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ABBREVIATIONS

acac acety! acetonyl

Et athyl

Bu butyl

dam bis{diphenylarsino)methane

dpm bis{diphenylphosphino)methane

dipy 2.2’ dipyridy}

ffars 1,2 bis(dimethylarsino Jtetrafluorocyclobutene

Me methyl

Ph phenyl

A, INTRODUCTION

The main aims of this review are to survey the known crystal structures
involving u,-carbonyl bridges between two transition metal atoms and to em-
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phasise the wide variety of structural features involved. It is now well known
that in solution there is usually facile exchange between p; bridging and termi-
nal carbonyl groups in transition metal complexes, which must involve inter-
mediate unsymmetrical bridging structures. The activation energies of these
exchange processes in solution are very low and show that intermediate situa-
tions beiween symmetrical bridging and terminal carbonyls are all very simi-
lar in energy. Lattice packing forces are at least comparable with, and probably
greater than, the exchange activation energies and thus it will emerge that these
recently discovered exchange processes have a considerable bearing on the
interpretation of many structures in the solid state.

The carbonyl group, CO, is a most versatile ligand. X-ray crystallography
has so far shown that it can coordinate to transition metals in the ways shown
in Fig. 1 and described below:

(i) Terminal (linear} in which the carbonyl group is associated with only one
metal atom. The group is usually linear, but in some cases significant distor-
tion does occur due to steric interactions.

{ii) Symmetrical g. bridging in which ihe two metal—carbon lengths are not
significantly different. The C—O vector is approximately at right angles to the
M—M vector, although the M—C—M angle is usually rather small, typically in
the range 77—90°. This small angie at carbon has been used as an argument
against the so-called ‘ketonic’ mode of carbonyl bonding {125] and this point
will be discussed later.

(iii) Asymmetric u. bridging in which the two metal carbon bond lengths are
significantly different, although the C—O vector is still approximately normal
to the M—M axis. It has been suggested by Cotton and Troup [40] that asym-
metric bridges, which often occur in compensating pairs, represent intermedi-
ate stages in the entire range from symmetrically bridged to non-bridged
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Fig. 1. Modes of coordination of the carbony! group.
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but in addltmn to the cases presented by Cotton to support the above argu-
ments there are many examples of single carbonyl bridges which are asymme.
tric and also pairs which are not asymmetric to the same extent. We believe
all these variations can be rationalised in terms of intra- and inter-molecular
packing forces (steric forces) and we shall pursue this line of argument in
more detail after the crystal structures themselves have been described.

{iv} Semi-bridging (x¢,) in which the two metal-—carbon bounds are now
markedly different and the two M—C~—OQ angles are also different such that
the C—O vector is no ionger at right angles to the metal—metal direction.
Cotton and Troup {38} have suggested that one reason for the occurrence of
semi-br 1ugxﬁg groups is {0 neutralise aﬁequcu um.rge distribution within un-
symmetrical molecules. However, there are a number of examples which have
semi-bridging groups between electronically equivalent metal atoms, We will
discuss later the concept that this type of bridging group is also caused by
steric pressures.
(v) Linear g, bridging in which the bridging group is now linear. In this situa-
tion the carbony! is regarded as a four electron donor via a o-bond to one me-
tal and a u-bond {cf. olefins anad acetylenes} to the other.
(vi) Triple bridging in which the carbonyl is associated with three metal atoms.
This type of bridging will not be considered in detail in this article.

A word on the criteria used for classification of types (ii)—(iv) is in order.
These types are not distinct but they merge into one another. An extreme
case of semi-bridging is easy to recognize, but there are compounds in which
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criteria of significant difference in bond lengths are necessary to distinguish
between symmetric and asymmetric bridging. We have adopted the commonly
used crystallographic criteria of significance, namely, a bridge is deemed to be
symmetrical if

3o > the difference in the metal—carbon bond lengths

where ¢ = v {g)" + ()", a and b being the e.s.d.’s of the bond lengths [126].
Our arbitrary distinction between asymmetric and semi-bridging is that pro-
vided the d:iference in the M—C bond lengths is less than U.3 A and the diifer-
ence in the M—C—0 angles is less than 20° we refer to the bridging carbony!
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description of a bridging group is different to theirs; this in no way implies
any criticism of their description.

In addition to the basic types of carbony! linkages described above, there
are examples known in which the oxygen atom of the carbony! group is coor-
dinated to another (usually non-transition) metal as well as the normal car-



TABLE 1
Distribution of complexes containing pt: carbonyl groups

v Cr Mn | Fe Co | Ni

1 — 5 t 44 23 ! 5

M 'R Rh : Pd

Homonuclear Ma 30 Ec E ,;'l 19 E 9
Re Os Ir Pt

1 1 2 1

Heteronuclear M—M~  Fe—Co Fe—Rh Fe—Ru Co—Ni Co—Pt Ru—Pt
6 3 1 3 1 1

bon coordination to the transition metal. This can occur for both terminal and
bridging carbonyl groups.

Approximately 120 crystal structures which contain one or more g, car-
bonyl groups are included in this survey. A number of additional structures
have been reported, usually as preliminary communications, but insufficient
data were presented to allow us to make detailed comments on the role of the
u» carbonyl groups. It is instructive to show the distribution of these carbonyl
bridges throughout the Periodic Table and this is done in Table 1. Ninety
three structures with g, carbonyls bridging homonuclear pairs of metal atoms
occur for the four elements Fe, Co, Ru and Rh. In addition, at least one of
these elements is involved in all 15 structures reported in which a u- carbonyl
spans a heteronuciear pair of metal atoms. There are only 21 structures
included in our survey which do not contain one of these four elements.
Clearly these elements, and in particular iron, dominate the chemistry of u.
carbonyl derivatives, and for this reason complexes of these elements will be
discussed first in the section on X-ray structures which follows. In this section
each complex will be given a number, which aiso corresponds with the refer-
ence number, so that in the later discussion sections individual compounds can
easily be referred to without laborious repetition of names.

B. X-RAY STRUCTURES
(i) Homonuclear structures — iron

1. Symmetrically bridged complexes

Structural details for the carbonyl bridge region of each molecule in this
section are given in Table 2. Brief descriptions are given where appropriate.

Fe.(u-CO),(CO), {compound 1} was the first carbonyl bridged compiex
whose structure was determined by X-ray crystallography [la]. The data
tabulated are from a recent accurate re-determination of the structure [1b].
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The three bridging groups are equivalent and highly symmetrical. The hydride
[Fe (u-CO} {u-HYCO), ]~ has a similar structure {2} with the hydride replac-
ing one bridging carbonyl. The length of the Fe—Fe bond is not affected, but
the Fe—C bond lengths of the remaining bridging carbonyls are shorxtened.

Fe.{1-COY(1-GePh.).(CO), [3]is included at this point, even though the
carbonyl bridg: is asymmetric, because the complex is 5o closely related Lo
Fe.(CO),. The effects of replacing two of the carbonyl bridges by p-GePh,
groups are to substantially increase the Fe—Fe distance and to introduce
asymmetry into the remaining carbony! bridge. Still further increase in the
Fe—Fe distance to 2.75 A is reported in the case where all the bridging posi-
tions are occupied by GeMe, groups [127].

Although few details are available for compound 4, Fe.(u-CO }2[ CsPh.Bu.l,,
it is included because of its highly unusual character. The structure is essenti-
ally the Fe.(CO); core of Fe,(CO), with the three terminal carbonyls on each
metal atom replaced by 1,2-dipheny!-3,4-di-f-butylcyclobutadiene groups.
The Fe—Fe distance is dramatically reduced to 2.177 A and is thought to be
the result of an iron—iron triple bond. As a result the angle at the bridging
carbon atoms is reduced to 66.9°(av.}, the lowest value recorded.

Cis-Fe -{u-C0),{CO)-{C;H;)> [5] is a key compound in this review, firstly
because it can be regarded as the parent compound of a large number of deri-
vatives whose struciures have been determined, and secondly because 1t was
the first complex in which the facile exchange between bridging and terminal
carbonyl groups was unambiguously demonstrated. This latter aspect will be
discussed latei. The structure of Fe.{u-CO).{(CO).{C;H;}. is shown in Fig. 2;
the bridges are symmetrical. The Fe.(u-CO); system is non-planar and the
dihedral angle between the two Fe.CO planes is 164°.

The crystal structures of a number of compounds closely related to com-
pound 5 have been reported in which every group in the parent complex is
varied. For example, the terminal groups may be substituted, the cyclopenta-
dienyl groups may be replaced by other groups are alternatively linked by
organic groups. The bridging carbonyl groups may be substituted and even
further coordinated to AlEt,; moieties.

No significant effects on the Fe—Fe distance and the geometry of the
Fe,{u-CQ). system are usually produced by substitution of one of the termi-
nal carbonyl groups (compounds 6—8). Although one of the carbonyl bridges
in compound 8 is slightly asymmetric, this is not thought to be significant
for reasons which will be discussed later. Similarly, linking the cyclopenta-
dienyl groups via arganic or silicon side chains (compounds 9—11) produces
minimal effects.

H
C5H5\ %._____ C5 S
Fez_----=z Fe
/s e N
c > g,
o 0 0

Fig. 2. Molecular structure of Fea{t-C0):(COV+(CsHs)a {compound 5).
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Replacing the cyclapentadienyl groups by other w-bonding ligands does
have some effect in some cases. In compound 12 the C;H: groups of 5 are
replaced by azulene ligands which are also coordinated to other Fe{CO),
moieties. In this case the only noticeable difference in this complex is that
the iron-bridging carbonyl bond is slightly longer than usual. However, in
compound 13, in which ‘borabenzene’ replaces C;Hz, there is a significant
increase in both the Fe—Fe distance and in the bridge—Fe distances, although
the bridges remain symmetrical. In compound 14 a different carborane con-
taining more carbon causes the Fe—Fe distance to increase still further and a
slight asymmetry in the carbonyl bridges now becomes apparent.

Substitution of the carbonyl bridges has perhaps the most significant effect
on both the Fe—Fe distance and on the remaining carbonyl bridge. In com-
pounds 15—18 the carbonyl bridge remains symmetrical, although in the lat-
ter two complexes there are very significant increases in the Fe—Fe distance.
In compound 19 there are two independent molecules in the unit cell, both
have long metal—metal distances and there is now some asymmetry in the
carbonyl bridge.

Fe.{u-COXu-PMe, }{CO},{C;H;} [20] is particularly interesting as the distri-
bution of ligands within the molecule is quite different to that of the preced-
ing examples and yet the same basic structure is retained as shown in Fig. 3.
The ligand and electronic environment of the two metal atoms are nonequiva-
lent. One iron has no C;H; group attached and its only coordination to a nega-
tive group is to the bridging PMe: group. There are again two independent
molecules in the unit cell, both have very long Fe—Fe distances and slight
asymmetry in the carbonyl bridge.

Compound 21 (Fig. 4} is an interesting variation on cis-Fe,(u-C0),{CO).-
{C;H;); in which the bridging carbonyls are bonded to AlEt; moieties via the
carbonyl oxygen atoms. There are no major differences in the geometry of
the Fe.{u-CO}, system compared with compound 5, but both the Fe—Fe and
Fe—bridge distances are reduced.

Reaction of cis-Fe (1-CO).(CO).(C;sH;), with CH,N(PF.). gives a two step
reaction, first replacing the terminal carbonyl groups to pive a complex in
which the iron atoms are bridged by two carbonyls and the ligand coordinated
via its phosphorus atoms. Further reaction replaces the bridging carbonyls

g ‘,_-e/..,.cno

CeH =C—

55 ¢ Cotg o

CgHg Me Me cz° \‘Fe:’:;--i?Fe/ nﬁc /9 =0
\‘Fe—{f:‘:Feicﬁo ¢/ ¢ e SPezrmFer S

A= S 3 Cor TN

A Cag o Y %% o=/ ¢ \'%o
o 0 AlEty PMe,sh O PMegPh

Fig. 3. Molecular structure of Fea{u-CO){(uPMe:CO}{C:Hs)2 {compound 20),
Fig. 4. Molecular structure of Fe {u-COAIEL;)2{C0)a{CsHs): {(compound 21}.

Fig. 5. Molecular structure of Fe3{(-CO)2(CO);(PPhMe.); (compound 24}
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but not in a simple manner; the second molecule of ligand is cleaved to gener-
ate a PF; group and a CH,NPF; ligand which bridges via N and P. Both these
new ligands act as 3 electron donors so the iron atoms now attain the 18 elec-
tron configuration independently with the result that the Fe—Fe distance
increases to 3.646 A. Presumably steric interactions between the cyclopenta-
dieny! groups and the fluorine atoms of the ligand prevent a second CH N-
{PF.), coordinating via phosphorus and this remarkable re-arrangement occurs
instead {128].

Trans-Fe.{u-CO}.{(CO).{C:H;). [22] has molecular dimensions virtualiy
identical to that of the cis isomer. In this case the Fe.(u-CO}. is planar by a
crystallographic requirement. A very similar structure occurs for compound
23, Fe.(u-C0),(CO).L where L = 2, 3, 4, 5, 6-pentahaptotricyclo{6.2.0.0.7°}-
deca-2, 4-dien-6-yl which is a substituted cyclopentadienyi group.

The compound Fe,(u-CO),{CO}{(PPhMe,); [24] is derived from Fe,{(CO},.
by substitution of a terminal group on each iron atom, (Fig. 5). The doubly
bridged Fe, system is retained, but in contrast to the parent carbony! (see
below), the carbonyl bridges are both syrmmetrical.

Finally in this section, the structures of a few dinuclear complexes of iron
with only a single bridge have been reported [256—27]. In each case the bridge
is symmeatrical.

2. Asymmetrically bridged complexes

In this section a brief description of each structure containing an asymme-
tric carbony) bridge between two iron atoms will be given, aithough the em-
phasis at this stage will be on the carbonyl bridge portion of the molecule.
Table 3 lists the structural features of interest.

Triirondodecacarbony!, Fe;(zt-CQ).(CO},p {28} has been the subject of a
number of crystallographic studies because the structure was difficult to solve
due to severe disorder problems within the crystal. The latest and most accu-
rate study is that of Cotton and Troup [28] in which the disorder problem
was overcome. A triangle of iron atoms is bridged along only one edge by a

Fig. 6. A, Molecular structure of Fey(yt-CO}{CO) o (compound 28). B, Details of the car-
bonyl bridge system {planar projection, drawn to scale).



10

(EIDTD(EdDID(3ME0D)Dd%ud = T)
8 061 6'ze1 (9)9'22 (o1)991°2 {(6)pL8'1  (2)8%5°2 19(00)(*ydd-N)00-M)tad 43
(ouaipejuad
(e)ert  (elorgst (3)g'08 (v)1e0'g (v)org't  (e)ezgs  -opAdjAuia-g-Apoup-g'1-l = 1)
£ (g)z'1p1 (glg'set (308 (¥)v00'3 (g)pgg'1  (£)819°'2 1°(0D)( 00-M)tay 1¢
(L'U)ggrt (9°1)z'1eT (8)egg  (12)886'T  (12)1LL'T  (8)9E¥'Z
0 (grlgert (g1l Ler (LggL (811661 (61)2¥8'1  (€)82¥'2 Y(4d20ud)?(00):(0D-Mtay 0¢
(e)¥¥1 ()581 {(3)18 (v)L0'T (r)og'1
(p)avl (p)og1 (z)z8 {g)p0'2 (¢)gg't (6)899'7 g towos]
(8681 {g)6g1 (3)es (v)e6'1 (v)os't
6% (v)pp1 (2)3g1 (g)z8 (r)vo'z (v)og't  (8)89y'z Vv sowosy (Sydd)é(0D)(00-Mtad 6%
(elewt (e)ovt LL (vhive (v)96'1
82 {glegr  {gleet 9L (8)123 {zJes't  (1)885°2 °(00)H0oMa 8
(o) (o) (v) (v) "'ON
‘JoU 0-0—-3J  a1-D—-dJ 0—ad  8j-ad glnutog  'pdp

soxaidwod voai padpriq AjjeourjawwAse 10] e1Ep [BINgINLIS

£d1dvL



i1

]
O‘C cé % PPy
¥ —C=0 \Fe/—-c“”(’
o =C e °0=C70\
0 G = . o
c\.. .C C‘so ~ . /cé
< e SFeTIReC
0mC T Tl 0mCE €T ¥ o
PPhy O \0 0’ o
Isomer A lsomer B

Fig. 7. Motecular structures of the isomers of Fea{-CO};(CO)Yo{PPh3) (compound 29).

pair of carbonyl groups as shown in Fig. 6. The disorder in the crystal leads

to rather large e .s.d.’s but nevertheless it was shown quite clearly that one of
the bridges is asymmetiric and the other is on the borderline between asymme-
tric and symmetric. This difference between the bridges is also seen in the
angular differences at the bridging carbons (Table 3). The dihedral angle
between the Fe,CO planes is 139.6°.

Fe,{p-C0OY.(CO),(PPh,) [ 291 is obtained by the interaction of Fe {CO),;
and PPh; and it retains many of the features of the parent carbonyl. Remark-
ably, the crystal structure contains equal numbers of two distinct clusters,
isomer A in which a terminal carbonyl on one of the carbonyl bridged iron
atoms is substituted, and isomer B in which a carbonyl on the apical iron is
substituted (Fig. 7). Within our criteria of 3¢ difference between Fe—C
bonds, three of the four carbonyl bridges in the two isomers are very slightly
asymmetric, while the fourth {isomer A} is not significantly different from
symmetrical.

There are two isomers of Fe,(CO)z{PhC.Ph). [30]. The violet isomer con-
tains two separate diphenylacetylene groups and only terminal carbonyl
groups. However, on heating in benzene it forms the black isomer Fe,{u-CO),-

\\ 14 o
N ¥
7 ,
o o ,C "“-\'_! 1-ean %

Fig. 8. A, Skeleton in the molecular structure of Fea{u-C0)2{CO}(PhC;Ph}; (compound
30). B, Details of the carbonyl bridge system (drawn to scale).

Fig. 9. Details of the carbonyl bridge system in Fe3(u-C0)2{CO)4{CEtHCsH-Me2({C:H3)]
(compound 31). (Drawn to scale.}
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{CO},(PhC.,Ph), which contains two fused acetylene groups forming a ferro-
cyclopentadiene ring with one iron atom. This unique metal atom has a
single asymmetric carbonyl bridge to each of the other two iron atoms as
shown In Fig. 8. In this case the bridges are definitely asymmetrical although
the angular differences at carbon are not large.

Fe,(u-CO).(CO)(CEL)[C;H.Me.{C.H,)] [ 31} is formed by the interaction
of Fe,{CQ),, and methylacetylene. It contains an Fe;C cluster unit with a
complex organic group attached o one iron atom. Two edges of the iron tri-
angle are each bridged by an asymmetric carbony! group as shown in Fig. 9.

Compound 32 contams a triangie of iron atoms, one edge bridged by an
asymmetric carbony! group and another by a PPh: group.

3. Semi-bridged complexes

The semi-bridging carbony] group is characterised by markedly different
metal——carbon lengths and also markedly different M—C—0O angles. Usually,
one of the M—C—0 angles is within 25° of 180° so the M—C—O group is
tending to be linear. Table 4 contains structural details of semi-bridged iron
complexes.

Fe.{u-COXCO};[|CH,C.{COH)]. [33] was the {first complex in which a semi-
bridging carbonyl was recognised. This complex (Fig. 10) and compounds 34
and 35 {Fig. 11) are closely related. They all contain a ferrocarbon ring with a
second iron m-bonded to the ring. In each case a carbonyl on the second iron
is semi-bridged to the ferrocarbon iron atom. In these three complexes the
difference in the Fe—C bond lengths is about 0.7 A and the angular differ-
ences at the bridging carbons range from 37° to 46°. In the similar compound
36 the differences are even greater and this bridge could be regarded as very
borderline. Fe,(p-COH{CO);(PhC.C H,.C.Ph) [37] is basically similar to the
previous examples as far as the semi-bridging carbonyl is concerned. The ma-
jor difference in the structure is that two terminal groups on the non-ferro-
carbon iron atom have been replaced by a substituted cyclobutadiene group.

The interesting complex Fe.{(u-CQ).(CO}.dipy [38] is an example of a dinu-
clear iron compiex containing two carbonyl bridging groups, one semi-bridg-
ing and the other asymmetric.

Fe 3290 Fe Fe .\._’1!’_. Fe
e )
Lo L1 ‘?'.)_}. 1:733
o .
b
c cC
A B
o] s}

Fig. 10. Datails of the carbony! bridge system in Fea(tr-CO¥COQ)siMeC3{COH}|; (com-
pound 33). (Drawn to scale.}

Fig. 11. Details of the carbonyl bridge systems in A, Fes{u-CQY¥CO)¥s[PhC+Ph] (compound
34);and B, Fes{-CO)YC0}s{C;2Hs) (compound 35). (Drawn to scale.)
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Fig. 12. Details of the carbonyi bridge sysiem in Fe{u-CO)2(u-C3Hg8)2(C0 )4 {compound
40}. (Drawn to scale.}

Fig. 13. Details of the carbonyl bridge system between iron atoms in FezRh{z-CO);{CO};-
{CsH;s} (compound 41). {Drawn to scale.)

Fe (u-CO¥u-C,CH:; HCO ) (CsHs) {391 contains a phenylethynyl group
o-bonded to one iron atom and symmetrically 7-bonded to the other two.
This latter pair of iron atoms is bridged by a semi-bridging carbonyl group.
Fe,(u-CO)-{u-C,H.5),(CO), [40} contains a mirror plane with two semi-bridg-
ing carbonyl groups spanning one pair of iron atoms (Fig. 12). The other
edges of the iron triangle are bridged by SC,H; groups in which the sulphur
atoms are considered to be four electron donors.

Fe;Rh{u-CO) (CO)+(CsH;) [41] contains a tetrahedron of metal atoms with
the C;Hj; group coordinated to rhodium. There are two carbonyl bridges
between iron and rhodium, but these will be discussed in the section on hetero-
nuclear bridges. In addition, there are two semi-bridging carbonyl groups
spamuing two pairs of iron atoms as shown in Fig. 13.

The [Fe,(u-CO).{CO)s]?" anion [42] has a tetrahedron of metal atoms and

Fig. 14. Details of the g2 carbonyi bridge system in the [Fe {(u-CO )L {CO)q }2_ anion {com-
pound 42}. {Drawn to scale.}

Fig. 15. Details of the ecarhonyl bridge system in Fey(u-CO)z{CO)(NEL){ONEL) {com-
pound 43). (Drawn to scale.}
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the basal Fe, unit is spanned by a triply bridging carbonyl group. The apical
iron atom has three terminal carbonyls and each iron in the basal plane is also
associated with another three carbonyl groups aithough in this case one is
semi-bridging to its neighbour in the basal plane in the cyclic manner shown
in Fig. 14.

The extraordinary complex Fe {u-CO){CO){NEL}ONEt) {43] consists of
a square of iron atoms bridged along one edge by a symmetrical carbony!
group and along the two adjacent edges by semi-bridging ones (Fig. 15}. The
NEt and ONEt groups are abave and below the plane of the iron atoms and
are each connected to all four metal atoms.

Finally in this section, the [Fe,(u-C0),(C0O),,C1*" anion [44] has an acta-
hedron of metal atoms enclosing the carbon atom. The metal atoms are not
all equivalent and three edges of the metal octahedron are spanned by carbo-
nyl groups, two of which are crystallographically equivalent. The unit cell of
the crystal contains two independent clusters which differ significantly in
their dimensions although their basic structures are the same. For example,
the unique carbony! bridge in molecule 2 is actually symmetric within the
experimental error whilst the corresponding bridge in molecule 1 is semi-
bridging. The pair of equivalent bridges in each molecule are both semi-
bridging.

(ii) Homonuelear structures — cobalt

1. Symmetrically bridged complexes

Dicobalt octacarbonyl Co:(-C0O).{CO), [45] has two symmetrical carbonyl
bridges spanning a Co—Co distance of 2.52 A. The asymmetric unit contains
two molecules which have similar dimensions and the two carbonyl bridges
within each molecule are crystailographically equivalent. The structure may
be regarded as composed of two square pyramids sharing an edge {Fig. 16).
Structural details for this compound and other symmetrically bridged cobalt
complexes are given in Table 5.

Compound 46 maintains the essential geometry of Co.{CO),, but a termi-
nal carbonyl on each cobalt is substituted by the bridging diarsine ligand. The
geometry of cis-Co.(u-CO).(CO).(C,H,). {47] is analogous to that of the iso-

Q Q

LS I
o] Q D c\ c
o ] '] e
[« O=C— Fe—C =0
0% _— ?‘---_ 5¢0
c--" —-C
;\\CO.___H_’ /Co/. CIZGE Gectz
H -1 =iy
/- § N\ };04‘__:-:-10
C-" Q C 7 T —— N
& A
Q o 5ty Mg

Fig- 16. Molecutar structure of Coa{-C0):{CO)s (compound 15}

Fig. 17. Molecular structure of Coa(i-CO{u-(GeCl2):Fe(CO)4 (C5Hs}: (compound 50).
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electronic Fe.(u-C0O).(CO).(C;H;). series. A trans complex, Co.(u-CO}.{CO}.-
{C.H,,); [48] has very similar interatomic distances.

The simple molecular structure of Co.{(u-CO),(C;H.): [49] consists of two
cobalt atoms bridged by two equivalent carbonyl groups with the C.H7 groups
attached to each cobalt at right angles to the Co—Co direction. The very short
metal—metal distance is notable. An interesting comparison is provided
between compounds 49 and 50, Co.(u-COY.[p-{GeCl,).Fe(CO),H{C;H;)»; in
which the cobalt atoms are bridged by the complex germaniun ligand as well
as the two carbonyl groups as shown in Fig. 17. The Co~Co distance is now
stgnificantly longer than in compound 49, although it is still a little shorter
than most Co—Co distances {Table 5}. The major stereochemical eifect of the
additional bridging ligand is that the C.H] groups are no longer normal to the
Co—Co vector.

Compound 51 is a simple derivative of Co (CO). containing a single carbo-
nyl bridge and a lactone bridge between the metal atoms. The basic structure
of two square pyramids sharing an edge is retained. It is also retained in com-
pound 52, Co,(u-CO}).{u-Sn{acac),{CQ).., but this time the Co—Co distance
is very long at 2.626 A_ Since the cobalt—carbon distances are normal, the
augle at the bridging carbons is large at 89.2°.

The heteronuclear cluster compound Co.Pt.(u-CO) {CO)(PPh;), [53] con-
tains a butterfly arrangement of the four metal atoms and a single carbonyl
group bridges the two cobalt atoms symmetrically.

A number of polynuclear complexes derived from cobait carbonyl and the
{SC.H.Y ligand have been characterised by structural studies. In Co {u-CO)-
{-SC.H;)s(CO}, [54] the single carbonyl group is symmetrical.

The determination of the structure of Co,{u-C0O),{(CO), {55] has, like that
of Fe (CQ),., proved o be a difficult problem due to disorder in the structure.
The structure suggested by Wei {32) has been refined by Cotten and co-weor-
kers [55] and it consists of a fetrahedral array of cobalt atoms in which the
apical cobalt carries three terminal carbonyls and is directly bonded to the
other three cobalt atoms. Each of these carvies two terminal carbonyls and
each edge of the basal triangle is bridged by a symmetrical carbonyl] as shown
in Fig. 18.

Fig. 18. Motecular structure of Co,{p-CO}3;{CO)y {compound 55).
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In compounds 56a and 56b the structures are derived from Co,(CO),. by
replacing the three terminal carbonyls on the apical cobait by an arene
group, benzene or xylene respectively. In 56b there is a disordered mixture
of 0 and m xylene and one of the carbony! bridges is asymmetric.

HFeCo;{CQO),, is thought to have a structure similar to that of Co,{COY,»
and very recently the structure of a derivative, HFeCO;(u-CO):(CO), -
[P(OMe),], [57a], has been determined at —139°C. The structure is based on
Co,(CQO},, with the iron atom in the apical position. An axial terminal car-
bonyl on each cobalt is substituted by the phosphite. A neutron diffraction
study [57b] has revealed that the hydride is outside the cluster, triply bridg-
ing the Co, face.

In Co.ir.{u-CO),(CO), [58] the mixed metal cluster has the same stereo-
chemistry as Co,(CO},.. There is disorder in the metal distribution but iridi-
um shows a marked tendency to accupy the apical (non-bridged} position in
keeping with the general trends in group chemistry. One of the bridges is
slightly asymmetric, but this is probably not significant in view of the dis-
ordered nature of the structure.

Co,{12-CO),(,-PPh}.,{CO), [59] displays an unusual square arrangement of
cobalt atoms, two opposite edges of which are each bridged symmetrically
by a carbanyl group.

Compound 60 consists essentially of a Co,(u-CO),(1-SC.H,);(CO}, residue
bonding via its bridging thioalky! groups to a Co,{pu-COHu-SC.HHCO),
moiety. All the carbonyl bridges are symmetrical.

The {Co, (u-CO}:(CO},,]’” anion [61] contains an octahedral array of cobalt
atoms and three of its edges are bridged by symmetrical carbonyl groups.

The complex Co, {u-CO)(1-SC-H;) {CO).S [62] contains a Coz{p-CO),(u-
SC.H).(CO}, unit linked via sulphur atoms to a SCo ;(p-CQ),(CO); fragment.
Of the five carbonyl bridges, four are symmetric and one, in the Co,{(u¢-CO}.-
{u-SC,H;)4(CO); unit, is asymmetric.

2. Asymmetrically bridged complexes

The unsymmetrical molecule Co,{-CQ}.{CO),(C,H;) {63] can be regarded
as a substitution product of Co,(CQ); with two terminal carbonyls on one
cobalt replaced by norbornadiene. The carhonyl bridges become asymmetric.
Details of this and other complexes with asymmetric bridges between two
cobait atoms are given in Table 6.

Compound 64 coniains a trinuclear cluster of cobalt atoms each pair of
which is bridged by a carbonyl group. Within the criteria used in this review
one of the bridges is symmetrical but the other two are asymmetric,

Compound 65, Co,{u-CO}.(CO)4(EtC.Et), contains a butterfly arrange-
ment of four cobalt atoms. Two sets of non-equivalent cobalt atoms {one in
the fold, one in the wing of the butterfly} are each bridged by a single asym-
metric carbonyl group.

3. Semi-bridged complexes
Three compounds only have been reported to contain semi-bridging car-
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bonyl groups between two cobalt atoms. In compound 66 there are three very
weakly semi-bridging groups (Table 7). Co,(u-CO),(C;sH;); [67] is based on

an isosceles triangle of cobali atoms. Each metal is associated with a C;Hj;
group and one carbonyl is triple bridging to all three cobalt atoms. The other
two carbonyls span two edges of the metal triangle, one is asymmetric and
the other semi-bridging as shown in Fig. 19.

The [Cox{u-CO),0{CO),C1™ ion {68] consists of a carbide surrounded by a
distorted tetragonal prism of cobalt atoms, each of which carries a terminal
carbonyl. The edge bridging carbonyls range from symmetric to grossly semi-
bridging.

(fii) Homonuclear structures — ritthenium

Table 8 gives structural details for all compounds containing a g, carbonyl
group bridging two rutheniurm atoms.

Cis-Ru.(u-C0),(CO).(C;H;), [69] is similar in every respect to its iron ana-
fogue, compound 5.

In Ru,{(z-COWCO),(C,,H,) £70] there are two independent molecules in
the asymmetric unit, but they have similar stereochemisiry and similar dimen-
sions. An isosceles triangle of ruthenium atoms is bound to the azulene group
and a single carbonyl symmetrically bridges the two equivalent metal atoms.

Compound 71, Ru,{(u¢-CO)(CO),;(C H;Me;)C, consists of an octahedron of
ruthenium atoms surrounding a central carbon atom. One ruthenium is bon-
ded to the mesitylene group and a single pair of metal atoms is bridged by a
symmetrical carbonyl group.

The compound Ru;{u-C0),{CO),(C;H,N,) [72] coniains a triangle of ruthe-
nium atoms each pair of which is bridged by an asymmetric carbony! group,
but not in a cyclic manner.

Ru;{u-C0O).(CO),{C,H,}{C;H,) 73] provides an interesting example of a
triangle of ruthenium atoms in which one edge is non-bridged, the second is
asymmetrically bridged and the third is semi-bridged (Fig. 20}. The same
ruthenium atom is associated with the short Ru—C distance for both bridges

Co Ru

Fig. 19. Details of the u, carbonyl system in Co3{p-C0)3{CsHs)s {compound 67). {(Drawn
to scale.)

Fig. 20_ Detajls of the carhonyl bridge system in Ruz(g-C0)2(C0N{C7H;)(C7Hy) (com-
pound 73). (Drawn to scale.)
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Fig. 21. Details of the carbonyl bridge system in Rus{-C0)2{CO);;Hz (compound 75).
{Drawn to scale.}

and has no other earbonyl groups. Compound 74 is somewhat similar in its
Ru,(u-CO).(CO), core, the only difference being that both bridges are now
semi-bridging.

The carbony! hydride Ru,(u-CO),(CO),,H- [75] has two independent mole-
cules in the unit cell, although they have the same general stereochemistry.
The ruthenium atoms are arranged in a tetrahedron and the apical metat is not
bridged to the basal Ru; plane. Within this plane, one ruthenium is associated
with a semi-bridging carbony! to each of the other two metals as shown in Fig.
21.

{iv) Homonuclear structures — rhodium

Structural details for all the compounds containing carbonyl bridges between
two rhodium atoms are given in FTable 9.

The u, carbony! portion of { Rh,{(u-CO)}.(CO).¢]*~ [76] is comparatively
simple despile the complexity of the whole anion. Essentially the anion con-
sists of two fragments, each closely resembling Rh,{CO},,,, ioined by a double
carbonyl bridge system between a single rhodium atorm in each cluster.

Compounds 77 and 78 are interesting isomers of Rh;(C0O),{C;H;};- Each
contain a triangle of rhodium atoms with a C;H7 group bonded to each me-
tal; the differences lie in the carbony) and C;H; arrangements. Compound 77
has a double carbonyl bridge between a pair of rhodium atoms, one bridge
symmetrical and the other asymmetrical, with the third rhodium retaining a
terminal earbonyl. Compound 78 has a single symmeiric carbonyl bridge on
each edge of the metal triangle. There appears to be little significant differ-
ence between the complexes in any of the molecular dimensions. In contrast
however, the closely related complex Rh.{(u-CO)(CO},{CsH;}, [79] which has
a terminal group on each rhodium has a significantly longer Rh-——Rh distance.

Rh;{u-COYCeFsC,CeF:)(CsHs); [80] also contains a triangle of rhodium
atoms each bonded to a C;H; group. The fluoroacetylene is considered to be
g-bonded to two rhodium atoms and 7 -bonded to the third. The carbonyl
bridges the two equivalent metal atoms. A point of interest is that in the ana-
logous complex with the non-fluorinated acetylene, i.e. with diphenylacetyl-
ene, a similar structure is adopted except that the carbony! now triply bridges
to all three metal atoms [80].

The unusual complex Rh,(u-COWp-CPh,).Cl,(CsH:;N), [811] is included even
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though few details of its strucfure are available. The stereochemistry about
the rhodium atoms is approximately square pyramidal which share an edge
(the u-CPh, groups} and have a common apex at the carbonyl. The Rh—&h
distance is short.

Compound 82, Rh,(u-CO),(CO},, has a structure similar to that of its
cobalt analogue. Although it was suggested that one of the carbony! bridges
may be asymmetric, they are in fact ali symmetric within the criteria used in
this survey. Rh {u-CQO),(CO);[P{(OPRh);); [83] is a simple derivative of Rh.-
(CO),, in which a terminal carbonyl on each rhodium is substituted by the
phosphite. The overall stereochemical features of the parent are retained. In
compound 84, Rh.{uz-CO}(CO);(dpm)-, the basal carbonyl bridges of Rh -
(CO), . are retained but one terminal carbonyt on each metal is substituted
by phosphorus. This means that one edge of the metal tetrahedron is bridged
by both carbony! and dpm, but it appears to make little difference to the
carbonyl bridges.

Rh.Fe,(u-CQO},{COY:(C:H;), [85] contains an irregular tetrahedron of me-
tal atoms. There is a symmetrical carbony! bridge between the two rhodium
atoms and also two asymmetrical bridges between rhodium and iron which
will be discussed later.

The ton {Rh, (1-C0),{CO),C}*” {861 contains the first reported trigonal
prismatic array of metal atoms and the carbon atom occupies the centre of
the prism. Each rhodium has a terminal carbonyl and each edge of the prism
(9 in all) is bridged by a carbonyl, although there are only five crystallographi-
cally independent bridging groups. All are symmetrical with normal Rh—Rh
and Rh—C separations.

The anion {Rh,{u-C0).(CO),,;I1*" {871, contains two bridging carbony!
groups and a bridging iodine atom. However, there is considerable disorder
between the iodo group and one bridging carbonyl with the result that only
the other bridge is well defined. The distance spanned by this group is the
largest in Table 9 and the bridge is just symmeirical within the limits of the
es.d.’s.

The geometry of [Rh,,(u-CO),.{CO),.H;1*" {88] consists of three nearly
parallel layers of rhodium atoms representing a fragment from a hexagonal
close packed array and the central metal atom is 12-coordinated to the other
metais. Each outer metal atom has a terminal carbonyl and the other 12 car-
bonyls bridge haif the edges of the metal polyhedron.

The equally impressive cluster [ Rh,;{-CO),{CO};,C,]1” [89] contains an
array of rhodium atoms described as a centred and tetracapped pentagonal
prism. Each of the 14 peripheral rhodiums has a terminal carbonyl and the
remaining carbonyls bridge edges of the metal polyhedron in such a way that
each metal is associated with three carbonyl groups. Since the molecule has
C. symmetry there are only seven crystaliographically independent carbonyl
bridges. Asymmetric carbony! groups are rare for rhodium, but this compound
shows a mixture of symrmetric and asymmetric bridges.

Rh,.(u-CO) {CO),C- [90] is the most unsymmetrical metal cluster known,
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identical asymmetnc bndges. The coordmat:on about each rhodium is com-
vleted by a terminal carbony! and two PPh, groups. Compound 92, Rh.(u-
COYC;H,).{CsHz0), contains the novel ligand C,H.O which ¢ and 7-bonds to
both rhodium atoms and an asymmetrical carbonyl group also spans the me-
tals.

The cation [Rh.(u-CO)(u-CI)(CO).{(dpm).] " [93] contains two bridging
dpm ligands and the bridging carbony! and chlorine in a plane at right angles
to the Rh.P; plane. The carbanyl may be reversibly removed

g gy

provides the only examples of semi-bridging carbonyl groups between t.wo
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rhodium atoms. The cluster also contains symmetric and d:,ynuneun.. uuug’ES.

There are some 21 strucfures which contain u. carbonyl bridges between
homonuciear pairs of metal atoms other than iron, cobalt, ruthenium and rho-
dium. These elements appear reluctant to form carbonyl bridges, but when
they are persuaded to do so the resulting structures are often unusual and
several of them wili feature prominantly in the later discussion sections. Struc-
tural details for these complexes are given in Table 10.

V. {u-C0O).(CO):(C;H;}, [95] contains two non-equivalent vanadium atoms.
Each has a C;H: group but one has a single terminal carbonyl group while the
other has two. Two semi-bridging carbonyls span the metals as shown in Fig,
Z2.

Mo.{u-CO)Y{C;H;). [96] has a short metal—metal distance and theve are
four semi-bridging carbonyi groups, two in each direction. Compounds 7 and
98 are very similar and have the formulae Mo,{(u-CO}u-RC, R)(CO) (C:H:),
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it is specifically suggested that intramolecular forces cause the carbonyl to be
semi-bridging,

In Mn,{u-COYu-NO¥COMNOMC H:}. {99] there is a crystaliographicaliy
imposed centre of symmetry which makes both terminal and bridging car-
bonyt and nitrosy! groups disordered. Thus the values given in Table 10 are
averaged for the two ligands. Mn-{u-CO)(p-GeMe,CO); [100] contains an
asymmetric carbony! bridge and a symmetric GeMe, one.

Compound 101, Mn.{u-CO){ u-(CF,)-CN1.(CO),, has a structure basically
similar to Fe.(CQO)s but the carbonyl bridge is not symmetric. It is actually
on the arbitrary borderline between asymmetric and semi-bridging, but
within our eriteria it is classed as asymmeiric. Compound 102, Mn .{u-CO)-
{-AsMe,.}(CO)s(C;H;) . contains a semi-bridging carbonyl group, and although
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Fig. 22. Details of the carbonyi bridge system in V{u-CC)2{C0O}3{CsH;}: {(compound 95).
{Planar projection, drawn to scale.}

Fig. 23. Details ol the carbony! bridge system in Mn{y-CO){u-dpm}2{CO); (compound
103). (Drawn to scale.}

Fig. 21. Details of the carbony!i bridge system in Qs3{-C0)2(COz¢{PhC:Ph} (compound
105). {Drawn to scale.)

the metal atoms are non-equivalent electronically it was suggested that steric
forces are responsible for this configuration,

Mn.(u-CO)u-dpm).{CO). {103} contains a radically different type of car-
bonyl bridge as shown in Figure 23. The bridging carbony! is essentially linear
and is thought to act as a four electron donor by o-bond formation to one
metal and by u-donation to the other,

Re.(2-CO) CO).(CsH;). [104] contaius a single symmetrical carbonyl
bridge.

Compound 105, Os3(u-CO}.{CO}(PhC,Ph}, contains a triangle of osmium
atoms and the acetylene is bound to all the metals. Two osmiums have three
terminal carbony! groups and the other has four, two of which are semi-
bridging to the other two metal atoms as shown in Fig. 24.

Few structural details are available for compounds 106a and 106b, but
they are included because of the contrast between their structures and that
of the parent carbonyl Ir,{CO}), .. Ir,{u-C0O};{CO}.(PPh,}, ({Compound 106a)
has a structure based on a form of Ir,{CO),. with the configuration of Co,-
(CO);: even though the iridium carbonyl itself has the non-bridged tetrahedral
structure [129]. The apical iridium has three terminal carbonyls and is
directly bonded to the three iridiums of the basal plane. Each of these has a
PPh, group and the basal triangle is edge bridged by three symmetrical car-
bonyls. Compound 106b is similar, the only difference being that one basal
tridium has an extra terminal carbonyl instead of PPh.

Compound 107, Ni,(p-CO) p-(CF,).PSP(CF;).1.{(CO)., contains a single
symmetrical carbonyl bridge and the two bridging diphosphine ligands are
distorted to accommuadate the short Ni—Ni separation. Compounds 108a and
108b, [ Ni;M,{u-CO},{CO},,]*" (M = Mo, W respectively} contain a trigonal
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bipyramidal arrangement of metal atoms with Ni; in the equatorial plane.
Each edge of the nickel triangle is bridged by a symimetrical carbonyl. Ni;-
(1-CO) L P(C.H.,CN),1, [109] is a highly symmetrical structure containing a
tetrahedron of metal atoms, each edge of which is bridged by a symmetrical
carbonyl group. Compound 110, {Ni {u-C0},(C0O)..}°", contains a trigonal
antiprismatic {(elongated octahedron} arrangement of nickel atoms and may
be envisaged as being formed from the dimerization of two planar Ni,(u-CO),-
(CO); units.

Compound 111, Pd.{u-COYu-dam),Cl., is uniqute in that it is the only car-
bonyl bridged complex which definitely does not also contain a metal—metal
bond. Thesymmetrical bridge spans a Pd—Pd distance of 3.274¢ A and the
angle at the bridging carbon is 120°.

Pd.(u-CO),{u-O,CCH;), - (CH,COO0H), {112] contains a parallelogram of
palladium atoms. Two upposite edges are each spanned by two symmaetrical
carbony! groups and the other two edges each by two acetate groups. The
acetic acid occurs as separate dimer units in the crystal lattice.

Compound 113, Pt.Ru{u-COY,;(CO).fPMePh.};, coniains a triangle of metal
atoms each edge of which is bridged by a symmaetrical carbonyl. Each metal
is coordinated to a phosphine ligand and in addition the ruthenium carries
two terminal carbonyl groups.

(vi) Heteronuclear structures

1. Complexes containing iron

In compounds 114—118, which all contain iron and cobalt and are all very
sitnilar, the C;H7; group is attached to iron. FeCo(u-CO),(CO).{C;H{C;H};)
{114} has rather symmetrical bridges despite the different identity of the me-
tals. Table 11 lists the structural details {or this and the other heteronuclear
complexes containing iron. Compound 115 shows distortion of one carbonyl
group even though both bridges are in equivalent environments. This distor-
tion involves a lengthening of the Co—C bond and a corresponding decrease
in the Fe—C bond compared with compound 114 and the bridge may be
described as slightly asymmetric, Similar slight distortions are apparent in com-
pounds 116 and 117. In compound 118, FeCo{u-CO),{CO).{PMePh.){C H;),
this non-equivalence in the bridges is stili more obvious, but in this case the
environments of the bridges are not the same. One bridge is symmetrical, but
the other is grossly asymmeetric, bhordering on semi-bridging.

In the simple anion [FeCo{u-CO)Y(CO);1” [119] the single bridge is now
truly semi-bridging, but this time from cobalt to ivren as shown in Fig. 25,

Compound 120, {Fe.Rh(p-CO).{(p-PPh.}.{(CO).{C H ,Me),1", contaius a non-
closed triangular arrangement of metal atoms, each Fe—Rh linkage being
spanned by both a bridging carbonyl and PPh: group.

In compound 41, Fe;Rh{u-CO),{CO).(C;H;), there is a tetrahedron of me-
tal atoms and two of the Fe—Rh edges are bridged by carbonyls. Although
there are some slight angular distortions at the bridging carbon, the metal—
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Fig. 25. Details of the carbony! bridge system in the [ FeCo{u-CO}YCO};) anion {com-
pound 1i9). {(Drawn to scale.}

carbon bond lengths are normal. However, compound 85, Fe,Rh.(u-CO};-
(CO)}:{C;H;)., which also contains a metal tetrahedron, has two semi-bridging
carbonyls from both rhodium atoms to one iron.

FeRu,(u-CO)>(CO),;;H, [121] has two independent molecules in the unit
cell which differ significantly in their dimensions. Each cluster contains a me-
tal tetrahedron with two Fe—Ru edges bridged by asymmetric carbonyl
groups in molecule A and by semi-bridging groups in molecule B.

2. Compilexes not containing iron

Compounds 122—124 are all very similar; they all contain a cobalt—nickel
pair bridged by two carbonylis and the nickel coordination is completed by a
cyclopentadienyl group. The cobalt atom has two terminal carbonyls and a
phosphine ligand whose identity varies between the complexes. As shown in
Table 12 in compound 122 the bridges are equivalent in the sense that both
Co—C bond lengths are almost equal as are beth Ni—C bonds. in compound
123, however, this is not true; one bridge is very similar to the previous case,
but for the other the Co—C distance is decreased significantly with a corre-
sponding lengthening of the Ni—C bond. The overall effect is that in one
bridge the Co—C bond is longer than Ni—C, and in the other bridge the
reverse is true. In compound 124 neither the Co—C nor the Ni—C pairs of
bonds are similar in length, but in this case the Co—C bond length is the grea-
ter in both bridges.

Compound 53, Co,Pt-{(u-CO),{CO);{PPh,), contains two carbonyl bridges
between each of the cobalt atoms and one platinum. One is symmetrical with
the Co—C shorter than Pt—C as expected, but the second bridge is very asym-
metric with a long Co—C bond. This asymmetry is, according to the authors,
due to steric crowding about the carbonyl group.

RuPt,(-CO),{CO),{PMePh,}; [ 113] has both ruthenium—platinum edges
of the metal triangle bridged by symmetrical carbonyl groups.

C. DISCUSSION

Although this discussion section is notionally divided into three parts, the
component sections of structural considerations, electronic considerations
and fluxional behaviour of carbonyls in solution are intimately interwoven.
We have chosen to consider the solid phase structures as the first discussion
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topic, but it is necessary, we believe, to take into account the results of studies
on solutions of the carbonyl complexes to fully appreciate the significance of
features in the solid state. In particular, the very low activation energies of
exchange between terminal and bridging carbonyl groups and the concept of
intermediate stages in this exchange involving non-symmetric bridging car-
bonyls are important.

(i} Structural considerations

When two or more metal atoms come together to form a polynuclear me-
tal complex the metal atoms can be linked in two extreme ways as shown in
Fig. 26 which are equivalent in terms of electronic book-keeping. In A each
carbonyl formally donates two electrons to one metal only and an unsupported
metal—metal bond pairs the odd electron on each metal to form the only
linkage between them. In B each bridging carbonyl donates a single electron
to each metal. The spin pairing in the invariably diamagnetic complex is usu-
aily assumed to occur via a metal—metal bond, although an alternative mecha-
nism exists via the bridging carbonyl group.

It is also well known that there is a distinct tendency for the larger metais
of the second and third transition series to favour the unbridged structure
whilst their first row analogues prefer the bridged structure. For example,
Fe;(CO},, has bridging carbonyls along one edge of the metal triangle, but
Ru,(CO}), . and Os,{CO},, do not.

Pricr to the NMR work described iater, there had been indications that these
two extreme types of structure were almost equi-energetic, at least in some
cases such as Co,{CO};. This molecule has a double carbonyl bridged struc-
ture in the solid state [45], but in solution IR spectroscopic studies inferred
the existence of substantial quantities of the non-bridged form [130,131] and
indeed the crystal structures of some simple derivatives of Co.(CQO); had been
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Fig. 26. Equivalent ways of linking two metal atoms: A, terminal carbonyl proups and a
metal—metal 6 bond; B, two bridging carbonyi groups.

Fig. 27. Distribution of Fe—Fe distances for compounds in Tables 1-—3 according to the
carbonyl bridge type.
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shown to contain non-bridged cobalt atoms [132].

There appears to be no correlation between metal—metal separation and
the type of carbonyl bridge spanning the metals. Fig. 27 shows a histogram of
iron—iron separations against the type of carbonyl bridge for all the complexes
in Tailes 1—3. The three symmetrical bridges with long bond lengths axre com-
pounds 25—27 which have only single carbonyl bridges and a diene or dpm as
the other bridge. It is likely that this second bridge largely determines the me-
tal—meial distance {see later}. Apart from these compounds, there is litile
difference between the distribution of metal separations with bridge type. it
might be noted that Coiton and co-workers [133}] have made the point that
the iength of metal—metal bonds, especially those of lowexr order, depend
strongly upon the number, size, arrangement and character of the bridging
groups.

Also included in Fig. 27 are the iron—iron distances for non-bridged metal
contacts for iron complexes in Tables 1—3. These are derived from trinuclear
and higher clusters in which not all the edges are carbony! bridged. As will be
seen from the figure, the unbridged Fe—Fe distances are also not significantly
longer than the bridged contacts. However, this is a very restricted sample of
non-bridged Fe—Fe contacts and much larger iron—iron separations are found
in other compounds not within the scope of this review {23} and in addition
in a particular compound carbonyl bridged metal contacts are always shorter
than unbridged ones.

The conformation of molecules in a solid state lattice is subject not only
to the electronic effects within the molecule itself, but also to both intra- and
intermolecular packing forces. We believe that the occurrence of a particular
type of bridge, including semi-bridging, or indeed the absence of carbonyl
bridges in some cases, is largely determined by packing forces within the
crystal.

Authors of some individual papers have already attributed the occurrence
of asymmetric and semi-bridging carbony! bridges to steric forces, but the
oniy general discussions of these types of bridges have been by Cotton and
his co-workers and they have discussed them in terms of electronic considera-
tions, as outlined very briefly in the Introduction to this review. The reasons
put forward by Cotton for the occurrence of asymmetric and semi-bridging
carbonylis are different for the two types, thus implying a fundamental diifer-
ence between them. We believe, however, that they merge into each other and
that they differ only in degree rather than in kind. For this reason we include
semi-bridging groups in the discussion of bridge—terminal exchange (see later)
and treat them together in the discussion of structural effects.

In order to make a case that these non-syminetric carbonyl bridges are the
result of steric forces and not electronic, it is necessary to describe a fairly
large number of molecular structures in these terms and we ask that it be kept
in mind that, as far as the energetics of the bridging system are concerned,
there is little preference for any particular configuration in solution (in the
absence of lattice effects) as shown by the '’C NMR experiments.
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In Fe,(CO},;. [28] the two bridges are both asymmetric, but to markedly
different degrees, There is no apparent electronic reason within the molecule
to cause either the asymmetry or the difference between the bridges, but it
can be readily ascribed to crowding of the carbonyl groups about the metal
triangle. Two substitution products of Fe,(CO},. are of interest in this con-
text. Fe{u-COY.(CO}.{PPhMe:}; [24] has a terminal carbonyl on each iron
atom substituted by the phosphine. The presence of the phosphines would
decrease the crowding by ‘opening out’ the ligand polyhedron and the two
carbonyl bridges which were asymmetric in the parent are now symmetrical.
On the other hand, Fe.(¢-C0),(CO),(PPh;) [29] crystallises with equal num-
bers of two isomers as described earlier. The authors comment that the rea-
son there are two isomers is that the packing is more favourable for two iso-
mers together than for either one separately (and we would add that the flux-
ional behaviour in solution during the crystallisation process provides a
ready source of either isomer). The authors also suggest that perhaps the
asymmetrical bridges are an artifact of the forces which produce the octahe-
dral arrangement about each iron atom.

In {Fe {u-CO) {CO)s]1™ [42] the three iron atoms in the basal plane are equi-
valent and yet the carbonyl bridges along the edges are not symmetrical, as
might be expected on electronic grounds, but semi-bridging. A more signifi-
cant example is provided by the [Fe,{(u-CO);(C0),,C]*" ion [44]. The unit
cell of this crystal contains two crystallographically independent ciusters
which are oriented differently in the lattice. The Fe—Fe distances in the two
clusters are closely similar but, as noted earlier, there are very marked differ-
ences in the bridging groups in the two clusters, one particular bridge i1s sym-
metrical in one and semi-bridging in the other, There are, of course, no elec-
tronic reasons for these differences and the complex provides a particularly
nice example for discussing packing factors and their effects on carbonyl con-
figuration. A rather similar situation occurs with compound 118 which also
has two crystallographically independent clusters with different orientations
in the unit cell. In one molecule the bridges are asymmetric and in the other
semi-bridging.

In Ru,{(u-C0O}.(CO).(C,H)(C,H,) [73] (Fig. 20) each ruthenium has two
carbonyl groups, but those on one metal are u. bridging {one asymmetric and
one semi-bridging) to the other two metal atoms. This ruthenium is bound to
the C,H, group which coordinates as a diolefin and this is probably responsi-
ble for the configuration of the bridges through intramolecular steric effects.
In any event, the other two ruthenium atoms are equivalent and on electronic
grounds the bridging carbonyls should be equivalent also.

In the description of the crystal structure of compound 99 the authors
state that the asymmetric carbonyl linkage between the two equivalent metal
atoms is due to intra- and intermolecular forces. Similar comments were made
concerning the semi-bridging carbonyi groups in compound 41 and Doedens
and Dahl [42] go so far as to suggest in their paper on the already crowded
[Fe,(CO),,) (see above) that the neutral complex Fe (CO},, could not exist
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and 100 provide further examples of asym-
metric and sem1~l)r1|:lmmﬂ_r ETDUDS between equivalent metal atoms.

The paper describing the structure of Fe.(z-COXCO);[MeC.COH]. {331
is a remarkable one. It includes the first direct evidence of the shortening of
M-—C bonds in terminal carbonyl groups by comparison with a ¢ M—C bond,
and also the first example of a semi-bridging carbonyl group. Atthough the
bridge spans two quite inequivaletnt metal atoms, so that electronic effects
cannot be ruled out, the point is made by the authors that there is a close inter-
molecuiar contact beiween a ring substituted oxygen of one molecuie and the
bridging ca.rbonyl oxygen of the neighbouring molecule,

Amaong the complexes in this review there are many exan-p}es of asymmie-

tric and semi-bridging carbonyl groups between non-equivalent metal atoms.
Digenssions hased on individual comnonnds have tended to amnhnc:u:p elec-
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tronic considerations and while such arguments cannot be refuted, it seems
to us that the more general concept of lattice effects is useful. For example,
it is difficuit to explain on electronic grounds why one bridge in Fe,(u-COj;-
{CO}).dipy [351] is asymmetric and the other semi-bridging. Even in heteronu-
clear complexes there are sometimes indications of steric forces causing non-
symmetrical bridges as in compound 53.

There are also some examples of symmetrical bridges spanning metal atoms
which are in very different electronic environments. Such seemingly “normal’™
bridges attract little attention in crystailographic discussions, but they provide
a challenge to any argument in which asymmetry is based solely on electronic
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Johnson {134] has proposed a rationalisation of the structures of poiynu-

clear hinarv carhonvls in the golid nhagse which not only emnhasises the im-
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portance of intramolecular lattice effects, but also provides a satisfying expla-
nation of the long established differences between the structures of the first
row transition metal carbonyls and those of their second and third row homao-
logues. Thus while Fe,{COY};, has the edge bridged structure, Ru1;{C0),, and
Os;{CO),: adopt the non-bridged configuration [135,136]. Similarly, Co {CQO},,
and Rh.{CO),, have an edge bridged structure, Ir,(CO),, has the non-bridged
structure {1291.

Johnson’s arguments are similar in some respects to radius ratio concepts
in ionic solids, and although they embody aii the usuai assumpitions and limi-
tations of a hard sphere approach, it does appear that useful correlations can
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cubooctahedron #* [137]. It is important to note that all the vertices are equiv-
alent in both polyhedra but only the icosahedron has equivalent faces. While

the icosahedron is the more s symmetrical polyhedron from the point of view

o

hocanuse of the i-nrig

* The cuhooctahedran is derived from cubic close packing af spheres, the claseiy related
{and equally space filling) “twinned" cubooctahedron is derived from hexagonal close
packing. The non-bridged dodecacarbonyls actually adopt this latter structure.
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of an enclosed metal core, the cubooctahedron is the more efficient in space
filling in the crystal lattice, so there will always be some interplay between
intra- and irtermolecular forces in the selection of the carbony! polyhedron.

The interstitial hole in the icosahedron is smaller than that provided by the
cubooctahedron. Thus, while the metal cores Fes, Co; and Rh, can fit into
the interstitial hole of the icosahedron, this building block is used. However,
when the metal core is too large, such as Ru;, Os,, and Ir, the less favoured
cubooctahedron is utilised. Inspection of the polyhedra will show that insert-
ing a triangle or tetrahedron of metal atoms into the icosahedron provides
carbonyl groups which are naturally equidistant from twu metal atoms (i.e.
bridging). The cubooctahedron, on the other hand, has a disposition of car-
bonyl groups favouring terminal coordination thus providing a structural
explanation of the group trends which have usually been discussed, rather un-
successfully, in electronic terms.

Johnson [1341] also put forward similar arguments to account for the struc-
tures of Fe.(CO); (compound 1) and Os,(CO), which is believed to have only
a single carbony! bridge {138]. Each may be expected to be based on a tri-
capped trigonal prismatic arrangement of carbonyi groups and indeed Fe.,-
(CO}), can be regarded as having this structure. However, the larger Os; unit
cannot be accommodated in the holes of a trigonal prism and it is proposed
that rotation about one of the C, axes produces the geometry expected for
0s.{C0O),. Johnson’s ideas, especially for the (CO);. structures emphasise the
significance of intramolecular packing forces. in addition, he has also used
them to provide a possible mechanism for the fluxional behaviour of Fe;-
(CO),, which involves rotation of the metal iriangle within the icosahedron
[139]1. it is a fact that many polynuclear binary carbonyls show disorder in
their erystal structures and it may be that this disorder arises from different
orientations of the metal core within the carbonyl polyhedron. Examples of
disorder are provided by Fe,(CQ},, [28], Co.{CO},. [55] and Ni,M.(CO},,
[108].

it would be pointless to txry to apply these ideas to grossly unsymmetrical
molecules with a variety of ligands in the same molecule. However, there may
be some value in cases where comparatively little substitution of the parent
carbony! has occurred and yet a structural change has resuited.

Perhaps the best example is provided by compounds 106a and 106b, Ir,-
{z-CO);(CO)..{PPh,}, and Ir (u-CO),;{CO),{PPh,), respectively which have
stereochemistries based on the Co_{CO},. structure rather than the unbridged
Ir;{CO};.. The introduction of phosphorus into the ligand coordination sphera
would no doubt cause an increase in the size of the interstitial hole by “open-
ing out’ the carbonyls, thus enabling the Ir; core to be accommodated in a
polyhedron close te an icosahedron which could readily be attained by anly
minor shifts of the ligands [137]. Even if the polyhedron remained cuboocta-
hedral the effect of the phenyl rings on the phosphine would be to drastically
reduce the space filling properties of this polyhedron and this effect may weil
contribute to the change of polyhedron. This change in stereochemistry on
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substituting Ir,(CO),, may be a fairly general phenomenon as other cases of
the formation of carbonyl bridged derivatives have been detected by speciro-
scopic methods [1401.

The iscelectronie series Co.{u-CO).(CQO), [45], { FeCo(u-CO)(CQ);]™ and
the non-bridged { Fe.(CO)},]*~ provide an interesting example of changing ste-
reochemistry with change of metal rather than change of ligand. Johnson
[134] has related these three structures by rotation of the M, group within
the carbonyl polyhedron, assumed to be a bicapped trigonal prism. However,
there is a difficulty in applying Johnson’s scheme as there is a change in the
carbonyl polvhedron from bicapped trigonal prism in Co.{CO}; to end capped
anti-prismatic in [Fe.{C0O);]*" [119], but it is interesting that this same geo-
metry is adopted by Co.(CO},.{PBu,). {132], which is made simply by substi-
tuting Co.{CO)s. An added difficulty with the mixed metal ion is that the
crystal structure shows the metals to be quite inequivalent since the iron atom
is five coordinate and the cobalt atom only four coordinate. It is in this sorg
of situation that simple “hard sphere™ models break down. We would prefer
to suggest that lattice effects, involving the cations in all probability, are
responsible for the different configurations. Similar effects on changing the
counter ion have been observed in cobalt dioxygen complexes [141,142] and
in the fluoroanions of zirconium {143].

There are several other examples of changes in stereochemistry on substitu-
tion of a parent carbonyl, but in these cases the ligands are such that con-
siderable changes must occur in the ligand polyhedron and there may also he
considerable changes in the electronic structure of the molecule. For these
reasons we shall not attemipt to rationalise the changes which occur, but
mevely give a few examples to illustrate the effects which can oecur. Cotton
and co-workers have prepared two derivatives of Fe.(CO), which both differ
in their stereochemistry from the parent. Fe,{CQ).dipy has one asymmetric
and onc semi-bridging carbonyl spanning two non-equivalent metal atoms and
Fe.(CO).dpm has a single symmetrical carbonyl between the two metal atoms.

Compound 64 is basically a derivative of the Co,(CO),CR series which con-
tain only terminal groups, in which a carbonyl on each of two cobalts is sub-
stituted by the ditertiary arsine ffars. However, the remaining carbonyls rear-
range to give a bridging group along each edge of the metal triangle.

Two derivatives of the unbridged Ru;{CO),, have been isolated which retain
the metal triangle, but edges are now bridged. In compound 70, Ru,(u-CO)-
(CO)..(C,.H,), there is one symmetrical carbonyl bridge and in Ru,{u-CO},-
(CO};(C;H, N ,) [T2] ali three edges of the metal triangle are bridged by asym-
metric carbonyl groups.

Deprotonation of H,Ru,{CO),., which contains only terminal carbonyl
groups gives first { HyRu(CO),,]” which also has only terminal carbonyls and
then [H,Ru,{CO},.]*” which has three u, carbonyl groups in a structure
thought to be similar to Co_ (CO),. on the basis of IR and ’C NMR spectro-
scopy [144].

In the solid state compound 67, Co,(u-CO);(C;H;),, contains one triple
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Fig. 28. Molecular structure of Coz{M-CO}{CsH;); {compound 67) viewed down the uni-
que Co—C H;s axis.

carbonyl bridge and two u. bridges {(one asymmetric and one semi-bridging)
along two edges of the metal triangle bent away from the triple bridge. There
is a plane of symmetry in the molecule through the doubly bridged cobalt
atom and the triple bridging carbony! as shown in Fig. 28 and together with
the diagram in the original publication [67] it can be seen that the three car-
bonyls are almost stereochemically equivalent about a “‘three fold axis™ and
occupying the volume between the cyclopentadiene rings. This automaticaily
makes two of the carbonyls edge bridging and one triple bridging. in solution
the IR spectrum varies markedly with solvent, but is always quite different to
the solid state spectrum, thus demonstrating that the structure adopted in the
solid state is the result of lattice effects.

QOur general conclusion is that the type of carbonyl bridge observed in the
solid state is largely a result of intermolecular and intramolecular forces, We
acknowledge that it is impossible to distinguish between electronic and steric
effects in unsymmetrical molecules, and that electronic factors may have
some importance in these situations, but there are so many examples of non-
symmetrical bridges which can clearly be ascribed to steric forces that we
believe a case for the generality of their causal effect can be substantiated.

(ii) Fluxional behaviour in carbonyis

One of the most interesting discoveries in the last decade or so is that many
molecules undergo rapid intramolecular rearrangements in solution. A rather
spectacular version of this peneral phenomenon is the interchange between
bridging and terminai carbonyl groups in polynuclear metal derivatives. The
process was first suggested by Cotton and co-workers {145] on the basis of
the temperature variation of the 'H NMR spectrum of Fe.(¢-CQ).{(COQ).(C;H,),
(compound 5) and the subsequent observation of the '*C NMR spectrum
{146] confirmed the process. In the last few years there has been intense
activity in this field and the interchange between terminal and bridging car-
bony! groups has become a very common observation.

Fortunately, in many cases, the rate of exchange is amenable to study by
NMR techniques and the observation of the spectra as a function of tempera-
ture in suitable cases leads to a limiting spectrum at low temperature and the
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full exchange situation at high temperature. From these studies the activation
energy of the process can be determined and fine detail of the exchange pro-
cess explored. In other cases, such as Fe;(CO),,, the exchange is so facile that
even at the lowest temperatures obtainable there is still only a single carbonyl
resonance in the NMR spectrum, implying that the activation energy for the
process 1s very low indeed.

Cotton [ 1471 has suggested that unsymmetrical bridging groups fail into
two main types, namely compensated sets of two asymmetric bridges as in
Fe;(CO),,, and semi-bridging carbonyls which he has suggested serve the func-
tion of equalising charge distribution within the molecule. Cotton then
invokes the compensating sets i1 the exchange between terminal and bridging
carbonyls as shown in Fig. 29 The unsymmetrical bridges merely represent
intermediate stages in the entire range between nonbridged and symmetrical
bridged extremes, under conditions where the total energy of the system
varies little from one limiting structure to the other. It should be noted at
this point that Cotton and his co-workers have amply demonstrated that at
Jeast in compound 5 and many closely related complexes [148], the non-
bridged form is indead an intermediate in the exchange process.

We would agree with all that Cotton has suggested about the exchange pro-
cess, but we would widen the concept somewhat. For reasons given earlier,
we regard asymmetric and semi-bridging groups as basically similar and we
would therefore include semi-bridging carbonyls in the exchange process. We
would also remove any arbitrary distinction between symmetrical bridges
with angles in the common range of 77—90° and those with angles close to
120°. At present, the only published exampie of this latter type is Pd.{u-CO)
(j:-dam),Cl. {1111, which has no terminal carbonyis to exchange, but when
further examples containing this type of bridge are found, we would expect
the usual exchange to occur. In other words, we regard the carbonyl bridge
in compound 111 to be merely one extreme in the wide spectrum of carbonyl
bridging envisaged by Cotton and not a radically different ligand as suggested
by Robinson {1491, These views are confirmed by the very recent observation
[150] that Pt.{(u-CO)u-dpm).Cl. has a structure very similar to compound
111 and that in solution it partially isomerises to a terminal carbonyl deriva-

p/C\P P’C‘P +
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Fig. 29. Bridge—terminal exchange scheme inveking asymmetrically bridged intermediates.

Fig. 30. Bridge—terminal carbonyl equilibrium in Pta{u-CO)(pt-dpm )2 Cl». {Phenyl groups
omitted for elarity.})
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Fig. 31. Extended bridge—terminal carbonyl exchange scheme invoking semi-bridged spe-
cies as intermediates.

tive which has a direct metal—metal bond as shown in Fig. 30.

Cur complete exchange scheme, which is merely an extension of Cotton’s
is shown in Fig. 31. The majority of complexes will not reach the extreme
left hand side of the exchange scheme, because of intramolecular factors
which are discussed beiow, but this does not affect the ability to exchange
terminal and bridging carbonyl groups.

in this sequence several ciearly delined steps can be envisaged:

(i) Gradual opening of the M—C—O0 angle from 120° to 180° at the two
extremes which is equivalent, in the extremes, to a change in hybridisation

at carbon from sp” to sp.

(i1} Gradual weakening of one metal—carbon bond and strengthening of the
other, which occurs simultaneously, although not necessarily at the same rate,
in both the ¢ and 7 frameworks.

(ii1) Gradual increase in the strength of the M—M bond from zero at the left
hand side to a complete bond at the right hand side. At first this bond is
likely to be a 7 interaction and only as the carbonyl bridge becomes asymme-
tric and the coordination sphere about each metal rotates slightly {28,139]
will it become a ¢ interaction.

The energetics of the exchange process have not been examined i: detail.
Several independent lines of evidence suggest that the metal to bridging car-
bonyl bond is strong. X-ray crystallography gives a comparison of Fe—C o
bonds in compounds 30 and 33—35 (which range from 1.94—2.06 A) with
Fe—symmetrical bridge distances which are all less than 2.0 A {(except for
one bridge in compound 24) and most are less than 1.94 A. Less direct indica-
tions of the strength of M—bridge bonds are provided by IR spectroscopy and
13C NMR. On the conventional view of bonding of carbony! groups to transi-
tion metals, the decrease in the carbonyl stretching frequency compared with
free carbon monoxide to lower values for terminal carbonyis is attributed to
back donation to the empty 7" orbital of the ligand, thus giving multipie
character to the M—C bond, which also has crystallographic confirmation
{83,151]. Bridging carbonyls have even lower stretching frequencies and,
although two M—C bonds are now involved, there must still be significant «
bonding involved. Carbon NMR shifis have been correlated [152} with elec-
tron density at carbon. Terminal carbonyls give signals which occur at extrem-
ely low field indicating considerable electron density at the carbon, but bridg-
ing carbonyls are invariably at still lower field.

There is therefore an abundance of evidence that the metal—bridge car-
bonyl band is strong, and yet the activation energies for exchange in very
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many complexes are of the order of 15 keal or less, for a process which has
been shown unequivocally to invoive breaking of a metal—bridge bond.
Clearly, the observed activation energy must merely be the difference between
the enexrgy required to break the bridge bond and some compensating process
or processes which release a very similar amount of energy. One obvious possi-
bility is an increase in the strength of one metal—carbon bond as the car-
bonyl group changes from bridging to terminal. A second process is the gra-
dual increase in the strength of the metal—metal bond.

As noted above, towards the left of the exchange scheme the spin-pairing
of the metal electrons will be via a w-interaction which may be either direct
metal—metal interaction or via the bridging carbonyls {153}. If this is accepted
considerable simplification in stereochemistry of metals in polynuclear com-
plexes can be achieved because it is no longer necessary to postulate a direct
¢-bond between the metals. For example, we would regard the iron atoms in
Fe.(CO)s as almost octahedral with the spin-pairing occurring through a
weak m-interaction between thie metals which is not stereochemically signifi-
cant. If a direct g-bond is postulated a seven coordinate stereochemistry is
required which is sterically unlikely {see below). Similariy, if adirect Fe—Fe
g-bond is not demanded for the carbonyl bridged edge in Fe;(CO},., the
stereochemistry of each metal atom is close to octahedral.

(iii) Electronic and further structural considerations

The conventional view of the bond of terminal carbonyl groups to transi-
tion metais is too well-known Lo need repealing here. In contrast, there are
few descriptions of the bonding situation in bridged carbonyls although
Braterman {125] has argued against the idea of “ketonic’ carbonyl groups in
favour of a delocalised molecular orbital description.

In every case known to the authors in which bridging carbonyls occur, the
pair of metal atoms involved are short of the number of electrons required to
obey the 18 electron rule, usually by one. However, since the complexes are
invariably diamagnetic spin-pairing must occur. Although it has long been
recognised that this may occur via the bridging carbonyl [153], the discovery
of the first unsupported metal—metal bonds and their rapid proliferation in
the last twenty years has led to a situation where it becomes almost automatic
to assume a metal—metal bond is always responsible for the spin-pairing.
Indeed, it has been explicitly proposed that, “bridging carbonyl groups never
occur unless the bridged metal atoms are formally bound to each other™
[154].

Compound 111, Pd.{u-CO)}u-dam).Cl., provides the first proven excep-
tion to this proposed rule. The molecular structure is shown in Fig. 32. The
palladium atoms are 3.274 A apart and are square planar coordinated, sharing
the carbonyl group. In all other palladium(i} dimers the Pd—Pd distance is
less than 2.7 A [111] and since the diameter of non-bonded palladium is
about 2.75 A it is clear that direct metal—metal interaction cannot occur.
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Fig. 32. Molecular structure of Pd{-CO)(2-dam}2Cls {(compound 1113}, (Phenyl groups
omitted for clarity.)

Fig. 83. Angles in Fea(u-C0)3(CO)s. {Only two bridging and two terminal carbonyt groups
shown for clarity.)

The metal—carbon bond iengths are normal, so that considerable opening out
of the Pd—C—Pd angle occurs; in fact the angle is approximately 120° and the
Lridging carbonyl closely resembles an organic ketone group. This analogy is
supported further by the carbonyl stretching frequency which is 1720 em™.
Compound 111 is diamagnetic, and as there is no mechanism [or spin-pairing
via the saturated diarsine ligands, it must occur via the carbonyl bridge. We
envisage that the carbon at the bridge is sp” hybridised with a single clectron
in each of the two lobes directed towards the metal atoms. If we assume dsp-
hybridisation for palladium, there will be one electron in one of the o hybrid
orbitals of each metal with the other four unhybridised d orbitais full. We
regard every ligand except the carbony) to be 2 two electron donor and spin-
pairing to occur to give a covalent bond between each Pd and carbonyl. In
this way the metal electrons are paired, but not with each other,

Apart from any electronic consideration, the existence of this structure
effectively demolishes all arguments concerned with the lack of carbanyi
bridges between metals about 3.0 A apart {e.g. Mn.{CQ},,} when these argu-
ments are based simply on the presumption that the carbonyl ligand cannot
span such a large metal separation.

In the preceding section we suggested that spin-pairing of the metal elec-
trons may be via a m-system and thus be stereochemically not significant; we
shall now consider some consequences of this assumption.

Consider the case of Fe,{CQ),; in their paper on its structure Powell and
Ewens |[1a} calied the carbony! groups ketonic and assumed them to be two
electron donors to both metal atoms, thus making the ligands CO*™ and the
metals formally Fe{lIIl}. This is clearly an unreasonable approach, but it is an
unnecessary one, since the bonding can be considered covalent as in the pre-
vious case of compound 111, The iron atom can then be regarded as Fe(O}
with octahedral coordination, but three of the metal hybrid orbitals wvould
each contain one electron to pair up with the three carbonyl electrons. The
remaining unpaired electron on the metal is in an orbital of 7 symmetry
which may pair up either directly or via the carbonyls in a two electron three
centre MO system. If it is accepted that this is a reasonable description of the
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o framework, it is reasonable to ask why the angle at carbon is only 77.6°
instead of 120°. We believe the answer to this question lies in intermolecular
forces as suggested by Powell and Ewens. The detailed geometry of the bridge
system is shown in Fig. 33 in which the angles are those reportfed in the
re-determination of the structure by Cotton and Troup [1b]. Any increase in
the angle at carbon would lead to a decrease in the angle at iron. This in turn
would lead to gross interaction between the three bridging carbonyl groups
and also a further decrease in overlap between the metal hybrid orbitals and
those of the carbonyl. Conversely, any increase in the angle at iron would fur-
sher decrease the angle at carbon. Thus the steric arrangement can be consi-
dered to be a compromise between the conflicting stereochemical require-
ments of the metal and the carbonyls. As Cotton and Troup 1b] have
pointed out, the angle at carbon in the compound is low {see Tables), and we
believe this is due sitnply to the fact that there are three bridging carbonyl
groups, and any distortion of the angles at the metal quickly causes intra-
molecular repulsions.

Incidentally, if a direct g-bond is postulated between the metal atoms it
would pass through the compressed faces of the metal coordination spheres,
thus adding to an already crowded situation.

It is worth noting at this point that the generally small angle »t bridging car-
bonyls, which has attracted considerable attention [125], is nothing unusual
or unique to carbonyls, but is in fact a universal phenomenon at all bridging
groups in similar environments. Thus, in compounds 3 and 13 the angles at
the bridging germanium are 66.8° and 68.15° respectively. The angle at sul-
phur in compound 19 is 72.9° and in the range 67—70° in compound 54. In
the complex [Co{u-PPh.}(C;H;)]: [155] the angle at phosphorus is 72° and in
[Mn(u-SiPh.}{C0}.]. [156] it is 73.4° at silicon. Many other examples could
be cited to show that this is a general effect and not restricted to carbonyl
groups. This in turn suggests a general cauce for the effect, which we believe
to be steric, as outlined above.

Compcund 27, Fe.(u-COXCO).dpm, provides a particularly nice example
in which to examine intramolecular bonding effects. Each iron atom is essen-
tially trigonal bipyramidal (omitting an Fe—Fe o-bond}, the diphosphine
occupying axial positions on each metal. A carbonyl in the trigonal plane is
symmetrically shared between the metals as shown in Fig. 34 which also
shows the details of the carbonyl bridge. In this case the opening out of the
angle al carbon to 120° would have no effect on the stereochemistry about
the iron atoms, but the diphosphine i a constraint on the carbon angle. We
have shown that in the bridging mode of coordination dpm and dam are
rather rigid ligands in the sense that they resist opening and closing of the
angle at the methylene carbon. In situations in whicn the natural separation
of the ligand donor atoms (P—P 3.0 A, As—As 3.3 A) matches the metal—
metal separation {e.g. compound 103} no distortion of the ligand or the me-
tal coordination sphere occurs. In cases where the metal—metal separation is
greater than the hite of the ligand, there is distortion of the coordination
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Fig. 34. A, Molecular structure of Fe {u-CO)}u-dpm}(CO), (compound 27 ). (Phenyi
proups omitted for clarity.) B, Details of the planar Fe {u-CO)}CO}. system.

sphere of the metal rather than of the ligand. An example is Re,(u-Cl).-
(z-dam)(CO),, [157] which has a metal separation of 3.8062 A. On the other
hand, for metal separations shorter than the ligand bite there is either a twist
of the dimeric molecule to effectively reduce the bite of the molecule as in
[PABr{g-dpm}]. [158] or, as in the case of compound 27, a slight twist about
the metal~metal axis combined with a slight dictortion of the metal coor-
dination sphere. Thus we see this long Fe—Fe separation of 2.709 A as result-
ing mainly from a compromise between the requirements of the bridging car-
bounyl and the diphosphine ligand. It would be an interesting test of these
ideas to prepare a corresponding derivative with dam to see if the Fe—Fe dist-
ance did increase and the carbonyl angle open out as a result of the larger
licand bite.

If we now return briefly io Pd . {u-CO}(p-dam).Cl. it can be seen from the
structure that there is no vestraint on the angle at the carbonyl bridge open-
ing out to the optimum value of 120° since this produces a matal—metal
separation ideal for dam to bridge.

It should be emphasised again that in these exampies it makes no difference
whether spin-paiving occurs via the carbonyl groups or via a # interaction
batween the metals. All that is important is that there should be no strong o
interaction between the metals.

{iv) Linear u- bridging and semi-bridging carbonyls

In compound 103, Mn.(p#-COXp-dpm)}.(CO)., it is suggested that there is a
radically different type of carbonyl bridge as shown in Fig. 23, The evidence
that this is not just an extreme case of semi-bridging is, (i) the metal—carbon
bonds are closely similar and (ii) the stretching {requency of the bridging car-
bonyl which occurs at 1645 em™*, This very low value is consistent with a
group which is not only bonded in a normal terminal fashion to one metal,
but also donates from its filled 7 orbitals to the second metal. Ordinary semi-
bridging groups have stretching frequencies close to those shown by terminal
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carbonylis in keeping with the idea that they have predominantly terminai
character.

In ouy original papers on this compound [103,152] we suggestied the pre-
sence of a Mn—Mn bond to account for the diamagnetism of the complex in
accord with the metal—metal separation which is similar to that found in Mn,-
{CO}),, [160). We now favour a bonding scheme involving spin-pairing via the
carbonyl bridge and we have some evidence which may support this view
[161]. We have found that Mn.{z-dpm){CO)s and Mn {(uz-dpm}:{CO}..,, which
are intermediates in the preparation of compound 100, have siretching modes
int their Raman spectra close to that observed for Mn ,{(CC},, at about 170
cem” ' which is assigned to the metal—metal stretch [162]. There is no way
other than by a metal—metal bond that spin-pairing can occur, so by analogy
we assign the bands in these complexes to the stretch of the metal—metal
bond. However, in compound 103 there is no such stretching mode; the spec-
trum is clear in this region and as the mode is very strong in the other com-
plexes we feel there is no chance the vibration has been missed. Since the inter-
mediates show that the presence of the bridging dpm ligands does not alter
the position of the band, clearly something dramatic happens when the bridg-
ing carbonyl is introduced. We suggest it is loss of the metal—metal s-bond.

Very recently Klinger et al. [96a] have claimed that compound 96, Mo,-
{(u-CO)Y,{CsH )., contains four carbanyl groups which are linear u; bridges,
two in each direction. We reject this suggestion on the grounds that, (i) the
nietal carbon bonds at the bridges differ by about 0.5 A in each case and (ii)
the carbony! stretching frequencies of 1900 and 1850 cm™* are close to nor-
mal terminal values. We prefer to classify thoese biidges as borderline semi-
bridging, which was the opinion of the authors themselves in their prelimin-
ary communication {96b].

(v) 1. carbonyl groups

A number of structures are known in which a carbonyl group bridges
thiree metal atoms, either symmetrically or asymmetrically. It is also known
that the triply bridged carbony! can undergo facile exchange with u» carbonyl
groups or terminal carbonyis, for example compound 67. Although we have
not made a study of g5 carbonyls we feel it is likely that steric forces are also
responsible [or their appearance in the solid state. For example, compound
80, Rh;{(p-CONC,F;C,C,F;){CsH;};, contains a single . carbonyl, but if
diphenylacetylene is used instead of its per{luoro analogue the carbonyl
becomes ys, with other features of the structure remaining essenally un-
changed.

D. CONCLUSIONS

It seems to us that a good case can be put forward to account for the
detailed conformation of carbonyl bridged systems in the solid state in terms
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of intra- and intermolecular forces. Over the vears since their discovery, car-
bonyl compounds have presented an impressive number of challenges to bond-
ing theories. [f our proposals are correct, then they add another. There is

little point in trying to rationalise the detailed stereochemistry of a molecule
in the solid state if the predominant force causing that stereochemistry is
ignored by the theory. ln solution, yet another problem arises in bonding
theory due to the dynamic character of the molecules.
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