH,),N(H)P'Pr,};] via a deprotonation step followed by a
halide exchange step. The complex contains the ¥*-N,P coordi-
nation mode of one of the “arms” of the ligand. In this case, a
MLC process takes place via a hydride migration step and its
incorporation into the ligand structure. This permits a mole-
cule of CO, to interact with the metal centre and leads to its
activation by the Lewis basic phosphorus donor. The trans-
formation leads to the formation of the five-membered ring
[RuNPOC(O)] structure in the new complex, 69, as shown in
the scheme. In the case of a related neutral complex, it was
found that an alternative activation pathway occurred across a

H i /O\ /0
[BPh,] Przp\ ¢
— |—p
R|u/PPr2 4] N ,@ [BPh,]
~ Co, Ru—~R/Pr,
Prz‘P<@ HP\PrZ > P P/ |
[ N\ iy \N NH
HN\J HN\/ >J
HH
(68) (69)
Ph,  Phy 2@ Ph ®
PPh 2
P2 (\N/P\c/f\w (\N/P\C/o
S co, s | 07 7Ol 8 co, | o
Hf—Bz — /Hf\ /Hf\s —— S\Hf<
,\\‘ Bz | Yo—._—0 \) Bz | O
Nopn NG~ ~NpN AN
2 Ph,  Phy Phy
(70) (71a) (71b)
vacuum, - CO,
Mes C//o
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\ Mes . / \
Bu—NnN [o]
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Vo — 2CO,; \
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e
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Scheme 17 Selected examples of the type 2 activation of CO,.
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N-P bond where it was broken and a five-membered ring
[RuNC(O)OP] structure formed instead.

Other chelating ligands containing phosphinoamides
within their framework were also utilised by Stephan and co-
workers to promote CO, activation by early transition metal
complexes (Scheme 17, middle).”® Hafnium complex 70 exhibi-
ted reactivity with CO, by promoting its insertion between the
two-atom bridge involving the N-PPh, units. Slow and con-
trolled addition of CO, led to the precipitation of dinuclear
complex 71a, as single crystals. Complex 71a formed as the
result of the activation of two CO, molecules across two metal
complexes (1:1). Crystallographic analysis revealed that acti-
vation by the N-PPh, units led to a doubly bridged P,C(O-Hf),
motif. When this compound was placed in solution, it con-
verted into a mononuclear complex, which was then further
transformed in the presence of CO, into complex 71b. This
contained two activated CO, molecules per hafnium centre fea-
turing two, [Hf-NPC(0)O], five-membered rings. Placing 71b
under reduced pressure led to the second equivalent of CO,
being reversibly lost. On the other hand, when an isopropyl
phosphine-based ligand was used instead of a phenyl-based
phosphine, the more basic phosphine centres meant that once
double CO, activation had occurred, they could not be
removed under reduced pressure.

An interesting example of activation involving n*-bound
iminoacyl units was reported by Floriani and co-workers
(Scheme 17, bottom).”” They reported the synthesis of
vanadium complex 72, which contained three n>-bound imi-
noacyl units, via the insertion of “butylisocyanide into the
three V-C bonds of [V(Mes);(THF)]. Two of the three “V{C=N
(R)}” units acted as two atom bridging units for the irreversible
activation of CO, leading to complex 73. In this case, the more
nucleophilic part of the ligand involved the carbon of the imi-
noacyl group leading to the product of insertion into the V-C
bonds.

More recently, the Anwander group reported the reversible
binding of CO, to multiple sites on a set of cerium complexes
including [Ce(Me,pz)y], (Scheme 18; Me,pz = 3,5-dimethyl-
pyrazolyl).”® In this case, the AB unit corresponds to the N-N
unit of the pyrazolyl ligands and the addition of CO, across
this two-atom bridge. This allowed for complexes such as 74 to
be synthesised and for the development of materials able to
adsorb up to 20 wt% of CO,.°”° The insertion was reversible,

P
<, T
L2 N
co, N Na % & =0
1/, [Ce(Megpz)sy, —— "Co et O
THF, -40 °C aw "”/o\
or toluene, rt \’}l / ,C=0
\_N_ 0 N-N
c 4
& ¥

(74)

Scheme 18 Multiple type 2 CO, activations on the cerium-pyrazole
complex.
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acting as a “CO, sponge”, and could be exploited for the cata-
Iytic formation of cyclic carbonates from epoxides.

Carmona and co-workers described the use of an iridium
complex containing a pyridylidene ligand in addition to a
hydrotris(pyrazolyl)borate co-ligand (Scheme 19). Exposure to
CO, led to the formation of a carbamate complex (75). In this
case, the AB unit corresponds to C-N (within the pyridylidene
ligand) and the nitrogen atom acts as the nucleophile where
the final product is the result of CO, activation involving a
2-atom bridge (C=N) between the metal and the ligand.

The Mann research group reported a cyclometallated
iridium(m) complex where the AB atom bridge corresponded
to a hydrazino (H,N-NH,) ligand (Scheme 20). They showed
that the coordinated hydrazine could slowly, yet, irreversibly
bind CO, in an efficient way, forming carbazate complex 77.*°°
After N-carboxylation of one of the hydrazino units and proton
transfer to the second ligand, a metal-coordinated ammonium
carbamate ion pair formed. This lost a single hydrazino ligand
as [H,NNH;][X], followed by immediate chelation of the biden-
tate carbazate moiety to form the neutral iridium(ir) carbazate
species 77.

Very recently, Cossairt and co-workers reported further
developments on systems containing nitrogen based nucleo-
philes for the activation of CO, (Scheme 21).'°" In this case,
they utilised protic N-heterocyclic carbene units within a mul-
tidentate ligand scaffold. The carbene carbon and adjacent
nitrogen acted as the two-atom bridge during activation.
Within the transformation, deprotonation of the N-H group
on the NHC led to a basic and nucleophilic site, which
attacked the CO, molecule. Coordination of oxygen to the
metal facilitated activation of the CO, molecule and led to a
system of Type 2. The authors intentionally designed the
system with the concept of ligand cooperativity in mind by

H —
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N /) N

7 ‘ co.@sb)  §  NZ ~
110 °C, CgHg N | b |

N N”“'“ Ir - (N\N”"”“-"Ir"““‘“\“ N

[

0—C
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Scheme 19 In situ generation of the Ir—pyridylidene complex and its
reactivity towards CO; fixation via 2-atom bridge type 2 activation.
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Scheme 20 Type 2 activation of CO, using a hydrazido scaffold.
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Scheme 21 Activation of CO, by ligand cooperation on benzimida-
zole-based NHC complexes (L = weakly coordinating solvent ligand).

introducing protic sites in close proximity to the metal centre.
Here, a multidentate electron-rich ligand was used to permit
the formation of thermodynamically stable and long-lived cata-
lytic species. The dependency of the complex’s activity in con-
verting CO, into formate was studied in relation to the quan-
tity and type of base used. Additionally, labelled *CO, and
X-ray crystallography allowed the identification of the relevant
active intermediates such as complexes 78 and 79, where L was
a coordinating solvent such as THF.

Type 3 activation

One of the archetypical ligand motifs for the activation of CO,
is those of the type shown in Scheme 22. These examples
involve a pincer motif with a polar N-H functional group.
Initial examples of systems of this type were reported by the
groups of Hazari, Crabtree and Bernskoetter.®*'°* The effect of
this two atom bridge (E-H) unit was studied via computational
methods. As shown in the scheme, a CO, molecule was found
to insert into the iridium-hydride bond of complex 80.
Insertion of CO, into such a bond can occur without any MLC.
However, in this case, the presence of the N-H unit facilitates
the transformation. This would fit into type 3 reactivity when
considering that the N-H unit acts as a scaffold holding acti-
vated CO, in place for attack at the electrophilic carbon centre,
e.g. by a hydride. It should be noted, however, that the mecha-
nism for this transformation is not implied by this classifi-
cation. The impact of hydrogen bonding, and the eventual for-
mation of a six-membered ring, on activation was significant.
The calculations showed that the activation energy of insertion
with the involvement of a hydrogen bond [N-H---OC(O)] was
significantly lower, ¢f 52.1 k] mol™" (with) and 71.3 kJ mol™*
(without). Highly stable complex 80 was found to be one of the
most active catalysts for the transformation of CO, into
formate salts, achieving TON and TOF values of 348 000 and
18 780 h™?, respectively.
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Scheme 22 Type 3 activation of CO, involving ligand cooperation of
an N-H bridge. Insertion reaction assisted by secondary sphere
interactions.
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Activation of CO, in systems containing a three-atom bridge

This section focuses on systems that present a three-atom
spacer between activated CO, and the transition metal centre.
As shown in Scheme 23, in a typical mononuclear system, acti-
vation involving a three-atom bridge leads to the formation of
a six-membered ring with the metal centre.

An early example of CO, activation involving a three-atom
bridge was reported by Behr and co-workers (Scheme 24)."%
They reported manganese carbonyl complex 82, which con-
tained a strained four-membered phosphametallacycle.
Reaction with CO, led to new complex 83, which formed via a
formal insertion into the manganese-carbon bond. The result-
ing product was a ring expanded six-membered phospha-
metallalactone complex.

The Crabtree and Hazari groups demonstrated that a depro-
tonated 2-amino-pyridine (2-NH,py) unit could be utilised as a
three-atom bridge for CO, activation (Scheme 25, top).'** They

o
/
co S
J— E 2 5
LM=E1 5% M1 4E,
E2 \ 2 3/
E1_E2

Scheme 23 Schematic representation of the activation of CO, utilising
a three-atom bridging unit (in some examples, an interaction between M
and Es is possible).
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Scheme 24 Utilising the ring strain of a phospha-metallacycle to acti-
vate CO,.
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Scheme 25 Two examples highlighting various aromatic three atom
scaffolds, which are utilised to activate CO,. Species 85 was predicted as
an intermediate by DFT for the top reaction. For the bottom compu-
tational investigation, one of the two pathways is shown, X = NH, CH,,
O; L = PMes, PH5 (see text for details).
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observed this reactivity whilst investigating the [IrH;(k*-N,N-2-
NH,py)(PPh;),] complex with CO,. They expected the CO,
molecule to insert into one of the Ir-H bonds in accordance
with the reactivity of other Ir(m)-hydride complexes. Instead,
the complex underwent an initial dehydrogenation step
leading to the corresponding amido (k*-N,N-NHpy) complex 84
in the scheme. Complex 84 was found to react with CO, via a
formal insertion into the iridium-amido bond to form the
cyclic carbamate species, [Ir{k*-0,N-2-OC(O)NHpy}H,(PPh;),]
(86). In this study, the researchers synthesised a family of com-
pounds involving the substitution of the amine functional
group with methyl and phenyl groups in addition to changing
the pyridine to pyrimidine. They also investigated the impact
of exchanging the PPh; ligands for PCy;. It was found that the
rate of CO, insertion was faster with a more nucleophilic
amide. An investigation into the mechanism using DFT
suggested that insertion occurred following an initial nucleo-
philic attack on the CO, molecule by the nitrogen lone pair of
the amide to form the N-bound carbamato intermediate 85,
which subsequently underwent rearrangement to 86. CO,
insertion was also found to be reversible in the presence of H,,
although some free 2-NH,py was also observed. This reactivity
involves different resonance forms of the pyridine unit. More
well-defined examples demonstrating dearomatisation of the
pyridine units are outlined in a later section (vide infra).

A related study was carried out by Vadivelu and co-workers
who investigated a series of ruthenium complexes containing
substituted-phenyl ligands that were cyclometallated
(Scheme 25, bottom).'® Their computational study revealed
two possible pathways for CO, activation leading to either
insertion of the CO, unit into the Ru-C bond or insertion into
the Ru-N bond (where X = NH). The first pathway (as shown in
the scheme) occurs in the cases where X = CH, and O. This is
found where phosphine dissociation is energetically feasible.
The generation of an empty coordination site allows for CO, to
coordinate and undergo a 1,2-migratory insertion into the
ruthenium-carbon bond via transition state 89 from 88.
Complex 89 then undergoes a final transformation to form
complex 90 where the resultant product is that of CO, inser-
tion between the metal and the three-atom bridge. In the case
where X = NH, the dissociation of a phosphine ligand was
found to be too high energy and so the second pathway was
determined to be operational. This pathway was found to be
similar to that observed by the Crabtree and Hazari groups
(Scheme 25, top) where the CO, molecule reacted at the
nucleophilic nitrogen centre.'® This was also consistent with
other investigations. %%

The Masuda group reported an interesting zinc system con-
taining a tetradentate ligand, tris(6-amino-2-pyridylmethyl)
amine (Scheme 26).'°® In this case, zinc hydroxide complex 91
was found to react with CO, to form the corresponding carba-
mate complex 92. This transformation was found to proceed
via an intermediate carbonate species, [ZnOC(O)OH], formed
from the reaction of CO, with the initial ZnOH complex. This
then converts into the carbamate complex following intra-
molecular attack of one of the three amine groups of the multi-
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Scheme 26 Type 3 activation of CO, with a zinc coordination complex.

dentate ligand. Overall, 92 is the product resulting from the
addition of CO, to the 3-atom bridge of one “arm” of the
ligand, i.e. a six-membered ring involving the atoms [ZnNCNC
@)]. This transformation mimics the transformation found
in biotin-dependent carboxylase.

A key functional group that is utilised as a three-atom
bridge is an allylic unit. Metal complexes containing allylic
species tend to promote the insertion of CO, to form carboxy-
lates, which coordinate to the metal centre with a x*-0,0
coordination mode. Different plausible mechanisms were pro-
posed that highlighted the double bond functioning as a
nucleophile. Johansson and Wendt studied the insertion of
CO, into the allyl unit of palladium pincer complex 93
(Scheme 27).'%? The insertion of CO, (4 atm) into the allyl
moiety in C¢Dg at room temperature was much faster than that
of the analogous Pd-CH; complex. Thus, the three-atom allyl
unit serves to promote insertion into the palladium-carbon
bond via the process shown in the scheme. They proposed a
six-membered cyclic transition state for the carboxylation of
the palladium-allyl species as shown. This rearranges to give
what appears to be direct insertion of CO, into the palladium-
carbon bond in product 94.

Additional computational and experimental studies, which
also corroborated that such carboxylation of metal-allylic
systems occurred directly on the terminal carbon of the allyl
ligand, were reported.”»''®""" The intermediate product
resembles a six-membered metallalactone and is related to the
addition of CO, to a three-atom bridge."'" The coordination
mode of the allylic species also plays a role. While sigma n'-
allylic species in monomeric palladium complexes lead to the
formation of a carboxylate, the n* coordination mode does not
react with CO,. In the particular case of dimeric Pd(1) with
bridging allyl ligands, only those containing two allyl bridging
ligands exhibit reactivity towards CO,. Additionally, the pres-

t

fast
(Buzp—/pd—PtBuz insertion Bu,P—Pd—F"

o H

Blz| —— tgy,p—py—P'BU,

o A o o
\ 3 X
G //\cj 7
o (o)
(93) + CO, (transition state) | (94)

Scheme 27 Proposed mechanism for the fast insertion of CO,; into a
Pd-allyl complex containing the PCP pincer co-ligand.
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ence of other ancillary ligands influences the reaction mecha-
nism for the carboxylation reaction where more electron-rich
ligands facilitate CO, insertion.”

In summary, out of the various modes of CO, activation, via
transition metal complexes, type 2 activation involving a two-
atom bridge is one mode that is predominant. The formation
of cyclic structures involving the metal (metallalactones) plays
a vital role in the activation process and these species are typi-
cally thermodynamically stable. The coupling of CO, with
either alkenes or alkynes seems to be a facile process, although
the isolation of complexes containing both functional groups
coordinated simultaneously at the metal centre is rare. In par-
ticular, the work by Field and co-workers”® shows that the acti-
vation of CO, and its fixation on an alkyne moiety may occur
through different mechanisms that depend on how the alkyne
group is bound to the metal centre. The different mechanisms
will lead to the formation of different regio-isomers. This can
be viewed as evidence of the cooperation of the alkyne ligand
in the activation process by changing the steric and electron
density at the metal centre. The activation of CO, on com-
plexes containing alkenes played an important role in the
development of catalytic systems for the synthesis of acrylic
acid and acrylates; this needs further progress to achieve prac-
tical applications. Typically, coordinatively unsaturated early or
late transition complexes in low oxidation state are employed
for the activation of CO,. The use of electron rich multidentate
ligands was widely explored in different ways: (i) by increasing
the electron density on the metal centre to facilitate the inter-
action with CO,, (ii) by introducing nucleophilic sites on the
multidentate ligand framework, which directly facilitates CO,
activation, and (iii) by introducing functional groups on the
ligand scaffold that are able to promote hydrogen-bonding
towards the activated CO, molecule. More importantly, this
latter use of chelate ligands is crucial when coupled with tran-
sition metal hydrides units for the reduction of CO, to formate
ions. This combination successfully led to catalytic systems.

Two main strategies were utilised for the activation of CO,
involving three-atom bridges, are defined in Scheme 23. These
are: (i) the use of strained 4-membered rings containing the
metal centre, where CO, insertion expands the ring to a
thermodynamically more favoured 6-membered system, and
(ii) the use of multidentate ligands. In both cases, the ligands
are designed to have a nucleophilic site, able to cooperate with
the metal centre by attacking the electrophilic carbon of the
CO, molecule, and be directly involved in CO, fixation by
forming heterolactones or carbamate functional groups.

Dearomatisation-aromatisation systems (Fig. 1D)

Amongst the many transition metal complexes used in cata-
lytic synthesis and bond activations, pincer type metal com-
plexes were extensively investigated (Fig. 3). This is due to their
exceptional stability, diverse reactivity, high catalytic activities
and selectivity."**""'* Furthermore, this class of ligand system
is readily tuned and modified, furnishing great control over
the intended reactivity. The mer-«*-E,E',E coordination motif
not only offers chemical stability for the complex, but can also
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Fig. 3 Generalised pincer complex containing a central aromatic unit;
as demonstrated below, more elaborate related systems were developed
(E and E’' represent different donor atoms containing various substitu-
ents; other ligands at the metal centre are omitted for clarity).

be functionalised with a range of different heteroatoms,
though in the context of this review, the pyridine central unit
is ubiquitous. These ligand systems can facilitate the activation
of substrates such as CO, by weakening the inert C=0 bonds.
The chemical literature contains a whole host of examples of
activation across a wide range of substrates with this unique
ligand platform. The desired selectivity, reactivity and stability
can be designed for specific catalytic applications by tuning
the steric/electronic environment around the metal center.'*?
Moreover, the pincer motif opens the possibility for MLC
where the ligand contains an aromatic unit at its centre. As
demonstrated in this section, this central unit possesses the
ability to undergo a dearomatisation-aromatisation process
that can be used to activate small molecules. These systems
provide examples of two-atom and three-atom bridging units
for the activation of CO,. Thus, these examples could have
been included in those sections above. We have chosen to con-
sider them separately due to the rather unique nature of these
activation pathways.

Milstein and co-workers were the first to show that this
ligand motif could be utilised in the context of MLC. They
demonstrated this reactivity across a range of ligands, as
shown in Scheme 28. They showed that when using complexes
based on lutidine (L;-L4), phenanthroline (Ls) and acridine
(Le) ligand scaffolds, a unique cooperation between metal and
ligand took place. In these cases, a dearomatisation—aromati-
sation pathway for a pyridine unit occurs (Scheme 28).'°
Treatment of pyridine-based pincer complexes with a base can
lead to deprotonation of the methylene unit of one of the

H ® H
E E E
e Sy ST
N—M®  —— N—M® —— N—M™M—E" =
= [ base = | = [ \ 4 /_\
E E E N N

pyridine form dearomatised form pyridine form 'Bu,P Bu,P

L

\

NN N
RoP PR, 'BuP NEt, RoP N RP NHR'
(R="Bu, Pr, Ph) (R='Bu,Ph)  (R='Bu, R'= By, Bn Prp PrP
R =Ph, R’ ='Bu) Le
Ly L Ls Ly

Scheme 28 A selection of pincer type ligands shown to exhibit dearo-
matisation—aromatisation processes involving a pyridine unit. The
selectivity shown for H—E activation occurs when E is an element that is
more electronegative than H (e.g. OR, NR;, CR3).
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ligand “arms” as shown in the scheme. Deprotonation results
in a dearomatised form of the complex. The net result is a
change in the nature of the central nitrogen donor, which goes
from an L-type in the pyridine form to an X-type in the dearo-
matised form. This ligand transformation is facilitated by the
acidity of the methylene protons, stabilisation of the dearoma-
tised ligand by the coordinated metal and the relatively low
resonance energy of the pyridine ring. The important advan-
tage of the formed pyridyl dearomatised complex is that it can
then undergo further reactivity with a wide range of substrates
(containing both polar and non-polar bonds) via low energy
pathways. For example, the energy difference between the dear-
omatised and aromatised forms in the case of H, activation is
between 1 and 4 kcal mol*.*'” It should be noted that during
the process, the oxidation state of the metal centre remains
constant.""®

This fascinating mode of MLC was applied in the activation
of a broad range of E-H bonds, including those in
alcohols,'****® amines, nitriles,"*"'** boranes,'*® dihydro-
gen,"* and dioxygen'*® as well as in the activation of Cgp—H
and Cyp—H bonds."?>'?” As the synergy between the metal and
the ligand has a great influence on bond activation, several
pincer complexes based on different metal centres such as
Ru’128,129 Rh,lso Ir,131 Re,132 Fe,133’134 CO,135 Ni'3® and Mn'?7
were employed. The Milstein group discovered this mode of
activation when they were trying to prepare a Ru(0) complex
via dehydrochlorination of Ru(u) complex 95, shown in
Scheme 29. An abbreviation notation highlighting the donor
atoms coordinating to the metal centre is typically utilised. For
instance, the ®PNN system indicates a phosphorus-based
ligand arm, a central pyridine and a nitrogen-based ligand
arm, respectively. The superscripts are sometimes used to indi-
cate substituents on the donor atoms. The reaction of "*"PNN
complex 95 with a base resulted in deprotonation at the phos-
phine methylene arm instead of hydride loss from the metal
centre leading to the formation of stable dearomatised
complex 96, where the oxidation state of the metal centre was
maintained.'”® DFT calculations on the related PNP system
(Ly, R = ‘Bu) confirmed that the dearomatised Ru™ complex
was slightly lower in energy than the corresponding aroma-
tised Ru(0) complex (AG = —2.2 kcal mol™)."*®* DFT was also
used to confirm that deprotonation on the phosphine arm was
more favourable.'*®

For the aim of utilising CO, as a C; building block, the acti-
vation of this inert substrate using transition metal complexes

HH H
7P‘Bu2
N\ KO'Bu, -32 °C
4 N—RuU—CO
— /‘ “BUOH, -KCI
N
£, ©!

(95)

Scheme 29 Initial discovery of dearomatisation by Milstein and co-
workers; proton is removed from the ligand rather than the metal
centre.
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Scheme 30 Generalised scheme highlighting the potential for revers-
ible CO, activation via MLC involving dearomatisation—aromatisation.
This is a 1,3-addition across a two-atom bridge.

was explored in detail. In 2012, the Milstein'*® and Sanford**°

groups independently investigated the reactivity of CO, with
dearomatised pincer complexes at ambient temperatures
(Scheme 30). In these cases, the CO, molecule was found to
undergo a 1,3-addition between the metal centre and the sp®
hybridised nucleophilic carbon centre adjacent to the dearo-
matised unit. This led to new products containing new C-C
and M-O bonds (Scheme 30). In this case, the P-C unit within
the ligand acts as a two-atom bridge for the activation of CO,.
In the first example involving CO,, the Milstein group
reported a ruthenium complex containing a PNP™®" pincer
ligand, 97 (Scheme 31), which was deprotonated using a base
to form the dearomatised complex [Ru(PNP®")(H)(CO)], 98."%®
This complex subsequently undergoes reaction with CO, to
form the 1,3-addition product 99. CO, addition was found to
be reversible and complex 98 was reformed when a benzene
solution of 99 was placed under vacuum. It should be noted,
however, that complex 99 was stable against the loss of CO, in
the solid state. The reaction of CO, with complex 98 was easily
followed by NMR spectroscopy with two new signals in the '
{'"H} NMR spectrum [107.0 and 114.0 ppm (*/pp = 251.0 Hz)]
for the two chemically inequivalent phosphorous atoms.
Moreover, a doublet resonance at 172.6 ppm (*Jcp = 9.2 Hz) in
the C{'H} NMR spectrum confirmed the presence of the
newly formed carboxylate group. Infrared spectroscopy was
also informative with a band at 1628 cm™" again confirming
the formation of a carboxylate species. The crystal structure of
99 unambiguously confirmed the reactivity of CO, with 98 and
confirmed 1,3-addition across the ruthenium and carbon
centres. The structure revealed a distorted octahedral Ru(u)
complex in which the CO ligand was located trans to the pyri-
dine ring. The 1,3-addition occurs within this ruthenium
complex in preference to other theoretically possible binding
or activation modes of CO,. It might have been envisaged that
CO, would insert into the ruthenium-hydride bond instead.

o
Il
C.
—P'Buz P‘Bu2
_KHMDS +CO0,
N—Ru CO =—
CsHe
lBuz ‘Bu2
(97) (98)

Scheme 31 The first example of the use of dearomatisation MLC for
the activation of CO,.
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DFT calculations agreed with the experimental results and
confirmed that 1,3-addition was the most favourable mode of
activation in these complexes.

For the second example, Sanford and co-workers showed
that a PNN pincer ligand could be employed for the activation
of CO, in a similar manner (Scheme 32)."*° Rather than con-
taining two phosphorus “arms” for the ligand, the Sanford
ligand contained one phosphorus and one nitrogen “arm” on
either side of the central pyridyl moiety. The reaction of
complex 96 with 1 atm CO, at room temperature led to the 1,3-
addition product, 100, where C-C bond formation between
CO, and the carbon occurred on the side of the phosphine
“arm” (as found for the prior dearomatisation step). Complex
100 was found to exhibit analogous coordination to that found
in the case of Milstein’s complex, 99, above. However, by
heating a solution of complex 96 at 70 °C for 15 min (or
leaving the solution overnight at room temperature), the
species rearranged to the more thermodynamically stable
product 101. In this case, the CO, unit transferred to the
methylene carbon centre on the amine “arm”. Carbon-13 label-
ling studies demonstrated that the CO, ligand in 100 could be
exchanged with '*CO,, thus coordination at this position was
confirmed as being reversible. In contrast, the same '*CO,
exchange did not occur in complex 101. Furthermore, complex
96 was not observed when 101 was placed under vacuum. This
confirmed that addition of CO, on the amine “arm” was irre-
versible at room temperature.

This unique mode of CO, activation was also demonstrated
with other pincer complexes with a number of different metal
centres including Fe,'"*' Re,'*? and Ir."*' More recently, CO,
activation was studied using a manganese pincer complex'*’
(Scheme 33) employing two different modes of MLC.
Manganese complex 102, as shown in Scheme 33 (top), fea-
tures a PNN' ligand where the N’ component is a tertiary
amine group. In the presence of a base the ligand is deproto-
nated in the same way as that observed in the previous com-
plexes where dearomatisation of the pyridine unit occurs to
form the corresponding complex 103. Complex 103 further
reacts with CO, via 1,3-addition to form complex 104, which
features new Mn-O and C-C bonds, as in the previous cases.
If, however, the tertiary amine group is changed to a secondary
amine then different reactivity is observed. This is demon-
strated in complex 105 (Scheme 33; bottom). Upon addition of
a base to 105, deprotonation of the amine functional group

[e]
Il
A
—P'B Q¢——P'Bu
Uz . X ) 2
1amCO; /7 \ | 70°C15min / \\ €7 |
N—Ru—CO ————> N/—Ru—CO
CeDs ___ [
5 min, rt ’
N
Et, H Et, H
(100) (101)
Kinetic product Thermodynamic product

Scheme 32 Reactivity of CO, with dearomatised complex 96 and the
formation of complexes 100 and 101.
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Scheme 33 Activation of CO, by Mn-pincer complexes with two
differing modes of activation.

occurs rather than a dearomatisation step. The resulting
complex 106 contains an amido functional group and the pyri-
dine unit remains in the aromatic form. Thus, upon addition
of CO, to the complex, 1,2-activation occurs to form new Mn-
O and C-N bonds in complex 107 which contains a carbamate
functional group. This demonstrates how the reactivity can be
tuned.

Activation of CO, using a dearomatisation-aromatisation
approach was also studied by Vogt and co-workers."**> They
demonstrated that the pincer motif was not a prerequisite for
MLC. The group showed that rhenium(i) triscarbonyl com-
plexes containing both 2-aminomethyl pyridine and 2-imino-
methylpyridine could be utilised as precursors leading to MLC
reactivity. In their work, the treatment of 2-aminomethyl pyri-
dine complex 108 (Scheme 34) with excess base (LiIHMDS;
HMDS = hexamethyldisilazide) resulted in double deprotona-
tion of the complex to afford the anionic amido complex 110a.
Whilst this complex was not isolated, it was characterised
in situ. Two resonance structures are feasible, the dearoma-
tised form (110a) and the aromatised pyridine form (110b).
Spectroscopic data were consistent with the existence of 110a
as the major component. Complex 110a could also be syn-
thesised via an alternative route. The 2-iminomethylpyridine
complex 109 could be reduced in the presence of potassium
metal to form complex 110a. As with the pincer-based
examples above, dearomatised complex 110a was found to be

N M N U
L | " A -
N N g g
OC\ILe/N<E 2 LiINSi(Mes)o] OC"'"RL—N co, ' /N
— ~ N\
S . oc” R ( W—ré—co
¢o THF -CO, \—m
e co (110a) o |
(108) - 2NHSi(Mes), i (major) co
N N ) (111
| ™ N |
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w X s | SN e
—N< oc
oc—Re_ R KBr ’“«RL_N M= Lior K
(l:O Br oc” SR
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Scheme 34 Rhenium-triscarbonyl complexes and their reactivity with
COs.
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highly reactive with CO, and underwent 1,3-addition. The
nucleophilicity of the rhenium centre, the Lewis acidity of the
counter cation (Li" or K'), together with MLC via dearomatisa-
tion/aromatisation, were all factors leading to the formation of
new complex 111. Addition was also found to be reversible and
111 readily underwent exchange with labelled *CO,.

Ozerov and co-workers also demonstrated that the central
pyridine unit was not a requirement for opening up pathways
for dearomatisation/aromatisation MLC.'** They synthesised
rhenium(v) oxo complexes of the type [Re(O)Cl,(PCP)], 112
(Scheme 35). Treatment of complex 112 with a base led to the
dearomatised complex, 113. The reactivity of this complex was
explored with small molecules. Typically, for systems where
the MLC pathways exist, the activation of H, is predominant.
In this case, however, no reactivity with this molecule was
observed. It is believed that the reactivity is not favoured since
the product of activation would place a hydride ligand on the
metal centre trans to an oxo ligand as well as the fact that
rhenium has a low tendency to form dihydrogen complexes; a
key step for H, splitting. It was reasoned that the activation of
polar bonds could be feasible on the other hand. Indeed, it
was found that dearomatised complex 113 readily reacted with
CO,, via 1,3-addition at ambient temperatures. In this case the
product of activation placed the less trans-influencing oxygen
donor (of the activated CO,) trans to the oxo ligand
(Scheme 35). The addition of CO, was confirmed by NMR and
IR spectroscopy. X-ray crystallographic studies were carried out
on 114. However, the crystals showed disorder around the
rhenium carboxylate region. Thus, the corresponding iodide
complexes, 115 and 116, were prepared and fully characterised.
The crystal structure of 116 revealed a distorted octahedral
complex and confirmed the formation of a new C-C bond at
the benzylic position of the pincer ligand.

It was also shown that pincer complexes containing PNP
ligands could exhibit other CO, activation pathways. A particu-
larly interesting example, which underwent some unexpected
transformations (Scheme 36), was reported by Milstein and co-
workers.'*®> They were exploring the reactivity of a dearoma-
tised nickel-hydride complex (117) with CO,. It was found that
the addition of CO, gas resulted in the formation of the aro-
matised product where the hydride species shifted to the

P'Bu;, P'Bu, P'Bu,
O LiN(SIM o co o
/ iN(SiMe3)2 4 2 Y
REc ——— “4 —— Re//
N N,
/ - HN(SiMe3), Cl e
cl S L0
" P'Bu, - LiCl PiBU, °=C>—P'Bu2
H H
(112) (113) (114)
Me;Sil l-Me3SiCI
P'Bu,
///o
Re
21N
—4 |
0=C3—plBu,

H

(116)

Scheme 35 Reactivity of the [ReOCL,(PCP)] complex, deprotonation
reaction and the reactivity with CO,.

M600 | Dalton Trans., 2022, 51, 11582-11611

View Article Online

Dalton Transactions

P'Pr,

N /
N—Ni—FP'Pr,
o

. H
P'Pry PPr. o o
7 / 2
co. / 0
{ N—n—H 2 ¢ N—ni—ct 2 o (119
=_/ it = / \6 80°C N
P'Pry P'Pry THF H
/P‘Pr2
\
1, { n—ni—co
— /
PiPr, (120)

Scheme 36 Reactivity of nickel-hydride pincer type complexes with
CO, and subsequent transformation.
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ligand and a molecule of CO, coordinated to the nickel centre
with a rare #'-C coordination mode (complex 118). Whilst this
new complex could be isolated, it underwent further trans-
formation in the presence of CO,. When heated, full conver-
sion of 118 was observed to form two new species, 119 and
120. Complex 119 formed as a result of C-P bond cleavage and
the addition of a CO, unit to the resulting carbon where the
resulting P'Pr, fragment was transferred to the metal centre
and oxidised to form P(O)'Pr,. The source of the oxygen atom
appears to originate from a CO, unit thereby forming CO,
which is the ligand found in the second complex, 120
(Scheme 36). Whilst this transformation leads to destruction
of the pincer ligand, it highlights some interesting reactivity
leading to the conversion of CO, to CO. Disproportionation of
the CO, molecule, as a result of a MLC step, was also observed
in some of the other systems presented herein.

CO, reductive cleavage using MLC was investigated using
iridium PNP complexes."*® In this case, the activation of CO,
led to an interesting set of transformations resulting in the for-
mation of a CO ligand and H,O as a by-product. These trans-
formations are relevant to the reverse gas water shift reaction
and could be a possible sustainable pathway that could open
up the industrial scale use of CO, as a CO surrogate. In this
system, the reactivity focused on the transformations involving
iridium(m) dihydride complex 121, which features a PNP™"
pincer ligand (Scheme 37). Deprotonation of this complex
results in a mixture of two iridium-hydride complexes, 122
and 123, which differ in the position of one of the hydrogen
atoms. The pyridine unit in 122 exists in the dearomatised
form where there are two hydride ligands cis to each other at
the iridium(ur) centre. For 123, the pyridine unit is aromatised
and there is one hydride at the metal centre [Ir(i)]. These two
species were found to interconvert within the reaction mixture;
however, this interconversion ceased in the absence of a
proton transfer agent. The mixture of 122 and 123 was found
to react with CO, at room temperature over the course of
18 hours to form a new dearomatised complex, 124
(Scheme 37, top reaction). In this case, the CO, molecule was
converted into a CO ligand and the second oxygen from this
molecule was converted into H,O, where the precursor com-
plexes 122 and 123 were the sources of the two hydrogens.

In order to explore this reactivity further, different reaction
conditions were investigated to identify possible intermediates
and understand the mechanism of CO, cleavage. As also
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Scheme 37 Reactivity of complexes 122 and 123, formed by deproto-
nation of 121, followed by CO, under various conditions.
Transformation of CO, into CO and water.

shown in Scheme 37, the same mixture of complexes 122 and
123 was reacted with CO, at low temperature in toluene
(195 K). Under these conditions, the 1,3-addition product was
confirmed and complex 125 was characterised by spectro-
scopic methods. On the other hand, when the reaction with
CO, was carried out at ambient temperature in higher concen-
trations of this gas and spectroscopic data were obtained
immediately following addition, intermediate species 126 was
observed. This intermediate contained a new k°-C,0-[C,04]>~
ligand where the reductive coupling of two CO, molecules had
occurred. However, under both conditions it was found that
the reaction with CO, was reversible and could interconvert
depending on the reaction conditions. For example, complex
124 was formed after complex 126 was placed under vacuum.
Based on their experimental results, the detected intermedi-
ates, and computational studies, the Milstein group proposed
a series of mechanisms for the transformations involving com-
plexes 124 and 126 (Scheme 38). Complex 125 is formed via an
analogous 1,3-addition to those observed in previous
examples. Complexes 124 and 126 are formed via the same
initial intermediate Aupical, Where the carbon of the CO, mole-
cule is attached to the nucleophilic iridium(i) centre [n'-C-
(CO,)] at the apical site. With the CO, ligand connected at this
position, one of the oxygen atoms is positioned in proximity to
the methylene unit. This undergoes deprotonation by the
nucleophilic oxygen (facilitated by MLC dearomatisation) to

o
c
P
< I |
— N—Ir—H -H0
H 0. 20 =/
co " p P 124
— X I/ - ®) 124)
4 N—/Ir—H ) °
_ " £
P P o ! T» A
—_— /
o

(122)
+
(123)

(Aapical)

P = P'Bu,

(Avasa) (1 26)

Scheme 38 Proposed intermediates leading to the formation of com-
plexes 124 and 126, supported by DFT calculations.
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form intermediate B. This species undergoes subsequent loss
of water to form carbonyl complex 124. In the next transform-
ation, Agpical isomerises to form Ap.g. In the presence of a
second equivalent of CO,, one of the oxygen atoms of the n'-C
coordinated CO, ligand attacks the electrophilic carbon of free
CO, to form complex 126.

The Milstein group applied their findings to the reductive
cleavage of CO, using MLC for the preparation of benz-
aldehyde using CO, as the C1 source and carbonyl surro-
gate.”*® This is exemplified in the stepwise cycle shown in
Scheme 39. Whilst not catalytic, this is an important develop-
ment since there is a wealth of chemistry involving CO as a
molecular building block. The transformation of CO, into CO
at transition metal centres offers significant potential for uti-
lising CO, as a C1 source. Following the same MLC steps as
shown in the previous examples, rhodium(i)-hydride pincer
complex 127 reacted with CO, via a reductive cleavage pathway
to form the dearomatised complex rhodium(i)-carbonyl
complex 128 and water. A short-lived formate species [n'-OC
(O)H] was identified spectroscopically at low temperatures and
crystalised at low temperatures (sufficient for obtaining a
crystal structure). The 'H NMR spectrum showed a signal at
8.6 ppm (as a doublet of triplets, *Jpny = 2.8 Hz, *Jpy = 1.4 Hz)
corresponding to the formate proton. The corresponding **C
NMR spectrum confirmed this functional group as a broad
signal at 168.1 ppm. This, however, rapidly converted into
complex 128 in the mixture. Additionally, it was found that
another species was present within the reaction mixture con-
sistent with [Rh(PNP)(CO)][OH], which would result from the
reaction of 128 with one equivalent of water and the pincer
ligand in the aromatised form.

The route to 128 from CO, offers significant promise.
Unfortunately, complex 128 was found to be quite unreactive.
Nevertheless, photolysis of the complex in the presence of
benzene led benzoyl complex 129. This is a formal product of
C-H activation of the solvent, transfer of the hydride to the
pincer ligand (re-aromatisation) and a 1,1-migratory insertion
of the carbonyl ligand into the resulting rhodium-phenyl
species. None of the intermediate species of this part of the

P'Bu
{BUOH, KOTs / co,
N—Rh—H
/ H,0
H,, KO'Bu
P‘Buz
N—| Rh co
P‘Buz

(128)

hotolysis
P'Bu, photoly H
=% @
. @

Scheme 39 Carbonylation of benzene using a Rh()) pincer complex via
MLC.
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transformation were observed. One of the challenges of this
reaction was the competing decarbonylation transformation,
which involved the elimination of CO gas into the headspace
of the reaction vessel under the UV light conditions.
Furthermore, a number of conditions were trialled in order to
find a methodology for releasing the benzoyl fragment. It was
found that a strong organic acid such as p-toluenesulfonic acid
(TsOH) was required. This led to the formation of benz-
aldehyde and tosyl complex 130. Through the use of an
internal standard, it was found that the stoichiometric conver-
sion to benzaldehyde was approximately 50%. Further treat-
ment of this complex with a base (KO'Bu) and H, resulted in
the reformation of the main active rhodium-hydride complex
127. This was only achieved following the removal of the vola-
tiles, including benzaldehyde. Whilst a full catalytic cycle for
this transformation was not realised, this example serves to
inspire the potential of MLC for utilising CO, as a surrogate
for CO.

Other transition metal complexes with pincer ligands con-
taining symmetrical N-heterocyclic carbene (NHC) donors were
reported. These include NHCs based on a lutidine central
unit, including CNN'*""*® and CNC'*® systems. These also
showed interesting reactivity in the activation of small mole-
cules via the dearomatisation-aromatisation process. In terms
of the activation of CO, by such complexes, differing reactiv-
ities were observed depending on the pincer ligand as well as
the metal centre. For example, ruthenium complex 131, con-
taining a bis (NHC) pincer ligand, undergoes a reaction with a
base to form the dearomatised complex 132 (Scheme 40)
where deprotonation occurs at one of the methylene units of
the pincer ligand. The dearomatised complex subsequently
undergoes the 1,4-addition of CO, in a similar fashion to the
previously described examples to form complex 133. This
mode of activation differs by the size of the ring, which is
formed upon formation of the CO, adduct. In this case, a six-
membered ring was generated. This can be viewed as an acti-
vation involving a three-atom bridge. Pidko and co-workers
demonstrated that complex 131 was an active catalyst in the
hydrogenation of CO, into formates."®® Whilst there was a
greater propensity for the activation of H, and CO, in these
CNC complexes, the catalytic performances of the PNP com-
plexes highlighted above (such as complex 98, Scheme 31)
were found to be higher. Furthermore, it was found that the
ratio of H, to CO, utilised in these reactions was important for
determining the catalyst’s activity. Further investigations

=z 9 Z
| H c | H
Sy ~ N H H\/L\o\ "
Is“ NN N N NN N N
/ lRu C\ ] [H+BaselBr E /C Ru— C\ ] & /C—Ru—C ]
(A vl vl
§ R R 6 R R 6 R

(132) (133)

Scheme 40 Dearomatisation reactivity involving ruthenium complexes
containing NHC-based pincer ligands and subsequent MLC activation of
CO, via 1,4-addition.
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revealed that stable complex 133 was found to be catalytically
inactive within the catalytic cycle.

The Casado and Polo groups further reported on the reac-
tivity of a series of cationic rhodium complexes bearing pincer
carbene CNC ligands, as outlined in Scheme 41.'*%!
Deprotonation of complex 134 was achieved with a strong
base, resulting in the formation of dearomatised neutral
complex 135. This complex was found to react with CO, via
MLC activation. In contrast to the mode of activation of
complex 132 (Scheme 40), the reaction with CO, resulted in
the formation of a new C-C bond between CO, and the acti-
vated =CH arm of the CNC ligand to form zwitterionic
complex 136. In this case, the 1,4-addition product was not
observed with no Rh-O bond being formed. This is likely due
to the preference for Rh(1) to remain square planar and the
larger distance between the site of attachment of the CO, unit
and the metal centre. Interestingly, complex 136 further
reacted with protic amines to form 137, which is the re-aroma-
tised product with a carbamate ion as the counterion that
demonstrates promise for further transformation.

This rare type of CO, activation with dearomatised com-
plexes was also observed in the case of the doubly deproto-
nated anionic nickel complex 139, as shown in Scheme 42."3°
This complex was formed by a second deprotonation step on

HOS PR

H
)/ )ﬁj\ KN(SiMes), Nﬁ)\
Rh\ __Toluene _ N )/
co Rh\CO
- HN(S|Me3 A

N~ >\\ - KPFg
(134)

(135)

co, l DMSO-dg

O\c/o
NHR
H o H
N)ﬁ)\ Y A N;@
7
Rh\co RNH, \= N‘Rh\CO
DMSO-ds
~ ﬁ\ w ﬁ\
(137) (136)

Scheme 41 Preparation of a neutral rhodium complex during a dearo-
matisation step and further reactivity with CO, and amines.

(138)

Scheme 42 Double deprotonation of a Ni-PNP pincer complex and
further reactivity with CO,.
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the previously dearomatised complex 138 with methyllithium.
In these transformations, the Milstein group showed that CO,
addition occurred directly on the carbon atom of the pincer
motif to form complex 140 and that the Ni(u) centre was not
involved in the coordination of the CO, unit. This is an
example where 1,3-addition is not observed in contrast to the
examples containing a PNP pincer ligand outlined above (vide
supra).

In summary, MLC activation involving dearomatisation-aro-
matisation opens new prospects towards the design of new
transition metal complexes that can be utilised for the clean
and efficient transformation of a wide range of substrates,
including CO,, to high added-value chemicals. As discussed in
this section, MLC activation of CO, demonstrated different
reactivities and afforded intermediates that would be difficult
to obtain without the dearomatisation/aromatisation steps.
The addition of CO, to the dearomatised complexes leads
to the formation of 1,3-addition (or 1,4-addition) products as
key intermediates obtained under relatively mild conditions.
In many cases these additions are reversible. However, the
current literature seems to indicate that the dearomatisation/
aromatisation sequence for the catalytic transformation of CO,
demonstrates a lack of efficient activity. This is due to the high
stability of the 1,3-addition products. As such, it seems that
1,3-addition leads to deactivation of the metal complexes,
many of which are thereby not catalytically active. In some
reports, it is possible to avoid this deactivation and improve
the catalytic performance by modifying the reaction con-
ditions, for example, in the catalytic hydrogenation of CO, to
formates by using lutidine-Ru-CNC pincer complexes and
optimising the H,/CO, ratio. The use of CO, for the carbonyla-
tion of organic substrates in place of toxic and petroleum
derived carbon monoxide would be a very promising approach
from a sustainability perspective. The potential for this was
demonstrated in the example involving the carbonylation of
benzene. This example shows that MLC based on dearomatisa-
tion/aromatisation could be a useful tool for the splitting of
CO, and formation of catalytically active carbonyl complexes.
However, further development is needed to realise this poten-
tial and achieve efficient catalytic processes that can transform
CO, into high-added value chemicals.

Bimetallic activation

During the writing of this manuscript, an excellent perspective
review was published by Mankad and co-workers in this
journal."? The perspective provides a comprehensive overview
of cooperative bimetallic chemistry involving the activation of
CO, (in addition to NO,). Thus, aspects are only covered
briefly here to highlight the utilisation of two metals in the
cooperative activation of CO, and link with those systems
covered in the above sections. The reader is referred to
Mankad’s and other excellent reviews'>*™**¢ for more compre-
hensive reviews on this topic.

As an extension of the one atom bridge between the tran-
sition metal and cooperating element (i.e. M=E; where E =
CR,, SiR,, NR, O), this section describes examples where E is

This journal is © The Royal Society of Chemistry 2022
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another metal fragment. This leads to a situation where the
second metal is acting as a metalloligand (L, X or Z type) and
provides an opportunity to tune the properties of the first
metal. Heterobimetallic cooperative activation is akin to fru-
strated Lewis pair (FLP) bond activation where electronic frus-
tration between bulky Lewis acid and Lewis base main group
moieties mediates CO, activation.'®” When compared to FLP
or the MLC methods we outlined above, the presence of a
second redox active centre offers the potential to facilitate elec-
tron transfer to the substrate and is a key advantage for the
selective reduction of CO,.

The dipole in the M-M’' bond determines the regio-
chemistry of CO, activation (Fig. 4). The strength of the bonds
formed, i.e. M~C and M-O, is also an important parameter."®
For example, the electronegativity difference between a tran-
sition metal and p-block element creates a polarised bonding
situation in which p-block elements can function as a Lewis
acidic Z-type c-acceptor ligand to a nucleophilic metal centre.
More typically, the M-M' bond is supported by bridging ligands
such as hydrides, oxo units, carbonyls and halide ligands,
although there are some examples of unsupported M-M’ bonds
or those supported by elaborate ligand scaffolds."*

Bimetallic architectures provide new avenues for bond acti-
vation by working in cooperation with each other. This field
has flourished from just a handful of examples to many well-
defined structures and intriguing CO, activation modes in
recent years.'®® However, improved rational design, under-
standing of bonding and detailed mechanistic insights are
needed to fully exploit the potential of CO, activation. At
times, each metal can act independently in the bimetallic unit,
thus hindering the desired cooperativity mode of activation.
This section briefly outlines selected literature examples
wherein cooperation between bimetallic sites results in inter-
esting CO, activation and transformations. We focus on enzy-
matic mimics first and then move on to other relevant
examples involving M-M' cooperation.

The active sites present within metalloenzymes have
inspired the design of bimetallic complexes for multisite acti-
vation of the small molecules utilised by nature. For example,
carbon monoxide dehydrogenases (CODHSs) contain bimetallic
active sites [e.g. the Fe-Ni system (141) highlighted in Fig. 5]
and can lead to reversible 2-electron transformations involving

0o

N

M —> M-CO + M-O

0=C=0

MM —— —» M—O

M’ = p or d block element

2 CO, [CO5% + CO ‘ (key transformation)

Fig. 4 Schematic illustration of cooperation between two metals where
one of the oxygen atoms of the CO, molecule is activated by the elec-
tropositive centre and the electrophilic carbon centre is activated by the
nucleophilic metal centre. Most often bimetallic cooperation results in
the disproportionation of CO,.
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Fig. 5 Carbon monoxide dehydrogenase C-cluster active site (141)
found in the enzyme and its biomimetic model (142). Trinuclear iron
complex 143 is the functional model of carbonic anhydrase.

the reduction of CO, to CO and the oxidation of CO to CO,.
Lee and co-workers recently reported a paramagnetic iron-
nickel heterobimetallic complex that could be considered as a
synthetic structural model of the CODH active site.'®® They
reported the synthesis of carboxylate complex 142 in which
both the nickel and iron centres contained the amido-pincer
ligand [N{(CsH3;Me)P('Pr),},] (PNP). The coordination environ-
ment of the activated CO, molecule was determined to be
H,—x'C:x*0,0', bridging the two metal centres. Upon acti-
vation, new Ni-C and Fe-O bonds are formed, consistent with
the polarity difference between the metal centres (cf. electrone-
gativities, Fe: 1.83 and Ni: 1.91) and the strength of the new
bonds formed."®” Activation of the CO, molecule brings about
a change in hybridisation of the carbon centre as shown in the
crystal structure where the O-C-O angle is found to be 116.5°.
This is also reflected in the various bond lengths {Ni-C 1.858(1)
A, Fe-0 2.204(1) and 2.066(1) A, C-O 1.269(2) and 1.289(2) Al.
The binding mode represents the extreme limit of a 2-electron
reduced species coordinated at the nickel centre (i.e. Nil-
[CO,J*7). This is consistent with the very low stretching fre-
quency of the carbon-oxygen bonds in the IR spectrum [¢(CO) =
1510 cm™"]. Preliminary studies suggested that C-O bond clea-
vage was possible upon addition of HBF,-Et,0 to generate
[Ni(PNP)(CO)|[BF,] and [Ni(PNP}{C(O)OH}] in addition to other
unidentified products. Later Lu and co-workers reported a new
example of an iron-nickel heterobimetallic complex as a func-
tional model of the C-cluster of the CODH active site."®®

The active site in carbonic anhydrase contains a tetrahedral
redox inactive Zn") centre stabilised by three histidine resi-
dues and hydroxide. This catalyses the conversion of CO, and
water into carbonates. In 2018, Caulton and co-workers
reported a carbonic anhydrase functional mimic based on the
trimetallic complex 143 (Fig. 5), which involved an interesting
proton shuttling cooperative mechanism.'®* Complex 143 was
prepared by the reaction of [Fe(NNN)(DMAP);] with CO,/H,0O
in CH3CN (where NNN = bis-pyrazolatopyridine, DMAP = di-
methylaminopyridine). The trinuclear complex contains a
[CO;]* core, which originates from the CO, molecule and
oxygen atom from H,O. Two of the basic pendant nitrogen
moieties at the p-position of the pyrazolate groups act as bases
resulting in the double deprotonation of H,O. It is postulated
that the transformation proceeds via an oxo intermediate of
the type [Fe(=O)(NNN + H)(DMAP),]. All three oxygen atoms
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from the resulting bridging carbonate unit are each bound to
an iron centre providing an overall coordination mode of
psn'm'm'. Structural characterisation revealed lengths of
1.985(3), 1.992(3) and 2.022(3) A for the Fe-O bonds and 1.294
(5), 1.285(5) and 1.262(4) A for the C-O bonds. The flexibility
in bonding within the “[Fe(NNN)]” core coupled with the oxo-
philicity of the iron centres results in the cooperative capture
and conversion of CO, and H,0 into [CO;]*~ and two protons.
A similar pattern of reactivity involving a nucleophilic M=0
species with CO, leading to a ¥*-0,0-CO; species was high-
lighted above (vide supra).

In recent times, there has been a renaissance in the study
of the synthesis and reactivity of heterobimetallic complexes
featuring highly polarised M°*-M°~ bonds in the context of
CO, activation. The early work of Bergman and co-workers laid
the foundation for this research area where the reaction of
[(Cp),Zr(u-N‘Bu)Ir(Cp*)] with CO, gave [(Cp),Zr(p-N‘Bu){p-OC
(O)}r(Cp*)]. Here, the CO, molecule is attacked by the nucleo-
philic iridium centre and stabilised by the formation of a new
Zr-0 bond."®® Other relevant examples of bimetallic complexes
such as [(Cp),(CO),M-ZrCl(Cp),] (where M = Fe, Ru) were pre-
pared and characterised. Their reactions with CO, lead to com-
plexes of the type [(Cp),(CO),M(CO,)ZrCl(Cp),] where the CO,
ligand contains a p,x'-C(M),k*-0,0(Zr).***'%”

In one of the more recent examples of CO, activation using
heterobimetallic complexes, the Mankad group reported the
selective formation of CO during their investigations into the
hydroboration of CO, using HBpin (pin = C¢H;,0,) in the pres-
ence of heterobimetallic complexes [(NHC)Cu-ML,| {ML, =
[FeCp(CO),] (144), [WCp(CO)s] (145), [MoCp(CO);] (146)}
(10 mol%) (Scheme 43)."°® The cooperation of the second
metal (M) led to facile deoxygenation of the initially formed
hydroboration product, HC(O)OBpin. This offered a differing
selectivity to that typically found in such reactions.
Furthermore, the selectivity ratio of CO : HCO,Bpin was depen-
dent on the nature of ML,,. Mechanistic investigations suggest
that during the initial step the bimetallic complex dissociates
into two distinct monometallic entities by reaction with HBpin
forming half an equivalent of hydride bridged dimer [(NHC)

Di D
ki PP h Ipp
HBpin

N N
[) Cufli/[l = 12 {[) Cu—H + plnB*’\‘Af
N oc co  -HBpin N 2 oc co
Dipp Dipp
M' = Fe (147),

M'= Fe (144), Mo (145), W (146) Mo (14, W (149)

Eirst cycle Second cycle
° [CPM(X)(CO)2]
1 P + P
Iz |L—cuHl, pinB-O-Bpin HC(0)OBpin
HC(0)OBpin
CO, ﬂ
2
o PB.8 C.,
1l HBpin E\!
_ in
L—Cu—0" Ty P °
+[CpM(CO)2]
L = carbene ligand, IPr X =Bpin (1st cycle)and H thereafter

Scheme 43 Mechanism for the 2-electron reduction of CO, to CO cat-
alysed by heterobimetallic complexes [(NHC)Cu-ML,] {ML, = [FeCp
(CO)2l, [WCp(CO)s], [MoCp(CO)s]}.
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CuH], and [L,M-Bpin] (147-149). At first, the [(NHC)CuH],
complex mediates CO, hydroboration with HBpin to form HC
(O)OBpin. In a subsequent step, the decarbonylation of HC(O)
OBpin to CO, O(Bpin), and [M]-H was achieved by the coop-
erative action of the second metal centre [L,M-Bpin]. The
tandem hydroboration of CO, and decarbonylation of formate
species HCO,Bpin depends on the relative nucleophilicity of
the [M] anion.

Avery recent example was reported by Tilley and co-workers
involving the reductive disproportionation of CO, into [CO3]*~
and CO (Scheme 44)."% In this case the diamagnetic nickel(i)
bimetallic complex, [Ni(p-CHs)(IPr)], [IPr = 1,3-bis(2,6-diiso-
propylphenyl)imidazolin-2-ylidene] was shown to react with
CO, (1 atm) in C¢Dg at 22 °C. After 15 min, two new bimetallic
complexes were formed. These were Ni(u) carbonate
[Ni(CHj),(p~x>-0,0-CO;)(IPr)] (150), with 50% conversion as
determined by NMR, and Ni(0) bridged carbonyl product
[Ni(IPr){(n-CO)(p-n>n>*-CO,)INi(IPr)] (151) with 32% conver-
sion. The loss of the methyl groups in 151 was not fully clear,
although the presence of methane was observed in the 'H
NMR spectrum of the reaction mixture. A low temperature
NMR experiment revealed that 150 existed as two isomers. A
crystal structure of the isomer where the methyl groups had an
anti-relationship to each other (i.e. the second isomer of the
structure shown in Scheme 44) was obtained. This confirmed
the coordination of the carbonate between the nickel centres.
The C-O bond length involving the oxygen bridged between
the two nickel centres was found to be 1.331(1) A, whilst the
other C-O bonds were shorter, 1.264(1) and 1.265(1) A, respect-
ively. Interestingly, the Ni-O-Ni angle was almost linear at
174.95(8)°. The crystal structure for complex 151 was pre-
viously reported by Sadighi and co-workers.'”® They investi-
gated the reactivity of the analogous binuclear Ni(0) complex,
[Ni(IPr)], (where one of the aryl rings of the NHC ligand
bridges to the other nickel centre via a n° coordination mode)
with CO,. In this original report, they suggested the dispropor-
tionation of CO, into CO and [CO;]*". The isolation of both
150 and 151 by Tilley and co-workers supported this postula-
tion. The structure of 151 is rather interesting since it is a
novel coordination mode for CO, that has not been observed
in any subsequent systems since the original report in 2007. It
features a bent CO, moiety bridged between the two nickel
centres with two n*>-C,0 binding modes. The two C-O bond
lengths were found to be 1.257(2) and 1.2552(19) A. The O-C-

Dipp  GH3 CH; Dipp
N
i I !
Di Dipp 3 _-Ca . 150)
N, lpp 23 \N co &"?\/ \o/ \0/ 7‘J -
\, 7N N 1 atm .
[,%Ni\ N~ ] me Dipp Dipp
N ¢ N~ -n"CH,"
Dipp ' Dipp  CsDs Dep o D\'PP
1l
_N c N-
W TN d
| >N N|—<\j (151)
N\ e/ N
\ 07 o /
Dipp Dipp

Scheme 44 Disproportionation transformations of the CO, moiety
facilitated by a Ni(i) binuclear system.
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O angle was 133.43(15)°. These bond metrics reflect a pro-
nounced bond activation with respect to the free CO, molecule
(¢f. 1.16 A and 180°). The disproportionation reactivity (i.e. CO,
to CO and [CO;]*7) found in these systems shares similarities
with other modes of CO, bond cleavage pathways discussed in
the previous sections (e.g. in the one-atom bridge section, see
Scheme 8, and dearomatisation—aromatisation section, see
Scheme 36).

The utilisation of metalloligands where the second metal is
a main group metal, or a Z-type Lewis acid function, has also
become a research area of interest. Such complexes were
demonstrated to be highly beneficial in CO, activations.
Whilst the metalloligand centre is not a directly involved in
activation, its influence on the position trans to it on the other
metal centre is significant. The cooperation between the two
centres leads to novel catalytic systems. For instance, Takaya,
Iwasawa and co-workers developed an interesting rigid and
planar 6,6"-bis(phosphino)-terpyridine ligand containing N3P,
donors that was utilised to support both Pd and E centres,
where E = the group 13 elements, Al, Ga and In (Fig. 6)."”" The
Lewis acidic main group 13 element withdraws electron
density from the metal via a c-acceptor interaction to influence
bond activation. The structure of the ligand scaffold holds the
two centres in proximity, thereby facilitating the Pd-E inter-
actions. Using this C, symmetric ligand scaffold, a family of
palladium-metalloligand complexes were synthesised (e.g
152a-c) and their catalytic activities were examined. Amongst
them, the Pd-Al complex (152a) was found to be an excellent
catalyst (0.1 mol%, 25 °C, 1 mol% cesium pivalate, 1 h) for the
selective hydrosilylation of CO, to silyl formate with the
highest TOF of 19300 h™" under mild conditions. Facile
tuning of the Pd-group 13 element interaction through Z-type
bonding is proposed to be the key for high catalytic
performance.

Due to the strong Pd-E interactions in the 152 complexes
and accessibility of the metalloligand site for CO,, other
modes of reactivity including disproportionation (vide supra)
of this molecule across the Pd-E bond to form an “OC-Pd-OE”
species was not observed. A rational mechanism for the high
catalytic activity of 152a is yet to be unravelled. However, it is
likely that the use of Lewis acidic group 13 metalloligands can
either stabilise carboxylate bridges such as AI-OC(O)-Pd
through the formation of the Al’*~Pd®~ zwitterionic intermedi-
ate or exert a high trans influence on the Al-Pd-OC(O)H inter-

Cl

Ph,P——Pd—RPh,

E = Al (152a),
Ga (152b), In (152¢)

Fig. 6 Example of complexes containing a transition metal and metal-
loligand reported by Takaya, lwasawa and co-workers.
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mediate, which is important for the selectivity of the
transformation.'”>

In the same year, the Lu research group introduced
a “double decker” multidentate ligand of the type
[N{0-C¢H,4(NCH,P'Pr,)};]*~ to support bimetallic struc-
tures.'”*™'7> This was utilised to support M~E complexes [M =
Ni, Co, Fe; E = Al, Ga, In] for the purposes of CO, insertion
into M-H bonds where the hydride was ¢rans to the E com-
ponent. In one such example involving cobalt and gallium,
the complex was found to be an efficient catalyst for the for-
mation of formate in the presence of a base. Turnover
numbers of 19200 were obtained with a TOF of 27 000 h™".
Of note, in the absence of H,, the complexes underwent dis-
proportionation where two equivalents of CO, were converted
into [COs]>~ and CO, which remained as a ligand at the
metal centre.'”®

Bourissou and co-workers illustrated cooperation between
the platinum and aluminium centres in [{(Mes),PC(=CHPh)
Al(‘Bu),}Pt(PPh;)]."”” This complex possessed an ambiphilic
Pt — Al Z-type interaction featuring a T-shaped platinum
centre. It reacted with CO, to yield a six membered metalla-
cycle containing a PtPCAIOC ring where cooperation between
the platinum and aluminium centres stabilised the initially
formed n'-CO, adduct through a Pt-C(O)O-Al intermediate.
More recently, the Aldridge and Goicoechea groups prepared
a series of coinage metal-aluminium heterobimetallic com-
plexes containing yet more highly polarised Al*'~-M°~ covalent
bonds and studied their reactivity with CO,."’*'”° In one
such example, the reaction with CO, (1 atm) resulted in its
insertion into the Al-Au bond to form the gold(i) metalla-car-
boxylate Al(u-O,C)Au, where the p-x'-C,x>-0,0 bridge was sup-
ported by cooperative Au-n'-C and Lewis acidic Al-x*-0,0
bonds.'®® Similarly, a number of other heterobimetallic com-
plexes containing Cu-Al,"®" Ir-AlL,"®* and Fe-Al'*’ bonds were
reported. The examples discussed above highlight the
cooperation between nucleophilic and Lewis acidic metal
centres.

In summary, this section highlighted the applications of
the bimetallic activation of CO,. There are, however, only a
handful of examples of their catalytic application. There are
some examples that demonstrate the disproportionation reac-
tivity of two equivalents of CO,, converting it into [CO;]*~ and
coordinated CO. This draws several parallels with the mono-
metallic counterparts outlined above where M-CO and M-O
species are observed.

LM—E + CO, — LM—CO + E=O

L,M—E + 2CO, —> ML, + [CO3]* + E==0

Scheme 45 Key transformations involving the transformation of CO,
utilising MLC strategies, where M = transition metal and in this case E =
either transition metal or a main group species. The carbonate is shown
as a free anion. There are, however, cases where this is bound to the
metal centre.
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Conclusions and future prospects

The various sections above highlighted a range of different
strategies that were employed for the activation of CO, across
two sites in cooperation with each other. In the earlier sec-
tions, this was as a result of activation across a metal and
ligand. In the last section, this cooperation occurred between
two metal centres or a metal in combination with a metalloid.
Whilst there have been significant developments and achieve-
ments for cooperative methodologies involving the stoichio-
metric activation of CO,, the development of efficient catalytic
systems remains a challenge.

From the examples presented herein, two overall key trans-
formations stand out where one of the strong double bonds in
CO, is cleaved (Scheme 45). The first is a reductive cleavage of
CO,, effectively splitting it across a L,M-E species and leading
to a stable L,M-CO compound and a “oxo” species bound to
the E component. This latter component can be either an early
transition metal or a main group species, which forms strong
bonds to oxygen (e.g. Si, P, Al or Ga). The formation of these
species serves as a thermodynamic sink for reductive cleavage.
The second involves a disproportionation of the CO, molecule
into carbonate and “oxo”, which is facilitated again by an
L,M-E moiety. In this scenario, the carbonate anion is formed
and is either coordinated to the metal or non-coordinated as a
free ion.

With these in mind, in order to develop catalytic systems
via MLC strategies, tandem methodologies will need to be
developed. One such approach would be to use CO, generated
by deoxygenation of CO,, within a multicomponent catalytic
system where CO, is utilised as a CO surrogate. This would
find application in current industrial scale reactions such as
carbonylation, carboxylation and hydroformylation. Current
systems do exist, for example, the Pd-catalysed Hiyama-
Denmark cross coupling for the synthesis of pharmaceutically
important diaryl ketones."®* This methodology also helps to
avoid the direct use of the toxic C1 building block CO and
other ineffective CO resources. Further developments are
needed to make such processes sustainable, however, to avoid
the need for stoichiometric oxide scavengers such as silicon.
Although not truly catalytic, the Milstein example highlighted
in Scheme 39 (complex 127) where one of the oxygen atoms
from CO, is converted into water suggests real promise in this
area. Secondly, the disproportionation of CO, into carbonate
[CO;* and CO is a common transformation found across a
broad range of examples in many of the cooperative method-
ologies discussed herein. It could be envisaged that the car-
bonates could be converted into functionalised products by
treatment with homogeneous hydrogenation catalysts. In this
regard, examples of the hydrogenation of inorganic carbonates
(K»CO3, Na,COj3) are still quite rare with only a few catalysts
known to perform this task. For example, iridium-NHC com-
plexes that produce formates from carbonates and renewable
H, sources are known.'®® Alternatively, carbonates could also
be functionalised by treatment with amines followed by hydro-
genation in one pot for the N-methylation of amines, R,NH."*®

This journal is © The Royal Society of Chemistry 2022
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Future work should focus on the rational development of prac-
tical catalysts under mild conditions based on a mechanistic
understanding of CO, transformations. To achieve this, a com-
prehensive understanding of the transformation of CO, within
the coordination sphere of transition metal complexes is
needed. We hope to have demonstrated that cooperation
between a metal and ligand or between two metals plays an
important role in the activation of CO,.
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