LURUMAIN

il N B Coordination Chemistry Reviews nm
ELSEVIER 153 (1896} 257-284 —_—

The coordination chemistry of carbon dioxide and its
relevance for catalysis: a critical survey

W. Leitner *®

* Max-Planck-Gesellschaft zur Forderung der Wissenschaften, Arbeitsgruppe CO,-Chemie an dev Universitat
Jena, Lessingstrafe 12, DAO7743 Jena, Germany
® Max-Planck-instinn fiir Koklenforschung, Kaiser-Wilhetm-Platz |, D-45470 Miilheim an der Ruhr.
Germany'

Received 24 June 1995

€entents
ABSITACL . . . L L e ey
Abbreviations . . . . . . . L. L L 25
I Amms Of the PIesent TEVIEW . . . . . . . . . . . . o i e e e e e e e e 25K
2. Carbon dioxide as a ligand in transition metal complexes . . . _ . . . . ... ... 2
2.1, Prnaples of the interaction of CO, and transition metal centres . .. .. . . . ... ... 254
22, Characterization of CO complexes . . . . ... .. .. ... ... ... ...... . ... .. 2l
2} Stablecomplexes of CO, .. .0 00 L L 262
231, Coordination vig a C=Qdoublebond .. ... ... ... ..., . ... ..... . 262
232 CoordmationviaConly . .. .. .. ... ... o 64
233 CoordinationviaQonly . ... .. .. ... Lo 264
234 COjasabrdgmgligand . . ... .. ... oo 163
3. The participation of CO, complexes in stoichiometric and catalytic conversions of carbon
dionide . . . L e
30 Imtroduction ... ... 267
32, Formatonofmew C—Qand C—Nbonds ... .. ... . .. .. 269
33. Formationofnew C—-Cobonads . . . . . .. .. . ... ... .. ... W
34, Formattonofnew C—Hbonds . ... ... ... ... ... ... ... ... ... X4
4 Conclusions . . . . Lo L L e REE]
Ackmowledgements . . . . . .. ... L LY
Refercnces . . . . . . L e
Abstract

The abihity of carbon dioxide to act as a ligand in transition metal complexes is now well
documented and several coordination modes of CO, have been described. Spectroscopic
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methodologies allowing the characterization of CO, complexes even if ¢rystallographic data
are not available have now been developed. The binding of CO, to a metal centre generally
leads to “activation” of the CO, molecule, and various reactions of coordinated CO, are
known. However, activation by coordination is not a necessary prerequisite for catalytic
conversion of carbon dioxide to useful chemicals. Recent theoretical and experimental work
suggests that only weak inieractions beiween CO, and the active metal cenire are sufficient
to bring aboui catalytic reactions involving ihe formal insertion of CQO; in an M —X bond as
a key step.
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Abbreviations

bipy 2,2'-bipyridine

<p n°-CsH;

cp* n*-CsMe;

cod cis,cis-1,5-cycloociadiene

Cy cyclohexyl

cyclam 1,4,8,11-tetraazacycloteiradecane
diars 1,2-bis{diphenylarsino)ethane

depb 1,4-bis(dicyclohexylphosphino)butane
depe 1,2-bis{dicyclohexyiphosphino)ethane
depp 1,3-bis(dicyclohexylphosphino)propane
depe 1,2-bis(diethylphosphinojethane
dppb 1,4-bis{diphenylphosphino)butane
dppe 1,2-bis(diphenyiphosphino)ethane
dppp 1,3-bis{diphenylphosphino)propane
DMF N, N-dimethylformamide

DMSO dimethylsulphoxide

hfacac hexafluoroacetylacetonate

P, chelating bidentate phosphine

THF tetrahydrofuran

tppis sodium salt of tris-m-{sulphonatotriphenyl )phosphine

1. Aims of the present review

In this review we survey the coordination modes known teday for carbon diexide
as a ligand In tramsition metal complexes and discuss their relevance for catalytic
reactions of CO,. A number of reviews [ 1-18,155,176-179] of both the coordination
chemistry of CO, and catalytic CO, activation have been published, some of which
give a detailed and excellent introduction to the field. However, considerable progress
has been made in both areas over the last few vears and therefore it seems appropriate
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to provide a short update. This appears to be even more desirable as it is only now
that experimental and theoretical studies zllow a critical discussion of the pertinence
of CO, coordination to a transition metal cenire for catalysis. 1 try to achieve this
goal by highlighting prominent examples and recent developments rather than giving
a fully comprehensive summary,

Coordination compounds of the platinum group metals have been applied success-
fully as reagents or catalysts in many useful conversions of carbon dioxide and stabie
CO, complexes are known for all metals of the iron, cobalt and nickel triad. The
following discussion will therefore focus on this part of the periodic system, although
some other examples are inciuded if they are of special interest in a certain context.
The review was written in Spring 1995 and updated at proof stage in April 1996

2. Carbon dioxide as a ligand in transition metal complexes
2.1. Principles of the interaction of CO, and transition metal centres

The CO, molecule is the prototype of a linear triatomic molecule. The ceniral
carbon atom possesses sp hybridization and the C—-O distance of 1.16 A is shorter
than a C—O double bond involving an sp? carbon centre. The different electronega-
tivities of oxygen and carbon lead to a negative polarization on the oxygen atom
and a positive partial charge on the central carbon atom. Thus, the €O, molecule
exhibits several distinct positions that require specific electronic properties for a
potential coordination cenfre as shown in Fig. I.

The first reports on the possibility of coordinating CO, to transition metal centres
came from Vol'pin et al in 1969 [ 19] and Jolly et al. in 1971 [ 2¢], but information
on the binding mode of the CO, ligand was scarce at that tune. It is clear from
Fig. 1 that coordination of CO, results 1 a net transier of electron density from the
metal to the LUMO of the ligand if the complexation takes place via the double
bond or the central carbon atom. The LUMO of CQO, is an antibonding orbital and
therefore electron transfer should resuit in a weakened C-O inieraction. Furthermore,
according to Walsh’s rules [217, a2 bending of the linear CO, moiecuie simiiar to
the bent structure of the radical anion CO;~ [22] is expected. Both predictions

O

~ .
C -w—— Lewis Base — M ——=C —_ M = etectron rich

Doner and acceplor bond

—-— r-Complexes — -
{Dewar-Chatt-Duncanson)

suitable orbitals

O - Lewis Acid —- M -0 —- b = electron deficient

Fig. 1. Reactive positions of the €O, molecule and the electronic propertics of a transition metal cenire
reqguired for complexation.



260 W. Leitner/Coordination Chemistry Reviews 153 { 1996) 257-284

were confirmed in the very first examples of the two binding modes that
were structurally characterized, ie. [Ni{PCy,),(n>-CO,] (1) [23-25] and
[ Rh{diars),(C1){n*-CO,)1 (2) [26]. The coordination of CO, via the lone pair at
oxygen leaves the LUMO empty and therefore the CO, molecule should retain its
linear arrangement. However, no X-ray diffraction data of CO, adducts of transition
metal complexes containing a linear M—OCO unit are available.

0.0
&
CysP ¢ [MwRig’As] AS—1 = PhyAs-{CHa)z-AsPhy
/NI—' Asg" ! Nas As .
CY3P o ) = diars
i 2

Detailed theoretical studies of CO, bonding in transition metal complexes have
been carried cut namely by the groups led by Sakaki and Dedieu and are summarized
in the literature [3,27-29]. More recently, Ni{0) and Ni(I) complexes of CO; have
been treated at a high theoretical level [30-32]. The l4e species (H3PLNi clearly
prefers coordination of CO; via the C—O double bond [31], whereas the penta-
coordinaie neutral Ni{INH; ), F shows a remarkably strong charge transfer 1ateraction
to CO,, leading to compiexation through the central carbon only [32]. Density
functional calculations have been used to investigate the inieraction of Cu™ and its
2,2-bipyridine {bipy) complex with CG, [331. The bipy ligand reduces the electro-
static interaction between Cu™ and the negaiively polarized oxygen atoms of CQ,
and at the same time enables a better n back-donation from the metal to the LUMO
of CO,. Thus, the side-on n? coordination is considerably stabilized relative to the
end-on 5* bonding in the bipy complex compared with the free Cu™ ion. Similarly,
Fe” forms a linear end-on compiex with CQ, in the gas phase, as shown by Schwarz
and Schwarz [34], while the phosphane complex [Fe(depe),(#>-CO,] of the same
metal in the zero oxidation state prefers the stde-on coordination via a C-O double
bond as shown by X-ray diffraction [35]. A stde-on complexation has also been
postulated for [ Fe(COL{CO, )]~ generated via the gas phase reaction of [Fe(CO)i 1™
and CO, [36]. Most recently, different coordination modes have been calculated
for [ WCl{#?-CO,)] (side onr) and [ W(C(O)5;(0OCQO)] (end on) on a UP2 level and
have been rationalized by difierent covalent contributions to the metal-ligand
interface [180].

In addition to the complexation of a single metal centre, CO, may alsc act as a
bridging ligand, and the number of structurally characierized complexes of this type
has steadily increased in the last few years (see Sectien 2.3.4}. In principle, there are
many possibilities for the realization of a bridging €O, ligand [1]. However, all
complexes crystallographically characterized up to now follow the same general
pattern, invelving complexation of one metal centre through carbon and further
bonding to one or twe other metal atoms through oxygen. This binding mode of
CO, was observed for the first time in an X-ray crystal diffraction examination of
the osmium cluster [{H){CO),,0s4(1t3-7>-CO, )08, CO}, 1[( PhyP),N] by Lewis and
coworkers in 1976 [ 37].

The above considerations demonstrate the large variety of possible siructures of
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CO, complexes and the subtle balance between them. Therefore, it seems appropriate
to address briefly the analytical methods available for the characterization of CQO.
complexes before discussing some recent developments in the chemistry of these
compounds.

2.2. Characterization of CO, complexes

The characterization of CO, compiexes in solution or n the solid state is based
mainly on investigations using the following techniques.
{1} elemental composition or molecular mass determination;
{i1} chemical properties, particularly generation of CQO, by acidolysis. oxidation
with I, or ligand replacement;
{1ii} IR spectroscopy;
{zvy NMR spectroscopy;
(v} X-ray diffraction studies.

Older reports on CO, complexes are often based on composition, reactivity and
IR data only, and should be viewed with some caution as CO, adducts are difficult
to distinguish from carbonate and hydrogen carbonate species on these grounds.
Thus, the postulated CO, complex [ Rh{OHWCO,){CO¥PR,}] was found to be a
bicarbonato complex [38], and what appeared to be [Rh,{HL{CO,}PPh,)] {3)
had to be reformulated as the benzene soivate of the COZ ™ -bridged dimer 4 on the
basis of NMR and X-ray data [39] {Scheme 1). Some side-on CO, complexes of
rhodium have been claimed from [R data (407, but could not be obtained by two
other mdependent investigations [41]1, However, in the last few years, Mascetti and
coworkers have shown in a series of publications that carefui analysis of IR spectra
combined with the use of '*C- and ®*Q-labelled CO, may provide detailed informa-
tion on structure and bonding in CO, complexes [42-441.

C.H-angalysis

IR - 1480 cm‘1,vs

I 1 GOy
H
! €O, HY . COy
PhsP//Rh"“PPha —_— -- ~ - - w [RAHACONPPhy ]
en g Ph, -
: 3 (wrong)
-, 3TpNMR
X-Ray
¥
LPPD,
G R PPh,
thp,,‘ O/c"H-.O
PhJP-:RIh/
Ph.p
4 (correct)

Scheme 1. Interpretation of reactivity and IR data only can be misleading.
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The use of *C-NMR speciroscopy in the investigation of CO, complexes has
become increasingly important during the last 15 years. The '*C resonance of CO,
is shifted from 2 value of d=x124 for free dissolved CO, to a {ower field upon
coordination to a tramsition metal. Values in a range of 150 to 250 ppm have been
reported, and the chemical shifts may differ widely even for complexes with the same
coordination mode as found in [Ni{PCy;)i{#*-CO;)] (1) {158.6 ppm) [45] and
[Mo(PMe,),(CN'Bu}n*-CG,),1 (2104 ppm) {467]. The coupling constant between
13C and the metal nucleus or other ligands is often more useful for the investigation
of CO, complexes, and allows, for example, discrimination between CQO, adducts
and CO}~ compounds. The complexes [ Ni{depelJ[CO;1 and [Ni{deppHn*-CO,)]
exhibit nearly identical chemical shifts for the central carbon (166.2 ppm and
164.2 ppm respectively), but the carbonate resonance appears as a singlet while a
coupling Of 2Jcp(,an =45 Hz is observed for the CO, complex [47].

In conciusion, NMR and IR data are useful for demonstrating the exisience of a
CO, adduct and may give specific information oa the coordination mode. A combina-
tion of IR and *C.NMR speciroscopy can lead to a fufl determination of the
structure of a CO, complex, particularly when isotopically labelled CQ, is employed,
and structural assignments in CO,-bridged complexes are often based solely on these
methodologies (see Section 2.3.4 for details).

Nevertheless, our knowledge about binding of CO, to transition metal centres is
mainly based on X-ray diffraction studies. Unfortunately, CO, compounds tend to
be unstable in solution and crystal growing may be a tedious task in many cases.
Furthermore, the discussion of solution properties like reactivity or catalytic activity
on the basis of solid state structures is not always siraightforward. Solid siate
CP-MAS NMR spectroscopy may serve as a link between solid state and solution,
and can be used even for non-crystalline solids. This approach bas been applied
successfully to a study of the structural dynamics of [{PCy;),Ni{CO,)] {1) (sce
Section 2.3.1) [44,45].

2.3. Stable complexes of CQ,

2.3.1. Coordination via a C =0 double bond

It is now more than 20 years since the first X-ray crystal structure of a CO,
complex was reported by Aresta et al. {23]. Complex 1 contains the ligand in a
side-on #° coordination mode, ie. CO, is bound to the metal via its C=0 double
bond {23-25]. A number of other complexes of this type have been structuraily
characterized, and comprehensive reviews are available [1-3,8-12,15,179].

Recently, a detailed study of the structural dynamics of complex 1 in solution has
been reporied [45]. The structures in ihe solid state and in solution at temperatures
below 200 K are identical, as indicated by CP-MAS and variable-temperature NMR
experiments. Two separate signais appear for the PCy; ligands, indicating that CO,
is fixed in a rigid #* coordination at the Ni centre. At temperatures above 240 K, the
two 3!P signals of solutions of 1 show coalescence to one singlet, demonstrating that
the two PCy; ligands become chemically equivalent through apparent rotation of the
CG; ligand. A mechanism that involves a slightly bent end-on Ni-OCO intermediate
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is assumed for the observed equilibration (Scheme 2) on the basis of additional IR
spectroscopic investigations, reactivity arguments and theoretical calculations [ 30,44 1.

Apparent CO, rotation has been also observed in trans-{ Mo{PMe; 1,{(n*-CO,),]
and related complexes [46,48]. A concerted rotational mechanism not involving any
7! bound intermediates has been elucidated experimentially [46] and is again sup-
poried by ab-initio calculations [49].

Some analogues of 1 bearing chelating phosphane ligands Cy,P{CH,)},PCy; have
also been investigated [ 25,47]. The ligand depe with n=2 leads to dispropertionation
of CO, [47] or formation of binuclear species [ 257, while stable monomeric adducts
are obtained with depp {(n=13) and depb (n=4) [47]. Interestingly, these complexes
show no dynamic behaviour even at room temperature, as indicated by the fact that
the 3C signals appear as doublets owing to coupling with the trans *'P atom only.
The smalier cis coupling that was found 10 be 2J/p,; = 10 Hz in the low temperature
spectrum of 1 [45] was not observed in [{Cy,P{CH,),PCy, }Ni(5*-CO,)].

A distinct effect of the auxiliary ligands on the stability of CO, complexes is not
sugprising in view of the general considerations outlined in Section 2.1 and is also
described for palladium complexes, The 14e fragment [ Pd(PCy;),] was shown to
be uareactive towards CO, even in liqgud COQ, [50]. while a moderately stable
complex [ Pd(PMePh,),(#*-CQ,)] (5) has been obtained and characterized spectro-
scopically under mild conditions (Scheme 3) [51].

The first unambiguously characterized stable complex of Rh(1} containing side-cn
bound CQO, as a ligand has been prepared recently using the sterically congested
T-shaped fragment [Rh{HC{CH,CH,P'Bu,),}] [216]. The use of the chelating
ligpand depe allowed the 1solation and X-ray crystallographic characterization of the
Fe{0) complex 6 containing #°-bound CO, [35]. This binding mode was postulated
for [ Fe(PMe;),{CO,)]in 1977 [ 52], but recent IR studies suggested the participation
of ' coordination through the central carbon atom {42]. The solid state siructure
of 6 shows an ideal »#” arrangement, but again it has been argued that coordination
via carbon may play some role in solution as the CO, oxygen in 6 is readily attacked
by electrophilic reagents [ 35]. One should keep in mind, however, that complex 1
also reacts readily with H™ and other electrophiles [ 53], but »' carbon coordination

Pz ?‘ P Py Py C“).
i— | —_— Ni—O _— Ni—O e Ni—
/Ni {lj N =01 JARN:
P £ Py C=0y = C=0 P; *
' Sy 2z

Scheme 2. Mechanism for the apparent CO, rotation in complex 1 in solution above 240 K.

P
N COy P. o
pd— | I Pg—|
/A 7 C

P COMe P So

P = PMePh 5, G0 % yield

Scheme 3. Synthests of the first stable CO, complex of pafladium.
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of CO, can be ruled out for this compiex on the basis of experimental and theoretical
resulis [30,31,45].

Side-on complexes of CQ, with early transition metals are also well known
[1-3,8-12,15,1791. The complex [Nbin*-CsH, Me),(CH,SiMe,){n*-CO,)] was the
first example 0 be structurally characierized [ 541, and the chemistry of this and
retated compounds has been thoroughly investigated in the last few years mainly by
the group led by Nicholas | 55-58,181], A derivaiive with the SiMe; group replaced
by Ph was obtained by aerobic oxidation of the corresponding CO complex and
structurally characterized [ 57). The latier reaction presents an example where a #*
CO, ligand is generated by conversion of another ligand rather than by direct
reaction with CQ,. Preliminary X-ray diffraction data of [ W{CONCO,){dppe), ]
suggest that a n*-bound CO, moiety is also present in this first CO, complex of
tungsten to be structurally characterized [59]. This is in reasonable contrast to
experimental and theoretical findings for the pentacarboxyl derivative [65,1801.

2.3.2. Coordination via carbon only

The coordination of CO, to a transition metal via only the central carbon atom
leads to a high partial negative charge at the outer oxygen atoms, as indicated
schematically in formula 2. Consequently, the highly nucleophilic oxygen atoms
readily bind to additional electron-deficieni centres leading to polynuclear bridged
systems, as discussed in Section 2.3.4, or to secondary reactions like coupling of two
CO, molecules as in [Ir{Cl){PMe,,(C,0, 1 [(601.

The stabilization of n* carbon bound CO, by intramolecular hydrogen bonds has
been reported for the complexes [Co'{cyclam}{(LHCO,)]™ (L =CH,CN, THF) on
the basis of IR and NMR spectroscopical investigations {617]. A three-dimensional
neiwork of intermolecular hydrogen bonds between the #'-CO, meiety and water
molecules has been observed for the complex [Rui{bipy),{COM)xn'-CO,)] {7) which
exists as a hydrate 7-3H,0 in the solid staie [ 62,63,178]. The ruthenium complex 7
was not obtained by direct reaction with CO,, but by nucleophilic attack of OH~
to a carbonyl ligand of [Ru{bipy,(CO),1{PF,] according to Schemec4. As in
complex 2, the two C—O distances in the CO, ligand of complex 7 are not exactly
identical (1.245 and 1.283 A).

2.3.3. Coordination via oxygen ondy

No structural information on transition metal complexes bearing the end-on CQ,
ligand is currenily available from X-ray crystal structure analyses and there are only
a limited number of reports thai claim the characterization of stable adducts of this
type by IR spectroscopy [2,64].

The complex [{W(CO)s(OCO}] was generaied in the gas phase and was shown
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(Rubipy)(GOIT 98 iRufbipy),coycoor)” _ OF

7

Scheme 4. Synthesis of [Ru{bipy}CO4 (5'-CO.)1-3H,0 and schematic representation of the molecular
structure of the ruthenium complex 7.

by matrix isolation technigues to contain a linear oxygen-bound CO, ligand [65]
Furthermore, end-on complexes of “naked” metal cations and CO, have been
reported for Mg™® [66] and Fe* [34] in the gas phase. The bonding energy of the
mainly electrostatic interaction between the metal cenire and the lone pair has been
estimated to 14.7 keal mol~ ! for Mg™ [66] and to 8 kcal mol ™! for Fe* [34] and
the tungsien complex [{W({CO),(OCO}] [67]. Theoretical calculations are in good
agreement with these vaiues [ 180],

2.3.4. CO, as a bridging ligand

As pointed out earlier, bridging of two metal centres via CO, occurs mainly when
further metals coordinate 1o the negatively polarized oxygen atoms of a #' carbon
bound CO, ligand. Bridged CO, complexes of this type can be classified according
to five different binding modes, as shown in Fig. 2. Examples of all types are now
known, and many of them have recently been characterized for the first time by
X-ray crystaliography (Tabie ). The carbon-bound metal M is a transition metal in
all cases, while M’ and M"” can be any type of metal including elements of group 14,
particularly tin. The coordinated oxygen atoms in struciures I-11] are available for
further secondary interactions with other metal centres in the solid state { 74.791.
Additional direct M-M’ interaciions are possible 1n complexes of type 1 T68.1827.

Oo-—=M
%) //O\ i s
M—C—O—N No \
O O —M
i lls ifla
O O—m
AN /
M=C_ M =—C
N \
0 oO—M"
Tib ilb
p2-n? u2-n3 pr3-n3

Fig, 2. Classification of binding modes in €O,-bridged polynuclear metal complexes.
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The metaliocarboxylate structures Illa and Ifla in Fig. 2 differ from the dioxocar-
bene structures Iib and Wb mainly in the nature of the central carbon atom of the
€O, ligand. It resembles a carboxylic carbon in siructures of type a, whereas it can
be described as a carbene-like carbon in type b. The contribution of carbene-like
bonding is indicated by strong low field shifts in the *C resonance of the central
carbon of CQ, and by short M—C bonds. In some cases, hindered rotation around
the M—C bond is observed by variable-temperature NMR spectroscopy [77].
Further evidence may come from IR data and from the C—0O boad lengths, but
these two criteria fail to distingunish between a dioxocarbene and a symmetrical
delocalized carboxylate. It is noteworthy that symmeirical and unsymmetrical CQ,
bridging units are both possibie for type a and b bonding (Table 1).

The largest body of crystallographic data i1s available for bimetallic complexes of
type I and II and has emerged mainly from systematic work during the last two
years by the team of Gibson [69,185-190]. It was long believed that the difference
between the two characteristic IR frequencies vy,,m, and vy, of the CO, unit provides
a diagnostic tool for the discrimination between symmetrical and wnsymmeirical
binding modes [ 179]. However, very recent work by Gibson revealed that only v,
reflects the symmetry of the CO, unit, whereas v,,,,, is strongly influeaced by the
coordination geometry of the second metal M’ [189]. Generally, v, is found at
higher frequencies for symmetrical units {ca. 1256-1280 cm ') than for unsymmetri-
cal bridges {ca. 1130-1170 cm ™ !). The borderline between the situation ila and Iib
i5 less ciear cut and even the energy barrier between structures IfIl appears to be
very low [187]. Although the speciroscopic and structural criteria used for the
classification in Table 1 are helpful for the description of CO, bridged complexes, a
theoretical treatment of the bonding situation seems thus highly desirable.

In addition to the complexes presented in Table 1, a large number of bridged CO,
complexes has been unambigously characterized by spectroscopic techniques by the
groups of Cutler, Cooper and others [80,81,189 and references cited therein]. The
most versatile synthetic approach to CO,-bridged complexes is the cation exchange
of alkali metallocarboxylates, which are readily accessible from the corresponding
alkali metallates and CO, [69,76,81 and references cited therein]. The latter reaction
involves nucleophilic atiack of the electron-rich metal centre at the Lewis acidic
carbon of CQ, rather than CO, insertion into a metal—meial bond. Direct insertion
of CG, into a bond between two transition metals has only been observed most
recently by the groups of Cutler [80] and Bergman [71]. Other pathways tc CO,
bridged complexes include the reaction of metal carbonyis with OH™ [78] or with
metaloxo complexes [75,77]. Formation of a CO, bridging unit via thermolysis of
a carboxyethylene-bridged bimetallic complex has also been observed [191].

3. The participatior of CO, complexes in stoichiometric and catalytic conversions of
carbon dioxide

3.1, Introduction

The different coordination modes of CO, to transition metal centres were described
in the previous section. It is clear that CQO, is in an “activated state” when the
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Scheme 5. Pathways for C—X bond formation from CO,: (a) atiack of an external reagent at coordinated
CO, in a stable CQ, complex; (b} reaction of free CO, with a metal complex containing the group to be
transferred; (i simuitansous coordination of CO, and the second substrate at the metal centre where the
M-CO, interaction may or may not be identical with that found in stable CO. complexes.

bonding involves the central carbon of CO,. The activation is evident from struciural
data like the bent OCO moiety and increased C-O distances, and from spectroscopi-
cal data like low field shifts in '>*C-NMR and low frequency OCO vibration modes
in IR spectroscopy. One can expect that this “activation” is also reflecied in the
reactivity of coordinated CO,.

There are now a considerable number of reports on the reactivity of metal-bound
€O, and some reviews on earlier work are available [1-3,8-12,15,177-179]. In
recent years, detailed experimental studies have been carried out with stable #-CO,
complexes of the early transition metals [55-57,82,181] and examples involving
metals of groups §—10 have also been addressed [ 35,45,47,51,53]. The cleavage of a
C—O bond is frequently observed and yieids metal oxides which may react further
with €O, leading to a net conversion of two molecules of CO, to CO and CO;5™.
The same conversion may occur via intermediate coupling of two CO, molecules at
a metal centre [60,83,84].

Another common reaction of #2-CQ, complexes is the electrophilic attack at
oxygen leading to metallacarboxylic acids (often referred to as hydroxycarbonyl
complexes) and their dertvatives [ 35,51,53]. Naturally, electrophilic attack at oxygen
is also the prevalent reactivity of stable #'-CO, complexes [ 62,63] and CO,-bridged
complexes where M’ and M"” are alkali cations [ 69,76,81]. These complexes are also
intermediates in photochemical and eiectrochemical reactions of CQ,; to CO
[18,i78]. Far less is known about the reactivity of CO, lipands bridging iwo
transition metal centres. The Cutler group [85], in an elegant labelling study, was
able to demonstrate that the apparent CO, reduction in [(cp{CO).Ruiu,n-
CO, )} Zr(Cl)op), 1 actually proceeds via hydride transfer to CO and subseguent
rearrangement.

From the point of view of synthesis, the most interesting reactions of CQ, result
in the formation of new bonds between the carbon atom and a second group X,
Many reactions of this type are known to proceed in the presence of stoichiometric
or catalytic amounts of transition metal complexes. In principle, these conversions
can occur following any of the three pathways outlined in Scheme 5. In the following
sections we highlight recent developments of synthetically useful processes where
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new C—X bonds are formed and summarize our preseat understanding of their
mechanisms.

3.2. Formation of new C—0 and C—N bonds

One example of a conversion that results in a new C—O bond and occurs at
coordinated CQ, is the reaction of 1 and its derivatives with O, to form peroxocarbo-
nates with the formula [(R,P),Ni{CO,)] [23,47]. However, it was observed in 1970
for platinum [86], and also more recently for rhodium [87], that the reaction of
dioxygen complexes with CO, can lead to the same products. The simultaneous
interaction of CO, and O, at metal centres is of special interest in view of recent
reports on the influence of CO, on rhodium-caialysed aerobic oxidation reactions
[88-901.

Another reaction leading to the formation of a new C-O bond is the formal
insertion of CO, into M~OH or M-OR groups. These reactions have been thor-
oughly investigated because of their relation to the function of carbonic anhydrase,
a zinc-containing enzyme that catalyses the formation of HCO; and CO3%~ from
agueous CO, [91]. It is now generally accepted that the enzymatic reaction involves
nucleophilic attack of a Zn?*-bound hydroxy group at CO,. The CO, is not
coordinated to the metal but is held in place by hydrogen bonds within the pocket
of the protein shell of the enzyme. A variety of zinc-containing carbonic anhydrase
model systems have been described, namely by the groups led by Kimura and
Vahrenkamp [10,92-94]. The pathway involving free CO, also seems to be vald
for €O, insertion into M-OR groups of other transition metal complexes, as demon-
strated by Darensbourg, Bergman and others [95-97]. Recent studies show that
low valent hydroxy-bridged complexes of platinum group metals are also capable of
€O, insertion into p-M-OH groups [ 98,92]. Aithough intermediate CO, coordina-
tion cannot be excluded a prieri, it seems unlikely in view of the above resulis and
the related reaction of low valent platinum amide complexes discussed below.,

The synthesis of cyclic carbonates from oxiranes and CQO, is well known
and is carried out on the industrial scale using Lewis acid catalysts [1,2,12]
Polymeric epoxides give polymeric cyclic carbonates upon reaction with CQ, in
the presence of alkali halides [192]. Comparably few examples of transition metal
catalysed reactions of CO, with oxiranes to yield cyclic carbonates are known
[ 100,101,193-195]. Many of them may operate merely as Lewis acids, but there is
evidence for CQ, insertion info oxometallacyclobutanes as the C-—O bond fornung
step in some cases [ 1007]. More recently, Darensbourg et al. [196-198] have invesii-
gated the known Zn?" catalysed copolymerisation of epoxides and CQ,. They were
able to perform the reaction in supereritical CQ, as both solvent and reactant [ 198
and suggesied that the C—O bond formation cccurs most likely as discussed above
for zinc-aikoxides [ 196]. Propargylic alcohols were coupled with CO, to give exocy-
clic unsaturated cyclic carbonates according to Scheme 6 using ruthenium [102]
and palladium catalysts [ 103]. The mechanism of C— O boand formation involves
nucleophilic attack of the alcoholate on CO, and transition metal complexes of CO,
are not required for this step as 1s clearly shown by the fact that the reaction is also
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Scheme 6. Exocyelic unsaturated cyclic carbonates from propargylic alcohols and €0,.

catalysed by tertiary phosphines alone [ 104]. The palladium-catalysed synthesis of
non-cyelic benzyl allyl carbonate from benzyl alcohol, allyl chleride and CQ, has
been described and was found to proceed via a similar pathway [ 105]. The transition
metal centre catalyses the nucleophilic replacement of chloride by benzyl carbonate,
while the C—O bond formation beiween CO, and benzyl alcohol only requires
general base catalysis.

Nucleophilic attack of nitrogen is a key step ia formal insertion reactions of CO,
into M-N bonds [1,2,8—12]. Traces of free amine have been shown to promote the
reaction with CO, in most cases, but the attack of metal-bonded nitrogen similarly
10 oxygen in carbonic anhydrase is also possible. Formation of the nitrogen-bonded
carbamate 9 from the reaction of the platinum amide complex 8 with CO, has been
observed as a first example for the latter pathway [106]. Complex 9 readily
rearranges to the more siable oxygen-bonded carbamaie 10 {Scheme 7). The forma-
tion of the nitrogen-bonded intermediate 9 strongly suggesis that neither coordinated
CO, nor free amine is involved in this reaction as such pathways would lead directly
to 10. In view of these resulis, nucleophilic attack of either free or coordinated
nitrogen to the central carbon of CO, may be expected to be operating in the metal-
complex-mediaied syntheses of N,N'-dialkyureas QC{NHR), [105,107] and ure-
thanes QC{NR, " JOR' [ 108,109,199,200 ] from amines and CQ,. Again, some of these
reactions can be carried out in the absence of transition metals [ 110].

o HN. o
CYsF'\pt NH; G0 Cy&P\P: NH . CYsp\P t/0
PN PCy, CH,CLy Ph PCy; CHZCly Ph PCy;
8 9 10

Scheme 7. Nucleophilic attack of metal-bound nitrogen at €O, to yield new C—N bonds.

3.3. Formation of new C—C bonds

Naturally, reactions leading to the formation of new C-C bonds are the most
interesting processes from a synthetic point of view and have been reviewed extens-
ively [1,11-14,177]. The coupling of alkenes and CQ, at Ni{0) leads to five-
membered cyclic complexes like 11 [111,112]. They were shown to be versatile
stoichiometric reagents for further transformations by the groups led by Hoberg,
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Dinjus and Walther [1,11,16,113 and references cited therein]. Recent examples
[114-117] mmclude the synthesis of steroid derivatives and the use of ultrasonic
activation to increase the yields of organic products obtained from 11 and alkyl
halides (Scheme 8}. Little information on the mechanism of the coupling step itself
1s available from experimental work, but ab-initio calculations carried out by Dedieu
and Ingold [30] for the 14e fragmeni (NH,};Ni as a model strongly suggest the
participation of #°-CO, complexes similar to 1.

The catalyiic formation of 2-pyrones is possibie using Ni{0} and other transition
metal catalysis if alkynes are coupled with CO, [1,7.11-16]. A recent example
describes the use of Fe and Rh clusters as catalysts [118]. The nickel-catalysed
reaction was first observed by Inoue et al. [119] and developed to a synthetically
useful methodology by Waliher and coworkers [120,121]. Tsuda and coworkers
[122-124] were able to use this system for some interesting syniheses of highly
functionalized cyclic compounds. Furthermore, they synthesized novel polymeric
materials based on €O, as a Ci building biock using long chain xw-alkynes as
coupling partners {Scheme 9) [ 124-126]. Polymeric 4-pyrones were obtained from
alkynes bearing NH,-endgroups even in the absence of a metal catalyst { 201]. Reetz
et al. [127] bave found that nickel-catalysed pyrone formation is possible from
3-hexyne and CO, under supercritical conditions without the need for additional
solvents.

The mechanism of pyrone formation at Ni{0) complexes summarized in Scheme 10
is based on related stoichiometric reactions [ 113,1287 and is consistent with experi-
mental details [120,121,129]. The initial coupling product 12 is similar to the cyclic

~ O\/\
Y
i COOH

Y

co,

. o o}
1
2
2
!
oo
Mol

Scheme 8 C-C coupling of CO, and ethylere at Ni{0) compiexes and further transformations of the
resuliing cyclic complex 11 under vitrasonic activation.
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Scheme 1. The mechanism for the Ni{0)-cataiysed formation of pyrones from 3-hexyne and CO,.

complex 11, but the sp” centre next to nickel seems to be more reactive and allows
the insertion of further alkyne to achieve the catalytic formation of pyrones. It is
proposed that the same initial coupling product 12 is formed from alkynes and CO,
at electrochemically generated Ni{0) centres using the methodology developed by
the team of Dufiach [130,1317], whereby complex 12 reacts to give unsaturated
carboxylates instead of pyrones in the presence of Mg?* ions emitted from the
sacrificial anode under these conditions.

It is tempting to assume attack of the alkyne at coordinated €O, as the pathway
of formation of 12, similarly as for 11. However, a detailed ab-initio MO study by
Sakaki et al. [132] suggesis that alkyne coordination is favoured at Ni{0} over CO;
coordination. Although a complex [{H;P)Ni(C,H,)}{#*-CO,)] was analysed as pos-
sible intermediate, only a weak Ni—O interaction is predicted between Ni and CO,
during the course of C-C bond formation. The regioselectivity of the coupling



W. Leitner!Coordination Chemisiry Reviews 153 {1 1996) 257-384 373

involving unsymmetrically substituted alkynes is predicted correctly on the basis of
these calculations [2027]. One shouid also meniion in this context the formation of
cyclic compounds analogous to 12 from the reaction of alkyne complexes of Ti{Il}
and Zr{ll) with CO, as studied in recent years mainly by the group of Rosenthal
[133,134203].

It has recently been reporied that iermunal alkynes and CO, can be catalytically
coupled with bromoalkanes to give alkyl esiers of 2-alkynoic acid using Cu{l) or
Ag(l) catalysts [135]. The key step in this reaction seems to be the well-known
insertion of CO, into Cu acetylides thai does not require intermediate formation of
a €O, complex [ 136,137].

The transition-metai-catalysed coupling of 1,3-dienes with CQO, leading to either
lactones or long-chain esiers as main products is a process of potential synthetic
interest [ 1,12-17]. The reaction was first observed by the group of Inoue [138].
and some efficient catalytic systems based on palladium have been developed by
Behr and coworkers [139,140] and by Braunstein ¢t al. [ 1417 for the synthesis of
&-lactone (15} from 1,3-butadienc and CO,. More recently. there have been attempts
to use Pd{II) and Pd{0} complexes that were fixed to heterogencous supports as
catalysts for the telomerization of 1.3-butadiene and CQO,, but all systems studied
so far suffer from metal leaching [ 142,143].

The generally accepted mechanism involving low-valent PA(0) complexes 16 as
key intcrmediaies in the catalytic cycle of the ielomerization of 1,3-butadiene and
CQ, is depicted in Scheme 11. Dinjus and Leitner [ 1441 were able to rationalize the
remarkable ligand effects observed in this reaction under the assumption that the
P-Pd-P angie in 16 plays an important rele in the activity of the catalyst. Oniy

SN /TN
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Scheme 11, The mechanism of palladivm-catalysed telomerization of 1.3-butadiene and CO, 10 form
&-factone 15,
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ligands that are predicted by MMX calculations to give bent complexes of type 16
yield highly active catalysts; a linear arrangement leads to poor activity. In agreement
with this finding, the chelaung ligand Cy,P(CH,),PCy, forms a very active Pd
catalyst for the formation of 3-lactone from CO, and 13-butadiene. Furthermore,
this ligand allows the co-cligomerization of CO, with isoprene for the first time,
even though the reaciion still proceeds with very low yields [ 144],

The C—C bond formation between €O, and the diene occurs at the bis-n-allyl
complex 18 as indicated in Scheme 11 and demonstrated by stoichiometric model
reactions [ 145,146]. The insertion into the Pd—-C bond occurs via a o, -allyl
intermediate, and it is possible in principle to accommodate a 11°-CO, ligand during
this process. On the other hand, Amatore et al. [147] have demonstrated that
palladium-cataiysed electrochemical formation of aryl carboxylic acids from aryl
halides and CO, most likely involves nucleophilic attack of Ar~ at free CO, as the
C—C bond-forming step. Again, 14e fragments {R,P),Pd are believed to be the
catalytically active species in this reaction. Therefore we can conclude that CG,
coordination is not crucial for the catalytic C-C boad formation with CG; at
palladiom phosphane complexes, although stable adducts of CQ, with the fragment
{R;P},Pd are known [511].

3.4. Formation of new C—H bonds

Cne of the most promising approaches to the use of €O, as a raw material on a
large scale Is its reduction to formate which can be achieved by electron transfer in
electrochemical or photochemical systems or by direct reaction of CQ, with H,
[ 18]. In many cases, the electron transfer in photo- or electrochemical activation of
O, mediated by transition metal compounds involves formation of a C-bonded
CO, complex [ 3,18,148-150,178]. A corresponding catalytic cycle has been proposed
by Tanaka and coworkers {1517 for the elecirocatalytical reduction of CO, to
HCO; using complexes [{bipy),Ru(CONLI** (L=CO, C17) as catalysts. The
crystallographic characterization of the CO, complex 7 {62,637 and its protonated
form [206] supporis this proposal. Closely related complexes are also involved in
the reduciion of CQ, beyond the formate level [207,208]. Meyer and his colleagues
have shown that a different pathway involving formation of ruthenium hydride
species and subsequent CO, inseriion into the Ru-H bond is also possible for specific
formation of the formate group [152]. The iwo alternatives have been compared in
detail in the photosensitized reduction of CO, using cobalt macrocyclic complexes
[153,154], whereby only the insertion process can lead to HCO; .

Reduction of CO, beyond the formate level by melecular hydrogen using homo-
gencous transition metal catalysts 1s still scarce [209). In contrast, the transition
metal complex catalysed formation of formic acid and its derivatives from H, and
CO, was demonsirated for the first time in the early 1970s, but again it was not
until recently that very efficient catalyiic systems were developed [ 18,155]. We and
the group of Nicholas have recently investigated independently rhodium phosphane
complexes as catalysis for this process [156-159], whereby formic acid concen-
trations up to 3.5 mol 17! could be achieved under the conditions developed in our
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team. The key to high formic acid vields in organic solvents is the choice of suiiable
reaction conditions and the optimized parameters shown in Scheme 12 were derived
from straightforward thermodynamic considerations [ 158]. The use of dipelar non-
prouc solvents and amine bases leads to stabilization of the hydsogenated product
and provides ideal conditions for high catalytic activities.

Complexes of type [{P,)}Rbihfacaci] (20) [ 159] have been shown to be the most
active catalyst precursors under these conditions allowing turnover raies up to
1335h ™! and total turnover numbers greater than 3000. Rational fine tuning of
these catalysts seems possible, as correlations between solid state structures, '“*Rh-
NMR shifts and the catalytic activities have been observed with various groups R
and X {imtrinsic ligand effects). The changes in activities observed with catalysts
generated in site from [{{cod)Rh{x-Cl)},] and monodentate or bidentate ligands
with phosphorus as donor atom must be partly attribuied aise to ligand effecis
during the formation of the catalytically active species [210].

Highly efficient hydrogenation of CQ, to formic acid is alsoc possible in water/amine
mixiures similar to those used for €O, sequestring from flue gases, if water soluble
rhodium catalysts containing the phosphine ligand tppts are used [ 160]. Up to 3440
catalytic cycles within 12 h are possible vsing the complex [(tpptsh,Rh(Cl] as a
catalyst under mild conditions similar to those described in Scheme 12. More recently.
ruthenium complexes bearing nitrogen ligands bhave been applied successfully in
EtOH/NEt, [211].

The Noyori group has showa that ruthenium complexes seive as very active
catalysts for the formation of formic acid [ 161, DMF [162] or formate esters [ 212]
from supercritical mixtores of CO, and H, in the presence of NEi;, HNMe, or
alcohols, respectively. Temperatures up to 100°C and total pressures greater than
200 atm are employed in these processes, and additives like traces of water or DMSO
greatly enhance the catalytic activity [213]. A total yield of 370000 moles of DMV
per mole of catalyst could be achieved owing to the special solubility properties of
products and reactants in the supercritical phase. It is noteworthy that formic acid
does not react to DMF under the much milder condiiions summarized in Scheme 12
if NEt, 1s replaced with HNMe,; [158]. A recent account on the potential of
supercritical carbon dioxide as a medium for homogeneous catalysis is found in
Ref [214].

The mechanism of CO, hydrogenation using rhodium catalysts in organic scivents
has been investigated experimenially in detail and inseriion of CO, mto an Rh- H
bond of cationic [156] or neutral [ 158,163] hydride complexes has been shown to
be a key siep of the catalyiic cycle depending on the reaction conditions and the
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Scheme 12. Rhodivm-catalysed hydrogenation of CQO, to formic acid in dipolar aprotic organic solvents.
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catalyst precursor. All steps of a possible catalyiic cycle were observed for the first
time by NMR spectroscopy using the moderately active catalyst {(dppp),RhH] (21}
in DMSO (Scheme 13} [ 163]. The insertion step has been shown to be fully reversible
by NMR spectroscopic investigation of the 13CQ,/*2CO,-exchange in formate com-
plexes of type 22. The exchange rate shows a first-order dependence on the CQO,
concentration as seen from the typical kinetics depicted in Fig. 3. Most interestingly,
the half-life time of the exchange in complexes [{Ph,P(CH,),PPh,},Rh(HCO,)]
{n=2, 3} qualitatively reflects the catalyiic aciivities of the corresponding hydrides
in CO, hydrogenation [ 163], although the insertion process appears (o be too fasi
to account for the rate limiting step of the catalytic cycle.

Complexes 20 and related caialyst precursors having a P,/Rh ratio of 1:1 lead to
14e species [P,RhH] as the active intermediates [158,215], which can follow an
identical sequence of events according te experimental and theoretical investigations
[164,165]. Ab-initio calculations suggest g-metathesis as a low energy alternative to
oxidative addition in the H, activation process [164,165], but we will focus on the
CQ, Insertion step in the present context.

Sakaki and Musashi [ 166] have studied the €0, insertion into the Rh-H bond
by ab-initic calculations using the neutral rhodium hydride [(HaP);RhH] as a model
for complex 21. No evidence for a stable CO, compiex was found on the reaction
pathway and only a weak Rb—O interaction occurs in the transition state (Fig. 4}.
The transition state for CO, insertion into the Rh—H bond of the highly unsaturated
14e species [(H,P),RhH] is very similar io the one shown in Fig. 4, allowing for a
somewhat stronger metal-oxygen interaction [ 164,1657]. An #? assoctation complex

T HCO,
+
P P g T
2 22
-HCO,H *Hz
H 1+ weo,
C P~
P F] ~p
P
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Scheme 13, Catalytic cycle of the rhodium-catalysed hydrogenation of €O, to formic acid using
catalysi 21.
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Fig. 3. ’CO,/'*CO, exchange in the rhodium formate complex 22 in DMSO-d, at 1atm and room
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Fig. 4. Transition state for the insertion of CO, into the Rh—H bond of [(H;PHLRhi{H}] as obtained
from ab-initio MO calculations.

between [{H;P},RhH ] and CO, is formed prior to the transition state, but converts
to the formaie species with an extremely small — if any — energy barrier [ 165]. As
in related systems [ 1567, there is sirong kinetic evidence that the liberation of formic
acid rather than CQ, insertion is rate limiting in the catalytic cycle [ 165]. Transition
states with only weak M-Q interaction have also been compuied for the insertion
of CO, into the metal hydride bonds of [(H;P)LCuH] 11671, [CriCO)H] ™ [168]
and main group metals [ 169]. Detailed kinetic investigations of CO, insertion
reactions are in full agreement with the absence of a stable pre-association complex
for related systems [170-173].

Taken fogeiher, there is convincing evidence that complexes containing €,
coordinated as in stable CO, complexes are not a necessary prerequisite for efficient
catalysis in the hydrogenation of CO, to formic acid. It is worth mentioning in this
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context that the °-CO, complex 1 has been shown to react with dihydrogen to yield
the hydrido formate [(Cy,P),NI{HO,CH)] [45]. However, labelling studies carried
out by Darensbourg and coworkers [ 171,172] strongly suggesi that the mechanism
of this conversion involves dissociation of CO;, formation of a nickel hydride and
subsequent insertion of CO,. The latter pathway is also assumed to account for the
formation of small amounts of formic acid from H, and CQ, in the presence of
the palladium CO, complex 5 [51]. It has also been demonstrated recenily by the
Milstein group that formation of [(HYHCO,)RhW{HC(CH,CH,PtBu,}),}] from
the corresponding #%-CO, compiex and H, occurs via insertion of dissociated CO,
at a non-classical n*.dihydrogen complex of Rh(I} [216]. Hydride transfer to #*
coordinated CO, was observed in the formation of formato complexes of Nb and
Ta by aerobic oxidation of the corresponding hydrido carbonyl complexes, but again
CO, dissociation and subsequent insertion cannot be excluded [ 174]. Similar argu-
ments apply to the ruthenium-mediated formation of formate ffom CO,; and
NaBH, [175].

4. Conelusions

Our understanding of CO, binding and activation by transition metal complexes
has considerably increased since the first siable CO, complexes were reported 25
years ago. Different binding modes of CO, in homonuclear and polynuciear metal
complexes have been siructurally characterized and spectroscopic methods are avail-
able to distingnish between them. Any iype of binding known to date to result in
stable isolable coordination compounds containing €O, as a ligand leads te a net
electron transfer to the LUMO of CO, and thus to its “activation”. Accordingly,
coordinated CO, undergoes reactions that are impossible for free CO,, and com-
plexes containing CO, ligated as in stable complexes are most likely involved in
C-O cleavage reactions and in electrochemical or photochemical CO, activation
processes.

Many stoichiometric and meost catalytic reactions involving “CO, activation”
proceed via formal insertion of €O, inio highly reactive M —X bonds under the
formation of new C—X bonds, These reactions do not necessarily regquire coordina-
tion of CO, as in stable complexes, but are generally initiated by nucleophilic attack
of X at the Lewis acidic carbon atom of C(Q,. Weak interactions between the metal
centre and the lone pairs of one oxygen of CQO,, similar {o those found for gas phase
complexes of “naked” metal ions and CQ,, are often sufficient to support the insertion
process by pre-organization of the CO, molecule. Most of the synthetically useful
transition-metal-mediated transformations of CO, known to date seem to follow
this general pathway.

It may be necessary to point out that the understanding of how CQ, is activated
in a certain reaction is not of mere academic interest (if something like that actually
exists). The optimization of existing processes and the search for new reactions
mvolving CO, as a environmentally friendly and economicaily feasible source of
carbon can only be successful if we understand the underlying priaciples of CO,
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activation. Although it seems as if we have moved a litile cioser towards this
ambitious obiective in the last quarter of the century, the effective “activation™ of
CO, by transition metal compounds is still a goal that is hard 10 reach and remains
an exciting research area in organometailic chemistry.
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