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|. Abbreviations

bpy 2,2'-bipyridyl

COoD 1,5-cyclooctadiene

COoT cyclooctatriene

Cp n°-cyclopentadienyl

Cp' n>-methylcyclopentadienyl

Cp” n>-trimethylsilylcyclopentadienyl
Cp* n°-pentamethylcyclopentadienyl

Cy cyclohexyl

depe 1,2-bis(diethylphosphino)ethane
diars o-phenylenebis(dimethylarsine)
diphoe 1,2-bis(diphenylphosphino)ethylene
dmpe 1,2-bis(dimethylphosphino)ethane
dmpm 1,2-bis(dimethylphosphino)methane
dppe 1,2-bis(diphenylphosphino)ethane
dppm 1,2-bis(diphenylphosphino)methane
dppp 1,3-bis(diphenylphosphino)propane
en ethylenediamine

Ind n-indenyl

OT; trifluoromethanesulfonate

PPN bis(triphenylphosphiniminium)
salen N,N'-ethylenebis(salicylideniminato)
t-Bupy 4-tert-butylpyridine

t-BuNC tert-butylisonitrile

tmtaa dianion of 7,16-dihydro-6,8,15,17-tetrameth-

yldibenzo[b,i][1,4,8]tetraazacyclotetra-
decine

Il. Introduction and Scope

Compounds having one or more carbon dioxide
ligands bound to a metal center through carbon are
of interest for several reasons. The possibility of
recycling CO, from industrial emissions and of re-
moving some of this greenhouse gas, an environmen-
tal pollutant, is receiving increased attention.® Also,
the possibility of using CO, as the starting material
for the synthesis of fine chemicals provides an at-
tractive alternative to compounds presently derived
from petroleum.? Efforts to convert CO, to useful
chemicals will inevitably center on transition metal
catalysts.® Furthermore, efforts to enhance the yield
of hydrogen in water gas shift reactions are also
centered on carbon dioxide interactions with transi-
tion metal catalysts.* For all these reasons, a broader
understanding of the organometallic chemistry of
CO; is being sought.

Transition metal carbon dioxide complexes may
provide both structural and functional models for
surface-bound intermediates in catalytic conversion
processes. Particularly in the past decade, many
such compounds have been identified. Although
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initially thought to be a poor ligand,®® carbon dioxide
has demonstrated surprising versatility by exhibiting
a great variety of coordination modes in its metal
complexes.

In this article, only those compounds that can be
clearly identified as having carbon dioxide bound to
metal centers through carbon will be considered.
Thus the discussions will not include metal formate
complexes whose chemistry has been reviewed re-
cently.> Also, the discussions will not include met-
allocarboxylic acids or metallocarboxylate esters ex-
cept where these compounds have been used as
reagents for the synthesis of CO, complexes or result
from reactions of these compounds.

lll. Synthetic Methods

The synthetic procedures for carbon dioxide com-
plexes are described in the sections below according
to the structural types that have been characterized.
The nomenclature for these compounds includes a
simple descriptor which indicates the bonding type.
Thus, the number of bonds between each coordinated
CO; and the metal atom, or atoms, in the complex is
indicated by n" whereas the number of metal atoms
involved in bonding to each CO; ligand is indicated
by un. The structural types are illustrated in Figure
1 (see discussion in section 1V). A further section is
focused on the synthesis of metallocarboxylate anions
and includes a uz-n* complex which remains the only
structurally characterized compound in this group.
The discussions are limited to those compounds
which can be isolated or at least studied by IR and
NMR spectral techniques to establish the presence
of a metal-bound CO; ligand. Complexes formed
under electrochemical, flash photolysis, or pulse
radiolysis conditions have been reviewed recently®
and will not be covered here.

Gibson
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Figure 1. Structural types of metal—-CO, complexes.

A. p*- and n?-CO, Complexes

Complexes of these types have usually been gener-
ated by direct reaction of a metal complex with
carbon dioxide. Thus metal centers that have a
coordination vacancy (or an easily displaced ligand)
and are highly nucleophilic because of the presence
of electron-donating ligands can bind the weakly
electrophilic CO, molecule through carbon directly.
The 5'-CO, complexes are far from being robust;
conditions for their isolation usually include glovebox
or Schlenk techniques, low temperatures, and strict
exclusion of oxygen and water. The compounds that
have been prepared by direct reaction with CO, are
shown in Table 1. As might be expected, many of
these compounds dissociate the CO, ligand readily
(see discussion in section VII).

With the #' complexes reported by Herskovitz,”8
it was necessary to pressurize the system with CO,
in order to form iridium and rhodium complexes 1—3;
displacement of an ancillary ligand does not occur
in forming these compounds. Both compounds have
octahedral metal centers as shown for Rh(diars),(Cl)-
(COy) (3). Once formed, however, the compounds were

O\C/O
N, | \A/

As S
oW Pe
/As\ ‘ /As\

Cl
3

relatively stable toward CO, loss. The 5? complex
Ni(CO,)(PCys). (4) studied by Aresta® was made by

Cng\NA /o
N

CysP Cx

toluene

(6}
4

reaction of Ni(PCys); or [Ni(PCys)s]N2, in toluene,
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Table 1. Summary of - and 5?-CO, Complexes Prepared by Direct Carbonation

compound

precursors ref

n* Complexes

Ir(diars),(CI)(CO,) (1)
Ir(dmpe)2(CI)(CO,) (2)
Rh(diars),(CI)(CO>) (3)

Ir(diars),(Cl) 7
Ir(dmpe)2(CI) 7
Rh(diars),(Cl) 8

n? Complexes

Ni(PCys)2(CO2) (4)

Ni(PR3)2(CO;) (5, 6) R = n-Bu, Et

Rh[P(n-Bu)s]2(C1)(COy) (7)

Fe(PMe3)4(COy) (8)

Fe(depe)2(COy) (9)

Pd(PMePh,),(CO,) (10)

Cp2'Nb(CO;)(CH,SiMe3) (11)

Cp2Mo(CO) (12)

Cp2Ti(PMe3)(CO) (13)

trans-W(dppe)2(CO)(COy) (19)

trans-Mo(PMej3)4(COy). (20)

trans-Mo(PMe3)3(CNR)(COy3)2, R = Me, i-Pr, t-Bu, Cy,
CH,Ph (21-25)

trans-Mo(CO,)2(PMejs)(P—P), P—P = dmpm, depe,
dmpe, dppe (26—29)

trans-Mo(dmpe)2(CO,), (30)

trans-Mo(depe)(PMe3)(CNR)(CO,),, R = t-Bu, Cy (31,32)

Nl(PCy3)3 or [Ni(PCy3)3]2N2 9-11
Ni(PR3)4 12
[Rh(CI)(CzH4)2]2, P(n-Bu)3 13
Fe(PMej3)s 14
Fe(depe)2(Ny) 15
Pd(PMePh;),(CH,=CHCO;Me) 16
Cp'ng(Cl)(CHgSIMEg) 17
Cp2Mo(PhC=CPh) 18
szTi(PMEg)z 19
W(H)[17*-02CN(CH2)4](CO)(;7*-dppe)(n* -dppe) 23
cis-Mo(PMe3)4(N2)2 25b
trans-Mo(PMej3)4(CO2)2, RNC 25a,c
trans-Mo(PMej3)4(COy),, P—P 25d
trans-Mo(PMej3)4(CO5)2, dmpe 25e
trans-Mo(depe)(PMes3),(CO5),, RNC 25f

Scheme 1
Fe(PMe;), <= Fe(PMe;);(H)(Me,PCH,)

¢ co,

Fe(PMe;);(11-0,CH)(Me,PCH,)

with CO; at atmospheric pressure and was obtained
as the toluene solvate 4. The solvent-free complex
was later obtained by Jolly et al.1® Mason and Ibers!!
prepared the same complex by direct reaction of the
dinitrogen complex with liquid CO,. Also, Aresta'?
reported the related complexes Ni(CO,)(PR3). (5, 6;
R = n-Bu, Et) prepared from reactions involving
gaseous CO,. Aresta’® reported rhodium complexes
Rh(CI)(CO,)(PEt,Ph); and Rh(CI)(CO,)(PEt,Ph), from
reactions of CO, with [Rh(CI)(C,H,).]2; the com-
pounds were not fully characterized. However, Rh-
(CI)(COL)[P(n-Bu)s), (7) was prepared from the eth-
ylene complex and spectrally characterized.

Synthesis of an #>CO, complex (8) was reported
by Karsch'* from reaction of Fe(PMej3), with CO, in
pentane; a second product, Fe(PMe3)3(CO)(CO3) was
also obtained. However, the structural assignment
of the CO, complex was somewhat clouded by the fact
that the starting iron complex exists in equilibrium
with a hydrido isomer as shown in Scheme 1. An
alternate product was obtained from reactions of Fe-
(PMe3s), with CO, conducted in THF; it was identified
as the insertion derivative Fe(H)(PMejz)3(O,CCH,-
PMe;). Thus, it seems possible that the “CO, com-
plex” may be the formato complex Fe(PMe3)3(O,CH)-
(CH,PMey) instead since CO, insertion into metal
hydride bonds occurs readily.® Indeed, the IR spec-
tral properties of the “CO, complex” are not in
agreement with other »?-CO, complexes, as discussed
in section 1V. However, properties of the complex Fe-
(CO,)(depe), (9), fully characterized recently by Ko-
miya et al.,’® lend support to the formulation by
Karsch; structural characteristics (which result in a
coordinated CO; that is intermediate between #* and
n?) appear to be responsible for the unusual IR
spectral properties of the compound (see discussion

in section VI). Compound 9 was prepared by CO,
displacement of nitrogen from the corresponding
dinitrogen complex.

The first palladium complex of CO, was reported
only recently by Yamamoto et al.*®* The compound,
Pd(CO,)(PMePhy), (10), was prepared by allowing the
corresponding methyl acrylate complex (generated in
situ from trans-PtEt,(PMePh,),) to stand under 18—
20 atm of CO, for 12 h.

Lappert et al.’” found that reduction of Cp’>2Nb(ClI)-
CH,SiMe; with Na(Hg) followed by reaction with CO,
afforded the first #2-CO, complex involving a metal-
locene fragment (11). Other such compounds involv-

Cp‘\Nb /CHZ)Si(CH3)3 Cp'=(n’-CsH,Me)
N\
Cp c\

\o

11

ing molybdenum? (12) and titanium?® (13) have been
prepared by simple ligand substitution reactions.

In a few instances, an #?-CO, complex has resulted
from aerobic oxidation of a metal carbonyl complex.
Iwashita and Hayata?® first reported that a CO,
complex was formed from reaction of molecular
oxygen with a rhodium cluster complex, but the
compound was not fully identified. More recently,
Nicholas et al.?* prepared Cp'2Nb(R)(CO,) [14—-17; R
= CHZS'(CH3)3, CHQC(CHg)g, CH,Ph, CH3] in hlgh
yields by aerobic oxidation of the corresponding
carbonyl complexes. Oxidation of Cp,Mo(CO) af-
forded a small amount of the CO, complex together
with Cp,Mo(#?-CO3) and Cp,Mo=0. It was found
that oxidation of Cp',;Ta(CO)H also afforded the
carbon dioxide complex Cp',Ta(CO,)H (18).%*

The synthesis of trans-W(CO)(dppe)2(CO,) (19)
reported by Hidai et al.?® is unique. As shown in
Scheme 2, the CO, complex results from the reaction
of AlEt; with W(H)[12-O,CN(CH>)4](CO)(n*-dppe) (13-
dppe) under an atmosphere of CO,. The reaction was
conducted at 50 °C; a 49% vyield of the product was
obtained.
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Scheme 2
—NR, \
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P—P = dppe 19
R2 = (CH2)4

In 1974 Chatt et al.?* reported that the reaction of
cis-Mo(N,).(PMe,Ph), with CO, afforded an unstable
compound “Mo(CO;).(PMe,Ph),”, which rearranged
to a dimer with a terminal carbonyl group on each
Mo atom and with two bridging carbonate ligands.
The CO, adduct could not be fully characterized, but
structural data were obtained for its decomposition
product, (PMe,Ph)3(CO)Mo(CO3),Mo(CO)(PMe,Ph).
Carmona et al.?® later used the dinitrogen complex
to prepare the more stable trans-Mo(CO,),(PMe3s),
(20) and has used this product to prepare a number
of other stable complexes in which one or more PMe;
ligands were replaced by other ligands (21—32; see
Table 1).%

B. Complexes with Bridging CO , Ligands

More numerous strategies have been developed for
these compounds than have been employed for the
compounds described in section A. Because of the
variety of bridged complexes that have been pre-
pared, this section has been subdivided according to
the structural type of the bridged CO; ligand.

1. u,m? Complexes

Addition of an oxo complex to a CO ligand in a 16e
compound was used by Collins et al.?® to generate
metallacyclic complexes 33 and 34 containing a
bridging CO; ligand as shown in the example in
Scheme 3. More recently Bergman et al.?” used direct
CO; insertion to generate the related bridged iri-
dium—zirconium complex 35 shown in Scheme 4. The
reaction of [Rh,(CO),(dppm);] with CO, was reported
by Eisenberg et al.? to give a product thought to be
an A-frame complex (36), having CO; bridged be-

Scheme 3
L L 0
Cl—Ir—CO + 050 L'y €l 1| """ O (I; ‘L
—Ir— + Hon SIr 2~ S0s=-"~
i L' l ~c—o0”| T~
Lo o
L = PPh, 33
L' = 4-t-Bupy
Scheme 4

Gibson

tween the two rhodium atoms in a seven-membered
ring. A four-membered metallacyclic complex (37)
was synthesized by Haines et al.?° by converting the
bridging CO ligand in Ru,(u-CO)(CO)4[u-(PrO),PN-
(Et)P(OPr),], to COOH and then deprotonating the
acid.

Bennett® prepared a CO,-bridged platinum com-
plex 38 through a coupling reaction as shown in
Scheme 5. The same bridged compound was also
prepared by thermolysis of the related metallocar-
boxylic acid at 60—100 °C. Strukul® used a similar
strategy to prepare additional platinum complexes
of the same type (39, 40).

Displacement of a weakly coordinated ligand (BF,~
or ethylene) from a transition metal by a metallo-
carboxylate anion (or, in some cases, the acid) has
been used by Gibson et al.3273 to generate several
ux-n>-type complexes (41—47). The reactions are
illustrated in Schemes 6—8. The hydrolysis of a
carbamoyl complex resulted in a small yield of cis,-
faC'RE(CO)4(L)(C02)Re(CO)3(L)2 (48, L = NHCH,-
CH=CH,).%®

An unusual method has been used by Szalda,
Creutz, et al.’® for the synthesis of a polymeric
compound with CO, bridges between cobalt centers
(49) as shown in Scheme 9. Replacement of coordi-
nated hydroxyl by perchlorate ion provides the
coordination vacancies necessary for development of
CO.-bridged dicobalt monomer units.

Perhaps the most unusual synthesis of a u,-7? CO,-
bridged complex is the recently observed®’ conversion
of cis-Ru(bpy)(CO)(CHO)"PFs~ (bpy = 2,2'-bipyridyl)
to cis,cis-Ru(bpy)2(CO)(CO,)Ru(bpy).(CO)? 2PF¢~ (50)
by the action of water and oxygen. The reaction was
complete after 3 h; with photoassistance, it was
complete after 5 min. A proposed path for the
reaction is shown in Scheme 10.

Whether a u,-n? or u-n® complex (see Figure 1)
results from the reaction of a metallocarboxylate with
a main group complex depends upon the nature of
the metallocarboxylate, the substituents on the main
group atom (M,) and the metal (M,) itself. The u,-5°
form is favored when strongly nucleophilic metallo-
carboxylates are used, but electron donor groups on
M, can reverse this to a u,-»? complex. The two types
of compounds (none characterized so far are metal-
lacyclic) are easily distinguished by their IR spectral
characteristics (see section VI). Syntheses of the u,-
n? CO,-bridged compounds are summarized at the
bottom of Table 2; the reactions usually employ a
main group halide in combination with a metallo-
carboxylate. The use of a germanium halide together
with a rhenium metallocarboxylate anion to give a
COz-bridged compound (51) was done by Gladysz et
al.®® as shown in Scheme 11. Cutler® (52) and
Gibson*® (52—57) used related technigues to generate
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Scheme 5
PEt, O PEt
Ph—Ft—OH + HO-C—Pt—Ph TH,0
PEt, PEt,

PE; O PEy
Ph—Ft—0—C—Ft—Ph
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38
Scheme 6
o fo
-Fe_ 7 + L.l _..co -KBF
oc--°~c(— K Rez 4
7 \( FB-F~ | ~co
Ph,P o
co
co _
' //0 L\( .o 42, L = PPh,
.--Fe—cC Re? 43, L = P(OPh
ocC \0/, \CO ( )3
Ph,P Cco 44, L = P(OEt),
Scheme 7
NaZCO
—lee_ f0 OC“~v|v—"'CO THB_F?’
OC"/ OH F3B-F/ \CO
ON
ILe 70 0 | _.co
.7 ~ W2
oc~/ 0™ N(Co
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46
Scheme 8
To
oc~._ |+ .-CO
+ “Re<
= TSNCO BF,
| o CH2=CH2(|: s
-Re—
oc-y Son
ON
Na,CO
-HBF,, 0)
| Y206 __co
_-Re—C Re<_,
oc 7/ \O/I co
ON co
47

uxn? COz-bridged complexes in which a single car-
boxylate oxygen is bound to a tin atom. In several
instances the labile metallocarboxylate anions were
generated by Gibson et al. in situ,* in agueous media,
and the tin halide was then added; the CO,-bridged
tin complexes are stable under these conditions and

Chemical Reviews, 1996, Vol. 96, No. 6 2067

Scheme 9
-+
. co, N NaClO, <N/(|:O\N>
(=) B o
OH N\\' __.-N
<N/(|:0\N>
| co,
49

N-N = ethylenediamine

are generally more robust than their transition metal
analogs (see discussion below in section C.2b). This
method is effective for the preparation of CpFe(CO),-
(CO2)SnPh; (55) whereas direct reaction3® of
CpFe(C0),CO, K™ with the tin halide yields only
CpFe(CO),SnPhs. The failure of the direct reaction
appears to be solvent-related. In cases where the
metallocarboxylate anion has been generated from
CO; and the metal anion, the reactions are usually
conducted in THF; some of the CO,-bridged com-
pounds are unstable in this solvent. The acid Cp*Re-
(CO)(NO)COOH is sufficiently nucleophilic that it
can be used in reactions with tin halides directly
without conversion to the anion.*°

2. uyn® Complexes

There are two structurally distinct types of these
complexes now known as discussed in section V.
Those in class | have the CO, ligand symmetrically
bonded (O—M; bonds) to a transition metal while
those in class Il have unequal O—M, bond lengths
(where, in most cases, M = Sn); both types have the
carboxyl carbon bound to a late transition metal. The
syntheses of these are discussed separately below.

(a) Class | Compounds. Bridged compounds hav-
ing both carboxyl oxygens bound to a single transition
metal (early or late) have been prepared during the
past decade. The first such compound (58) was
prepared by Tso and Cutler*! and involved zirconium,
an early transition metal, as the anchoring atom for
the carboxylate oxygens. Initially the bridging group
was created by taking advantage of the sensitivity
of a zirconium alkyl complex toward acid as shown
in Scheme 12. Later,*? this group prepared ad-
ditional complexes 59—62 by reactions of iron and
ruthenium metallocarboxylates CpM(CO),CO, Na*
(M = Fe, Ru) with zirconocene or titanocene dichlo-
rides. This group of complexes is particularly labile
in solution and only the Ru/Zr complex could be fully
characterized. More recently, Cutler et al.*® have
prepared Fe/Zr and Ru/Zr complexes by direct inser-
tion of CO; into the metal—metal bonds. Additional
zirconocene derivatives 63—68 have recently been
synthesized by Gibson et al.** Some of the com-
pounds were prepared by removal of an acid-sensitive
functional group from zirconium; however, others
were prepared by transmetalation reactions from u,-
n® COy-bridged tin complexes as shown in Scheme
13. These are also highly moisture-sensitive and
must be handled in a glovebox. A further early
transition metal complex was reported by Geoffroy
et al.;*® the compound was prepared as shown in
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Scheme 10
ﬁHO CIO (IZO
—>02 +1
N —p,~--CO _HOO- N--_r + _.CO N--_r + _.CO
<N/TH\N <N/ ,u@ -A <N/ 'U\H
N \J N N
$ 3
N N
A B
+2
OOH TO 3 To ]
+H,0 N-. +.-CO +B Necipy---""~~
-Ru Ru 0--_ N
- -_— R ——
H, <N/‘ NN H,, <N/ NN > u\N>
N co N J
NN
N-N = bpy 50
Table 2. Summary of Preparative Routes to u,-n? CO,-Bridged Complexes
compound precursors ref
(PPh3)2(Cl)(t-Bupy)Ir(u-O)(CO2)0s(0).(t-Bupy). (33) Ir(CI)(CO)(PPhgz),, OsOy4, t-Bupy 26
(PPh3)z(t-BUNC)(t-Bupy)Ir(u-0O)(CO2)(0s)(0)(t-Bupy)2*Cl~ (34) 33, t-BuNC 26
Cp*Ir(u-t-BuN)(CO2)ZrCp; (35) Cp*Ir(u-t-BuN)ZrCp,, CO; 27
[Rh2(CO,)(CO)(dppm):] (36) Rh2(CO)2(dppm)2 28
Ru2(CO)4[u-(RO).PN(Et)P(OR),]»(CO>), R = i-Pr (37) Ruz(CO)s(R'OH)[u-(RO),PN(Et)P(OR).],, pyridine 29
Pt(Ph)(PEts),(CO,)Pt(Ph)(PEts), (38) Pt(COOH)(Ph)(PEts), Pt(OH)(Ph)(PEts), 30
Pt(CF3)(diphoe)(CO,)(Pt(CFs)(diphoe) (39) Pt(COOH)(CF3)(diphoe), Pt(OH)(CFs3)(diphoe) 31
Pt(CFs)(dppe)(CO2)Pt(CFs)(dppe) (40) Pt(COOH)(CFs)(dppe), Pt(OH)(CFs)(dppe) 31
cis-CpFe(CO)(PPh3)(CO2)Re(CO)4(L), CpFe(CO)(PPh3)CO, K™, cis-Re(CO)4(L)(F-BFs3) 32,33

L = CO, PPhs, P(OPh)s, P(OEt); (41—44)
fac-CpFe(CO)(PPhs)(CO2)Re(CO)3[P(OEL)s]2 (45)

fac-CpFe(CO)(PPh3)(CO,)Re(CO)s[P(OEt)s], P(OEt); 33

Cp*Re(CO)(NO)(CO,)Re(CO)s (46) Cp*Re(CO)(NO)COOH, Re(CO)s(CoH4)"BF4~ 34
Cp*Re(CO)(NO)(CO2)W(CO)sCp (47) Cp*Re(CO)(NO)COOH, CpW(CO)s(F-BFs3) 34
fac,cis-Re(CO)3(L)2(CO2)Re(CO4)(L), cis-Re(CO)4(L)(CONHCHMe,), H,O 35

L = NH,CH,CH=CHj (48)
[Co(en)2(CO2)(ClO4)-H20]x (49) Co(en)2z(OH)(COy), NaClO,4, phosphate buffer 36
cis,cis-Ru(bpy)2(CO)(CO,)Ru(bpy).(CO)?+2PF¢~ (50) cis-Ru(bpy)2(CO)(CHO)"PF¢~, H,0, O, 37
CpRe(NO)(PPh3)(CO2)GePhs (51) CpRe(NO)(PPh3)CO, K+, BrGePhs 38
Cp*Fe(CO),(CO,)SnMe; (52) Cp*Fe(C0O),CO, K*, CISnMe; 39, 40
Cp*Fe(C0O)2(C0O2)SnR3, R = Me, n-Bu (52, 53) Cp*Fe(CO)s;"BF4~, KOH, CISnR3 40
Cp*Re(CO)(NO)(COz)SnMe; (54) Cp*Re(CO)(NO)COOH, ClSnMe; 40
CpFe(CO)z(COg)SnPh3 (55) CpFe(CO)3+BF4‘, KOH, CISnPh; 40
CpFe(CO)(PPh3)(CO,)SnR3, R = Me, n-Bu (56, 57) CpFe(CO)(PPh3)CO,~, K*, CISnR; 40

Scheme 11 Scheme 12
| 0 Ph l Y
.--Re_ .7 + ~ce—TM KB —-Re_ 7 Me. -CH
ON / C\( - kK + Br’Ge\Ph —=2l ocC- € C\ + /‘Zr< 4
.--Re—C Ge
Ph,P (0] Ph ke C/ \\\Z e
--- - r
51 oC / \0//
ON i

Scheme 14. A summary of the complexes involving
early transition metals is shown in Table 3 together
with their precursors.

Symmetrical (class 1) u2-1° complexes involving two
late transition metals are also well known, and
several have been fully characterized. Geoffroy et
al.*® reported the first compounds of this type by net
[2 + 2] cycloaddition reactions such as the one shown

™~
58 @
in Scheme 15 for the Re/W complex (70), which has
been structurally characterized. This and several
related compounds (71—76) prepared in this way are
identified in Table 4.

Thermolysis, with CO displacement, has been used
by Gibson et al.®233 to prepare other late transition
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metal complexes of this type (77—83); the method is
illustrated in Scheme 16. However, in several in-
stances, u>-n® complexes 81—83 can be obtained
directly from reactions that would be expected to
yield the u,-1? complexes instead, apparently by facile

conversion of the intermediate u,-1? complex.®44” An
example of this reaction is shown in Scheme 17; the
conversion to the u,-n® complex 81 takes place at
room temperature and is thought to be facilitated by
the strongly electron donating Cp* ligand, which
enhances the nucleophilicity of the metallocarboxy-

Table 3. Summary of Preparative Routes to Class | u,-n® CO,-Bridged Compounds Involving Late and Early

Transition Metals

compound precursors ref
CpRe(CO)(NO)(CO2)Zr(CI)Cp2 (58) CpRe(CO)(NO)COOH, Cp2Zr(CI)(CHa) 41
CpRu(CO),(CO,)Zr(Cl)Cp, (59) CpRu(CO),CO,"Na*, Cp,ZrCl, or CpRu(C0O),Zr(CI)Cp,, CO, 42,43
CpRuU(CO),(CO,)Ti(Cl)Cp2 (60) CpRu(CO),"Nat, Cp,TiCl, or CpRu(CO),Ti(Cl)Cp,, CO, 42
CpFe(C0O),(CO)Zr(Cl)Cp, (61) CpFe(C0),CO,CO, Na*, Cp,ZrCl, 42
CpFe(CO)g(COZ)TI(CI)sz (62) CpFe(CO)2C02_Na+, CpgTIClg 42
Cp*Ru(CO),(CO,)Zr(Cl)Cp, (63) Cp*Ru(CO),COQOH, Cp,Zr(H)(CI) or 44
Cp*Ru(C0O)2(CO2)SnPhs, Cp2Zr(Me)(Cl)
Cp*Re(CO)(NO)(CO,)Zr(CI)Cp- (64) Cp*Re(CO)(NO)COOH, Cp,Zr(H)(CI) 44
Cp*Ru(CO),(CO,)Zr(Me)Cp, (65) Cp*Ru(C0O),COO0H, Cp,Zr(Me)(OCHy3) 44
Cp*Re(CO)(NO)(CO,)Zr(Me)Cp; (66) Cp*Re(CO)(NO)COOH, Cp.ZrMe, 44
Cp*Ru(C0O)2(CO2)Zr(SnPh3)Cp, (67) Cp*Ru(C0O),(CO,)SnPhs, Cp2Zr(H)(Me) 44
Cp*Re(CO)(NO)(CO,)Zr(SnPh3)Cp- (68) Cp*Re(CO)(NO)(CO)SnPhg, Cp,Zr(H)(Me) 44
Cp*Re(CO)(NO)(CO,)Ti(tmtaa)'BF4~ (69) Cp*Re(CO)(NO)*BF,~, (tmtaa)Ti=0 45
Table 4. Summary of Preparative Routes to Class | u,-9° CO,-Bridged Compounds Involving Two Late Transition
Metals
compound precursors ref
Cp*Re(CO)(NO)(CO2)MCp,*BF+~, M = W or Mo (70, 71) Cp*Re(CO)(NO)*BF4~, Cp:M = O, M = W or Mo 46
Cp'Mn(CO)(NO)(CO2)MCp,"BFs~, M =W or Mo (72, 73) Cp'Mn(CO)(NO)*BF,~, CpaM = O, M = W or Mo 46
CpM(CO),(CO,)WCp,"BF+~, M = Fe or Ru (74, 75) CpM(CO);*BF4~, Cp,W = O, M = Fe or Ru
Pt(CI)(PEts)(CO2)WCp2"BF4~ (76) Pt(CI)(PEts)(CO)s*BF4~, CpW = O 46
fac-CpFe(CO)(PPh3)(CO,)Re(CO)s(L), L = CO, Ccis-CpFe(CO)(PPh3)(CO2)Re(CO)4(L) 32,33
PPhs, P(OPh)s;, P(OEt); (77—80)

fac-Cp*Re(CO)(NO)(CO,)Re(CO);s(PPhs) (81) Cp*Re(CO)(NO)COOH, cis-Re(CO)4(PPhz)(F-BF3) 47
Cp*Re(CO)(NO)(CO2)M0o(C0O),Cp (82) Cp*Re(CO)(NO)COOH, CpMo(CO)s(F-BFs3) 34, 48
Cp*Re(CO)(NO)(CO2)W(CO).Cp (83) Cp*Re(CO)(NO)COOH, CpW(CO)3(F-BF3) 34
fac,cis-Re(CO);(dppp)(CO2)Re(CO)(dppp) (84) fac-Re(CO)3(dppp)COOH, KOH 49
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late. A summary of the compounds prepared in this
way is also in Table 4.

Quite recently*® it was found that thermolysis of a
carboxyethylene-bridged bimetallic complex can lead
to a up-n® CO,-bridged complex as shown in Scheme
18. This method is less effective than the alternative
one, involving displacement of BF,, indicated for the
same compound in Table 4.

Finally, a dirhenium complex 84 has been pre-
pared* by treating fac-Re(CO);(dppp)COOH with
solid KOH. This may be an instance in which some
of the acid decomposes to the corresponding hydride,
Re(CO)s(dppp)(H), which then reacts with additional
acid yielding an intermediate u,-7? complex followed
by loss of CO to yield the observed product.

Compounds of these late transition metals are also
air-sensitive and labile in solution; most have been

Scheme 18
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Gibson

prepared under N; either in a glovebox or in Schlenk-
ware. The compounds containing zirconium are
especially air- and moisture-sensitive.

(b) Class Il Compounds. The first compunds of this
type (85—87) were reported by Gladysz et al.®® by
reactions of CpRe(NO)(PPh3)CO,K* with main group
halides; the reactions are illustrated in Scheme 19.
Initially, the compounds were made to support the
formulation of the metallocarboxylate anion since the
triphenyltin complex is a nicely crystalline compound.
However, the compounds undergo some interesting
reactions and also show promise as relatively stable
shelf reagents for the synthesis of other CO,-bridged
compounds (see section VII.C.2).

The next systems to be prepared were the iron
complexes (88, 89) reported by Gibson et al.;>° these
also were prepared from metallocarboxylate anions
and CISnPh;. Compounds 91 and 92 were prepared
similarly. This group also developed an alternative
method for the synthesis of CO,-bridged tin com-
plexes derived from highly labile metallocarboxylates.
In this procedure, the metallocarboxylate was formed
in situ in agueous media from a metal carbonyl cation
and in the presence of the tin halide.*®5* Good to
excellent yields (54—90%) of the CO,-bridged com-
pounds (90, 93, 94) can be obtained in this way since
the products are not moisture-sensitive. This method
was used first with the highly labile indenyliron
system, IndFe(CO)(PPh3)COO~K*, and has been used
effectively with complexes derived from Cp*Fe(CO),-
CO, Kt and Cp*Ru(C0O),CO, K™ (see Table 5).

In some cases, it has been possible to use a
metallocarboxylic acid directly with the tin halide to
generate a CO,-bridged complex. Thus Cp*Re(CO)-
(NO)COOH reacts with CISnPh; to provide the uy-73
COy-bridged complex 95;* higher yields are obtained
when Na,COgs is added to take up liberated HCI (the
metallocarboxylic acid is not deprotonated by this
base). Also, the first compound (96) containing two
bridging carboxylate ligands to tin has been prepared
from this rhenium acid in combination with Me,-
SnCI2.52

3. usn® Complexes

The first compound of this type was reported by
Lewis and Johnson and their co-workers. Initially
it was reported®? that the reaction of Osg(CO);g With
Os3(CO);;H- afforded the cluster anion HOs;-

(fp* (fp

- J

Cp*ﬁe(CO)(NO) 4—1 -co

(0]

C
/\O

CpMo(CO),

82
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Table 5. Summary of Class Il u,-n® CO,-Bridged Compounds Involving Late and Main Group Metals

compound precursors ref
CpRe(NO)(PPh3)(CO2)SnMes (85) CpRe(NO)CO, K*, CISnMes 38
CpRe(NO)(PPh3)(CO2)SnPhs3 (86) CpRe(NO)(PPh3)CO, K™, CISnPhs 38
CpRe(NO)(PPh3)(CO2)PbPh; (87) CpRe(NO)(PPh3)CO, K™, CIPbPh; 38
CpFe(CO)(PPh3)(CO2)SnPh; (88) CpFe(CO)(PPh3)CO, K*, CISnPh; 50
Cp*Fe(CO)(PPhs3)(CO2)SnPh; (89) Cp*Fe(CO)(PPh3)CO, K, CISnPh; 50
IndFe(CO)(PPhs)(CO,)SnPh; (90) IndFe(CO),(PPhs)*BF,~, KOH, CISnPhs 51
CpFe(CO)(PPh3)(CO2)SnR3, R = Me, n-Bu (91, 92) CpFe(CO)(PPh3)CO, K*, CISnR; 40
Cp*Fe(CO),(CO,)SnPh; (93) Cp*Fe(CO)s;"BF4~, KOH, CISnPh; 40
same Cp*Fe(C0),CO, K™, CISnPhs 39
Cp*Ru(C0),(CO,)SnPh3 (94) Cp*Ru(CO);"BF,~, KOH, CISnPh; 40
Cp*Re(CO)(NO)(CO2)SnPh; (95) Cp*Re(CO)(NO)COOCH, CISnPh; 47
[Cp*Re(CO)(NO)(CO2)].SnMe, (96) Cp*Re(CO)(NO)COOH, Me,SnCl, 52

Scheme 19
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| s R 85; M = Sn, R = Me
ON__}Re—C< >M—R 86; M = Sn, R = Ph
Ph;P o A 87; M = Pb, R = Ph

(C0O)10(0,C)0s6(CO)17~ (97); the PPNT salt of the
anion was structurally characterized. However, in
preparing additional related compounds,> it became
apparent that oxygen was a necessary co-reagent.
Only the first compound was structurally character-
ized; the others are formulated as u3-17° complexes on
the basis of IR and elemental analysis data.

The rhenium cluster complex 98 was generated in
low yield from the photolysis of Re;(CO)io in the

(0C)sRe—0-C—Re(CO),

presence of NO and COT by Ziegler et al.5® The
compound was formulated as a metallocarboxylic acid
on the basis of the presence of voy in IR data, but
the carboxyl C—0O and O—Re bond distances do not
show the differences which would be expected from
such a compound. The proton could not be located.

The related tetranuclear rhenium cluster 99 was
reported by Beck et al.%¢ in 1982. It was prepared

(OC)SR e\

(0]

\
C—OQ

/ \

(0C)R€E Re(CO),
0K
O—Re(CO);
99

by dehydration of “Re(CO)s(OH)” in acetone solution.
The compound has been structurally characterized
and shows carboxyl C—0O and O—Re bond distances

that are quite similar to those reported by Ziegler
for the other rhenium cluster with a single bridging
CO..

Caulton et al.5” reported and structurally charac-
terized the cluster compound 100 by the direct

,Os\H
(COD)RhY  C “Rh(COD)

N
O/ \0/

100

reaction of CO, with two equivalents of (COD)RhH;-
Os(PMe,Ph);. The reaction also yields H3Os(CO)-
(PMe;Ph); and water as reaction products.

4. ugn* Complexes

The only examples of this type of complex are the
metallocarboxylate salts characterized by Floriani.5®
The preparation of these compounds are discussed
together with other metallocarboxylate salts in sec-
tion 11.C.

5. ugm* Complexes

Reaction of cis-Ru(bpy)2(CO).?", 2PFs~ with 2 equiv
of n-BusNOH vyields a hydrated CO, complex (101)
which was initially formulated as an “»* complex”.>®
However, the analytical and structural work showed
that the carboxyl group was hydrated. Further
analysis of the structural data®® (see discussion in
section 1V.G) has revealed a structural unit consist-
ing of two cis-Ru(bpy)2(CO)(CO,) molecules held
together by six water molecules. Although other CO,
complexes have been generated by deprotonation of
a metallocarboxylic acid, the type of complex studied
by Tanaka et al. is, so far, unique. This group also
reported the preparation of the “anhydrous” analog
by conducting the reaction of n-Bus,NOH with the
cation in dry CH3CN.5%®

6. usn° Complexes

Only one compound of this type has been reported.
Caulton et al.>™ showed that the us-° complex 100
would react with ZnBr; to afford a compound in
which both carboxyl oxygens were bound to zinc; the
compound (102) was structurally characterized (see
section IV.H).

C. Metallocarboxylate Anions

Direct reaction between a simple metal anion
complex and CO; has been used with several systems
to generate the corresponding carbon dioxide complex
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as illustrated in Scheme 20. The reactions usually
require extremely low reaction temperatures because
of the reversible nature of many of the reactions.
Anionic complexes which have been formed in this
way are indicated in Table 6. Several groups have
worked with the metallocarboxylates derived from
CpFe(CO),”Nat, but the early observations of Evans
et al.®® prompted much of the subsequent work
between this or other metal carbonyl anions and COs,.
Among the carbon dioxide complexes, metallocar-
boxylate anions are typically the most difficult com-
pounds to handle since they are highly labile in
solution and very air-sensitive. As the work of
Cutlert263 and Cooper® showed, it is necessary to
generate the metallocarboxylate salts at —78 °C in
an inert atmosphere in order to observe them di-
rectly. Cooper had also generated the metallocar-
boxylate dianion from Li,W(CQ)s in a similar way.5%6¢

By contrast, cobalt(salen)"M* (M = Li, Na, K, Cs)
complexes 110—113 were carbonated rapidly at room
temperature, and the metallocarboxylate salts pre-
cipitated from the THF solution.’® The potassium
salt required 5 days at room temperature for com-
plete reaction with CO,. The sodium and potassium
salts lost CO, under vacuum, but the lithium salt did
not. Related metallocarboxylate complexes having
Et-salen (114, 115) and n-Pr-salen (116) ligands on
cobalt were also prepared by direct reaction with CO..

Other metallocarboxylate anions have been gener-
ated by deprotonation of a metallocarboxylic
acid;38.67.6850 some have been generated as a result
of addition of 2 equiv of hydroxide ion to a metal
carbonyl cation as shown in Scheme 21. Others have
been generated in situ in this way.54° This method
is sometimes effective for synthetic purposes even
when the metallocarboxylate anion cannot be iso-
lated. Also, it is the only route to metallocarboxylate
anions for which the corresponding metal anion
cannot be prepared. Note, however, that metallo-
carboxylate anions do not result from metal carbonyl

Gibson

Scheme 21
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cations bearing aryl phosphite ligands. Reactions of
these iron cations with hydroxide ion result in good
preparations for phosphonate complexes instead.5®
Synthetic routes from the acids are also summarized
in Table 6.

IV. Structures of Metal —CO, Complexes

Although carbon dioxide is a linear molecule with
equivalent C—O bond distances of 1.155(1) A, all
structurally characterized CO, complexes contain
transition metal—carbon bonds and possess a bent
carbon dioxide ligand. Thus, with regard to geom-
etry, the coordinated CO, groups bear a formal
resemblance to the formate radical anion, *CO;™,
produced by one-electron reduction of CO,, as dis-
cussed in section VI. Several types of complexes are
possible, depending upon the mode of coordination
of the ligated CO; and the number of metal centers
that interact with the ligand.

In the discussion below, division has been made
simply according to the number of bonds between
each ligated CO, and the metal centers or hydrogen
atoms from water molecules in the complex (desig-
nated in terms of ") and according to the number of
metal centers (including hydrogen) binding each CO,
(designated in terms of u,). All types have the
carboxylate carbon bound to a metal center; no
compounds have yet been isolated in which the CO,
is bound solely through one or both oxygen atoms,
although such species may exist on metal surfaces
(see discussion in section VI). The compounds con-
stitute structural models for complexes in cata-

Table 6. Summary of Preparations for Metallocarboxylate Anion Complexes

compound

precursors ref

By Direct Carbonation

CpFe(C0),CO,"M*, M = Li, Na, K, 1/2 Mg (103—106)
CpRu(CO),CO,"Na* (107)

W(CO)sCO2%2Li* (108)

Cp*Fe(C0O),CO, K* (109)

Co(salen)CO,"M™* (110—-113)

Co(Et-salen)CO,"M*, M = Li, Na (114, 115)
Co(n-Pr-salen)CO, K* (116)

By Deprotonation of MCOOH

CpRe(NO)(PPh3)CO, K* (117)

CpFe(CO)(PPhs)CO, K* (118)

Cp*Fe(CO)(PPh3)CO, K* (119)
Cp*Ru(C0),CO, K* (120)

Ind Fe(CO),CO, K+ (122)

CpFe(CO),"M* 62—64
CpRu(CO);"Nat 43
W(COs22Li* 65, 66
Cp*Fe(CO), K+ 39
Co(salen)"M™* 58
Co(Et-salen) M+ 58
Co(n-Pr-salen)”"K* 58
CpRe(NO)(PPh;)COOH, KH 38
CpFe(CO),(PPhs)™BF,~, KOH 50, 67
Cp*Fe(CO)2(PPhs)™BF,~, KOH 50
Cp*Ru(CO)s"BF4~, KOH 40
Ind Fe(CO)s;*BF,~, KOH 51
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lytic processes leading to conversion of CO, to other
carbon compounds.

A. ' Complexes

The only complex of this type to be structurally
characterized is the rhodium complex 3 reported by
Herskovitz et al.® X-ray structural analysis showed
a Rh—C(1) bond distance of 2.05(2) A and C—0 bond
distances of 1.20(2) and 1.25(2) A. The O—C—0 angle
was 126(2)°. Earlier, structural analysis of the
methylated derivative of Ir(dmpe),(CI)(CO,) had also
supported the designation of this compound as an #*
complex.”

B. 2 Complexes

The first compound of this type to be structurally
characterized (and the first CO, complex to be so
characterized), 4, was reported by Aresta and Nobile®
and involved an almost planar coordination environ-
ment about the nickel atom with two bulky phos-
phine ligands in addition to the CO,. As illustrated
in the diagram for 4, the carbon dioxide ligand is
bound through carbon and one oxygen and thus has
one short C—0 bond (1.17 A) and one longer one of
1.22 A. The compound also showed a very large
O—C—-0O angle of 133°. Later, Jolly, Romao, and their
co-workers®® were able to structurally characterize
the solvent-free complex. Detailed analysis of the
compound showed C—0O bond lengths of 1.211(4) and
1.257(5) A and an O—C—0 bond angle of 136.2°.

The structural report by Aresta was followed by
crystallographic characterization of the niobium com-
plex Cp'2Nb(CO,)(CH,SiMe3) (11) by Lappert et al.,*”
which also showed dissimilar C—0O bond distances
(1.216(8) and 1.283(8) A) and a large O—C—0 angle
(132.4(7)°). Again, the data showed bonding between
the metal and only one carboxyl oxygen. Nicholas et
al.?! characterized the related Cp'2Nb(CO,)(CH2Ph)
(16), which shows similar structural parameters.
Soon after Lappert’s report, Floriani and co-workers'®
reported the characterization of Cp,Mo(CO,), which
showed an even larger difference in the carboxyl C—O
bond lengths (1.201(14) and 1.288(14) A) and showed
bonding between molybdenum and only one carboxyl
oxygen.

The iron complex, Fe(CO2)(depe): (9), characterized
by Komiya et al.*® has trigonal-bipyramidal geometry
about the iron atom with the CO; ligand in the
equatorial plane. It is unique among 7°-CO, com-
plexes with two relatively long C—O bonds, 1.25(3)
and 1.28(2)A, and a relatively small O—C—0 angle
of 124(2)°. On the basis of these data and IR spectral
characteristics (see section VI.A.2), the CO; ligand
was described as being intermediate between #*- and
n?-coordinated.

Preliminary structural data has been reported
recently by Hidai et al.?® on a tungsten complex,
trans-[W(CO)(CO_)(dppe).], which appears to be of
the 7? type also. However, detailed bond distances
and bond angles are not yet available for the com-
pound.

Carmona and co-workers have reported structural
data on two bis(carbon dioxide) complexes of molyb-
denum. The first compound, trans-[Mo(CO,).(PMe3)s-
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Figure 2. Molecular structure of mer,trans-Mo(CO),-
(PMe3)3(CN-i-Pr) (22).

(CN-i-Pr)]?%@ whose structure is shown in Figure 2,
showed equivalently ligated CO, molecules (1.22(2)
and 1.26(2) A in the first and 1.22(1) and 1.26(1) A)
in the second). As expected for an #? complex, the
O—C-0 angles are large (133(1)° and 134(1)°) and
bonding to molybdenum involves a single carboxyl
oxygen in each case. The planes of the two metal-
lalactone rings are orthogonal. The second compound
is the closely related trans-[Mo(CO,),(PMe3)3(CNCH.-
Ph)].2¢ In this compound, however, there are greater
differences in C—0O bond lengths between each li-
gated CO, molecule (1.25(2) and 1.28(3) A in one and
1.20(2) and 1.28(3) A in the other) and smaller
O—C-0 bond angles (128(2)° for both) than are seen
for most 52-type complexes. Again the two metalla-
lactone rings are orthogonal.

C. ur-n? Complexes

The simplest type of CO,-bridged bimetallic com-
plex involves coordination of the carboxyl carbon to
one metal and bonding of one carboxyl oxygen to a
second metal center. However, interesting variations
result depending upon whether the two metal centers
are bound together, bridged by other groups, totally
independent or, alternatively, have the bridging CO
as a repeating unit of a polymer chain.

The first compounds of the u,-? type (33, 34) were
reported by Collins et al.?6 Although neither were
structurally characterized directly, the O-alkylated
derivative of 34 was characterized by X-ray analysis,
thus providing unequivocal support for the formula-
tion of the precursor and its relatives. The molecular
structure of the cation indicated that the bridging
CO; of the precursor was actually part of a five-
membered metallacyclic ring because of the presence
of a bridging oxo ligand between iridium and osmium.
More recently, Bergman et al.?” structurally charac-
terized a related metallacyclic complex (35) with CO,
bridged between iridium and zirconium as shown in
Scheme 4 and in Figure 3. One C—0 bond was much
shorter than the other, 1.229(12) and 1.306(12) A,
and the O—C—0 angle was 122.2(9)°.

Haines et al.?° first reported the preliminary struc-
tural characterization of a CO,-bridged diruthenium
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Figure 3. Molecular structure of Cp*Ir(u-t-BuN)(COy)-
ZrCp, (35).

complex (36) in 1990 and later refined the data more

Et
36

completely. The compound has a CO; ligand bridged
between bonded ruthenium atoms, thus generating
a four-membered metallacyclic ring. The compound
exhibits a C—O distance of only 1.06(3) A for the
noncoordinated carboxyl oxygen, the shortest for any
CO; complex yet known; the other C—O bond dis-
tance is normal at 1.29(3) A. The compound showed
an internal O—C—0 angle of 101(2)°, the smallest
such angle known for any CO, complex.

Carbon dioxide complexes of cobalt have been
studied by Creutz et al.3 The structure of a poly-
meric complex, [Co''(en),(CO,)(Cl0,)-H,0], (49), was
reported in 1992. The polymer has repeating units
with CO; bridged in u,-? fashion between cobalt
atoms and showing one short carboxylate C—O bond
(1.214(19) A) and one longer C—0 bond (1.285(18) A)
and an internal O—C—0O angle of 124(2)°. The
polymeric structure was proposed to be stabilized by
hydrogen-bonding interactions involving, in each
case, six amine hydrogens and the carboxylate oxy-
gens as well as further H-bonding between remaining
amine hydrogens and those of H,O with the perchlo-
rate anion.

At about the same time, Gibson et al.®® reported
the characterization of the iron—rhenium compound,
CpFe(CO)(PPh3)(CO2)Re(CO)4(PPh3) (42), shown in
Figure 4, which has the CO; ligand bound through
carbon to the iron atom and through one oxygen to
the rhenium atom. This complex also showed one
short carboxyl C—O bond (1.226(3) A) and one longer
bond (1.298(3) A) and had an O—C—0 angle of 121.9-
(3)°. More recently, structural data on a uy-n? CO,-
bridged dirhenium complex (48) has been reported
by Lin et al.?®* Again, one short C—O bond (1.24(1) A)
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Figure 4. Molecular structure of CpFe(CO)(PPh3)(COy)-
Re(CO)4(PPhg) (42).
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Figure 5. Molecular structure of Cp*Re(CO)(NO)(COy)-
SnMe;s (54).

and one longer C—O bond (1.30(1) A) were found in
the CO; ligand. The O—C—0 angle in this complex
is somewhat smaller (119.0(8)°) than those in the
others of this structural type.

Also, Gibson et al.*? reported the structural char-
acterization of Cp*Re(CO)(NO)(CO2)SnMe;z (54) in
which only one carboxylate oxygen is coordinated to
tin. Again, the C—O bond lengths are unequal:
1.237(6) and 1.311(6) A. The O—C—0 bond angle is
117.0(5)°, but it is clearly the O—Sn distances (2.054-
(4) A and 2.806(4) A) which confirm that the com-
pound is of the u,-n? type. The Re—carboxyl carbon
bond length is 2.103(5) A; an ORTEP diagram for this
compound is shown in Figure 5.

As a group, all of the u,-»?> complexes show one
short and one long C—0O bond; the nonmetallacyclic
complexes show a relatively large O—C—0 angle,
varying from 117 to 124° in the compounds charac-
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terized to the present time. Clearly, ring size in the
metallacyclic compounds can have a large impact on
these parameters.

D. u>-m® Complexes

There are two structurally distinct types of com-
pounds having the carboxylate carbon bound to one
metal center and both oxygens bound to a second
metal. The characteristics of the two types are
discussed below.

1. Class | Compounds

The compounds in this class at present all have the
CO; ligand bridged between two transition metals.
The first to be reported*® was the rhenium/tungsten
cationic complex 70. The rhenium—carboxylate car-

+

Cp* (o)
ke c_ >
/ O

Cp
w | e

oc Cp

NO

70

bon bond is short at 2.04(4) A, supporting the
dimetalated dioxycarbene formulation shown. The
C—0 bond distances, 1.34(4) and 1.32(4) A, are both
longer than in the tin complex shown in Figure 5.
The O—W bond distances, also, are highly sym-
metrical at 2.09(2) and 2.08(2) A and the O—C—0
angle is 106(3)°. The Geoffroy group also reported
the characterization of a related CO,-bridged cation,
Cp*Re(CO)(NO)(CO2)Ti(tmtaa)* (69) soon after-
ward.*® This system has a slightly less symmetrically
bonded CO; ligand: C—O bond distances are 1.281-
(11) and 1.309(11) A and the O—Ti distances are
2.023(7) and 2.066(6) A. The O—C—0 angle is 111.9-
(8)°. Also, the rhenium—carboxyl carbon bond is
somewhat longer at 2.081(9) A.

Several related, but neutral, symmetrical com-
plexes derived from the same rhenium metallocar-
boxylate have been characterized by Gibson et
al.344447.71 Data for all compounds derived from this
rhenium system are summarized in Table 7; ORTEP
diagrams for two of these compounds are shown in
Figures 6 and 7. Gibson et al. also characterized two
related compounds derived from other metallocar-
boxylates. Thus, CpFe(CO)(PPh3)(CO,)Re(CO)s-
[P(OEt)s] (80)3 also shows symmetrical bonding
about the bridging CO, ligand with C-O bond
lengths of 1.322(8) and 1.274(8) A and O—Re bond
lengths of 2.163(5) and 2.143(5) A. The internal
O—C-0 angle is 111.3(6)°; the ORTEP diagram is
shown in Figure 8. Cp*Ru(C0)2(CO,)Zr(Cl)Cp, (63)**

Chemical Reviews, 1996, Vol. 96, No. 6 2075

Figure 6. Molecular structure of fac-Cp*Re(CO)(NO)-
(CO,)Re(CO)3(PPh3) (81).
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Figure 7. Molecular structure of Cp*Re(CO)(NO)-

shows C—O bond lengths of 1.285(5) and 1.281(5) A
and O—2Zr bond lengths of 2.221(3) and 2.236(3) A.
Here the O—C—0O bond angle is 113.4(3)°. The
ORTEP diagram for this compound is shown in
Figure 9. The two complexes with zirconocene frag-
ments have similar structures with regard to the
bonding around this fragment. Considering the
centroids to each cyclopentadienyl ring as bonds, the
geometry about the Zr atom can be described as edge-
capped tetrahedral with the two carboxyl oxygens
and the chlorine atom lying in a plane.

Recently, also, Mandal et al.*° characterized a CO,-
bridged dirhenium compound in this class,
(dppp)(CO)sRe(CO2)Re(CO)2(dppp)-CsHe (84). The
compound showed C—0O bond distances of 1.260(15)
and 1.289(14) A and O—Re bond distances of 2.198-
(8) and 2.208(8) A. The rhenium—carboxylate carbon
bond length is 2.191(13) A; thus it is somewhat longer
than in those compounds with a Cp*Re(CO)(NO)
fragment.

Table 7. Structural Parameters for Symmetrical u,-n® CO,-Bridged Complexes, Cp*Re(CO)(NO)(CO,)ML,

bond lengths (A)

ML, Cc-0 Oo—M O—C—-0 angle (deg) ref
WCp_* (70) 1.32(4), 1.34(4) 2.08(2), 2.09(2) 106(3) 46
Ti(tmtaa) (69) 1.281(11), 1.309(11) 2.023(7), 2.066(6) 111.9(8) 45
Re(CO)s(PPhg) (81) 1.289(8), 1.296 (6) 2.165 (4), 2.175(3) 113.2(5) a7
Re(CO)2(PPhs), 1.285(8), 1.303(8) 2.178(5), 2.215(5) 112.7(7) 71
Zr(CIl)Cp: (58) 1.271(7), 1.296(8) 2.201(3), 2.245(4) 113.9(4) 44
Mo(CO),Cp (82) 1.26(1), 1.29(1) 2.149(7), 2.158(7) 112.8(10) 34
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C14 Cis

Figure 8. Molecular structure of fac-CpFe(CO)(PPhg)-
(CO2)Re(CO)3[P(OEt)s] (80).

Figure 9. Molecular structure of Cp*Ru(CO),(CO,)Zr(Cl)-
Cp2 (63).

Thus, the class | compounds are characterized by
nearly equal C—0 bond lengths as well as nearly
equal O—M; bond lengths and a small O—C—0O bond
angle (in the range 106—114° in the compounds
characterized to date). Except for 70, which has an
unusually small O—C—0 angle, variations in coor-
dination geometry at M, do not have a large impact
on these characteristics.

Gibson
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Figure 10. Molecular structure of CpFe(CO)(PPh3)(COy)-
SnMejs (91).

2. Class Il Compounds

The compounds in this class that have been struc-
turally characterized, so far, are ones in which the
two carboxylate oxygens are bound, unequally, to a
tin atom. Structural data relating to bonding of the
carboxyl group in these compounds are summarized
in Table 8. All except the final entry in the table
have distorted trigonal-bipyramidal geometry at the
tin atom and the carboxyl oxygens occupy one axial
and one equatorial site. The most symmetrical of the
compounds is the first one in Table 8, and the most
unsymmetrical is the indenyl complex (90). The large
difference in O—Sn bond lengths and the relatively
large O—C—-0O angle (115.9(3)°) in this compound
appear to represent the limits for compounds in this
class. Note that the u,-n?> CO,-bridged rhenium—
trimethyltin complex 54 in Figure 5 shows an only
slightly greater O—C—0 angle but has one signifi-
cantly longer O—Sn distance and is, by IR spectral
characterization also, of the u,-#> type. ORTEP
diagrams for two representative compounds in class
Il are shown in Figures 10 and 11. The trimethyltin
derivative 91 in Figure 10 is clearly of the u,-1° type,
but it was necessary to obtain the structural data at

Table 8. Summary of Carboxylate Bonding Parameters for u,-° Complexes Involving Tin

bond lengths (A)

compound Cc-0O O-Sn O—C-0 angle (deg) ref
CpRe(NO)(PPhg)(CO,)SnPh; (86) 1.269(11) 2.257(7) 112.2(8) 38
1.313(11) 2.175(7)
CpFe(CO)(PPh3)(CO2)SnPh; (88) 1.270(6) 2.342(4) 113.4(4) 50b
1.305(6) 2.123(4)
CpFe(CO)(PPh3)(CO2)SnMe; (91) 1.260(6) 2.476(3) 114.3(3) 40
1.321(5) 2.089(3)
CpFe(CO)(PPhs)(CO2)Sn(n-Bu)s (92) 1.266(7) 2.432(4) 114.2(5) 40
1.316(7) 2.105(4)
IndFe(CO)(PPh3)(CO2)SnPhs (90) 1.236(3) 2.536(2) 115.9(3) 51
1.336(3) 2.069(2)
Cp*Fe(CO)2(CO2)SnPh; (93) 1.252(3) 2.394(2) 114.5(2) 40
1.312(3) 2.102(2)
Cp*Re(CO)(NO)(CO2)SnPh; (95) 1.24(1) 2.399(1) 114.6(7) a7
1.322(9) 2.092(3)
Cp*Ru(C0),(CO,)SnPh; (94) 1.245(5) 2.425(3) 115.7(4) 44
1.306(5) 2.100(3)
[Cp*Re(CO)(NO)(CO2)1.SnMe, (96) 1.26(1) 2.524(8) 116.8(9) 52
1.31(1) 2.078(6)
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Figure 12. Molecular structure of [Cp*Re(CO)(NO)(CO,)]2-
SnMe, (96).

very low temperature, which enhances this form of
the compound. Structural data on rhenium complex
54 were obtained at room temperature.

Quite recently,? structural data have been ob-
tained for a compound with two bridging carbon
dioxide ligands to a single tin atom. The ORTEP
diagram for the compound, [Cp"Re(CO)(NO)(CO,)].-
SnMe; (96), is shown in Figure 12. This is the only
tin complex in class Il that has an octahedrally
coordinated tin atom; still, the O—Sn bond lengths,
2.078(6) and 2.524(8) A, are highly unequal. The
O—C—0 bond angle for 96 is large at 116.8(9)°.

The main feature distinguishing the class Il com-
pounds from those in class | is the highly unequal
nature of the O—M; bond lengths in class Il com-
pounds. Also, the shorter C—0 bond is always paired
with the longer O—M, bond. Additionally, the
O—C—-0 bond angles of class Il compounds are
slightly larger than those in class I.

E. us3-n® Complexes

The first CO»-bridged compound of this type to be
structurally characterized was an osmium cluster
anion with a fully chelated carbon dioxide ligand. The
compound, [(Ph3P):N]*[HOs3(C0)10(CO2)Oss(CO)17]
(97), was characterized by Lewis, Johnson, and their
co-workers.>® Later, Guy and Sheldrick reported™
the complete structural analysis of the compound,
which showed C—0O bond distances of 1.276(5) and
1.322(5) A and O—0Os bond distances of 2.115(40) and
2.192(42) A. The O—C—0 angle is 112.4(48)°.

The next compound of this general type to be
characterized was the trinuclear rhenium complex
98 characterized by Ziegler®® and showing a sym-
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Figure 13. Molecular structure of [(COD)Rh],OsH,-
(COz)(PMe,Ph); (100).

metrically bridged carboxyl group. Analytical and IR
data suggested a bridging COOH group, but this has
not been confirmed. Shortly thereafter, a tetra-
nuclear rhenium complex (99) was reported by Beck
et al.®¢ that showed two bridging CO; ligands, each
bound in wuz-n® fashion. This brief report gives
averages for the C—0 bond distances which are either
internal to the six-membered metallacyclic ring or
external to it with oxygen bonding to an Re(CO)s
moiety. Internal C—O bond lengths average 1.28 A
and the external ones average 1.25 A while O—Re
bond distances average 2.16 A (internal) and 2.13 A
(external); thus the binding of the CO, ligands
appears to be highly symmetrical. The O—-C-0O
angles were not reported.

Caulton et al.5” reported the characterization of
[(COD)Rh],0sH>(CO2)(PMe;Ph)sz (100), which has the
carboxylate carbon bound to the osmium center. The
bonding of the CO, ligand is highly symmetrical, with
C—0 bond lengths slightly greater (1.300(21) and
1.309(22) A) than in the previous examples and with
essentially equal O—Rh bond lengths (2.062(13) and
2.065(12) A). The O—C—O0 angle is 116.3(16)°; the
structure is shown in Figure 13.

F. ps-n* Complexes

The only compound of this type to be characterized
is Co(n-Pr-salen)(CO2)K(THF) (116), studied by Flo-
riani et al.’8¢ The crystals of the polymeric com-
pound were dimorphous, and X-ray analysis was
carried out on both forms. The structural data for
the two forms are closely similar, and only those for
form B will be described here. The carboxyl C—0O
bond lengths are 1.20(2) and 1.24(2) A and the
analogous O—K bond lengths are 2.74(1) and 2.66(1)
A. However, as Figure 14 shows, one of the carboxyl
oxygens (03) is also bound to a second potassium ion.
The O—C—0 bond angle in this compound is unusu-
ally large at 134.9(26)°, possibly because of the
interaction with the second K*. This is also the only
metallocarboxylate anion complex to have been struc-
turally characterized.

G. psm* Complexes

Although previously described®® as an #*-CO, com-
plex with the molecular formula cis-[Ru(bpy).(CO)-
(CO,)]-3H,0, each structural unit in the complex
(101) actually consists of two such assemblies held
together with the aid of hydrogen bonding involving
six water molecules as shown in Figure 15.5° Each
CO; ligand shows hydrogen bonding of one oxygen
to a single water molecule while the second oxygen
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Figure 14. Molecular structure of Co(n-Pr-salen)(CO)K-
(THF) (116).

Figure 15. Representation of the dimeric structure of cis-
[Ru(bpy)2(CO)(CO,)-3H,0], (101).

is bound to two other water molecules. The bonding
can be described as u4-n* with hydrogen bonds as-
suming three of the coordination sites. As might be
expected, the O—C bond is slightly longer (1.283(15)
A as compared to 1.245(16) A) where the carboxylate
oxygen is bound to two water molecules. The O—C-0O
angle was reported as 120.9(12)°.

H. s Complexes

Caulton and co-workers®” characterized the ZnBr;
derivative of the us-7® rhodium—osmium complex
discussed above. The derivative (102) shows both
carboxylate oxygens bound to the zinc atom. The
C—0 bond lengths are slightly unequal at 1.29(14)
and 1.322(14) A and the O—Rh bonds are lengthened
slightly to 2.080(8) and 2.097(7) A in comparison to
the present complex. The O—Zn bond lengths are
slightly unequal at 2.081(7) and 2.124(8) A. The
major structural change is compression of the O—C—-0
angle from 116.3(16)° in the parent to 112.2(10)° in
the derivative.

V. Bonding

A number of theoretical treatments of the bonding
of a carbon dioxide molecule to a single metal center
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Figure 16. 5-CO, bonding.
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Figure 17. #?-CO, bonding.

have appeared. The calculations have focused on
four basic modes of CO, coordination: (a) #-C, (b)
7?-C,0 (side-on), (c) *-O (end-on), and (d) #?-0,0. A
review of the results of calculations on the organo-
metallic complexes (modes a and b) appeared in
1992.7* Therefore, only a summary of these results
and comments on more recent results will be pro-
vided. Many other treatments have dealt with modes
¢ and d, but these are not included here (except in
one recent study which yields similar energies for
modes b and c for one system) since metal—carbon
bonds are not involved.

As a heterocumulene, CO, has two sets of =
molecular orbitals which are orthogonal. For #* and
n? bonding to a metal, these are in two sets: (a) the
m, nz, and 7* molecular orbitals, which lie in the
plane of the metal and CO; (parallel), and (b) an
equivalent set, which is in a plane perpendicular to
the first set (perpendicular). The “parallel” molecular
orbitals play the most significant role in bonding to
transition metals. In qualitative terms, for the #*-C
mode there is a strong charge transfer interaction
between a d,2 metal orbital and the z* orbital of CO,
(see Figure 16). In contrast, the »?> mode has been
compared to olefin—metal binding, and a model with
similarities to this for CO; is shown in Figure 17.
This model shows ¢ bonding involving the s orbital
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of CO; and an empty d,2 metal orbital together with
a bonding involving a filled dy, metal orbital and the
empty s* orbital of CO.,.

The »* mode is most favored when the transition
metal fragment has a doubly occupied d o-type orbital
that is relatively high in energy; this is best achieved
when the metal is in a relatively low oxidation state.
This mode is predicted for CO, adducts of d® square-
planar, square-pyramidal, or trigonal-bipyramidal
metal complexes. The #? mode is favored by a high-
lying d z-type orbital (e.g., in trigonal-bipyramidal
iron complexes) which stabilizes the interaction with
the n* CO; orbital; stronger stabilization is achieved
if the d o orbital pointing toward the CO; ligand is
empty (e.g., in Cp.Mo(CO;) (12), and related com-
plexes).

Because of the importance of defining the charac-
teristics of CO, adsorbed on metal surfaces (see
section V1), Salahub et al.”® recently completed a
density functional study of the interaction of CO,
with a single palladium atom. With this system also,
the n?-coordination mode was found to be lowest in
energy. IR spectral bands for the CO, ligand were
calculated as 2018, 1212, and 689 cm™! for the
asymmetric, symmetric, and bending vibrational
modes in this model.

Using ab initio treatments that included electron
correlation and methods based on the density func-
tional approach, Sodupe et al.”® recently studied the
bonding of CO, to the early transition metal scan-
dium and found that the #?-C,O mode and the #?-
0,0 mode are nearly degenerate in energy by these
calculations. Vibrational modes for the CO, ligand
in these models were calculated also. The SCF
method gave band positions of 1968, 1020, and 779
cm™? for the #2-C,0 mode and the DF method gave
1754, 832, and 615 cm™? for the vibrational bands.
For the #?-O,0 mode, the SCF method gave 1256,
1174, and 902 cm™! for the CO, vibrational bands
while the DF method gave 983, 927, and 745 cm™!
for these bands.

Sanchez-Marcos et al.”” performed ab initio calcu-
lations on trans-Mo(CO),(PHs)4 and mer,trans-Mo-
(CO2)2(CNH)(PH3)s in efforts to establish conforma-
tional preferences of the CO; ligands as well as the
main metal—carbon dioxide interactions. The most
stable conformation for the first has the CO; ligands
mutually perpendicular and eclipsing the Mo—P
bonds. Substitution of the CNH group for one PHj3
ligand introduces back donation through d—=* in-
teractions involving the CNH group, increasing the
net charge on molybdenum from +1.3 to +1.68 and
decreasing the charge on the CO, from —0.57 to
—0.42. However, the most stable conformation for
this molecule is also the staggered-eclipsed one, and
this was found by Carmona?®? in the solid state
structure for trans-Mo(CO,)2(PMe3)s(CN-i-Pr).

VI. Spectral Characterization

A. Infrared Spectral Data

It is apparent from a review of the data presented
above that all transition metal complexes which have
been structurally characterized possess bent CO,
ligands with the internal O—C—0 angle varying from
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Table 9. Calculated and Observed IR bands for Li and
Cs Adducts Formed in Ar Matrices (cm~1)8%82

adduct
(symmetry) IR band obsd calcd
LiCO; (Co) Vasym 1569.9, 1568.6 1570.9
Vsym 1329.9 1326.6
o 798.7 798.9
LiCO; (Cs) Vasym 1755.7,1750.9 1751.5
Vsym 1221.4, 1208.7 12194
o 739.5 739.3
LizCOg (Cs) Vasym 1447.9
Vsym 984.2
CsCO; (Cy) Vasym 1595.3
Vsym 1352.8
CSzCOz (sz) Vasym 1341.0
Vsym 1174.0
[ 744.5
Cs,CO; (Cs) Vasym 1334.8
Veym 1017.6

101 to 136°. Certainly, the IR spectral bands for
coordinated CO, should not resemble those of the free
linear molecule (Vasym 2349, vsym 1388 or 1285, (one
of these is due to Fermi resonance) and 6 667 cm™1),78
but can be expected to be more closely related to
certain types of metal-bound *CO,~ or, possibly, to
the radical anion itself. IR spectral bands for the free
radical anion have been calculated™ as 1677, 1405,
and 607 cm™?; the first two are stretching vibrations
and the last is an O—C—0 bending vibration. From
calculations, Yoshioka and Jordan®® predicted the
possible existence of two geometric isomers for
LiCO,: one in which the Li* would interact equally
with both oxygens of CO,~ (C,, symmetry and an
O—C—-0 angle of 132.4°) and one in which the Li"
would interact with only one of the oxygens of the
radical anion (Cs symmetry and an O—C—0 angle of
124.5°); these structures are illustrated in Figure 18.
Margrave et al.8! studied the reactions of Li atoms
with CO; in Ar matrices and obtained IR spectral
data for two species (including their labeled analogs).
Normal coordinate analyses were performed using
the two geometries calculated previously; the stretch-
ing and bending frequencies that were observed and
calculated for the two isomers were in good agree-
ment as shown in Table 9. In experiments involving
a high concentration of the alkali metal, an additional
species was observed: Li,CO,. Furthermore, labeling
studies indicated that the two oxygens in this species
were inequivalent. The structure suggested for this
species is similar to type D shown in Figure 19 and
the IR bands for it are also shown in Table 9.
Margrave,®? et al. later studied the reactions of Na,
K, and Cs with CO; in argon, nitrogen, and neat
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matrices. The M*tCO,~ species found for all three
metals was the one with C,, symmetry. At high
metal concentrations, only K and Cs formed M,CO,
species, and in both cases, two geometric forms were
observed. After labeling studies, it appeared that one
isomer had C,, symmetry but the other one had
inequivalent oxygen atoms and Cs symmetry as
observed from the Li reactions; the structures sug-
gested for these species are shown in Figure 19. The
IR bands for the products formed from reactions of
Cs with CO; in Ar matrices are shown in Table 9.
Both bands for CsCO, are shifted to slightly higher
frequencies than those observed for the Li analog.
The two bands observed for the Cs,CO, species with
Cs symmetry, however, differ greatly from those of
the corresponding Li analog; the reasons for these
differences are not understood. Also, it was found
that the species with C,, symmetry isomerized ther-
mally to the ones with Cs symmetry; thus, only the
more stable Li compound of type Li,CO, was ob-
served.

Mascetti and Tranquille® studied the interaction
of a series of metal atoms with CO; in neat matrices
at 15 K by FTIR. The metals used were titanium,
chromium, vanadium, iron, cobalt, nickel, and copper;
all formed complexes in which the CO, ligand was
highly bent. The oxophilic metals (Ti, Cr, V) were
observed to be oxidized and then coordinated to CO,
in »? fashion. The voco bands in these compounds
were found at 1750—1690 and 1180—1090 cm™. The
iron and cobalt adducts were thought to be C-
coordinated with voco bands at 1630—1565 and
1210—1190 cm™!; the cobalt adduct showed the
greater Av in agreement with an expected greater
O—C-0 angle. These band positions are very similar
to ones observed by Herskovitz”® for ' complexes
(see below). Normal coordinate analysis was per-
formed on the Fe—CO; adduct, and the observed
(1565 and 1210 cm™1) and calculated (1559 and 1238
cm™1) voco band positions were in good agreement.
For the copper adduct, voco bands were observed at
1716 and 1215 cm™!. The band positions and the
values of the observed isotopic shifts suggested end-
on coordination of a bent CO, in agreement with
calculations by Sanchez-Marcos et al.”® Several ad-
ducts were formed with nickel; the complexity in the
bands did not allow the types of adducts to be
identified.

Manceron et al.®* deposited Al and CO; together
in argon matrices. The adduct formed was found to
reversibly interconvert between two geometric iso-
mers. The low-temperature form had Cs symmetry
with inequivalence of the two C—O bonds; at higher
temperatures, the chelated form (with C,, symmetry)
was preferred. Normal coordinate analysis was
performed after data were obtained from isotopically
labeled species; the isomer with Cs symmetry showed
the voco bands at 1780 and 1146.5 cm~! while the
one with C,, symmetry showed bands at 1443.5
(corrected) and 1265.5 cm™.

Recently, surface-bound and negatively charged
(COy) species have been identified on several transi-
tion metals. The vibrational bands of these species,
some obtained from HREELS data, are shown in
Table 10 and are attributed to a bent form of the
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Table 10. Vibrational Frequencies of CO,~ Adducts on
Transition Metal Surfaces (in cm™)

metal Vasym Vsym 0 ref
Ni(110) 1620 1130 750 85
Re(0001) 1650—1600 1230 650 86
Pd(110) 1200 770 87
Mo(110) 1155 855 88

CO,~ with both oxygens thought to be bound to the
metal surface. Again, the band positions are closely
related to those of ' complexes as can be seen from
the discussions below.

In the sections below, only the C—O stretching
vibrations will be identified for each carbon dioxide
complex. As with the structural data, the compounds
are separated by class. The higher frequency band,
in all cases, is assigned to the asymmetric stretching
mode and the lower one is assigned to the symmetric
vibration.

1. »! Complexes

The rhodium complex Rh(diars),(CI)(COy) (3) struc-
turally characterized by Herskovitz et al.8 showed IR
stretching bands at 1610 and 1210 cm™t. Earlier
Herskovitz had prepared iridium’ complexes with
CO; ligands. Thus, Ir(dmpe)2(CIH(CO,) (1) showed IR
bands at 1550 and 1230 cm~! which were confirmed
as CO, bands by isotopic labeling. Similarly, Ir-
(diars)2(Ch)(COy) (2) showed bands for the CO, ligand
at 1550 and 1220 cm™%; these compounds appear to
be ' complexes also. The band positions are quite
similar to those observed by Mascetti and Tran-
quille® for matrix-isolated adducts of CO, with cobalt
and iron, which were thought to be C-coordinated.

2. n? Complexes

The structurally characterized complex Ni(PCys),-
(CO,) (4) reportedly® showed voco bands at 1740,
1150, and 1094 cm~. The compound has been re-
examined recently by Mascetti et al.® with FTIR;
isotopic labeling has been used to help in identifying
the bands. In a Nujol mull, the compound showed
voco bands at 1741, 1150, and 1093 cm™1, with the
lowest frequency band being much weaker than the
band at 1150 cm™%; in solution the bands shifted to
1750, 1154, and 1095 cm~*. The presence of two low-
frequency bands was not expected but could be
ascribed to Fermi resonance or to the presence of both
n? and end-on forms of the compound. The voco
bands for Ni(PR3)2(COy) (5, 6; R = n-Bu, Et) appear
at approximately 1660, 1200, and 1110 cm~* and are
obviously quite different from those in the complex
containing PCy; ligands. Structural data on the
compounds with alkyl phosphine ligands are not
available, and the differences in the IR spectral data
between these and the cyclohexyl phosphine complex
are not well understood. Aresta and Nobile® re-
ported IR bands at 1668, 1630, 1165, and 1130 cm™?
for the complex Rh [P(n-Bu)s]2(CI)(CO,) (7). The
doubling of bands suggests the presence of isomers,
but further work with this system has not been
reported.

Soon after the work of Aresta, Karsch'# reported
an iron complex, Fe(COz)(PMes)s (8), which was also
formulated as an 52 complex; it showed voco bands
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compound Vasym Vsym ref
[Pt(PEts)2(Ph)](CO>) (38) 1495 1290, 1190 30
[Pt(diphoe)(CF3)]2(CO2) (39) 1535 1205 31
[Pt(dppe)(CF3)]2(CO5) (40) 1545 1200 31
[Co(en)»(CO2)](Cl04)-H,0 (49) 1512 36
CpRe(NO)(PPh3)(CO2)GePhs (51) 1545 1048 38
CpFe(CO)(PPh3)(CO2)Re(CO)4(PPhs) (42) 1505 1135 32
CpFe(CO)(PPhs)(CO2)Re(CO)4[P(OPh)3] (43) 1485 32
CpFe(CO)(PPh3)(CO2)Re(CO)s (41) 1477 1142 32
CpFe(CO)(PPh3)(CO,)Re(CO)4[P(OEt)s] (44) 1497 1144 33
CpFe(CO)(PPhs)(CO2)Re(CO)3[P(OEt)s], (45) 1510 1140 33
Cp*Re(CO)(NO)(CO,)W(CO)sCp (47) 1541 1100 34
Cp*Re(CO)(NO)(CO,)Re(CO)s (46) 1514 1182 34
CpFe(C0),(CO2)SnPh; (55) 1499 1159 40
cis,cis-Ru(bpy)2(CO)(CO,)Ru(bpy)2(CO)?+2PFs~ (50) 1507 1176 37
Cp*Re(CO)(NO)(CO,)SnMe; (54) 1510 1179 40
Cp*Fe(C0)2(CO,)SnMes (52) 1516 1150 or 1122 40
Cp*Fe(C0O),(CO,)Sn(n-Bus) (53) 1534 1118 40
CpFe(CO)(PPh3)(CO2)SnMe; (56) 1491 1134 40
CpFe(CO)(PPh3)(CO2)Sn(n-Bus) (57) 1491 1113 40
[(PPh3),(t-BuUNC)(t-Bupy)Ir(u-O)(u-CO,)Os(O),(t-Bupy).] *Cl~ (34) 1583 26
[(PPh3)s(Cl)(t-Bupy)Ir(u-O)(u-CO,)Os(0)(t-Bupy).] (33) 1593 1022 26
Cp*Ir(u-n-Bu)(u-CO2)ZrCp; (35) 1569 1015 27
Ru2(CO,)(CO)4[(1-OPr),PNEtP(OPY),], (37) 1710 29
Rh,(CO)2(dppm),(CO,) (36) 1645 or 1590 28

at 1620 and 1108 cm~1. Mascetti et al.®® have also
re-examined this system with the help of isotopic
labeling and normal coordinate analysis and con-
firmed these band positions at 1623 and 1106 cm™1.
In the absence of structural data, as discussed in
section I11.A, a formato complex cannot be completely
ruled out as the product rather than the CO, com-
plex. This alternative is particularly appealing in
view of the very low position of the vasym band (1623
cm™1) as compared to most of the structurally char-
acterized »? complexes and the fact that it is closely
similar to the v,s,m band in »*-formato complexes.®!
However, the closely related, and structurally char-
acterized!® Fe(CO,)(depe). (9) has IR voco bands at
1630 and 1096 cm™! and has been described (see
discussion in section 1V.B) as intermediate between
n' and »? types. The positions of the vasym bands for
these two compounds and the rhodium complex 3, of
the 5 type, are quite similar; however, the positions
of the lower frequency bands differ.

Alt et al.?® reported the titanium complex Cp,Ti-
(CO,)(PMes) (13) and indicated a voco band at 1673
cm™%; the lower band was not reported. Mascetti et
al.®? assigned the bands for this compound at 1671
and 1187 cm™1 after isotopic labeling studies.

Floriani et al.*® reported bands at 1705 (Nujol) or
1745 (THF) cm™? for the structurally characterized
Cp2Mo(COy) (12); the lower frequency band was not
reported. The niobium complex Cp’;Nb(CO,)CH,-
SiMe; (11), obtained by Lappert et al.,}” showed a
voco band at 1695 cm~!. Nicholas et al.?* reported
that the related Cp';Nb(CO;)CH,Ph (16) showed the
vasym band at 1732 cm™! in toluene (1704 cm™! in
KBr); the 80-labeled analog showed this band at
1713 cm™t (and 1675 cm™?! in KBr).

Recently Yamamoto et al.’® reported the first
palladium—CO, complex Pd(CO,)(PMePh,), (10) and
indicated two high-frequency bands, 1658 and 1634
cm™%, presumably due to voco. This group did not
identify any low-frequency voco band for the com-
pound. Hidai et al.>® reported bands at 1677, 1187,

and 1120 cm™? for the CO; ligand in trans-W(dppe).-
(CO)(COy) (19).

Carmona et al.?® reported voco bands for the
structurally characterized bis CO, complex, trans-
Mo(CO,)2(PMe3)s(CNR)(R=CN-iPr) (22), as 1675,
1160, and 1100 cm™%. The structure of the benzyl
isonitrile analog 25 was obtained later, and its IR
spectrum showed voco bands at 1670, 1150, and 1100
cm~t. Complexes having R = Me (21), t-Bu (23), and
Cy (24) had closely similar bands. Also, trans-Mo-
(CO,)2(PMes),4 (20) showed bands at 1670, 1155, and
1100 cm™? for the CO; ligands. Mascetti®® has also
examined this latter compound by isotopic labeling
techniques and identified bands at 1690 (sh), 1668,
1153, and 1103 (sh) cm™! for the CO; ligands. The
related complex trans-Mo(COy).(PMes)s(dmpm) (26)
showed voco bands at 1670, 1155, and 1100 cm~* also,
and the bands for the dmpe, depe, and dppe analogs
are closely similar. The voco bands for trans-Mo-
(CO,)2(dmpe), (30) are closely similar to the ones for
this group. The voco bands for the less symmetrical
complexes trans-Mo(CO,),(depe)(PMe3)(CNR) (31, 32;
R = t-Bu, Cy) are moved to slightly higher frequen-
cies, and both show four bands: 1710, 1690 (1680),
1160, and 1105 cm™.

As indicated in section 1V, very few 5?> complexes
have been structurally characterized. Even with
those, IR spectral data for the voco bands in the
compounds are sometimes incomplete. Thus, the
precise relationships between structural parameters
and voco bands for the compounds and the effects of
ancillary ligands are not clear at present.

3. uzn? Complexes

Although few compounds of this type have been
structurally characterized, there are examples of both
acyclic and metallacyclic complexes with CO, bound
in this way that are well characterized. Table 11
summarizes the IR data on the compounds of this
type that have been reported. The first acyclic
compound of this type (38) to be characterized was
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Table 12. IR voco Bands (cm™?) for u,-g® CO,-Bridged Complexes Involving Transition Metals (Class | Compounds)

compound Vasym Vsym ref
Cp*Re(CO)(NO)(CO2)Re(CO)s(PPhs) (81) 1437 1282 47
CpFe(CO)(PPh3)(CO.)Re(CO)3[P(OEt)s] (80) 1435 1252 33
CpFe(CO)(PPh3)(CO2)Re(CO)3(PPhs) (78) 1435 1247 32
Cp*Re(CO)(NO)(CO2)Re(CO).(PPhs), 1435 1278 71
CpRe(CO)(NO)(CO2)Zr(Cl)Cp2 (58) 1352 1265 41
CpRu(CO)2(CO2)Zr(Cl)Cp2 (59) 1348 1290 42,43
CpFe(CO)(CO2)Zr(Cl)Cp2 (61) 1363 1268 42
CpRu(CO)2(CO2)Ti(Cl)Cp2 (60) 1349 1284 42
CpFe(CO)2(CO,)Ti(Cl)Cp2 (62) 1379 1273 42
Cp*Re(CO)(NO)(CO2)Zr(CI)Cp. (64) 1348 1288 44
Cp*Re(CO)(NO)(CO,)Zr(Me)Cp: (66) 1340 1288 44
Cp*Re(CO)(NO)(CO2)Zr(SnPhs)Cp; (68) 1336 1275 44
Cp*Ru(C0),(CO2)Zr(Cl)Cp. (63) 1339 1287 44
Cp*Ru(C0),(CO2)Zr(Me)Cp- (65) 1341 1285 44
Cp*Ru(C0),(CO2)Zr(SnPh3)Cp2 (67) 1339 1265 44
Cp*Re(CO)(NO)(CO2)Mo(CO).Cp (82) 1319 1285 34
Cp*Re(CO)(NO)(CO2)W(CO).Cp (83) 1321 1287 34

reported by Bennett;* later ones (39, 40) prepared
by Strukul et al.3! have very similar voco bands.

Szalda, Creutz and their co-workers® reported a
polymeric cobalt complex (49) which was structurally
characterized and showed repeating units with u,-
n?>-bonded CO,; the repeating unit is [Co(en)»(CO,)]-
(ClO4)-H,0. They suggested that the structure is
stabilized by hydrogen bonds between the amine
hydrogens and the “free” carboxyl oxygen as well as
the one bound to cobalt. The compound showed IR
bands at 1645 and 1512 cm™. The N-deuterated
analog showed bands at 1640 and 1521 cm™%. The
lower frequency band is analogous to vasym Of the
other u,-n? complexes; it is not clear what is respon-
sible for the other one. No data were given for the
1200—1000 cm™? region.

The ruthenium bipyridyl complex 50 characterized
recently by Gibson et al.®” shows the voco bands at
1507 and 1176 cm.~! The band positions are in the
same region as other compounds of this type and are
apparently not greatly affected by the cationic nature
of the system bearing the CO; ligand.

One of the main group complexes characterized by
Gladysz,%® CpRe(NO)(PPhs3)(CO2)GePh; (51), is of the
uz-n? type, as evidenced by the voco bands. The
spectral data for 42—47 and 52—57 have been
reported by Gibson et al.??73440 and have been ob-
tained by the DRIFTS technique® (diffuse reflectance
infrared Fourier transform spectroscopy) from dis-
persions in KCI. With all these compounds, however,
structural data on complexes of this type are sparse
and there are at present no clear correlations with
spectral data. The vasym bands vary from 1545 to
1477 cm~t in these acyclic complexes while their veym
bands appear to vary from 1205 to 1048 cm~. Band
assignments have been made after numerous com-
parisons with model compounds. However, there are
no clear distinctions between the compounds in which
the carboxylate oxygen is bound to tin rather than a
transition metal as is apparent with the u,-1° com-
plexes discussed below.

The last five compounds (33—37) in Table 11 are
metallacyclic compounds which have the CO; ligand
bridged between two metal centers. Compounds 33—
35 have five-membered rings; these show a higher
vasym band than the acyclic compounds of the same
bonding type. Bands at 1645 and 1590 cm™1, only,

were reported®® for 36, which should have a seven-
membered ring. Compound 37 shows the highest
vasym because of the strain of the four-membered
metallacyclic ring and the short carboxyl C—O bond.
These trends parallel the behavior of organic lactones
as compared to esters.

Past efforts® to correlate Av (Vasym — Vsym) in
complexes bearing carboxylate ligands with the 5t or
7? bonding mode have met with mixed results, in part
because of differences in methodology used to obtain
IR data and, in part, because of the limited avail-
ability of structural data. With the u,-n? complexes
it is apparent from Table 11 that Av is large for these
compounds. Differences in Av of 300—400 cm™ are
typical for the acyclic compounds and can be much
larger for those compounds with metallacyclic rings.
The magnitude of Av and the band positions are
sufficient to distinguish these from other types of
CO,-bridged bimetallic complexes.

4. uyn® Complexes

In section 1V, two distinct structural types exhibit-
ing u2-® bonding were identified. Compounds in
class | have the CO; ligand bridged between two
transition metal atoms. The first of these to be
structurally characterized and for which IR band
assignments for the CO; ligand are also available is
Cp*Re(CO)(NO)(CO,)Re(CO)3(PPhg) (81),4” which
shows the vasym band at 1437 cm~* and the veym band
at 1282 cm~i. As shown in Table 12, entries 2—5,
other compounds derived from iron or rhenium
metallocarboxylates and having the carboxylate oxy-
gens bound to an octahedral rhenium center have
closely similar spectral properties. The v,yym band
varies by only 2 cm~! while the vgm band position
varies slightly with the metallocarboxylate moiety
(1282—1247 cm™1).

Compounds 58—68 in Table 12 have been derived
from different metallocarboxylate moieties, but all
have the carboxylate oxygens bound to a titanocene
or zirconocene fragment. With 58-62, the voco
bands have been assigned by the Cutler group** with
the help of isotopic labeling. Two zirconium com-
pounds (63, 64) were structurally characterized
recently by Gibson et al.** and show edge-capped
tetrahedral geometries at the Zr atom (see discussion
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Table 13. IR voco Bands (cm™?) for u,-p® CO,-Bridged Complexes Involving Tin (Class 11 Compounds)

compound Vasym Vsym ref
CpRe(NO)(PPhsz)(CO2)SnPhs (86) 1395 1188 38
CpRe(NO)(PPh;3)(CO2)SnMe; (85) 1456 1158 38
CpRe(NO)(PPhs3)(CO2)PbPh; (87) 1425 1184 38
Ind Fe(CO)(PPh3)(CO2)SnPh; (90) 1468 1111 51
CpFe(CO)(PPhs)(CO2)SnPhs (88) 1431 1161 50
CpFe(CO)(PPh3)(CO,)SnMe; (91) 1438 or 1433 1134 40
CpFe(CO)(PPhs)(CO2)Sn(n-Bu)s (92) 1433 1113 40
Cp*Fe(CO)2(CO2)SnPhs (93) 1450 1152 40
Cp*Re(CO)(NO)(CO,)SnPh; (95) 1429 1188 or 1175 47
Cp*Fe(CO)(PPh3)(CO2)SnPh; (89) 1418 1140 47
Cp*Ru(C0),(CO2)SnPh; (94) 1464 1171 40
[Cp*Re(CO)(NO)(CO2)].SnMe; (96) 1469 1186 52

in section 1V). The others can be expected to have
similar structures. Note that the vasym band varies
from 1379 to 1336 cm~! and that the vsm band varies
from 1290 to 1265 cm™. Thus the vasym band of the
titanium and zirconium complexes is much lower
than those in the first four entries in Table 12, but
the vsym band is in approximately the same place.

With the characterization of the final two com-
pounds in Table 12, it has become clear that the vasym
band position is dependent upon the coordination
geometry at the metal center which anchors the two
carboxyl oxygens. The structurally characterized
molybdenum complex (82)3* has square-based pyra-
midal geometry at the Mo atom; the analogous
tungsten complex (83) is expected to have the same
geometry at W. These complexes show the lowest
Vasym DanNds of the class | compounds at 1319 and 1321
cm™?, respectively, but the vgm bands are closely
similar to those of the other class | complexes derived
from a variety of metallocarboxylates.

Compounds derived from the rhenium metallocar-
boxylate Cp*Re(CO)(NO)(CO,) show shortened Re—
carboxyl carbon bond lengths (2.0—2.1 A) which are
in the realm for rhenium complexes with oxycarbene
ligands.?>% Geoffroy*® described the ionic complexes
derived from this metallocarboxylate in terms of the
carbene formulation shown in Scheme 13. With
neutral compounds, however, a similar valence bond
description requires a dipolar species as shown below.

+_ O -
Cp*(CO)(NO)Re=C\O,M

However, as noted previously,*” IR spectral bands for
the terminal carbonyl ligands in these compounds
(e.g., entry 1 in Table 12) do not reflect the changes
that would be expected for such charge separation.

The values for Av for class | compounds range from
34 to 183 cm~*! and are much smaller than Av for the
ux-n? type. They are smaller, also, than the Av values
for class Il compounds of the u,-7° type as discussed
below.

Compounds in class Il include those which have
the carboxylate oxygens bound, unsymmetrically, to
a tin atom. The IR voco spectra for the 11 known
compounds of this type are summarized in Table 13.
With the exception of the first three table entries,
the data are for compounds reported by Gibson et
al.40475052 and the spectra were obtained by the
DRIFTS technique.®® Band assignments have been
made only after extensive comparisons with model

compounds related to each system, including in
several cases the decarboxylated compounds. The
band positions for 93 are in agreement with those
reported by Cutler,3 which were based on isotopic
labeling studies. Note that 91 and 92 in this table
also appear in the section above on u,-? complexes
(and in Table 11; 56 and 57) because two forms of
each compound can usually be observed in solid
samples.

In general, when a strong donor ligand is bound
to the metal that binds the carboxylate carbon and
electron-withdrawing groups are bound to the tin
atom, the compound exists in the up-#® form. If
electron donor groups (e.g., alkyl) are bound to the
tin atom or if electron donation to the carboxylate
carbon is diminished (e.g., by exchanging Cp* for Cp),
then the preferred form is u,-n2. Compounds 91and
92 represent borderline cases where the conditions
used to prepare the solid samples can greatly influ-
ence the composition of the sample. The structural
characterizations of these two compounds were done
at low temperatures on samples which had been
crystallized at very low temperatures;*® under these
conditions the u,-1® form is produced exclusively. The
manner in which the IR data is obtained can also
have great impact on the distribution of u,-? and u»-
n® forms. For example, Figure 20 shows the vasym
region (1600—1300 cm™1) for CpFe(CO)(PPh3)(COy)-
SnMes (91) recorded in several different ways;*° all
of these data were derived from the same sample of
the compound. All compounds having the CpFe(CO)-
(PPhs) fragment show a band near 1480 cm™! and
another near 1430 cm™t. Thus, the DRIFTS spec-
trum (a) shows these bands, but also two others: a
shoulder at approximately 1500 cm™ for the vasym
band of the u,-1? form and an additional band near
1430 cm™? for the vayym band of the uo-7° form. The
two higher frequency bands are partially resolved in
the Nujol spectrum (b). Spectra ¢ and d were
obtained in solution; in both cases, the vasym band for
the u»-n® form is absent and the v.ym band for the
u>-n? form has broadened and also moved to slightly
higher frequency. In the case of THF, dechelation
of one carboxylate oxygen may be assisted by this
donor solvent. An additional main group complex,
CpRe(NO)(PPh3)(CO,)PbPh; (87), appears to be of the
u>-n° type also; it shows voco bands at 1425 and 1184
cm™1,

The recently characterized®? compound 96 with two
bridging CO; ligands to a central tin atom is the only
carbon dioxide complex with a six-coordinate tin
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Figure 20. Infrared spectra (1600—1300 cm~! region) of
CpFe(CO)(PPh3)(CO,)SnMe; (91) recorded by different
methods.

atom. Like the others in Table 13 that have been
structurally characterized, however, it has unequal
C—0 bond lengths. Thus, its voco bands are quite
similar to the others in this class.

The values for Av in class Il compounds shown in
Table 13 range from 210 to 350 cm™t and are thus

Gibson

greater than those for class | compounds. However,
most of these are tin complexes of similar structure
where the geometry at the tin atom is that of a
distorted trigonal bipyramid. In comparing class I
and class Il compounds derived from the same
metallocarboxylate, it is apparent that the vasym
bands are at about the same frequency but the veym
bands for class Il compounds are lowered by ap-
proximately 100 cm~1. Whether this is a character-
istic of unsymmetrical u,-»® complexes or is simply
characteristic of this particular group cannot be
determined at present.

5. usn® Complexes

The number of uz-n® CO,-bridged compounds that
have been characterized are very few. The first was
reported by Lewis, Johnson et al.5® and involved an
osmium cluster anion, PPNTHOs3(C0O);9(CO;)Oss-
(CO)17~ (97), which was structurally characterized;
it showed a C—O stretching band at 1270 cm™.
Later, three additional related anionic complexes were
reported:54 HOs;3(CO)10(1-CO2)0s5(CO)15~, HOS3(CO)10-
(ﬂ-COz)OS7(CO)207, and HOSg(CO)lo(ﬂ-C02)RU6C-
(CO)1s~. Although not fully characterized, these
complexes also showed absorption in the 1240—1260
cm™! region which was attributed to a carboxyl C—0O
stretching band.

In 1982, Beck et al.5¢ reported and structurally
characterized the tetranuclear rhenium cluster [Re-
(CO)5(CO,)Re(CO)4] (98), which had two bridging us-
n® CO; ligands. The compound showed voco bands
at 1380, 1295, and 1260 cm™. No IR voco bands were
reported by Ziegler®® for the related rhenium com-
pound 99.

Caulton et al.5” reported the trinuclear compound
[(COD)Rh]2(CO2)OsHz(PMesPh); (100), which exhib-
ited us-77° bonding of the bridging CO; ligand. The
compound showed voco bands at 1365 and 1260 cm™?
which were identified with the help of isotopic label-
ing studies. The carboxylate carbon is bound to
osmium, and the rhodium atoms are symmetrically
bound to the carboxyl oxygens; the geometry and
spectra are thus similar to the cesium metal complex
Cs,CO; type with C,, symmetry identified in Table
9. The IR spectrum of the ZnBr, derivative of this
compound differs and is discussed in section 7 below.

6. usn* Complexes

Only one compound of this type has been identified
and that is cis-Ru(bpy),(CO)(C0O,)-3H,0O (101) re-
ported by Tanaka and co-workers.>® The compound
shows voco bands at 1428 and 1242 cm™; thus the
band positions are very similar to some of the class
| ux-1® complexes shown in Table 12.

7. ugm° Complexes

Only one compound of this type has been reported,
[(COD)Rh]z(COz)HzOS(PMezph)ganrz‘THF (102),
which was structurally characterized by Caulton®™
and prepared by reaction between ZnBr; and the us-
7® rhodium—osmium complex described above. A
major change in the vasym band position occurs upon
formation of the ZnBr, adduct: it shifts from 1365
cm~tin the us-1° complex to 1280 cm~* in the adduct;
the O—C—0 angle is compressed by about 4° in the
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Table 14. 13C Data for Representatives from Several Structural Types of CO, Complexes

structural type compound 0 CO; (ppm) ref
72 [(Cy)sP12Ni(COy) (4) 159.28 89
(Ph2MeP),Pd(COy) (10) 166.2 16
Cp'2Nb(CO;)(CH:SiMe3) (11) 200.5 17
Cp:Ti(PMes)(CO,) (13) 212.3 19
trans-Mo(CO,)2(PMes),4 (20) 206.1 25
trans-[Mo(CO2)2(PMe3)3(CN-i-Pr)] (22) 201.4 25
uxn? [Pt(Ph)(PEts).](CO;) (38) 201.0 30
CpRe(NO)(PPh3)(CO2)GePhs (51) 198.8 38
cis-CpFe(CO)(PPh3)(CO,)Re(CO)4(PPh3) (42) 211.91 32
cis-CpFe(CO)(PPh3)(CO,)Re(CO)4[P(OELt)3] (44) 211.61 33
Cp*Fe(CO),(COz)SnMe; (52) 209.57 40
(PPh3)2(Cl)(t-Bupy)lr(u-O)(CO2)0s(0).(t-Bupy). (33) 187.2 26
uz-n®, class | Cp'Mn(CO)(NO)(CO,)WCp,"BF,4~ (72) 271.9 46
Cp*Re(CO)(NO)(CO,)WCp,tBF,~ (70) 247.4 46
Cp*Re(CO)(NO)(CO2)Re(CO);(PPh3) (81) 219.17 47
Cp*Re(CO)(NO)(CO,)Ti(tmtaa)*BF,~ (69) 226.2 45
Cp*Re(CO)(NO)(CO,)Zr(Cl)Cp2 (64) 217.91 44
CpFe(CO)(PPh3)(CO2)Re(CO)3[P(OEL)s] (80) 245,94 33
CpFe(CO)(PPh3)(CO2)Re(CO)s(PPhs) (81) 245.88 32
Cp*Ru(C0),(CO,)Zr(CI)Cp, (63) 220.41 44
ux-n3, class 11 Cp*Ru(C0O),(CO2)SnPh; (94) 204.79 40
Cp*Re(CO)(NO)(CO2)SnPh; (95) 201.13 47
CpRe(NO)(PPh3)(CO2)SnPh; (86) 207.6 38
Cp*Fe(CO),(CO2)SnPh; (93) 217.74 40
usn® [(COD)Rh]>(CO2)H,Os(PMe,Ph); (100) 193 57
uan® [(COD)Rh]x(CO,)H,0s(PMe,Ph)sZnBr,- THF (102) 201 57
metallocarboxylate anions [W(CO)sCO,]Li, (108) 223.4 66
CpFe(CO),(CO,)Li* (103) 217.0 62b
CpFe(CO)(PPhs3)(CO,) K™ (118) 220.34 50
Cp*Fe(CO)(PPhs3)(CO2)"K*(119) 220.26 50

derivative (see section IV.E,H). The vgm band changes
only slightly from 1260 to 1250 cm~1. This appears
to represent a further example in which the coordi-
nation geometry around the carboxylate oxygen
atoms greatly influences the position of the vasym
band.

8. Metallocarboxylate Anions

The only complex of this type to be structurally
characterized is the potassium salt of the cobalt n-Pr-
salen complex 116 reported by Floriani et al.>® This
compound has a polymeric structure with repeating
uz-* COz-bridging units in which one carboxylate
oxygen is bound to two potassium ions as shown in
Figure 14. The IR spectrum showed bands at ap-
proximately 1650, 1280, and 1215 cm~! which were
confirmed as CO, bands through isotopic labeling.
The us-n*-type structure and the voco bands for the
compound are unique among CO.-bridged com-
pounds. IR voco bands were also reported for the
sodium analog; the two lower frequency bands were
in about the same place as those in the potassium
salt, but the upper band was at approximately 1720
cm~t. Spectral data for the lithium salt were not
reported.

With the other metallocarboxylate salts that have
been characterized with the help of IR spectroscopy,
the degree of coordination of the CO; ligand to the
metal ions is not known. However, several of these
exhibit voco bands closely similar to the symmetrical
ux-n® complexes described above. The lithium and
potassium salts of CpRe(NO)(PPh3)CO,~ showed vasym
bands at 1435 and 1405 cm~! and vsym bands at 1248
and 1239 cm™, respectively.®® DRIFTS data for
hydrated and anhydrous salts of CpFe(CO)(PPh3)CO,~
have been reported by Gibson et al.>® The v,sm band

appears at 1452—1434 cm™!, and the vsm, band
appears at 1243—1204 cm~1. In general, the separa-
tion of these two bands appears to be greater for the
anhydrous salts. The bands for the Cp*Fe-
(CO)(PPh3)CO, K*+XH,0 appeared at 1395 and 1203
cm~! in spectra obtained in a KBr disk.® The band
positions for these compounds are quite similar to
those of the u,-1® bimetallic complexes having the
CpFe(CO)(PPh3)CO; group bound to an octahedral
rhenium center (see Table 12).

B. 3C NMR Spectral Data

All metallocarboxylates (anions, acids, esters, CO;
complexes, etc.) show a low-field resonance for the
carboxyl carbon as expected (because of their rela-
tionship to organic analogs in the case of the first
three). Also, acyl-metal complexes are considered
to have some carbene character because of the
resonance form shown below;

(0]
M=c~’

~

X = O, OH, OR, etc.

this factor contributes to lowered 2C resonance
positions. Table 14 shows the *C chemical shift
position for the CO; ligand in representative com-
pounds from each structural type. The 13C data for
all such compounds are relatively sparse, making
correlations with structural data difficult at this time.
No °C data are available on the #*-CO, complexes
characterized by Herskovitz.”®# The 7?-CO, com-
plexes 4 and 10 show much higher chemical shifts
than those of the metallocene derivatives (11, 13) of
the same type. Whether this is due to the differences
in geometry or simply to the types of metal centers
involved is not clear. There is little difference
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between the 13CO;, shifts of the nickel and palladium
complexes (4, 10), which both bear phosphine ligands.

Where compounds derived from the same metal-
locarboxylate can be compared, it is apparent that
the carboxylate carbon resonance in u,-n? complexes
appears at higher field than a terminal carbonyl on
the same metal center. With compounds 42 and 81,
the carboxylate carbon can be identified easily since
it is coupled to phosphorus ligands on both metal
centers in both the u-? and uz-1° complex. In both
compounds, the terminal carbonyl on iron appears
at 6 220.5 £ 1.0, but the carboxylate carbon shifts
from 6 211.91 in the u,-?> complex (42) to 6 245.88
in the up-n® complex 81. The same trend is apparent
with the u,-n? and u,-1® tin complexes, although the
magnitude of the effect is much less. For example,
52 and 93 in Table 14 exhibit the terminal carbonyl
resonance at 0 215.4 + 0.3, but the carboxyl carbon
resonances differ by 6 ppm.

The cationic u,-7° rhenium—tungsten complex, 70,
has the lowest chemical shift position for a carboxy-
late carbon and also the shortest rhenium—carboxy-
late carbon bond of any of the compounds derived
from this metallocarboxylate. The lowest field car-
boxylate carbon resonance yet observed for a bridged
complex of this type is for the manganese analog, 72,
which appears at 6 271.9. Thus, the nature of the
metal center plays a large role in determining the
carboxylate carbon chemical shift positions.

Gibson and Ong®® used ion-selective crown ethers
to assist in distinguishing the chemical shifts of the
carbonyl and carboxylate carbon atoms in the anions
CpFe(CO)(PPh3)(CO2)"M*+-XH,0 (M = K, Li). With
both compounds, the higher of the two low-field
resonances moved to higher field in the presence of
the crown ether, allowing its identification as the
carboxyl carbon.

C. Electronic Spectra

The electronic spectral properties of CO, com-
plexes, particularly those that have been generated
by addition of *CO,~ to cationic metal complexes, have
been discussed recently by Creutz.®¢ The variability
of the band positions makes this data less useful than
IR and 3C NMR data for characterization purposes.

VII. Characteristic Reactions

A. Thermolysis Reactions
1. Dissociation of CO»

The thermal lability of the CO, complexes influ-
ences their handling characteristics and may dictate
what further chemical reactions can be studied. As
indicated in section 111, the #* and #? complexes and
some of the metallocarboxylate anion complexes are
very prone to dissociate the CO, ligand. With the
anions the lability is directly related to the stability
of the corresponding metal anion; if the anion is
known to be stable, dissociative loss of CO, from the
metallocarboxylate can be expected. The differing
behavior of two iron metallocarboxylate anions will
serve to illustrate the magnitude of this problem.
Following the report of Evans,5! the research groups

Gibson

Table 15. Summary of Thermolysis Results for
Compounds of Type Cp'M(CO)(L)(CO2)SnR3 (L = CO,
NO)40

Cp'M(CO)(L)(CO,)SnR, ~ Cp'M(CO)(L)SnR,

Cp' M L R time (h) temp (°C) yield (%)
Cp Fe CO Ph 2 70 89

Cp* Fe CO Me 1 70 73

Cp* Fe CO n-Bu 1.5 90 78

Cp* Fe CO Ph 3 120 71

Cp* Re NO Me 20.5 90 73

Cp* Re NO Ph 2 185 small

of Cutler®? and Cooper® sought to study the proper-
ties of alkali metal salts of CpFe(CO),CO,~. Since
the iron anion readily dissociates CO,, full charac-
terization of the salts was rendered impossible and
studies of the reaction characteristics were made very
difficult and limited to those occurring readily at low
temperatures. By contrast, salts of CpFe(CO)-
(PPh3)CO;,~ can be isolated and characterized and
their reactions can be studied at higher tempera-
tures;**% salts of the corresponding metal anion,
CpFe(CO)(PPh3)~, are not known and cannot be made
by the usual synthetic methods for such compounds.
Floriani et al.5® observed that the nature of the alkali
metal exerted some control over the reversibility of
CO; binding with cobalt(salen)(CO;)"M* (110—-113;
M = Li, Na, K). Although the sodium and potassium
salts would lose CO, under vacuum, the lithium salt
did not. Also, solutions of the sodium salt lost CO,
upon addition of dicyclohexano-18-crown-6.

The 5 complexes reported by Herskovitz”2 suffer
very easy loss of CO,. Clearly, the only such com-
pounds that can be formed are those in which a low-
valent metal is further enriched in electron density
by good o-donor/poor z-acceptor ligands. As the #?
coordination would suggest, the stability of com-
pounds of this type toward CO, loss appears to
parallel the stability of ethylene—metal complexes
toward loss of the alkene.®” Thus strong electron
donor groups on the metal are required (see com-
pounds listed in Table 1) for the thermal stability of
these compounds, probably to enhance the back-
bonding to the CO; ligand.

Among the compounds having a CO, ligand bound
between two metal centers, the ones that appear to
lose CO, most readily are the u,-? and u,-1® com-
plexes in which the carboxylate oxygen (one or both)
is bound to a main group atom such as tin. These
systems have been studied by Gladysz,® Cutler,3°®
and Gibson*® and their co-workers. Electron donor
groups (e.g., alkyl) on the tin atom discourage binding
of the second oxygen to tin whereas electron-attract-
ing groups, such as phenyl, promote the formation
of the u,-n® type of complex. Strong electron donor
groups on the metal that binds the carboxylate
carbon also promote the formation of a u,-73-type
complex. In addition to these factors, there are two
distinct types of reactions resulting in dissociative
loss of CO,. Those systems for which the correspond-
ing transition metal anion is known undergo simple
loss of CO, and formation of a heterobimetallic
compound, usually in high yield. A series of these
compounds studied by Gibson et al.*° and the condi-
tions for their thermolysis are shown in Table 15. The
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Table 16. Summary of Thermolysis Results for
Compounds of Type Cp'Fe(CO)(PPh3)(CO,)SnR;*°

Cp'Fe(CO)(PPh,)(CO,)SnR, -~
Cp'Fe(CO),SNR; + PPh,

(A)
yield (%)
Cp' R time (h) temp (°C) A PPhs
Cp Me 8 100 26 79
Cp n-Bu 10 100 44 44
Cp Ph 10 130 22 75
Cp* Ph 8 120 77

mechanism shown in Scheme 22 has been suggested
to rationalize the behavior of these compounds. The
mechanism is consistent with the observations of
Pinkes and Cutler® regarding the label scrambling
that attends the thermolysis of Cp*Fe(CO),(**CO,)-
SnMe; and also involves intermediate species similar
to isocarbonyls that have been observed with other
systems.®® The second type of reaction involves both
dissociative loss of CO, and disproportionation. This
appears to be a characteristic of the compounds
derived from metallocarboxylate systems that do not
bind CO; reversibly (i.e., those for which the carbonyl
metalate is not known). The systems of this type that
have been studied to the present time are shown in
Table 16. The mechanism proposed* for these reac-
tions is shown in Scheme 23; it is consistent with the
low yields observed in each case for the heterobime-
tallic product (a 50% yield of this product is the most
possible).

The lead and tin derivatives 85—87 derived from
the rhenium metallocarboxylate CpRe(NO)(PPh3)CO,™,
studied by Gladysz et al.,®® decarboxylate readily and
give the corresponding heterobimetallic compounds
in high yield. However, each final product contains
the phosphine ligand; the related metal anion is
known in this case also. Clearly, an intermediate
metalloanhydride, such as shown in Scheme 22,
cannot be involved here. The decarboxylation path-
way suggested?® for these systems is shown in
Scheme 24.
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2. Cleavage of a Carboxyl C-0 Bond

Thermolysis (83 °C) of Ni(PCys)2(CO,) (4) was
reported by Aresta and Nobile® and afforded Ni(CO),-
(PCys), as a major product. The phosphine oxide was
not detected but carbonate-containing species were
found. By contrast, the palladium complex, Pd-
(PMePh;),(COy) (10), recently reported by Yama-
moto'® gives CO and O=PMePh; as thermolysis
products. Allowing Fe(CO,)(PMes), (8) to stand in
pentane with CO, converts it to Fe(CO)(COs)(PMes)s. 1
Thermolysis of the CO, complex, or this carbonate
derivative, afforded Fe(CO),(PMes)s, Fe(CO)(PMes)s,,
and Me3PO; the same product composition was found
in both cases. The molybdenum complexes Cp,Mo-
(CO,) (12)8 and trans-Mo(CO,),(PMe3)s (20)%° (and
isonitrile complexes derived from it) are relatively
stable but do decompose upon heating at elevated
temperatures; the decomposition products have not
been identified.

A reaction that may be characteristic of 52 com-
plexes formed from early transition metals is ther-
molysis with cleavage of the O—metal bond and one
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Scheme 25
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C—0 bond, resulting in loss of carbon monoxide and
formation of a complex with an oxo ligand. The
reaction has been clearly demonstrated with the
niobium complexes studied by Nicholas et al.?* and
is illustrated in Scheme 25. A similar reaction may
be involved in the reaction of WCI,(PMePh,), with
CO,, which yields W(O)CI,(CO)(PMePh,), with cis oxo
and carbonyl ligands.®® Whereas Cp,Ti(PMej), reacts
with CO, to give the #?-CO, complex 13, CpyZr-
(PMej3), gives CO and a polymer containing the Cp,-
ZrO fragment; the greater oxophilicity of Zr may be
responsible for the different results.’® CpFe(CO),-
(CO2)Zr(ChCp, and its congeners degrade cleanly
upon thermolysis* with formation of [Cp,Zr(CI)].0,
again demonstrating the effects of an oxophilic
zirconium center.

3. Thermolysis with Loss of an Ancillary Ligand and/or
with Rearrangement

Thermolysis” of Ir(dmpe),(CI)(CO,) (2) at 120 °C
afforded an isomeric compound which was formulated
as a metallacycle as shown in Scheme 26. This type
of thermal reorganization appears unique among CO,
complexes but may also be responsible for the results
obtained by Karsch'4 in efforts to synthesize 8 in THF
solution. Compounds having a u,-r?-bridged carbon
dioxide ligand can sometimes be converted to the
related u,-n® complexes by dissociation of a ligand
from the metal center bound to the carboxylate
oxygen. This has been demonstrated for several
systems by Gibson et al.?73% and implied as an
intermediate step in other cases.*” An example is
shown in Scheme 16. These reactions have been
observed with relatively oxophilic metal centers such
as rhenium, molybdenum, and tungsten.

In addition to the conversion of u,-n? to uxn®
complexes, Gibson et al.®3 observed a series of ligand
reorganization reactions resulting from thermolysis
of CO,-bridged compounds derived from cis-CpFe-
(CO)(PPh3)(CO2)Re(CO)4[P(OEL)s] (44). With the u,-
n° complexes derived from this compound, only those

Scheme 26
o _,0
Me_  _Me Me\P,Me
(‘ > 120°C
P/Ir\P closed
AN ‘ ~Me system
Me Me Me
Cl
2; Me,P—PMe, = dmpe
[0}
Me. _Me H I

Gibson

having a facial arrangement of the CO ligands on Re
are observed. However, isomers having a syn or anti
arrangement of the phosphorus ligands on the two
metal centers are possible. The anti isomer, CpFe-
(CO)(PPh3)(CO,)Re(CO);3[P(OEL)s] (80) was structur-
ally characterized (see section 1V.D). Thermolysis of
the uy-»? complex was monitored by 3!P spectral data
that showed distinct resonances for each phosphorus
ligand on the starting material, three intermediate
compounds, and the final product, CpFe(CO)[P(OEt)s]-
(CO,)Re(CO)3(PPh3), which is believed to have the
anti configuration. The transformations are profiled
in Scheme 27. The phosphorus ligand exchange is
believed to result from O—Re bond breaking in C,
followed by migration of the PPhs ligand to the vacant
site on rhenium, followed by rotation and then
migration of P(OEt); to the vacant site on iron, and
then closure to give D as shown in Scheme 28. The
ligand exchange would be followed by facial to facial
isomerization to give E (Scheme 27). Decarboxyla-
tion is not a competing reaction with these com-
pounds. As noted in section A, above, the tin
complexes derived from CpFe(CO)(PPh3)CO,~ also do
not lose CO; readily under thermolysis conditions,
but disproportionate, with loss of PPh; and CO,, in
reactions that appear to be related to the ligand
rearrangements profiled in Scheme 27.

B. Photolysis Reactions

There has been very little work reported on reac-
tions of CO, complexes under photochemical condi-
tions. Nicholas et al.1® reported that photolysis of
Cp2Mo(COy) (12) in the presence of carbon dioxide
resulted in the »2-carbonato complex, Cp,Mo(O3C),
Cp2Mo(CO), and free CO. The reaction pathway is
not known, but it was shown that thermal or photo-
chemical reaction of Cp,Mo(O) with CO, to give the
carbonato complex was much slower than the reac-
tion involving the carbon dioxide complex. Later,?!
however, this group showed that both thermolysis
(section A.2 above) and photolysis of Cp'2Nb(CO,)(CH,-
SiMe;) afforded the oxo complex Cp';Nb(O)(CH.-
SiMe3). The photolytic cleavage occurred within
minutes at —20 °C.

Photolysis of trans-Mo(CO;),(PMe3), (20) through
guartz in toluene solution at —20 °C yields cis-Mo-
(CO),(PMe3), and MezPO (29% and 35%, respectively)
as major products together with free MesP; smaller
amounts of mer-Mo(CO)z(PMej3), fac-Mo(CO)3(PMe3)s,
and Mo(CO)(PMejs)s were also generated. When the
photolysis was conducted in pyrex, an intermediate
was generated which was formulated as the unstable
trans isomer of the final dicarbonyl product.t0?

C. Reactions with Electrophiles

Herskovitz et al.”? alkylated the iridium complex
Ir(dmpe),(CI)(COy,) (2) with MeFSO3; and structurally
characterized the product, a methyl ester. This work
reinforced the structural assignment of the carbon
dioxide adduct as an n*-type complex and provided
the first demonstration that the carboxylate oxygens
can behave as nucleophiles. Subsequent work by
others has provided further examples of the additions
of electrophiles to a carboxylate oxygen but also show
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Aresta et al.'%2 reported that Ni(PCyz)>(CO,) (4)
would disproportionate when treated with thiols, as
illustrated in Scheme 29; initial protonation is fol-
lowed by reduction. Reactions of other »? complexes
with simple electrophiles are more straightforward.
Nicholas et al.1% studied the behavior of Cp,Mo(CO5)
(12) toward a variety of electrophiles as shown in
Scheme 30. Although it is clear from the nature of
the products that both O—Mo and C—0O bond-break-
ing reactions occur, it has not been possible to
determine which occurs first or even which carboxy-

late oxygen reacts first; either of two proposed
pathways would give rise to the same compounds.
Nicholas et al.’®* also studied the reactions of Cp',-
Nb(CO,)CH.SiMes (11) with several electrophiles. In
direct contrast to the molybdenum complex, reaction
of Me;3SiCl with the niobium complex yields Cp,'Nb-
(O)Cl, the product of both decarbonylation and dealky-
lation. Deoxygenation results from treating the iron
compound 9 with excess methyl iodide or methyl
triflate.®

Nicholas et al.1% studied the reactions of Cp,Mo-
(COy) (12) with two acidic metal hydrides, HCo(CO),
and H,Fe(CO),. With either hydride (in excess), the
initial reactions result in hydride transfer to molyb-
denum and deoxygenation of the CO; ligand as
illustrated with HCo(CQO), in Scheme 31. Labeling
studies showed that the CO; ligand was the source
of the carbonyl ligand bound to Mo in the product.

In contrast, the palladium complex Pd(CO,)-
(PMePhy); (10) reacts with various electrophiles with
total loss of the CO; ligand.'® Thus, reaction with
excess Me;SiCl afforded a 1:1 mixture of cis- and
trans-PdCl,(PMePhy), whereas reaction with PhSH
yields trans-Pd(SPh),(PMePh,),, H,, and CO..

Because of the increased nucleophilicity of the
metallocarboxylate anions, the reactions of these
compounds with electrophiles have been the subject
of several studies. Initially such reactions were
employed in efforts to obtain stable derivatives which
might be more readily characterized than the labile
anions (as Herskovitz had done with the ' complex
2). Cutler®? reported that efforts to alkylate
CpFe(C0),(CO2)"Na* (104) with Mel or MeOTf re-
sulted only in CpFe(CO),CHs; however, the magne-
sium salt 106 was alkylated by MeOTf and afforded
the desired methyl ester.®® Later, Cutlerf?® found
that hard, oxophilic trialkylsilyl chlorides were ef-
fective in generating the corresponding esters with
the sodium or lithium salts of this metallocarboxy-
late. However, with the lithium salt of W(CO)5(CO,)?",
Cooper et al.?5%% obtained only W(CO)e from reactions
with a variety of electrophiles, including MesSiOTHf.
The behavior of these metallocarboxylate anions
toward alkylating or silylating agents contrasts
somewhat with that of the salts of CpFe(CO)-
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(PPh3)CO,~ and Cp*Fe(CO)(PPh3)CO,~ studied by
Gibson et al.52 Reactions of the potassium salts of
these anions provide the corresponding esters in
reactions with CHzl and Et;0™BF,~ as the result of
O—M bond cleavage. But, with the lithium and
sodium salts, carboxylate C—O bond cleavage is
dominant and the metal carbonyl cation is the main
product. These comparisons suggest that the more
oxophilic metal centers promote C—0O bond cleavage.
Reactions of these iron salts with protonic acids result
in either the metallocarboxylic acid (O—M bond
cleavage), the metal carbonyl cation (C—O bond
cleavage), or mixtures of these products; product
distribution is highly dependent on the solvent
medium.5%a

Reaction of Cp,'Nb(CO,)CH,SiMe; (11) with LiPFg
afforded Cp',Nb(F)CH,SiMes.2%* Furthermore, it was
shown that Cp,'Nb(O)CH,SiMe; afforded the same
product in reaction with the lithium salt. Reaction
of the CO, complex with ZnCl, gave an unstable
product that decomposed, with loss of CO, to the zinc
adduct of the oxo complex which was structurally
characterized.’®® Thus, this early transition metal
complex showed a clear preference for decarbonyla-
tion rather than deoxygenation. Bruno et al.l0®
recently reported that reactions of [Cp"',Nb(Cl)]x with
CO, affords both Cp,''Nb(CI)(CO) and Cp,""Nb(O)(CI).
These results were rationalized as shown in Scheme
32 and are proposed to involve electrophilic attack

complex.

Perhaps the greatest success in reactions of the
metallocarboxylate anions with electrophiles has
been in the synthesis of carbon dioxide-bridged
bimetallic compounds. These reactions have already
been discussed in section I11. A further type of metal
electrophile that is reactive toward metallocarboxy-
late anions, and at least one metallocarboxylic acid,
is the one with a coordinated ethylene ligand. Where
the ethylene cation is bound strongly, addition occurs
with formation of a bridging carboxyethylene ligand.*
In cases where the ethylene is less strongly bound,
displacement occurs and a CO,-bridged complex
results,® as shown in Scheme 7. Other reactions of
metallocarboxylates with metal carbonyls are treated
in section D, below.

Reports of the reactions of electrophiles with
compounds having bridging CO; ligands are rela-
tively few in number. The us-1° CO,-bridged complex
100 studied by Caulton et al.5” binds ZnBr; at the
carboxylate oxygens and forms a stable adduct (102)
which was structurally characterized. The same CO;
complex reacted with NaBPh,, but the product was
not characterized. The u,-n® CO,-bridged complex,
CpRe(CO)(NO)(CO)Zr(Cl)Cp», prepared by Cutler*!
was cleaved by strong electrophiles, HBF, etherate,
and Et;01"PF¢~, with formation of CpRe(CO),(NO)*
(the zirconium product was not identified). More
recently, Gibson et al.3® reported similar cleavage of
the uo-n° complex, CpFe(CO)[P(OEt);](CO2)Re(CO)s-
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(PPhg), with formation of the iron cation CpFe(CO),-
[P(OEt);]" (the rhenium product could not be iden-
tified). Gibson et al.?? also reported the cleavage of
the u-n? complex CpFe(CO)(PPh;3)(CO,)Re(CO)4(PPhy)
by Me;SiOTf which afforded the iron cation and (Mes-
SiO)Re(CO)4(PPh3) as a result of C—0 bond cleavage.

Reactions of zirconium reagents with several CO,-
bridged complexes involving tin have been reported
recently by Gibson et al.** With Cp,Zr(Cl)(Me) there
is exchange of the SnPhs group for Cp.Zr(Cl) as
illustrated in Scheme 13. With the same tin complex,
or with a rhenium/tin analog as shown in Scheme
33, reaction with Cp,Zr(H)(Me) yields a trimetallic
complex in which zirconium again binds both car-
boxylate oxygens in the product. All of these trans-
metalation reactions are believed to be initiated by
dechelation of one oxygen in the initial u,-17° complex
followed by binding to the highly oxophilic 16e
zirconium center. Such reactions are very useful for
the synthesis of compounds derived from very labile
metallocarboxylate anions or acids since the bimetal-
lic tin compounds can be prepared in agueous media
after generating the metallocarboxylate anion in situ.
The scope of the transmetalation reactions is being
examined.

D. Intra- or Intermolecular Oxygen Transfer
Reactions

One of the first reactions reported for the metal-
locarboxylate anions was oxide transfer.5* Reaction
of Li,W(CO)s(CO,) with additional CO, results in
formation of W(CO)s and Li,COj3 as shown in Scheme
34, a reaction described as reductive disproportion-
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ation. Spectral evidence for the intermediate was
obtained by Cooper et al.,’5% and labeling studies
showed the oxide transfer to be a facile process. Lee
and Cooper®* also showed that this dianion would
transfer oxide to CpFe(CO);"BF,~; labeling studies
showed that oxygen, but not carbon, of the CO, ligand
was incorporated into the iron product [CpFe(CO),]s.
Two possible mechanisms were considered to explain
the formation of the iron dimer (following oxide
transfer from the tungsten complex): (a) electron
transfer from the iron metallocarboxylate to the iron
cation followed by degradation to the iron dimer or
(b) initial metalloanhydride formation followed by
degradation to the dimer. In a separate study, Lee
and Cooper®42 observed intramolecular oxide transfer
from coordinated CO; to coordinated CO in the iron
complex CpFe(CO),(CO,)Lit. Again, labeling stud-
ies were used to support conclusions that the reaction
mechanism involves intramolecular oxide transfer as
indicated in Scheme 35. Oxide transfer from this
metallocarboxylate to CO, (reductive disproportion-
ation) is a minor competing path.

Further results of work on the tungsten metallo-
carboxylate and its chromium and molybdenum
analogs was later provided by Cooper et al.® together
with studies of the reactions of group 8 carbonyl-
metalates Na,M(CO), [M = Fe, Ru, Os] and Na,[CpV-
(CO)s] with CO,. The latter compounds also yield the
metal carbonyl together with alkali—metal carbonate

Scheme 35
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as products of reductive disproportionation. Thus the
behavior of the metallocarboxylate dianions toward
COs; is distinct from that of salts of CpFe(CO),CO,~
for which reductive disproportionation is not a char-
acteristic reaction. However, oxide transfer from
coordinated CO; to coordinated CO was observed
with the group 6 metallocarboxylate anions; thus,
this reaction is characteristic of both groups of
metallocarboxylate anions.

Reactions of CpFe(CO)(PPh3)CO,~"M* (M = Na, L,
K) with Mn(CO)s(PPh3)*BF,~ have been studied by
Gibson et al.’%@ Examination of IR spectral data of
the product mixtures showed vco bonds for the cation
CpFe(CO),(PPh3)* together with several at lower
frequencies that are more characteristic of metal
carbonyl anions. Addition of CH;3l to the product
mixture resulted in disappearance of the latter bands
and formation of CH3;Mn(CO)4(PPhs), in high yield,
in all cases. The results are consistent with a path
involving oxide transfer to a CO ligand on manganese
followed by loss of CO; as illustrated in Scheme 36.

Geoffroy et al.*®® reported that label scrambling
occurred in the preparation of u,-n® CO,-bridged
complexes from Cp,W="0 and Cp*Re(CO),(NO)*BF,~
or Cp*Fe(CO);™BF,;~. In both product mixtures,
approximately equal amounts of the 7O were con-
tained in the carboxylate and terminal carbonyl
ligands. To test possible alternative mechanisms for
this, the authors attempted to intercept dissociated
Cp,W=0O by adding a different metal carbonyl
cation to solutions of the CO,-bridged compounds; no
cross products resulted. Furthermore, although
PhN=C=0 and Me;SiCl react readily with the oxo

Gibson
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complex, neither of them intercepted this species
from solutions of the CO,-bridged complexes. These
results led this group to propose intermediate met-
alloanhydride-like species to account for the label
scrambling as shown in Scheme 37. Recently, Pinkes
and Cutler® presented evidence of oxygen transfer
from carboxylate to CO within the u,-#? CO,-bridged
complex Cp*Fe(CO),(**CO,)SnMes. Studies of this
system are complicated by the competing, and ap-
parently faster, decarboxylation of the CO,-bridged
complex.

E. Reactions with Nucleophiles

Very few reactions of CO, complexes with nucleo-
philes have been reported. Aresta and Nobile'? noted
that CO, could be displaced from Ni(CO,)(PCys): (4)
by the action of triphenyl phosphite at room temper-
ature. However, these investigators noted that solu-
tions of RhCI(CO,)[P(n-Bu)s], (7) in CH,CI, developed
the phosphine oxide complex, Rh(CI)(CO)[O=P(n-
Bu)s][P(n-Bu)s] upon standing at room temperature.'3

Gibson and Ye®? have reported that either CO or
P(OEt); will react with CpFe(CO)(PPhs)(CO,)Re-
(CO);[P(OEL)s] (80) to convert this u,-1° complex to
the corresponding u,-n? complex by additon of this
ligand at the rhenium center and displacement of one
carboxyl oxygen. Reaction of a tin derivative of this
metallocarboxylate, CpFe(CO)(PPh3)(CO,)SnPhs (88),
with KBH(sec-Bu); afforded CpFe(CO)(PPh3)CO, K™
and HSnPh; (in addition to the borane).'%” It is not
known whether this may be a general reaction of the
tin derivatives.

Caulton et al.>” reported efforts to reduce the CO,
ligand in [(COD)Rh],(CO,)OsH,P(Me,Ph); (100) with
LiBEt;H, LiBH, and Cp,Zr(H)(CI); all were unsuc-
cessful. Reaction with LiAIH, resulted in intractable
products.

Geoffroy et al.*> reported that Cp*Re(CO)(NO)-
(CO,)Ti(tmtaa) (69)reacted with 2 equiv of PhsP=NPh
with displacement of (tmtaa)Ti=O, formation of 2
equiv of PhsP=0, and formation of the cationic
complex Cp*Re(NO)(CNPh),"BF,~. The same cation
could also be formed from reaction of Cp*Re-
(CO)2(NO)*BF,4~ with PhsP=NPh; thus the reaction
with the CO,-bridged complex is thought to be
initiated by attack of the imine nitrogen on the
electrophilic carboxyl carbon atom.

Tso and Cutler# showed that the reaction of CpRe-
(CO)(NO)(CO2)Zr(CI)Cp2 (58) with 2 equiv of Cp,Zr-
(H)(CI) afforded the formaldehyde-bridged complex
CpRe(CO)(NO)(CH,0)Zr(CIl)Cp, and the oxo complex
[Cp2Zr(CD].0. However, the reaction apparently
does not involve direct reduction of the bridging
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carboxyl group. Reduction of CpRu(CO),(CO,)Zr(Cl)-
Cp. by the same reagent also affords the formalde-
hyde-bridged complex.1%® However, labeling studies
showed that the terminal carbonyl on ruthenium is
reduced by the zirconium reagent. It is nonetheless
an interesting reaction and provides a unique method
of synthesis for the formaldehyde-bridged complexes.

F. Fluxional Behavior

In the process of characterizing Mo(CO,)2(PMes),
(20) and Mo(CO,)2(PMe3)(CN-t-Bu) (23), Carmona et
al.?>¢ observed temperature-dependent NMR spectra
of the complexes which was attributed to fluxional
behavior. For the complex trans-Mo(CO;).(PMe3),
an AA'BB' pattern was observed at low temperature
in the 3'P{*H} NMR spectrum which become a singlet
upon warming to 50 °C. Also, spectra of Mo(CO,),-
(PMe3)3(CN-t-Bu) showed a mixture of two species in
dynamic equilibrium; crystallographic data had shown
that the two metallacyclic rings are orthogonal in this
compound. Five different pathways were considered
to account for the observed behavior: (a) CO, dis-
sociation/reassociation, (b) independent rotation of
the CO; ligands about the bond axis to Mo, (c)
interchange of the coordinated and free oxygens of
the CO, ligands, (d) concerted rotation of the CO,
ligands in the same direction (conrotatory), and (e)
concerted rotation of the CO, ligands in opposite
directions (disrotatory). The first mechanistic path-
way was discarded because 3'P—13CO, coupling is
maintained in the fast exchange limit; also *CO,—
12C0O, exchange could not be detected. Several new
complexes, with one or two chelating phosphine
ligands, were prepared which had better thermal
stability than the ones first observed. Studies of
these systems allowed a distinction to be made
among the three remaining possible pathways.?*d The
results are consistent with the path involving con-
certed rotation of the CO; ligands in the same
direction as shown in Scheme 38. Later studies?*®
with additional related compounds reinforced the
conclusions reached with this first group of com-
pounds. The experimental conclusions are in agree-
ment with the results of earlier theoretical calcula-
tions on such systems by Sanchez-Marcos et al.””

Mason and Ibers!! were first to observe that the
single 3P resonance for Ni(PCys3)>(CO,) (4) in room-
temperature NMR spectra could be resolved into a
pair of doublets at low temperature (185 K); AG* for
the exchange process was calculated as 9.8 + 0.2 kcal/
mol. Aresta et al.® recently re-examined the spectra
of the complex, including considerations of solid state
(CPMAS) 3P and 3C spectra. For the dynamic
process, this group found a AG* of 39.3 kJ mol~! (9.4
kcal mol~?) in agreement with the earlier report. Also,
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a low-temperature limiting spectrum was found (*3C)
at 173 K for a $3COy-enriched sample which showed
a doublet of doublets at 6 159.88 with Jpc = 41 and
10 Hz. In the fast-exchange mode, at 253 K, a triplet
appeared for the coordinated CO,, thus ruling out a
rapid dissociation/recoordination process. The other
mechanisms considered for the observed equilibration
of the phosphorus ligands are (shown in Scheme 39)
(a) rapid rotation of the CO, ligand about the Ni—
CO bond axis, (b) equilibration as a result of forma-
tion of an #*-C intermediate, and (c) equilibration as
a result of formation of an #!-O intermediate. Al-
though the authors favor mechanism c, a clear
distinction among the three possibilities is not yet
available. Path c bears close resemblance to the o/n
(7*-O/n?-C,0) rearrangements which have been docu-
mented experimentally by Gladysz et al.*% for alde-
hyde and ketone complexes of rhenium with the
metal fragment CpRe(NO)(PPhs). There has been a
theoretical treatment of this general subject also.'°
In general, ketones are primarily o complexes (in part
for steric reasons) whereas aldehydes, including
formaldehyde, prefer & bonding. Indeed, there ap-
pears to be no evidence for equilibria in solutions of
the formaldehyde complex with this rhenium frag-
ment.!*! For the dynamic behavior of the nickel
complex, this reviewer prefers path b (involving an
intermediate #*-C complex). The Ni(PCys), fragment
should be a strong donor (which favors C coordina-
tion), and nickel is not an oxophilic metal; thus, a
path that includes O coordination only should not be
favored.

VIIl. Concluding Remarks

Particularly in the past decade, there has been
much information gained about the structures, bond-
ing, and spectral characteristics of soluble metal—
CO, complexes. All of the structurally characterized
complexes have bent CO, ligands, but the wealth of
structural types is quite surprising for a molecule
once thought to be inert toward reactions with
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metals. Reaction characteristics for coordinated CO;
such as thermolysis behavior and reactivity toward
electrophiles have been studied and are becoming
predictable. However, the precise relationships be-
tween these model compounds and their catalytically
active relatives are not yet clear, and the structural
and/or electronic properties of metal—carbon dioxide
adducts that may be required for catalytic activity
are not yet understood. It is hoped that this article
will stimulate further interest in research that may
lead to the development of carbon dioxide as a new
source for fuels and fine chemicals.
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