
This journal is c The Royal Society of Chemistry 2012 Chem. Commun., 2012, 48, 11481–11503 11481

Cite this: Chem. Commun., 2012, 48, 11481–11503

The occurrence and representation of three-centre two-electron bonds

in covalent inorganic compounds

Jennifer C. Green,
a
Malcolm L. H. Green*

a
and Gerard Parkin*

b

Received 23rd July 2012, Accepted 12th September 2012

DOI: 10.1039/c2cc35304k

Although compounds that feature 3-centre 2-electron (3c–2e) bonds are well known, there has

been no previous effort to classify the interactions according to the number of electrons that each

atom contributes to the bond, in a manner analogous to the classification of 2-centre 2-electron

(2c–2e) bonds as either normal covalent or dative covalent. This article provides an extension to

the Covalent Bond Classification (CBC) method by categorizing 3c–2e interactions according to

whether (i) the two electrons are provided by one or by two atoms and (ii) the central bridging

atom provides two, one, or zero electrons. Class I 3c–2e bonds are defined as those in which two

atoms each contribute one electron to the 3-centre orbital, while Class II 3c–2e bonds are defined

as systems in which the pair of electrons are provided by a single atom. Class I and Class II 3c–2e

interactions can be denoted by structure–bonding representations that employ the ‘‘half-arrow’’

notation, which also provides a convenient means to determine the electron count at a metal

centre. In contrast to other methods of electron counting, this approach provides a means to

predict metal–metal bond orders that are in accord with theory. For example, compounds that

feature symmetrically bridging carbonyl ligands do not necessarily have to be described as

‘‘ketone derivatives’’ because carbon monoxide can also serve as an electron pair donor to two

metal centres. This bonding description also provides a simple means to rationalize the theoretical

predictions of the absence of M–M bonds in molecules such as Fe2(CO)9 and [CpFe(CO)2]2,

which are widely misrepresented in textbooks as possessing M–M bonds.

1. Introduction

Together with simple electron counting procedures (e.g. the

octet1,2 and 18-electron2a,3 rules), the concept of the 2-centre
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2-electron (2c–2e) bond,1 and its representation as a solid

black line between two atoms in so-called ‘‘Lewis structures’’,4

have been of immense importance in the development of

chemistry. Specifically, such structure-bonding (S-B) represen-

tations provide a simple means both to (i) describe the

structures and bonding of a wide variety of covalent organic

and inorganic molecules and (ii) convey chemical reactions

and their mechanisms. However, despite the importance of the

concept of the 2c–2e bond and its representation, its limita-

tions as a model are well-known. For example, it is not

possible to describe the structures of many molecules (e.g.

B2H6) in terms of only 2c–2e bonds because the bonding

involves multicentre interactions. The bonding within such

molecules may, nevertheless, be analyzed by application of

either molecular orbital theory or more sophisticated theore-

tical methods. However, while these theoretical methods

provide insight into the nature of a compound, they lack the

convenience of simple electron counting procedures in evalu-

ating the chemical reasonableness of a proposed covalent

molecule.

Fortunately, regardless of the fact that molecular orbitals

are highly delocalized, the bonding in molecules with multi-

centred bonding can often be expressed in terms of a combi-

nation of 2-centre 2-electron and 3-centre 2-electron (3c–2e)

interactions. The purpose of this article is to describe how

electron counting procedures can be applied to such mole-

cules. Specifically, we (i) classify 3c–2e bonds according to

three different types that are distinguished by whether the

bridging atom contributes zero, one or two electrons, and

(ii) provide a simple means to represent these interactions in a

conveniently employed ‘‘Lewis-type’’ manner with respect to

electron counting procedures. Furthermore, we describe a new

Lewis-type representation for the bonding in certain transition

metal compounds with symmetrically bridging carbonyl

ligands. Significantly, the new representations may be used

to predict M–M bond orders that are in accord with the values

that are obtained theoretically, in contrast to the bond orders

that are predicted by conventional electron counting methods.

As an illustration, the article will reconcile why compounds

such as Fe2(CO)9 and [CpFe(CO)2]2 are misrepresented in

many text books as possessing Fe–Fe bonds, despite the fact

that, for many years, theoretical calculations have indicated

the absence of such bonding interactions.

2. Classification of 3-centre 2-electron bonds

It is well recognized that there are two fundamentally different

classes of 2c–2e interactions that are distinguished according

to the number of electrons that each partner contributes to the

interaction. If each partner contributes one electron to the

bonding orbital, the interaction is described as a normal

covalent single bond, while if both electrons are contributed

by a single partner, the interaction is described as a dative

(or coordinate) covalent bond (Fig. 1); the atom that provides

the electrons is referred to as an electron pair donor. Thus, a

bond is classified as dative covalent if minimum energy bond

rupture, in either the gas phase or in an inert solvent, proceeds

heterolytically (i.e. both electrons transfer to a single atom),

while a bond is classified as normal covalent if minimum

energy bond rupture proceeds homolytically (i.e. one electron

is transferred to each atom) to yield a pair of radicals.5

The important distinction between these two classes of

bonds has been highlighted by Haaland,5 and this difference

is an important feature of the Covalent Bond Classification

(CBC) of molecules.6 Specifically, the CBC method classifies

a molecule in terms of the nature of the ligands around the

Fig. 1 Schematic illustration of the distinction between a normal

covalent bond and a dative covalent bond. A bond is (i) dative

covalent (left) if minimum energy rupture proceeds heterolytically,

i.e. both electrons transfer to one atom to give diamagnetic fragments

(coloured blue), and is (ii) normal covalent (right) if minimum energy

rupture proceeds homolytically, i.e. one electron is transferred to each

atom, to yield radicals (coloured red).
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element of interest (M), according to whether the neutral

ligands contribute two, one or zero electrons to the bond

(Fig. 2). These ligands are respectively represented in the CBC

method by the symbols L (for 2-electrons), X (for 1-electron)

and Z (for 0-electrons). Simple molecular orbital diagrams

that illustrate the different occupancies for L, X and Z ligands

are depicted in Fig. 2. A normal 2c–2e covalent bond is

described as an [X–X] interaction, while a dative bond is

described as an [L-Z] interaction.

According to the CBC method, a molecule is classified as

[MLlXxZz]
Q� by summing all the L-, X-, and Z- functionalities,

as illustrated in Fig. 3 for some tungsten complexes. For

example, Cp2WH2 is classified as [ML4X4] since Cp � [L2X]

and H � [X], while [Cp2WH3]
+ is classified as [ML4X5]

+.

However, in order to compare molecules that have different

charges, the [MLlXxZz]
Q� assignment is reduced to its ‘‘equiva-

lent neutral class’’, which is the classification that results if the

Q� charge were to be localized on the ligands rather than on

the metal centre. Although the procedure for obtaining the

equivalent neutral class is presented in detail elsewhere,6 the

essential transformations are as follows: for cations, L+ - X

and, if no L ligand is present, X+ - Z; for anions, X� - L

and, if no X ligand is present, L� - LX. If the derived

classification after performing these transformations contains

both an L and a Z function, the classification is reduced further

by using the transformation LZ- X2. As an illustration of this

procedure, [Cp2WH3]
+, which is classified as [ML4X5]

+,

transforms to [ML3X6] by applying the rule L+ - X.

As an extension of the notion that 2c–2e bonds can be

classified according to the number of electrons that each partner

contributes, 3c–2e interactions may likewise be conveniently

classified according to whether the bridging atom contributes

none (m-Z), one (m-X) or two (m-L) electrons (Fig. 4). Thus, in
this article, we use the descriptions m-Z, m-X and m-L to indicate

Fig. 2 The Covalent Bond Classification (CBC) of L, X, and Z ligands.

Fig. 3 [MLlXxZz] classifications of some simple tungsten compounds. The initially derived [ML4X5]
+ classification of [Cp2WH3]

+ is transformed

to the equivalent neutral class of ML3X6 upon applying the rule L+ - X.

Fig. 4 Classification of 3-centre 2-electron (3c–2e) interactions

according to the nature of the specified bridging atom.
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the number of electrons that a specified bridging atom7

contributes to the 3c–2e bond, and a simple way to represent

the interactions is presented in Fig. 4.

Molecules with bridging m-Z atoms are depicted with the

familiar structure-bonding notation in which an arrow is drawn

from the midpoint of the X–X bond to Z, thereby indicating

that an X–X bonding pair of electrons serves as a ‘‘dative bond’’

to Z and thus contributes two electrons to the electron count of

the latter. Representative examples of this type of interaction

are provided by dihydrogen complexes, [M](Z2-H2) (Fig. 5),8

which belong to a class of molecules referred to as s-complexes.

Molecules with bridging m-X atoms can also be depicted by

drawing an arrow from the centre of the X–X bond to the

outer Z atom (Fig. 4). This structure-bonding representation is

most commonly employed if the angle at the central atom is

distinctly nonlinear and the outer Z atom is considered to be

within a bonding distance to both X atoms (i.e. a ‘‘closed’’

system10), as illustrated by alkane s-complexes (Fig. 6). How-

ever, if the [XXZ] interaction is almost linear (i.e. an ‘‘open’’

system10), the outer Z atom interacts primarily with only the

central X atom, and so the interaction is more conveniently

represented by using the X–X , Z ‘‘half-arrow’’ notation in

which the ‘‘half-arrow’’ is drawn from the central X atom to

the outer Z atom (Fig. 4),9 as illustrated for the bridging

hydride complex, {[(CO)5Cr]2(m-H)}� (Fig. 6).10 The reason

for using a half-arrow from the atom (rather than a full arrow)

is to emphasize that the arrow does not correspond to donation of a

lone pair, but rather donation of a bond pair. The two representa-

tions (i.e. a full-arrow from the centre of the bond and a half-arrow

from the central atom) are intended to convey the same information

with respect to electron counting purposes, and the form that is

used is often a matter of convenience (cf. representing a dative

covalent bond as either A - B or A+–B�).

For molecules with [ZLZ] 3c–2e interactions, the bridging L

atom contributes a pair of electrons to the three-centre orbital,

while the orbitals on the outer atoms are initially empty and

provide no electrons. Since all three atoms share the pair of

electrons, the donor atom may be regarded as effectively

contributing two electrons to the electron count of both outer

atoms (Fig. 4). This bonding situation may, therefore, be

represented by a pair of half-arrows that are drawn from the

central atom (L) to each outer atom (Z); the reason for the use

of half-arrows is to emphasize that the donor atom is not using

two lone pairs, but rather that a single electron pair is being

shared with both Z atoms. An example of this type of

interaction is provided by complexes that feature bridging

PR3 ligands,
11 as illustrated in Fig. 7.

Thus, to summarize with respect to electron counting

procedures, a m-X bridging group behaves as if it were a

‘‘m-XL’’ ligand, in the sense that the 3c–2e interaction results

in one of the other partners (X) receiving one electron, and the

other (Z) receiving two electrons. A m-L bridging group

behaves as if it were a ‘‘m-L2’’ ligand, in the sense that each

Z partner receives a pair of electrons. On the other hand, a m-Z
ligand contributes no electrons to either of the X partners, but

each X atom contributes a single electron that is shared with

both its X partner and the Z atom.

3. The occurrence of 3c–2e bonds

Of the three types of 3c–2e interactions illustrated in Fig. 4,

those involving m-Z and m-X bridging atoms are similar in that

they feature a pair of electrons that is provided by two atoms,

with the arrangement differing merely by the location of Z, i.e.

[XZX] versus [XXZ]. In contrast, for a 3c–2e interaction with a

m-L bridging atom (i.e. [ZLZ]), the pair of electrons are

provided by a single atom.12 These two categories may be

respectively represented as Class I and Class II (Fig. 4). Of

these, compounds belonging to Class I with m-Z and m-X
bridging atoms are most commonly encountered, as illustrated

by bridging hydride complexes, dihydrogen complexes and

agostic derivatives.13 Specific examples of compounds that are

categorized according to the nature of the bridging atom are

described below and the CBC designation for coordination of

representative ligands to a metal are provided in Table 1.

3.1. Class I l-Z 3c–2e bonds

The best examples of compounds with 3c–2e interactions in

which the bridging atom utilizes a Z function are provided

by dihydrogen complexes, in which the metal is defined as

Fig. 5 An example of a 3c–2e interaction with a m-Z bridge.

Fig. 6 Two ways of representing 3c–2e interactions with a m-X
bridge. The representation on the left is often used when the angle

at the bridging atom is distinctly nonlinear and Z is within bonding

distance to both X atoms, while the representation on the right is more

commonly used when the angle at the central atom is closer to linear.

Both representations are intended to convey the same information

with respect to electron counting. Note that the molecule on the right

can also be drawn with an equivalent structure-bonding representation

in which the half-arrow is drawn to the chromium on the left and the

formal charge is located on the chromium on the right.

Fig. 7 An example of a compound that features a 3c–2e interaction

with a m-L bridge.
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bridging the two hydrogens (Fig. 5). Some early examples of

dihydrogen complexes are illustrated in Fig. 8.8

However, while the bonding in dihydrogen complexes is

normally represented with the metal centre serving as a Lewis

acid, it is important to note that supplementary p-backbonding
involving the H–H s* orbital is crucial for stabilizing the

interaction (Fig. 9). This p-backbonding interaction is also

responsible for cleaving the H–H bond to form a dihydride

tautomer. As such, a continuum of structures exists in which

the H–H distance depends on the degree of backbonding

(Fig. 10).8c Despite this continuum, dihydrogen complexes

are invariably represented without illustrating the backbonding

interaction (cf. metal carbonyls) because, in the limit that

backbonding competes with s-donation, the H–H bond is

broken and the compound exists as the dihydride tautomer.

3.2. Class I l-X 3c–2e bonds

Compounds with Class I interactions that feature a m-X bridge

are very common, as illustrated by (i) hydrocarbon and silane

s-complexes, (ii) bridging hydride, alkyl and silyl complexes,

and (iii) agostic complexes, each of which is discussed in this

section.

3.2.1. Hydrocarbon and silane r-complexes. Transition

metal hydrocarbon14 and silane15 adducts, in which C–H

and Si–H bonds interact with a metal centre (Fig. 11), bear a

close relationship to dihydrogen complexes, with each belonging

to the class of molecules described as s-complexes.8,16

Hydrocarbon and silane s-complexes are, however, much less

commonly encountered than dihydrogen complexes. Indeed,

alkane adducts are particularly unstable and have only been

spectroscopically identified (i) in matrices at low temperature

and (ii) in solutions at either low temperature or by the use

of flash photolysis.16–19 Such complexes are, nevertheless,

commonly invoked as intermediates in reductive-elimination

and oxidative-addition reactions on the basis of deuterium

labeling and kinetic isotope effects.20

Although there are no crystal structures of stable transition

metal alkane s-complexes,21 a variety of silane s-complexes

have been structurally characterized by X-ray diffraction,15a–d

as illustrated in Fig. 12.22,23 These studies demonstrate that the

extent of the M� � �Si interaction is highly variable and, in one

Table 1 Summary of CBC designations for coordination of various
ligands to M

Ligand
CBC classification
with respect to M

L

L

L

LX

LZ = X2

X

LX

L2X

X

L

Fig. 8 Early examples of transition metal dihydrogen complexes.

Fig. 9 Qualitative molecular orbital diagram for dihydrogen

complexes.
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case, the bond angle at hydrogen is close to linear [157(1)1]

(Fig. 13).24 For this reason, it is evident that hydrogen, rather

than the metal, is better identified as the bridging atom (m-X)

in alkane and silane s-complexes. The greater preponderance

of silane complexes has been attributed to the Si–H bond being

more polar and polarizable than a C–H bond, such that it is

both a better s-donor and p-acceptor.15,16 As with dihydrogen

compounds, the length of the Si–H bond depends critically on

the extent of p-backbonding. However, the bonding situation

for s-silanes is more complicated than that for dihydrogen

compounds because the multicentre interaction is not restricted

to three centres and can involve four or more atoms, situations

that have been referred to as ‘‘interligand hypervalent inter-

actions’’ (IHI)15d and ‘‘secondary interaction between a silicon

and a hydrogen atom (SISHA)’’.15g,25 Furthermore, silanes

can also bridge metal centres, as illustrated by [(PCy3)2-

RuH2]2(m-SiH4)
26 and {[PhBCH2PPh2]Ru}2(m-SiH6),

27,28 which

are presented in Fig. 14 and 15, respectively.

3.2.2. Borane, alane and gallane r-complexes. Lewis base

adducts of boranes, alanes and gallanes (LEH3; E = B, Al,

Ga) are isoelectronic with methane and silanes. As such, the

interaction of the E–H bonds in these molecules can be

represented by the use of the half-arrow notation (Fig. 16),

akin to that used for alkane and silane s-complexes.

The first examples of borane compounds that feature such

interactions are the chromium, molybdenum and tungsten

complexes, (CO)5M(k1-H3BL) (L = NMe3, PMe3, PPh3), as

illustrated in Fig. 17.29 A variety of other adducts of 4-coordinate

neutral boranes have also been synthesized,30,31 including

compounds in which the borane coordinates via two of the

hydrogen atoms, e.g. [Rh(PBui3)2H2(k
2-H3BNMe3)]

+, via two

3c–2e Rh–H–B bonds (Fig. 17).32

s-Complexes of Lewis base adducts of alanes33,34 and

gallanes35 have also been reported, with the first structurally

characterized monomeric alane complex being the nickel cyclo-

dodeca-1,5,9-triene (cdt) derivative, (cdt)Ni(k1-HAlEt2Q) (Q=

quinuclidine),33 illustrated in Fig. 18. Another structurally

characterized alane complex is provided by the zirconocene

compound Cp2Zr(k
1-HAlBui2L) (L = 2-vinylpyridine), in

which the olefin of the 2-vinylpyridine also coordininates to

the zirconium centre (Fig. 18).34

In addition to the aforementioned monomeric compounds,

dinuclear [Cp2YCl(k1-HAlH2NEt3)]2
36 and oligonuclear

{[Cp2YCl]2(m-k
2-H3AlOEt2)}x

37 have also been reported, although

the former complex exhibits an additional weak Al� � �Cl
interaction (3.0 Å) such that the aluminum adopts an approxi-

mately trigonal bipyramidal geometry. Furthermore, compounds

that feature more complex alane ligands, namely amidate,

Fig. 10 Classification of M[H2] tautomers as a function of H–H distance. Structure-bonding representations are not given for the intermediate

classifications of ‘‘elongated H2 complex’’ and ‘‘compressed dihydride complex’’ that are shown with dotted lines.

Fig. 11 Two representations of hydrocarbon and silane s-complexes.

Both representations are intended to convey the same information

with respect to electron counting.

Fig. 12 Examples of structurally characterized silane s-complexes.

Fig. 13 An example of a silane s-complex with a large Si–H–M bond

angle (1571).

Fig. 14 A bridging silane compound.
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guanidate and b-diketimate derivatives, are also known.38

Gallane s-complexes have also been synthesized,35 as illustrated

by the quinuclidine derivatives, (CO)5W(k1-H3GaQ)39 and

Cp*Mn(CO)2(k
1-H3GaQ) (Fig. 19).

Further to coordination of the B–H bond of tetrahedral

LBH3, the B–H bond of electronically unsaturated 3-coordinate

boranes, R2BH, can also interact with a metal centre. However,

an important distinction is that the boron of R2BH has an

additional empty orbital that can be used to strengthen the

backbonding interaction.15e,40 In view of the existence of this

orbital, the bonding in a R2BH s-borane complex is best

represented as including the backbonding interaction, which

thereby allows the boron to achieve an octet configuration

(Fig. 20, left). Thus, the bonding interaction can be described

Fig. 15 A bridging silane compound that features a 6-coordinate

hypervalent silicon centre. Note that the bridging hydrogens are

equivalent and only some of the resonance structures are shown.

The upper structure is not considered to be significant because it

corresponds to an expanded octet for silicon.

Fig. 16 Structure-bonding representation for coordination of E–H

s-bonds of Lewis base adducts of boranes, alanes and germanes to a

metal centre.

Fig. 17 B–H s-complexes of Lewis base adducts of boranes.

Fig. 18 Al–H s-complexes of Lewis base adducts of alanes.

Fig. 19 Ga–H s-complexes of Lewis base adducts of gallanes.
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in terms of (i) donation from the B–H bond to the metal

(i.e. L) and (ii) backdonation from the metal to boron (i.e. Z).

Since an LZ combination is equivalent to X2,
6 an alternative

structure-bonding representation is one in which the molecule

is viewed as a boryl-hydride derivative in which the M–H bond

donates its electron density to an electronically deficient boron

centre (Fig. 20, right). This description is akin to that of an

agostic alkyl, although in this case it is a M–H bond that

relieves the electron deficiency of boron, rather than a C–H

bond relieving the electron deficiency of a metal centre. It must

be emphasized that the two structure-bonding representations

in Fig. 20 are merely intended to facilitate rationalizing the

chemical reasonableness of a molecule and are not intended to

convey different electronic structures for the molecule. Thus,

in both cases, the boron atom is classified as [BLX3] according

to the Covalent Bond Classification, while the metal is classified

as [MX2].
6

The first well-defined examples of complexes that feature

coordination of electronically unsaturated R2BH molecules to

a metal centre are provided by titanocene catecholborane

compounds Cp2Ti(Z
2-HBcatX)(PMe3), of which the 3-fluoro

derivative Cp2Ti(Z
2-HBcatF)(PMe3) was structurally characterized

by X-ray diffraction (Fig. 21).41 A variety of other borane

s-complexes have subsequently been reported, some examples

of which are illustrated in Fig. 21.42

3.2.3. Bridging hydride complexes. Class I m-X 3c–2e

bonds are well represented by a multitude of bridging hydride

complexes.10,43–45 Compounds that feature single hydride

bridges may possess large bond angles at hydrogen such that

the half-arrow representation is particularly appropriate, as

illustrated by [(Ph3P)2N]{[(CO)5Cr]2(m-H)}, for which the

average Cr–H–Cr angle is 155.81.46 In addition to single

hydride bridges, a variety of dinuclear compounds that feature

double, triple and quadruple hydride bridges are also known,

as illustrated in Fig. 22 and 23.43

Significantly, use of the half-arrow representation predicts

direct metal–metal bond orders that are in accord with calcu-

lations, whereas the use of an electron counting formalism that

apportions half of the valence electron of hydrogen to each

metal centre results in direct metal–metal (M–M) bond orders

that are greater than the values predicted theoretically.47 For

example, a comparison of the M–M bond orders predicted by

the two methods is provided in Fig. 22 and, in every case, that

obtained by the half-arrow method correlates with theory.

Of particular note, the half-arrow method is also capable of

predicting the existence of M–M antibonding interactions, as

illustrated for [Cp*Re(CO)2]2(m-H)2. Thus, neglecting the

Re–Re interaction, application of the ‘‘half-arrow’’ method

predicts a 19-electron configuration for [Cp*Re(CO)2]2(m-H)2;

however, since the compound is diamagnetic, a direct Re–Re

interaction is implied, thereby resulting in a 20-electron

configuration at each metal. This electron count indicates that

a M–M antibonding orbital is occupied, such that the direct

interaction may be described as an M–�–M antibond.48 Over-

all, the bonding situation is best represented as involving two

3c–2e Re–H–Re bonds and a Re–�–Re antibond. This result

is in marked contrast to the half electron method that predicts

a Re–Re single bond. Similar situations are observed for a

variety of other compounds such as [(R2PhP)2ReH2]2(m-H)4
(R = Me, Ph) and [Cp*Ru]2(m-H)4,

49,50 as illustrated in

Fig. 23. For example, the tetrahydride bridged ruthenium

complex [Cp*Ru]2(m-H)4 was proposed to have a RuRRu

triple bond (Fig. 23) on the basis of the half electron method,49

but it was subsequently noted that ‘‘. . .the Ru atoms do not

have enough atomic orbitals to form so many bonds as

suggested by the 18-electron rule’’ and that the direct Ru–Ru

interaction is repulsive.49 This result is, nevertheless, in accord

with the half-arrow electron counting procedure which predicts

a Ru–�–Ru antibond.

3.2.4. Borohydride complexes. Transition metal boro-

hydride complexes constitute an extensively studied class of

molecules in which the borohydride ligand exhibits a variety of

coordination modes.51 With respect to mononuclear com-

pounds, the coordination mode can be classified according

to whether the borohydride ligand coordinates by either one

(k1), two (k2) or three (k3) hydrogen atoms,52 as illustrated in

Fig. 24. In each case, the M–H–B linkage is a 3c–2e interaction

that may be represented with the half-arrow notation, similar

Fig. 20 Two alternative, but equivalent, structure-bonding represen-

tations for coordination of R2BH to a metal centre. From the

perspective of the metal, the structure on the left illustrates donation

from the B–H bond to the metal (L), coupled with backdonation from

the metal to boron (Z), while the structure on the right illustrates a

boryl-hydride species in which donation from a M–H bond achieves

an octet configuration for boron. Note that these different descriptions

do not represent different electronic structures, but are merely different

ways of viewing the same molecule.

Fig. 21 Examples of B–H s-complexes that feature coordination of electronically unsaturated boranes.
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Fig. 22 Different descriptions of the metal–metal bond orders in some dinuclear complexes with bridging hydride ligands according to the

electron counting method. Note that the ‘‘half-arrow’’ method predicts M–M bond orders that are in accord with theory, whereas the ‘‘half-

electron’’ method predicts bond orders that are greater than predicted theoretically (adapted from ref. 43).

Fig. 23 Bridging hydride compounds that feature M–�–M antibonding interactions.
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to that used for coordination of Lewis base adducts of

boranes, LBH3, as discussed in Section 3.2.2. However, an

important difference with respect to the structure-bonding

representations for [BH4] and [LBH3] pertains to the direction

of the half-arrows. Specifically, whereas coordination of LBH3

is depicted with all half-arrows drawn from the hydrogen to

the metal (e.g. Fig. 17), coordination of borohydride requires

that one of the half-arrows is drawn from hydrogen to boron

in order for the latter to achieve an octet configuration

(Fig. 24).

For example, while the half-arrow for a k1-HBH2L compound

is from hydrogen to the metal (Fig. 17), that for a k1-HBH3

borohydride complex is drawn from the hydrogen to boron

(Fig. 24). Likewise, for a k2-H2BHL compound, both half-arrows

are drawn from the hydrogen to the metal (Fig. 17), whereas for a

k2-H2BH2 derivative, one half-arrow is drawn from hydrogen to

the metal, while the other is drawn from the hydrogen to boron

(Fig. 24).

3.2.5. Agostic alkyl and aryl complexes. The term ‘‘agostic’’

refers specifically to 3c–2e M–H–C interactions (Fig. 25) and

was introduced (i) to highlight the novelty of 3c–2e interactions

involving C–H bonds (in contrast to the numerous examples

that feature, for example, B–H bonds) and (ii) to emphasize the

role that such interactions could play in determining structures

and reaction mechanisms.53

An important early example that emphasized the signifi-

cance of these interactions is provided by the titanium ethyl

compound, (dmpe)TiEtCl3, which exhibits an unusually acute

Ti–C–C bond angle of 85.91, with the titanium interacting with

the b-C–H bond (Fig. 26).54,55 Likewise, a similar interaction

with an a-C–H bond is observed in the methyl counterpart,

(dmpe)TiMeCl3, which possesses a Ti–C–H bond angle of

96.51 (Fig. 26).55,56 Agostic interactions are not restricted to

alkyl groups and are also observed in aryl compounds, as

illustrated in Fig. 27.57 In each case, an agostic alkyl or aryl

ligand is considered to be a 3-electron donor according to the

neutral electron counting method.58

In addition to agostic alkyl and aryl compounds, the term

agostic can also be used to refer to situations in which

hydrocarbons coordinate to a transition metal solely via

C–H bonds (Section 3.2.1). However, compounds that feature

such interactions are more commonly referred to as s-complexes.

3.2.6. Bridging alkyl complexes. Although bridging alkyl

groups are much less commonly encountered than bridging

hydride ligands, a variety of coordination modes have been

encountered.59–61 For example, the coordination modes of a

methyl group can be classified as (i) symmetric pyramidal, (ii)

symmetric trigonal planar, (iii) monohapto agostic, (iv) dihapto

agostic, and (v) trihapto agostic, as illustrated in Fig. 28.60,61

In the absence of agostic interactions, a methyl group can

bridge two metals via two distinct coordination modes. For

example, the methyl can be planar with a M–C–M angle of

1801, or the methyl group can be pyramidal with a M–C–M

angle that is significantly less than 1801. Examples of the

former coordination mode are provided by [Cp2Zr(Z
2-OCMe2)]2-

(m-AlMe2)(m-Me)62 and (CpMe)3U(m-Me)U(CpMe)3,
63 while

examples of the latter are provided by Me2Al(m-Me)2AlMe2
64

Fig. 24 Structure-bonding representations for M[BH4] tautomers.

Fig. 25 Structure-bonding representation of an agostic interaction.

Fig. 26 Early examples of compounds that feature a- and b-agostic
interactions.

Fig. 27 An example of an agostic phenyl ligand.

Fig. 28 Coordination modes of bridging methyl ligands (the lines

between atoms are only to indicate connectivity and are not intended

to be structure-bonding representations; see Fig. 29 for structure-

bonding representations).
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and ArMn(m-Me)2MnAr.65 The bonding in these complexes

can be described by the half-arrow representations in Fig. 29,

and are analogous to those for the bridging hydride complexes

illustrated in Fig. 22. Thus, despite the distinctly different

coordination modes, the bridging methyl ligand behaves like a

m-LX donor, regardless of whether it is symmetric pyramidal

or symmetric trigonal planar.

As discussed for bridging hydride compounds, the m-LX nature

of a symmetric pyramidal bridging methyl ligand has an impact on

the direct M–M bond order. For example, adopting this view, the

Mo–Mo interaction in [CpMo(CO)]2(m-PCy2)(m-Me) is assigned a

bond order of two, as illustrated by the structure bonding

representation in Fig. 30. Although this description is counter

to the previously reported value of three,66 it is in accord

with the fact that analysis of the molecular orbitals of

[CpMo(CO)]2(m-PCy2)(m-Me) indicates a s2(p)2(d)2(d*)2 electronic
configuration for the Mo–Mo interaction.66a

In addition to these symmetric coordination modes, the

hydrogen atoms can also participate in agostic interactions,

although the energetic preference for one particular mode is

small.67 The structure-bonding representation for a monohapto

agostic interaction is illustrated in Fig. 29 (right).

3.2.7. Bridging silyl complexes. Silyl ligands can bridge two

metals in symmetric and asymmetric manners (Fig. 31), similar

to those observed for alkyl ligands (Section 3.2.6). As with

alkyl ligands, the symmetric coordination mode is not very

common,61 but has been observed for tertiary silyl ligands,68,69 as

illustrated by [(Pri3P)RhH]2(m-Cl)(m-SiPh2)(m-SiPh3)
69 in Fig. 32.

Interestingly, although [(Pri3P)RhH]2(m-Cl)(m-SiPh2)(m-SiPh3)
has been represented with a Rh–Rh single bond,69 consideration

of the structure-bonding representation (Fig. 32, left) indicates

that the diamagnetic molecule either belongs to the 16-electron

class ML2X3 without a Rh–Rh bond, or the 18-electron class

ML2X5 with a RhQRh double bond. Of these, the former is the

most reasonable description for the molecule because the inter-

action of two d6 metal centres will necessarily result in the

occupation of M–M antibonding orbitals, thereby thwarting the

formation of M–M bonds. Furthermore, rhodium compounds

with a valence number of 3 are much more common than those

with a valence number of 5.6b

More commonly encountered than symmetric bridging silyl

ligands are asymmetric variants in which Si–H groups also

interact with the metal centre, an example of which is provided

by [(R3P)Pt(m-SiR2H)]2 (Fig. 32, right).
70

3.3. Class II l-L 3c–2e bonds

By comparison to compounds that feature Class I bonds,

those that possess Class II interactions with m-L bridges are

much less common and the impact of the bonding is less

appreciated. Here, we first discuss the existence of Class II

interactions in compounds for which the bridging atom has little

acceptor character (for example, compounds with bridging PR3

ligands) and then describe situations in which the bridging atom

also has an available acceptor orbital (for example, compounds

with bridging CO ligands). Finally, we conclude by providing

alternative descriptions of compounds in the literature that may

be viewed as possessing Class II m-L 3c–2e bonds.

3.3.1. Bridging PR3, AsR3 and SbR3 complexes. PR3

ligands are ubiquitous and almost exclusively coordinate in a

terminal manner. Recently, however, it has been demonstrated

that PR3 ligands, and their AsR3 and SbR3 counterparts, may

also coordinate in a bridging manner. For example, Werner

synthesized a series of dirhodium compounds that feature these

ligands, a selection of which is presented in Fig. 33.11,71–75

m-PR3 complexes have also been postulated as intermediates

in the migration of PR3 ligands between two metal centres,76

and closely related m-phosphole derivatives of Pd,77,78 Pt,77,79

Cu,77,80 and Ag81 have also been synthesized (Fig. 34).

3.3.2. Bridging MeCN ligands. In addition to the ability of

P, As, and Sb of ER3 ligands to bridge two metal centres, the

nitrogen atom of acetonitrile has also recently been shown

to bind in a similar manner in a variety of compounds.82–89

Fig. 29 Half-arrow structure-bonding representations for symmetri-

cally bridging and monoagostic methyl groups.

Fig. 30 Structure-bonding representation indicating a MoQMo

double bond for [CpMo(CO)]2(m-PCy2)(m-Me) with an 18-electron

configuration (the Cp ligand is a 5 electron L2X donor ligand).

Fig. 31 Structure-bonding representations of a symmetrically brid-

ging silyl ligand (left) and an asymmetric interaction in which a Si–H

group also interacts with one of the metals (right).

Fig. 32 Examples of silyl ligands bridging in symmetric and asym-

metric manners, in which the latter also involves interaction with Si–H

bonds.
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For example, Tilley has reported a dinuclear copper compound,

[(dpen)Cu2(m-NCMe)]2+, in which theMeCN ligand binds to both

copper atoms via only the nitrogen atom (Fig. 35).83 The bonding

in this complex was described in terms of overlap of the nitrogen

lone pair with an empty in-phase combination of spn hybrids on

each copper (Fig. 36). The structure bonding representation of this

molecule (Fig. 35) indicates that each copper belongs to the

18-electron class ML3X, such that a direct Cu–Cu bond would

not be expected. Consistent with this description, density

functional theory calculations indicate that there is no formal

bond between the two copper centres of [(dpen)Cu2(m-NCMe)]2+

because all pairs of Cu–Cu bonding and antibonding orbitals are

filled.83 Furthermore, the quantum theory of atoms in molecules

predicts the existence of a bond critical point between the two

copper atoms that has characteristics which are consistent with a

cuprophilic closed-shell interaction, rather than that of a formal

single bond.

3.3.3. Symmetrically bridging carbonyl complexes. Transition

metal compounds that feature symmetrically bridging carbonyl

ligands90 are ubiquitous and have received much attention,

especially with respect to the nature of the associated M–M

interactions. In particular, the first polynuclear metal carbonyl,

Fe2(CO)9,
91 has been the subject of many investigations. For

example, Fe2(CO)9 was the first polynuclear metal carbonyl to be

characterized by X-ray diffraction,92,93 thereby demonstrating

the presence of the now common symmetric bent carbonyl

ligand, Fe(m-CO)Fe, rather than the alternative asymmetric

linear bridging carbonyl, Fe ’ CO - Fe, that had been

previously proposed.94 Interestingly, while there was originally

caution in attributing the Fe–Fe distance of 2.46 Å93,95 to that

of a chemical bond,93 in 1940 Sidgwick and Powell96 represented

the compound with the familiar Fe–Fe bond that has subse-

quently appeared in many articles and textbooks.97 Undoubtedly,

the widespread acceptance of this representation is a consequence

of the notion that the ‘‘ketonic’’98 description of the three

bridging carbonyl ligands requires Fe2(CO)9 to possess an Fe–Fe

bond in order for each iron centre to achieve an 18-electron

configuration. Indeed, the perceived significance of this Fe–Fe

Fig. 33 Examples of compounds that feature bridging PR3, SbR3

and AsR3 ligands.

Fig. 34 Examples of compounds that feature bridging phosphole

ligands.

Fig. 35 An example of a compound that features a bridging MeCN

ligand, [(dpen)Cu2(m-NCMe)]2+ (the dotted line indicates a cuprophilic

interaction).
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interaction is highlighted by Braterman’s statement that ‘‘This

bond is real, not formal’’.99

However, with respect to the notion that Fe2(CO)9 possesses

an Fe–Fe bond, it is of considerable interest that, in the late

1970s, Hoffmann et al. pointed out that the Fe� � �Fe inter-

action in Fe2(CO)9 is actually antibonding and repulsive.100,101

Hoffmann’s view has subsequently been supported by a large

variety of calculations.102 For example, Heijser et al. comment

that ‘‘. . .along the Fe–Fe bond axis there is a negative density

difference.’’;103 Bauschlicher concludes ‘‘No evidence is found

for a direct Fe–Fe bond. The Fe’s are held together by three

center Fe–CO–Fe bonds.’’;104 Rosa and Baerends state ‘‘. . .the

two Fe(CO)3 fragments are not kept together by direct Fe–Fe

bonding but by the presence of the bridging carbonyls.’’;105 Ponec

et al. state ‘‘. . .the bonding interactions between the metal atoms

do not have the character of a direct Fe–Fe bond anticipated on

the basis of 18-electron rule.’’;106 Poblet et al. note that ‘‘. . .the

topology of the charge density does not detect this [an Fe–Fe]

interaction.’’107 Although some theoretical articles have suggested

the possibility of a weak direct Fe–Fe attractive interaction in

Fe2(CO)9,
108 other studies have questioned this conclusion, viz.:

‘‘The orbital localization shows, however, that there is no orbital

(electron pair) corresponding to direct Fe� � �Fe bond and so the

vague interpretation of residual Fe� � �Fe interactions as ‘some,

albeit weak’ bond is questionable.’’,106 and ‘‘In our opinion, for

any interaction to be classified as [a] ‘chemical bond’, it must be

possible to associate it with an electron pair, but as it is clearly

evident from the DAFH analysis, there is no electron pair that

could be associated with the Fe� � �Fe bond.’’109

In view of the above preponderance of evidence, it is

surprising that, decades after Hoffmann’s original comment,

the molecular structure of Fe2(CO)9 continues to appear in

textbooks97,110 with a Fe–Fe bond. In addition to Fe2(CO)9,

other dinuclear bridging carbonyl compounds have also been

represented with M–M bonds, for which calculations and

experiments indicate the absence of such interactions. Common

examples of such complexes include the bridged form111 of

Co2(CO)8,
106,112,113 and [CpFe(CO)(m-CO)]2.

114,115 The wide-

spread misrepresentation of such molecules is undoubtedly a

consequence of the deep-rooted notion that symmetrically

bridging carbonyl ligands are m-X2 ‘‘ketonic’’ in character. As

will be discussed in more detail below, such misrepresentations

with respect to metal–metal bond order can be averted by

recognizing that a symmetrically bridging carbonyl ligand can

also be described as a m-L donor.

(i) 3c–2e bonds in symmetrically bridging carbonyl systems

M(m-CO)M and their representations. An indisputable feature

of many calculations is that the bonding of a symmetrically

bridging carbonyl ligand can be expressed in terms of two

3-centre molecular orbitals derived from the interactions of the

5s HOMO and a 2p* orbital of CO with appropriate metal d

orbitals.99,101–109,116 Specifically, if each metal is considered to use a

single suitably oriented d orbital, the in-phase combination of

metal orbitals is of appropriate symmetry to interact with the 5s
HOMO117 of CO (i.e. s-donation), while the out-of-phase metal

combination is of appropriate symmetry to interact with one of the

2p* C–O antibonding orbitals (i.e. p-backbonding), as illustrated in

Fig. 37. The bonding orbital derived from interaction with the 5s
HOMO (l+) is lower in energy than that derived from interaction

with the 2p* orbital (l�).
If there is both s-bonding and p-backbonding, such that

both the l+ and l� bonding orbitals are occupied, the overall

interaction can be represented in terms of two 2c–2e bonds,

as in ketones (Fig. 38a). However, if there is no backbonding

and only the l+ orbital is occupied, the bonding must be

represented as a 3c–2e interaction (Fig. 38b).

In terms of electron counting, a bridging carbonyl ligand

that participates in backbonding is classified as a m-X2 donor,

such that each metal receives one electron according to a

neutral electron counting procedure (Fig. 38a). In the absence

of backbonding, however, there is only a single 3c–2e inter-

action and the carbonyl ligand is a m-L donor, such that the

Fig. 36 Qualitative molecular orbital diagram for a bridging aceto-

nitrile compound adapted from ref. 83; the primary interaction

involves donation of the nitrogen lone pair into the empty in-phase

combination of spn hybrid orbitals on copper.

Fig. 37 The two bonding molecular orbitals derived from interaction

of the 5s HOMO (l+) and one of the 2p* C–O antibonding orbitals

(l�) with the in-phase and out-of-phase combination of metal d

orbitals.
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pair of electrons contributes to the electron count of both

metals (Fig. 38b). The former situation is readily represented

by a conventional Lewis structure with a ‘‘ketonic’’ CO, and

two 2c–2e bonds, whereas the latter situation is conveniently

represented by a half-arrow symbolism in which a single pair

of electrons is donated to both metal centres (Fig. 38). It is

evident that these two bonding situations result in different

electron counts for the metal centres and, as described

below, provide a simple means to reconcile the theoretically

computed M–M bond orders with those predicted on the basis

of electron counting.

It is also important to emphasize that while the presence/

absence of p-backbonding influences the electron count of the

metals in bridging carbonyl compounds (Fig. 38), it does not

influence the electron count for terminal carbonyl compounds.

Specifically, even though the degree of backbonding for a

terminal carbonyl ligand is highly variable, such that it may be

classified as either L (no backbonding) or X2 (significant

backbonding), the ligand contributes two electrons to the

metal centre in both cases (Fig. 39).

(ii) Molecular orbital analysis of the bridging interactions in

Fe2(CO)9. As discussed above, the bonding within Fe2(CO)9
has received considerable attention and a simple molecular

orbital description that focuses on the aforementioned 3-centre

interactions (Fig. 38) is provided in Fig. 40. Thus, adopting the

fragment approach of Hoffmann et al.,100,101 each [Fe(CO)3]

fragment, which is isolobal with [BH],118 has three orbitals and

two electrons available for interacting with the three bridging

carbonyl ligands, each of which contribute a 5s orbital and

the 2pz* orbital that lies parallel to Fe–Fe axis (z). The other

2p* orbitals of CO, which are perpendicular to the Fe–Fe axis,

are neglected from the analysis on the basis that there is little

overlap with the metal d orbitals. The qualitative molecular

orbital diagram (employing D3h symmetry) that describes the

Fe(m-CO)3Fe bridging interaction contains ten electrons, with

six being contributed by the three CO ligands, and four being

contributed by the two [Fe(CO)3] moieties (Fig. 40).

The essential feature of this molecular orbital diagram is that

while there are three occupied bonding orbitals (a1
0 and e0) that

correspond to donation by the three 5s orbitals (i.e. the l+ type;

Fig. 37), there are only two occupied bonding orbitals that

correspond to backbonding into the 2pz* orbitals (i.e. the l� type;

Fig. 37). Since each m-X2 ‘‘ketonic’’description of the bonding

Fig. 38 MOs for a M(m-CO)M interaction (a) occupied by 4 electrons,

giving two 2c–2e bonds and (b) occupied by 2 electrons, giving a 3c–2e

bond. For (a), the CO is classified as a m-X2 donor and contributes one

electron to each metal, whereas for (b), the CO is classified as a m-L
donor and contributes a pair of electrons to both metals.

Fig. 39 Regardless of the degree of backbonding, a terminal carbonyl

ligand is a two electron donor.

Fig. 40 Qualitative molecular orbital diagram showing the inter-

action of fragment orbitals involved in bridge bonding in Fe2(CO)9
with D3h symmetry (the z axis is coincident with the Fe� � �Fe vector).

For clarity, orbitals associated with bonding to the terminal carbonyl

ligands are not illustrated, while only the carbon 2pz orbital is used to

represent the 2p* orbital of CO.
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requires a pair of l+ and l� type interactions, it is evident

that it is not possible to describe the bonding within Fe2(CO)9
as possessing three ‘‘ketonic’’ bridging carbonyl ligands.

Rather, the bonding is more appropriately described as a

resonance hybrid in which each structure possesses two m-X2

‘‘ketonic’’ carbonyl ligands and one m-L carbonyl ligand

(Fig. 41). This resonance description of the bridge bonding

is in accord with that by Ponec and Gatti, who state ‘‘. . .4 out

of the 5 bonding electron pairs are involved in localized 2c–2e

bonding of two bridging ligands, while the remaining ligand

is bonded via a delocalized electron pair with the character of

[a] 3c–2e bond’’.109

Adopting the view that the three bridging carbonyl ligands

are described by one m-L and two m-X2 interactions, the

electron count of each iron centre is 18, as illustrated by the

structure-bonding representation in Fig. 42. As such, the

18-electron configuration obtained using this approach predicts

the absence of an Fe–Fe bond. While this result is in marked

contrast to that predicted using previous electron counting

procedures, it is in accord with theory. Specifically, the dz2

based a1
0 orbital (Fig. 40) that could form a Fe–Fe s-bond is

heavily involved in backbonding to the terminal carbonyl

ligands and therefore cannot be assigned to a formal single

bond. Likewise, there is no formal Fe–Fe p-bond because the e00

orbitals, which have substantial Fe–Fe p-antibonding character,
are occupied. Furthermore, since the e00 orbitals have more

metal character than do the e0 Fe–Fe p-bonding counterparts

(because the former are involved in interactions with the empty

CO p* orbitals, whereas the latter are a result of interactions

with the filled CO 5s orbitals), the occupation of the e0 and e00

orbitals actually results in a repulsive interaction between the

two iron centres.101

The fact that the m-L description for a bridging carbonyl

ligand provides a means to predict the absence of an Fe–Fe

bond in Fe2(CO)9 is of considerable significance, especially

given the number of times that electron counting has been

invoked in the literature to indicate the presence of an Fe–Fe

bond. This approach is by no means restricted to Fe2(CO)9,

and structure-bonding representations of the bridged form of

Co2(CO)8
111 and [CpFe(CO)(m-CO)]2 that depict the absence

of M–M bonds (in accord with theory106,112,114) are illustrated

in Fig. 43.

Considering the ability of CO to serve as a m-L donor, it is

pertinent to discuss the possibility that electronically related

ligands, with potential s-donor and p-acceptor functions, can
also be described as m-L donors. In this regard, calculations on

a series of ligands, namely CO, CS, CH2, CF2, SiMe2, GeMe2
and InMe, indicate that CO is the weakest p-acceptor, while
CH2 is the strongest.

108d The origin of this difference is that the

acceptor orbital of CH2 is a pure nonbonding carbon p orbital,

whereas that for CO is a higher energy C–O p-antibonding
orbital.108d,114f,119 As such, for compounds that feature both

CO and CH2 bridging ligands, CO is more likely to serve the

role of a m-L donor, while CH2 is more likely to be an X donor

to each metal. Thus, [CpFe(CO)]2(m-CO)(m-CH2)
114f,120,121 is

best represented with the methylene group serving as an X

donor to each iron, while the bridging carbonyl ligand serves

as an L ligand to each iron (Fig. 44). This structure-bonding

representation allows each iron centre to achieve an 18-electron

configuration without the formation of an Fe–Fe bond, a

description that is in accord with calculations.114f

In concluding this section, it is important to emphasize that,

contrary to the descriptions in the majority of textbooks, a

symmetrically bridging carbonyl ligand should not always be

represented as m-X2 ‘‘ketonic’’ in character because it can also

serve as a m-L donor. As a consequence of this dual functionality,

simple application of the 18-electron rule does not result in an

unambiguous M–M bond order, but rather gives possibilities

that are dependent on the m-L versus m-X2 description of the

Fig. 41 Three resonance structures that correspond to the bonding

illustrated in the molecular orbital diagram of Fig. 40. Each structure

corresponds to three donor (l+) and two backbonding (l�)
interactions.

Fig. 42 Structure-bonding representation of Fe2(CO)9 illustrating

that each iron can achieve an 18-electron configuration without an

Fe–Fe bond.

Fig. 44 Structure-bonding representation for [CpFe(CO)]2(m-CO)-

(m-CH2) which illustrates that CH2 serves as the X2 ligand in pre-

ference to CO due to the former being a better p-acceptor.

Fig. 43 Structure-bonding representations of Co2(CO)8 and

[CpFe(CO)(m-CO)]2 which depict that each metal can achieve an

18-electron configuration without the presence of a M–M bond

(Cp is an L2X donor).
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carbonyl ligands. Thus, in the absence of a theoretical evaluation

of the bonding, it is not prudent for one to be dogmatic in the

assignment of the M–M bond order in a symmetrically bridging

carbonyl compound. Correspondingly, the m-L versus m-X2

description of symmetrically bridging carbonyl ligands provides

a means to reconcile theoretically derived M–M bond orders

with the values obtained by electron counting methods.

Recognition of the dual functionality of a symmetrically

bridging carbonyl ligand, therefore, provides a means to

understand the bonding in polynuclear metal carbonyl compounds

with more clarity.

3.3.4. Dinuclear pentalene complexes. Pentalene, C8H6, is

an 8p-electron bicyclic antiaromatic molecule (Fig. 45) that is

unstable with respect to dimerisation. Nevertheless, it has long

been known that this moiety may be stabilized by either

formation of the dianion or by coordination to a metal

centre.122 A wide variety of metal complexes that contain

pentalene or its derivatives are known.123 Indeed, pentalenes

exhibit a variety of coordination modes and a particularly

interesting class of molecules are those in which the pentalene

ligand coordinates to two metal centres. In such compounds,

the two metals may reside on either the same face of the

pentalene ligand (syn) or on opposite faces (anti), as illustrated

in Fig. 46.

If the two metals have a syn disposition, the possibility exists

for the formation of metal–metal bonds. Since metal–metal

bond orders are typically inferred by electron counting procedures,

evaluation of the degree of metal–metal bonding requires an

understanding of the nature of the metal–pentalene interaction.

In this regard, although pentalene can be represented by a variety

of resonance structures (Fig. 45), conventional electron counting

procedures simply apportion four electrons of a neutral bridging

pentalene ligand to each metal centre,124,125 i.e. the pentalene

behaves as an L2 donor to each metal (Fig. 47, left).

On this basis, the metal–metal bond orders required to achieve

an 18-electron configuration in dinuclear bis(pentalene) derivatives,

(m-Z5,Z5-PnR)2M2, would be predicted to be, for example, 5 for V,

4 for Cr and 3 for Mn (Fig. 48). These values are, however, greater

than the values computed by density functional theory

calculations.124–126 For example, (m-Z5,Z5-Pn1,4-(SiPr
i
3)2)2Cr2 is

calculated to have a formal CrQCr double bond, rather than

a quadruple bond.125 Similarly, the molybdenum counterpart

(m-Z5,Z5-Pn1,4-(SiPr
i
3)2)2Mo2 is also predicted to have a MoQMo

double bond.124

The disagreement between the results of the theoretical

calculations and the bond orders predicted by employing

electron counting procedures can, however, be reconciled if

it is recognized that the double bond associated with the ring

junction of the bis(allyl) class of resonance structures (Fig. 45)

can serve as an L donor to bothmetals, such that the pentalene

ligand acts as a five-electron L2X donor to each metal centre

(Fig. 47). The increase (from four to five) in the effective

electron count of the pentalene ligand for each metal causes a

reduction in the metal–metal bond order to a value that is in

accord with theory (i.e. 3 for V, 2 for Cr and 1 for Mn), as

illustrated by the structure-bonding representations illustrated

in Fig. 48 (bottom).

Similar conclusions pertaining to metal–metal bond orders

apply to dinuclear mono(pentalene) compounds. For example,

(m-Z5,Z5-Pn*)[Co(CO)2]2 (Pn* = C8Me6) would be predicted

to possess a Co–Co single bond if the Pn* ligand served as a

4-electron donor to each metal (Fig. 49), but the Co� � �Co
distance [2.675(3) Å] is greater than that associated with

Fig. 45 Some of the many resonance structures of pentalene.

Fig. 46 Syn and anti dispositions for coordination of two metals to a

pentalene ligand.

Fig. 47 Conventional electron counting assigns a pentalene ligand as

a 4-electron donor to each metal (left). However, a pentalene ligand

behaves as a 5-electron L2X donor (right) to each metal if the double

bond of the ring junction is considered to serve as a m-L donor (the

allyl portion is an LX donor). The covalent bond classification is listed

below each structure.

Fig. 48 M–M bond orders predicted by assuming that the bridging

pentalene is (i) a 4-electron L2 donor to each metal (top) and (ii) a

5-electron L2X donor to each metal (bottom); the allyl portion is an

LX donor. The M–M bond orders predicted by the latter method are

in accord with theory, whereas those predicted by the former approach

are in disagreement. Pentalene substituents are not shown for clarity.
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Co–Co single bonds.127 Furthermore, calculations indicate

that there is no formal Co–Co single bond and that there is

only a very weak closed-shell type interaction between the two

cobalt centres.127 However, recognizing that the m-Pn* ligand

can serve as a 5-electron donor to each metal centre, it is

evident that both cobalt centres belong to the well known

18-electron ML4X class without a Co–Co bond (Fig. 49).

The rhenium counterpart syn-(m-Z5,Z5-Pn)[Re(CO)3]2 has

also been structurally characterized by X-ray diffraction, and

the Re� � �Re distance (3.23 Å) indicates that it does not possess

a Re–Re bond.128 This situation can be accurately represented

by the structure-bonding representation illustrated in Fig. 50, in

which an 18-electron configuration can be achieved in the

absence of a Re–Re bond. Furthermore, this description is also

in agreement with calculations on syn-(m-Z5,Z5-Pn)[M(CO)3]2
(M = Mn, Tc, Re), which indicate that there is no M–M bond

in such complexes.129

The iron compound syn-(m-Z5,Z5-Pn)[Fe(CO)2]2(m-CO) has

been described as possessing a formal Fe–Fe single bond on

the basis that the pentalene ligand donates four p-electrons to
each iron (Fig. 51).130 However, DFT calculations on the

permethylated counterpart, syn-(m-Z5,Z5-Pn*)[Fe(CO)2]2(m-CO),
indicate that there is no Fe–Fe bond.127 A structure-bonding

representation that achieves an 18-electron configuration for

each iron centre without requiring the presence of an Fe–Fe

bond, can, nevertheless, be constructed if the pentalene ligand is

considered to be an L2X donor to each metal centre (Fig. 51).

Another example of a molecule that has been represented with a

metal–metal bond131 that, according to calculations, does not have

such a bond132 is provided by syn-(m-Z5,Z5-Pn)[Ru(CO)2(GeMe3)]2

(Fig. 52, top). The results of the theoretical calculations are,

nevertheless, consistent with a structure-bonding representa-

tion that invokes the pentalene ligand as an L2X donor to each

ruthenium (Fig. 52, bottom).

As noted above, a single pentalene ligand can also coordinate

two metal centres in an anti manner. The bonding in such

complexes can likewise be described in terms of the double bond

of the ring junction acting as a m-L donor, such that each ring

serves as a 5-electron L2X donor to each metal. For example, the

manganese and iron complexes, anti-(m-Z5,Z5-Pn)[Mn(CO)3]2
128

and anti-(m-Z5,Z5-Pn)[FeCp*2],
133 are predicted to have 18-electron

configurations if the pentalene ligand serves as a 5-electron L2X

donor to eachmetal, as illustrated in Fig. 53. In contrast, themetals

would have 17-electron configurations if the pentalene ligands

were simply considered to be 4-electron donors to each metal.

The manganese and iron centres in these compounds are

formally analogous to those in the well-known cyclopentadienyl

compounds, CpMn(CO)3 and Cp2Fe, thereby underscoring the

fact that each pentalene ring of the [(m-Z5,Z5-Pn)M2] moiety

serves as an L2X ligand to a metal centre.

3.3.5. Inverse sandwiches and multidecker compounds.

Closely related to the above pentalene compounds in which

two metals coordinate to opposite faces of an unsaturated

hydrocarbon ligand are so-called ‘‘inverse sandwiches’’, in

which two metals coordinate to opposite faces of the same

ring, as illustrated by the bridging arene compounds in

Fig. 54.134–136 Furthermore, this motif may be elaborated into

a multidecker structure,137,138 an early example of which is

provided by the mesitylene complex (Z6-MesH)Cr(m-Z6,Z6-

MesH)Cr(Z6-MesH)139 (Fig. 54).

As with the ability of the double bond of the ring junction of

pentalene to serve as an L donor to each metal (Fig. 53),

bridging arene ligands are also capable of serving as L3 donors

to each metal centre,137 and a structure-bonding representation

for the interaction is illustrated in Fig. 55. Thus, both chromium

centres of (Z6-MesH)Cr(m-Z6,Z6-MesH)Cr(Z6-MesH) possess

18-electron configurations. It is also pertinent to note that bridging

arenes are capable of participating effectively in backbonding

interactions,140 such that novel compounds, as illustrated by

(THF)3Ca(m-Z
6,Z6-C6H3Ph3)Ca(THF)3, have been isolated.140a

3.3.6. Coordination of a d2 metal centre to a pair of

Lewis acid centres. An interesting example of a compound

that features a Class II 3c–2e bond is provided by the

Fig. 49 (m-Z5,Z5-Pn*)[Co(CO)2]2 is predicted to have a Co–Co single

bond if the bridging pentalene is a 4-electron L2 donor to each metal

(left) and no Co–Co bond if it is a 5-electron L2X donor to each metal

(the allyl portion is an LX donor). The latter description is in accord

with both experiment and theory.

Fig. 50 Structure-bonding representation of syn-(m-Z5,Z5-

Pn)[M(CO)3]2 (M = Mn, Tc, Re) indicating that a M–M bond is

not required to achieve an 18-electron configuration.

Fig. 51 Literature representation of syn-(m-Z5,Z5-Pn)[Fe(CO)2]2(m-CO)
that includes a Fe–Fe bond (left) and a structure-bonding representation

that requires no Fe–Fe bond to achieve an 18-electron configuration

(left). The latter description is in accord with theoretical calculations on

syn-(m-Z5,Z5-Pn*)[Fe(CO)2]2(m-CO).
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bis(catecholborane)titanocene compound, Cp2Ti(Z
2-HBcat)2

(Fig. 56), which is obtained by the reaction of Cp2TiMe2 with

HBcat.141 Specifically, the two boron atoms of Cp2Ti(Z
2-HBcat)2

are separated by 2.11 Å, a distance that is too short for a non-

bonding interaction, but too long for a conventional B–B

bond.142 A direct interaction between the boron atoms in this

molecule would be unexpected because the boron atoms in HBcat

are trivalent with a sextet configuration and, therefore, do not

have any electrons to form a B� � �B interaction of any type. The

bonding in Cp2Ti(Z
2-HBcat)2 may, nevertheless, be rationalized

by recognizing that the titanium centre would possess a d2

Fig. 52 Literature representations of syn-(m-Z5,Z5-Pn)[Ru(CO)2(GeMe3)]2 which include a Ru–Ru bond (top) and a structure-bonding

representation that requires no Ru–Ru bond to achieve an 18-electron configuration (bottom). The latter description is in accord with theoretical

calculations.

Fig. 53 Structure-bonding representations of anti-(m-Z5,Z5-Pn)[Mn(CO)3]2
and anti-(m-Z5,Z5-Pn)[FeCp*2] which illustrate how each metal achieves

an 18-electron configuration if the pentalene serves as an L2X ligand to

each metal.

Fig. 54 Examples of compounds that feature bridging arene ligands.

Fig. 55 Structure-bonding representation for a bridging benzene

ligand.
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configuration if the interactions with the HBcat molecules were to

occur only via coordination of the B–H bond. The pair of

electrons on titanium thereby provides a means to allow the

boron atoms to come into close proximity via formation of a

Class II m-L 3c–2e bond, as described by the structure-bonding

representation in Fig. 57 (left).

Calculations support the 3c–2e description of the bonding,

with the key orbital being highlighted in the molecular orbital

diagram of Fig. 58.40a,143 As a consequence of the titanium

providing a pair of electrons to enable a B� � �B interaction, the

titanium adopts a d0, rather than a d2, configuration (Fig. 58).

In this regard, the impact on the metal centre of using a single

lone pair to coordinate to a pair of Lewis acid centres is the

same as coordination to a single Lewis acid centre, i.e. a dn

metal centre becomes dn�2.144,145 The titanium centre of

Cp2Ti(Z
2-HBcat)2 is, therefore, classified as tetravalent d0

18-electron ML5X4 (Fig. 57), rather than as a Ti(II) derivative.141

It should also be noted that this description of the bonding

results in the boron being classified as MLX3 with an octet

configuration.

While the structure-bonding representation of Cp2Ti(Z
2-HBcat)2

that portrays the compound as an adduct between [Cp2Ti] and two

HBcat molecules (Fig. 57, left) is appealing because the

compound is obtained via a reaction with HBcat, it is worth

noting that other descriptions are possible. For example,

Cp2Ti(Z
2-HBcat)2 can also be regarded as an adduct between

Cp2TiH2 and the diborane, catBBcat, in which the electronic

unsaturation of each boron is satisfied by interaction with

the hydride ligands, while the electronic unsaturation of the

titanium is satisfied by interacting with the electrons of

the B–B bond (Fig. 57, right). The latter description is

helpful because it emphasizes the B–B bonding interaction

and indicates how it would be lengthened as a result of

forming a s-complex.

Significantly, the structure-bonding representation of

Cp2Ti(Z
2-HBcat)2 as an adduct between Cp2TiH2 and catBBcat

(Fig. 57, right) results in the same ML5X4 classification of the

titanium centre as that for the coordination of two HBcat ligands

to Cp2Ti (Fig. 57, left). This observation is of relevance because

approaches based on oxidation state assignments predict either

d0 or d2 metal centres for these different representations.141 The

latter is not a satisfactory situation because, regardless of which

fragments one chooses to describe the construction of a molecule,

the molecule itself is invariant, such that the molecular orbitals of

Fig. 56 Structural representation of Cp2Ti(Z
2-HBcat)2 in which lines

are used merely to indicate connectivity.

Fig. 57 Structure-bonding representations for Cp2Ti(Z
2-HBcat)2.

The structure on the left views the compound as an adduct between

[Cp2Ti] and two HBcat moieties, whereas the structure on the right

views the compound as an adduct between Cp2TiH2 and catBBcat.

The CBC method predicts the same classification and dn configuration

for these two descriptions, whereas the oxidation state approach

predicts different dn configurations.

Fig. 58 Qualitative molecular orbital diagram for Cp2Ti[Z
2-HB(OH)2]2

(adapted from ref. 143 and, for clarity, not to scale). Note that while the

configuration of the titanium in the [Cp2Ti] moiety is d2, it becomes d0

upon coordination of the two borane ligands and formation of the 3c–2e

bond.D
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Cp2Ti(Z
2-HBcat)2 are the same whether one decides to construct

the molecule from (i) Cp2Ti and two HBcat molecules,

(ii) Cp2TiH2 and catBBcat, or even (iii) [Cp2Ti]
2+ and

[HcatBBcatH]2�. Unlike formalisms based on oxidation states,

however, the CBC method seeks to classify the nature of an atom

in the molecule. Consequently, the two CBC approaches give the

same classification (Fig. 57), whereas different classifications result

from application of the oxidation state approach. The fact that

the CBC method predicts the same classification for the titanium

centre of Cp2Ti(Z
2-HBcat)2, regardless of whether it is described

as a either an adduct of (i) Cp2Ti and two HBcat molecules or

(ii) Cp2TiH2 and catBBcat, provides a good indication that it

captures an accurate description of the molecule.

4. Conclusions

In summary, although compounds that feature 3c–2e bonds

are well known, there has been no previous attempt to classify

the interactions according to the number of electrons that the

component atoms contribute to form the bond. This article

provides such a classification by categorizing 3c–2e inter-

actions according to whether the pair of electrons is provided

by one or by two atoms. Specifically, Class I 3c–2e bonds are

defined as those in which two atoms each contribute one

electron to the 3-centre orbital, i.e. [XZX] or [XXZ], while

Class II 3c–2e bonds are defined as systems in which the pair

of electrons are provided by a single atom, i.e. [ZLZ].

The relationship between these two classes of 3c–2e bonds is

akin to that between normal covalent and dative covalent

2c–2e bonds.

3c–2e interactions can be represented by the use of ‘‘half-

arrows’’ (Fig. 4) that are generally applicable to a wide range

of compounds, which include bridging hydride complexes,

bridging alkyl complexes, s-complexes and agostic complexes.

Significantly, the use of the half-arrow method provides a

convenient means to determine the electron count at a metal

centre and thereby provide insight into the nature of the

compound. For example, application of the half-arrow

method to compounds with bridging hydride ligands predicts

M–M bond orders that are in accord with theory, whereas

electron counting procedures that simply apportion half of an

electron to each metal centre predict incorrect values.

Also of relevance to the determination of M–M bond orders

is the recognition that a symmetrically bridging carbonyl

ligand does not have to be described as ketonic, but can

alternatively serve as a m-L donor and contribute a pair of

electrons to two metal centres. Invoking this m-L bonding

mode provides a simple means to rationalize the absence of a

M–M bond in a variety of compounds, such as Fe2(CO)9 and

[CpFe(CO)2]2, which are widely misrepresented in many text

books as possessing Fe–Fe bonds. It is also very likely that the

m-L carbonyl ligand bonding description is applicable to many

other polynuclear carbonyl compounds with bridging CO

ligands.

Hoffman has previously noted that ‘‘. . .in bridged com-

plexes neither a short metal–metal distance by itself nor

electron counting conventions are a good guide to the presence

or absence of substantial direct metal–metal interaction.’’101

However, while this statement is true with respect to the

electron counting procedures that were in use at the time,

the examples discussed in this article make it evident that

electron counting conventions can be used as a good guide to

the nature of a M–M interaction if the electron counting

procedure employed accurately reflects 3c–2e bonding situa-

tions. In this regard, the use of half-arrows to represent 3c–2e

interactions in structure-bonding representations provides a

simple and convenient means to predict M–M bond orders

that are in accord with theory.
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M. A. Sierra, Chem. Rev., 2011, 111, 4857–4963.

21 Interactions between alkanes and a metal centre have been observed
in the solid state by X-ray diffraction. However, there is no evidence
that these persist in solution. See: (a) D. R. Evans, T. Drovetskaya,
R. Bau, C. A. Reed and P. D. W. Boyd, J. Am. Chem. Soc., 1997,
119, 3633–3634; (b) I. Castro-Rodriguez, H. Nakai, P. Gantzel,
L. N. Zakharov, A. L. Rheingold and K. Meyer, J. Am. Chem. Soc.,
2003, 125, 15734–15735; (c) S. D. Pike, A. L. Thompson, A. G.
Algarra, D. C. Apperley, S. A. Macgregor and A. S. Weller, Science,
2012, 337, 1648–1651.

22 X.-L. Luo, G. J. Kubas, J. C. Bryan, C. J. Burns and
C. J. Unkefer, J. Am. Chem. Soc., 1994, 116, 10312–10313.

23 (a) W. Scherer, G. Eickerling, M. Tafipolsky, G. S. McGrady,
P. Sirsch and N. P. Chatterton, Chem. Commun., 2006, 2986–2988;
(b) G. S. McGrady, P. Sirsch, N. P. Chatterton, A. Ostermann,
C. Gatti, S. Altmannshofer, V. Herz, G. Eickerling andW. Scherer,
Inorg. Chem., 2009, 48, 1588–1598.

24 J. Yang, P. S. White, C. K. Schauer and M. Brookhart, Angew.
Chem., Int. Ed., 2008, 47, 4141–4143.

25 I. Atheaux, F. Delpech, B. Donnadieu, S. Sabo-Etienne,
B. Chaudret, K. Hussein, J. C. Barthelat, T. Braun, S. B. Duckett
and R. N. Perutz, Organometallics, 2002, 21, 5347–5357.

26 (a) I. Atheaux, B. Donnadieu, V. Rodriguez, S. Sabo-Etienne,
B. Chaudret, K. Hussein and J. C. Barthelat, J. Am. Chem. Soc.,
2000, 122, 5664–5665; (b) R. Ben Said, K. Hussein, J. C. Barthelat,
I. Atheaux, S. Sabo-Etienne, M. Grellier, B. Donnadieu and
B. Chaudret, Dalton Trans., 2003, 4139–4146.

27 M. C. Lipke and T. D. Tilley, Angew. Chem., Int. Ed, 2012, DOI:
10.1002/anie.201202328.

28 Note that the silicon of {[PhBCH2PPh2]Ru}2(m-SiH6) is
hypervalent.

29 (a) M. Shimoi, S. Nagai, M. Ichikawa, Y. Kawano, K. Katoh,
M. Uruichi and H. Ogino, J. Am. Chem. Soc., 1999, 121,
11704–11712; (b) M. Shimoi, K. Katoh, M. Uruichi, S. Nagai
and H. Ogino, in Current Topics in the Chemistry of Boron,
ed. G. W. Kabalka, The Royal Society of Chemistry, London,
1994, pp. 293–296; (c) A. Ariafard, M. M. Amini and
A. Azadmehr, J. Organomet. Chem., 2005, 690, 1147–1156.

30 (a) G. Alcaraz and S. Sabo-Etienne, Angew. Chem., Int. Ed., 2010,
49, 7170–7179; (b) W. E. Piers, Angew. Chem., Int. Ed., 2000, 39,
1923–1925.

31 B. Bera and B. R. Jagirdar, Inorg. Chim. Acta, 2011, 372,
200–205.

32 T. M. Douglas, A. B. Chaplin and A. S. Weller, J. Am. Chem.
Soc., 2008, 130, 14432–14433.
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129 A. Muñoz-Castro, D. M. L. Carey and R. Arratia-Pérez, Polyhedron,
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