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Preface

When Wiley-VCH approached me with the suggestion that I edit a textbook on metal–metal com-

plexes, I was, at first, not convinced. Published in 2005 and already in its third edition,Multiple Bonds

BetweenMetal Atoms, edited by F. Albert Cotton, Carlos A.Murillo, and Richard A.Walton, presents

a comprehensive treatment of the area. However, timemoves on, and so does science.Many advances

have occurred in the intervening decade, and some entirely new areas ofmetal–metal chemistry have

emerged while old ones have been reinvigorated. It was felt that a textbook to update the area was

warranted and that its scope had to encompass the newfound breadth as well as depth of the area.

Thus, the decision was made to cover all areas of the Periodic Table rather than just the d-block.This

then raises the question of the structure of the book. Do we cover by group number? Do we cover

by ligand class? Do we cover by structural motif? The options are varied, and each has its pedagogi-

cal advantages and disadvantages. In the end, the decision was made to generally treat each class by

group number with the exception that s-block metal–metal bonds could be covered in one chapter.

The result is a book of 15 chapters, which starts with a general overview of metal–metal bonding

before dealing with individual groups.

In every chapter, authors have endeavored to be as comprehensive as possible, although an encyclo-

pedic treatment is simply not possible due to the sheer volume of the literature and so a balance had

to be struck.The authors have attempted to highlight important compounds and demonstrate impor-

tant concepts and reactions. Inevitably the level of attention varies between areas and we apologize in

advance for the inadvertent omission if the reader cannot find their favorite compound. Each chapter

mentions important molecules at the genesis of each area but focuses principally on research pub-

lished since 2005 as repetition of the above-mentioned treatise would be pointless. While attempts

were made to harmonize the general structure of chapters, it had to be recognized that each area has

its own specialties and by retaining individual author styles each chapter remains fresh to the reader.

This approach has resulted in some duplications, but it is felt that this provides the reader with more

than one perspective of a given area and thus provides the pedagogically useful comparisons that are

to some extent lost when categorizing metal–metal compounds by group numbers.

To produce a book in this area with the necessary breadth and depth is a formidable challenge for

anyone, and in order to achieve this feat in any reasonable timescale, to not render the book obsolete

before it is published, it was necessary to call on the help of others. This book project has been very

fortunate that a number of authors have enthusiastically answered the call to arms. They vary from

rising stars to established leaders of their fields, but importantly are all experts and have written from

positions of authority. One particularly pleasing aspect is that several authors from Multiple Bonds

BetweenMetal Atoms have found the time to contribute to this book, thus providing a link fromwhat

has gone before to now. I wish to take this opportunity to thank all the authors for their invaluable

contributions and the editorial staff at Wiley-VCH for their patience.

University of Nottingham, UK Stephen T. Liddle

March 2015
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1

Introduction and General Survey of Metal–Metal Bonds

John E. McGrady

1.1

Introduction

The interactions between metal ions continue to challenge our understanding of the nature of the

chemical bond. The first decade of the new millennium has been a particularly productive period,

with a number of landmark discoveries including the ultrashort CrI–CrI bonds [1], theMgI–MgI and

ZnI–ZnI dimers of Jones [2] and Carmona [3], respectively, and the distannynes [4] and diplumbynes

[5], the heavier analogs of acetylene. Moreover, metal–metal bonded systems are increasingly find-

ing applications in fields as diverse asmolecular electronics [6], organometallic catalysis [7], and even

in enzyme-mediated transformations [8]. The pioneering work in the field dates back almost exactly

half a century and is inevitably associated with Cotton and the quadruple bond in [Re2Cl8]
2− [9–11].

Since that time, the three transition series have proved themost fertile source of metal–metal bonds,

largely because the presence of (n+ 1)s, (n+ 1)p, and nd orbitals in the valence region offers an unri-

valed potential for strong interactions. Nevertheless, the transitionmetals make up fewer than half of

the know “metallic” elements, and metal–metal bonds in discrete molecular systems are becoming

increasingly well established for the s-, p-, and even the f-block elements [12].

In general, the formation of bonds between metals is a delicate balancing act: on the one hand the

valence orbitals involved must be sufficiently diffuse to afford substantial diatomic overlap, on the

other, competitive binding of additional ligands must be avoided. In fact, much of the recent progress

in the field has come through the elegant design of sterically encumbered ligands that block access

of additional ligands to the metal coordination sphere. The intrinsic strength of the bond between

two metals depends on many factors, including the number of available electrons and the radial and

angular properties of the valence orbitals involved. The angular properties determine the local sym-

metry of the overlap between metal-based orbitals: σ, π, δ, the latter being unique to systems with

valence orbitals with l> 1 (i.e., d or f orbitals, Figure 1.1). While undoubtedly iconic in the context of

metal–metal interactions, δ bonding is typically very weak and the components with σ and π sym-

metry dominate the overall bond strength. The radial properties of the orbitals control many of the

important periodic trends: radial distribution functions for the valence orbitals in exemplary s-, p-,

d-, and f-block elements (Mg, Sn, Cr, and Eu, respectively) are collected in Figure 1.2. In the main

groups, the valence ns and/or np orbitals are generally well extended relative to core orbitals and

so the equilibrium geometry affords near-optimal overlap. The more diffuse nature of orbitals with

higher principal quantumnumber then leads to reduced overlap and hence to relatively weaker bonds

in the heavier members of the group: the multiple bonds in distannenes and distannynes are classic

examples. The inert-pair effect also means that metal–metal bonding in the heavier post transition

metals is increasingly dominated by np orbitals, the ns character accumulating in nonbonding lone

pairs. In the transition series (exemplified by Cr in Figure 1.2), in contrast, the radial maxima of the

valence nd orbitals lie in the same region as those of the filled ns and np core, and so diatomic overlap

is intrinsically small. In this case, an increase in principal quantum causes a greater fraction of the
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α π δ

Figure 1.1 σ, π, and δ overlap of d orbitals between two arbitrary metal centers.
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Figure 1.2 Radial distribution functions of the valence orbitals in the (a) s-(Mg), (b) p-(Sn), (c) d-(Cr), and

(d) f-(Eu) blocks of the periodic table. Black lines correspond to the core density.

nd orbital to protrude outside the core and so d-d overlap increases, rather than decreases, down

a group. The trend in bond strengths is therefore precisely the opposite of that in the main group:

metal–metal bonding becomes stronger in the heavier transition metal elements. The lanthanide

and actinide series (Eu in Figure 1.2.) can be regarded as extreme versions of the transition elements,

with the nf orbitals now lying almost entirely inside the radial maxima of filled (n+ 1)s and (n+ 1)p

and unavailable to participate in effective bonding interactions.

It is important to emphasize from the outset that metal–metal bonds present a substantial chal-

lenge to electronic structure theory, particularly where diatomic overlap is weak and the electrons

are highly correlated. The chromium dimer, Cr2, for example, is a notoriously difficult case and has

been the subject of debate for decades [13]. Some progress toward a quantitative understanding

of these correlation effects has been made through Complete Active Space Self Consistent Field

(CASSCF) and related wavefunction-based techniques, but much of our qualitative understanding
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of metal–metal bond remains based on single determinant methods. While such methods are nec-

essarily deficient in the limit of weak overlap, they have the considerable advantage of affording a

transparentmolecular orbital–based picture. Density functional theory (DFT) is the tool of choice in

most modern research laboratories, but the early contributions made using Extended Hückel theory,

most notably by the Hoffmann school, should be acknowledged [14]. The emphasis in this intro-

duction is firmly on qualitative overlap arguments that have, typically, followed hard on the heels of

the synthesis of new types of compound. The coverage reflects the structure of the periodic table,

with metal–metal bonds mediated primarily by s orbitals discussed first, followed by the d, f, and p

blocks.The purpose of this introductory chapter is to provide a periodic framework for the discussion

of specific classes of metal–metal bonds that appear in subsequent chapters.

1.2

Metal–Metal Bonds Involving sOrbitals

Thechemistry of groups 1 and 2 is characterized almost exclusively by the+1 and+2 oxidation states,
respectively, leaving little scope for direct covalent interactions between themetals. Exceptions occur

in the relatively electronegative lighter elements, Li andBe,where the occupied bonding orbitals carry

substantial metallic character. A textbook case is the electron-deficient Li4Me4 tetramer, where the

bonding orbitals have both Li–Li and Li–C bonding character and the Li–Li distance is rather short at

2.56Å [15]. Examples of unsupported metal–metal bonds in subvalent MgI species emerged only in

the 1980s when species such as HMg–MgH and ClMg–MgCl were characterized in inert matrices

[16]. The first species containing direct MgI–MgI bonds (Mg–Mg= 2.8508(12), 2.8457(8) Å) to be

isolated were reported only in 2007 by Jones and Stasch (Figure 1.3) [2]. The Mg–Mg bonding is

dominated by the Mg 3s orbital (>90%), with homolytic bond dissociation energies in the region

of ∼45 kcalmol−1. The radial disparity between the very diffuse 3s valence orbital and a relatively

compact [1s22s22p6] core (shown in Figure 1.2) means that the electron density in the bond is some-

what isolated from the nuclei [17–19], and these dimers are very effective two-electron reducing

agents [20].

The potential for extending this chemistry to heavier members of group 2 seems rather limited,

primarily because the high energy of the ns orbitals makes the interception of the MI oxidation state

increasingly challenging. Moreover, the radial maxima become even more diffuse, making the puta-

tiveM–M bonds very weak. For example, Ca–Ca bonds have been computed to be almost 1Å longer

than their Mg counterparts, with bond dissociation energies lowered by 50% [21]. On the opposite

side of the first transition series in group 12, however, penetration through the nd10 core stabilizes the

(n+ 1)s orbital and contracts its radial maximum,making bondsmediated by the s orbitals accessible

once again. Prior to 2004, the chemistry of Zn–Zn bonded species was limited to reports of the Zn2
2+

cation in Zn/ZnCl2 melts [22] and the spectroscopic characterization of the dihydride HZn–ZnH in

inert matrices [23]. Carmona’s report of the structure of dizincocene (Cp*Zn–ZnCp*), with a Zn–Zn

separation of 2.3050(3) Å and two parallel Cp* rings, represents the first structurally characterized

example of its kind (Figure 1.3) [3]. The nature of the Zn–Zn bond in Zn2
2+ and related species

had been extensively discussed well before Carmona’s seminal discovery [24], but the realization

that Cp*Zn–ZnCp* was a stable chemical entity prompted a number of theoretical investigations

[25]. Much like the Mg–Mg bond, the Zn–Zn bond in dizincocene is mediated primarily by over-

lap of the s orbitals (4s in this case), which make up ∼90% of the character of the HOMO: symmetry

allowedmixingwith the pz and dz2 orbitals isminimal [26]. Compared to theMg–Mgbonds, however,

the contraction of the 4s orbital leads to much shorter and stronger (65 kcalmol−1 vs 45 kcalmol−1)

bonds. Numerous other Zn–Zn bonded species have emerged in the decade since Carmona’s report,

primarily with chelating nitrogen-based ligands [27], and these compounds have even found use as

reagents in chemical synthesis [28].The nature of the Zn–Zn bonding appears to be relatively similar
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Figure 1.3 HOMOs of ((Ar)NC(NiPr2)N(Ar))Mg–Mg((Ar)NC(NiPr2)N(Ar)) and Cp*Zn–ZnCp*.

in all cases, although linear coordination to a strong σ-donor ligand in ArZn–ZnAr (Ar=C6H3-2,6-

(C6H3-2,6-
iPr2)2) [29] results in a somewhat longer Zn–Zn bond (2.3591(9) Å) with more extensive

s/pz mixing, the latter making up ∼30% of the Zn character in the HOMO.

The heavier dications Cd2
2+ and Hg2

2+ are relatively common structural motifs in both the solid

state andmelts [30], but discrete molecular analogs of the Zn–Zn bonded systems are scarce because

coordination of ligands tends to induce disproportionation toM0 andMII. In fact, the first structurally

characterized complex of Hg2
2+, the silyl complex Hg2[Si(SiMe2SiMe3)3]2 with an Hg–Hg separation

of 2.6569(1) Å, was described only in 1999 [31]. Alongside ArZn–ZnAr, the Cd–Cd [32] and Hg–Hg

[33] analogue presented the first opportunity to compare trends in bonding down group 12 within

an isostructural series. The Cd–Cd bond appears to be rather similar to the Zn–Zn analog, with

dominant 5s character mixed with some 5pz. In the mercury congener, however, relativistic stabiliza-

tion of the 6s orbital reduces the 5dz2 /6s separation, and ∼5% dz2 character is present in the Hg–Hg

bonding HOMO. In conjunction with the lanthanide contraction, the result is that the Hg–Hg bond

(2.5738(3) Å) is marginally shorter than its Cd–Cd analog (2.6257(5) Å) despite the presence of 32

extra electrons in the core shells.

The predominance of the +3 oxidation state in aluminum chemistry means that, like the group

1, 2, and 12 analogs, homometallic covalent Al–Al bonds are relatively scarce. A number of subva-

lent AlI and AlII species have, however, been synthesized, including the first molecular Al–Al bond in

Al2(CH(SiMe3)2)4 (Al–Al= 2.660(1) Å) [34]. Even lower oxidation states of Al are generally stabilized

through the formation of pseudo-spherical clusters such as the tetrahedral AlI species, Cp*4Al4 [35]

and the remarkable icosahedral “superhalide” ion, [Al13]
− [36]. The latter is observed in gas-phase

experiments, where it is notably resistant to reaction with oxygen compared to neighboring mem-

bers of the [Aln]
− series. The stability of the [Al13]

− cluster can be understood using a delocalized

“jellium” model, where the 40 valence electrons are confined in an approximately spherical positive

potential generated by the nuclei and the core 1s, 2s and 2p electrons (Figure 1.4). The degenera-

cies in the energy level ordering shown in Figure 1.4 (1a1g < 1t1u < 1hg < 2a1g < 2t1u < 1gu = 1t2u < 2hg)

are reminiscent of a superatomic ordering sequence 1s< 1p< 1d< 2s< 2p< 1f< 2d, reflecting the

approximate spherical symmetry of the confining potential.

In contrast to the now relatively extensive metal–metal bonded chemistry of subvalent Mg,

Al, and Zn, homometallic bonds involving the 6s and 7s orbitals of the lanthanide and actinides

elements are rare (diatomic overlap between the 5f orbitals in U2 and other cases is discussed

later). Their absence is largely a consequence of the relatively low second and third ionization

energies (compared to Al), which reduce the stability of the +1 and +2 oxidation states. Examples
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Figure 1.4 The icosahedral [Al13]
– cluster: a “superhalide.”

of metal–metal bonds are limited to heterobimetallic cases where the lanthanide acts as a Lewis

acid in combination with strongly Lewis basic transition metal fragments such as [Fe(CO)4]
2− or

[Ru(Cp)(CO)2]
−. In (Cp)2Lu(thf )-Ru(Cp)(CO)2, for example, the interaction between the metals is

primarily electrostatic (Lu–Ru 2.995(2) Å) [37], the HOMO having <10% Lu character. A similar

electrostatic picture emerges even in adducts of the earlier lanthanide ions such as NdIII, where the f

shell is higher in energy and only partly filled [38]. The more diffuse 5f orbitals of the actinides allow

higher oxidation states to be accessed and, in principle, also allow the f orbitals to participate directly

in the bonding. Substantial charge transfer from an Al(η5-C5Me5) unit to UIII has been reported

in (η5-C5H4–SiMe3)3U–Al(η5-C5Me5) [39], and there is even some evidence for weak π overlap

involving the 5f orbitals in the U–Re bond in [{N(CH2CH2NSiMe3)3}URe(η5-C5H5)2] and the U–Ga

bond in [(TrenTMS)U{Ga(NArCH2)2}(THF)] [40]. The role of the 5f orbitals is, however, a relatively

minor component of the bonding in all cases.

1.3

Metal–Metal Bonds Involving d Orbitals

Over the past 50 years, the three transition series have been responsible for the vast majority of

metal–metal bonded species, and an enormous number of dimers and larger clusters are now known.

In addition to providing a unique insight into the nature of the chemical bond, these clusters have

been exploited for their catalytic potential [7], and a biological role for a Ni–Fe bond in Ni–Fe hydro-

genases has even been proposed [8]. Transitionmetal–metal bondsmay be broadly classified into two

types: “supported” bonds that have ligands that bridge the two centers and “unsupported” bonds that

do not. In the supported class, the relative importance ofmetal–metal andmetal–ligand interactions

is often difficult to delineate because any single molecular orbital may feature contributions from

both. On the other hand, the presence of bridging ligands confers great flexibility, simply because the
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Figure 1.5 The singlet ground state of sextuply bonded W2.

cluster does not rely solely on the metal–metal bond for its integrity. The limit of negligible direct

overlap of the metal orbitals corresponds to the extensive class of exchange-coupled clusters, which

lie outside the remit of this book.There are, however, a few intermediate caseswhere themetal–metal

bond is partially formed, and even cases where distinct bonded and nonbonded isomers can be iso-

lated [41, 42].

A survey of the electronic structure of the naked transitionmetal diatomics,M2, serves to highlight

many of the key periodic trends that emerge in their more chemically relevant ligated analogs. The

diatomics encompass a wide range of metal–metal bond types, from strong multiple bonding to

weak magnetic coupling, and they have been used as a testing ground for successive generations of

theoretical methods. The elements near the center of the transition series are the most interesting

from a bonding perspective as they offer the potential for extreme high bond orders, up to six in the

dimers of the group VI metals Cr2, Mo2, and W2. The molecular orbital array for W2, the heaviest

member of the series, illustrated in Figure 1.5 illustrates the basic features of the sextuple bond: the

doubly degenerate π and δ components are supplemented by two distinct orbitals with σ symmetry,

1σ and 2σ, each with mixed 5dz2 /6s character. 2σ represents a conventional σ bonding orbital, in so

much as the dominant 5dz2 character is concentrated along the internuclear axis. In 1σ, in contrast,

the dominant 6s character concentrates the overlap in a cylindrical region around the axis, reducing

electron–electron repulsions with the 2σ component. The 5dz2 /6s hybridization is closely related to

theOrgel/Dunitz mechanism used to account for the preference for linear coordination in complexes

of the coinage metals [43].

The formal bond order of 6 in W2 reflects the structure of the molecular orbital diagram but is

clearly simplistic in that it fails to take into account the very different contributions of the σ, π, and δ
components to the overall bond strength. In the case of the δ bonds in particular, the weak overlap

leads to a small HOMO–LUMO gap, and the single determinant description of the electronic struc-

ture that is implicit in the molecular orbital diagram can be inadequate. Within the constraints of

single determinant methods such as DFT, the weakness of the δ bond (and, to a lesser extent, the π
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component) manifests itself in a tendency toward symmetry breaking, wherein electrons of opposite

spin localize on different centers. For example, Bauschlicher’s study of Cr2 revealed net spin densities

of ±2.7 at opposite centers, reflecting the strong tendency of the electrons in both the δ and π bonds
to localize [44]. The potential energy surface for Cr2 also highlights a link to the main group species

discussed previously. Aminimumat the equilibrium separation of 1.67Å allows for substantial 3d–3d

overlap, but a plateau is also present in the region of 2.5Å, a result of residual overlap between the

more diffuse 4s orbitals.The bonding in this region is in fact very reminiscent of that in the Mg2
I and

Zn2
I dimers, in so much as 4s–4s overlap is the dominant feature: the three systems differ only in

the size of the spherically symmetric 3d cores: d0, d5, and d10 for MgI2, Cr
0
2, and ZnI

2, respectively.

Multiconfigurational character also becomes apparent in CASSCF calculations, where the effective

bond orders of 5.2, 5.2, and 4.52 for W2, Mo2, and Cr2, respectively, highlight the weakness of the δ
component, particularly in the lightest member of group 6 [45]. InMn2, the five 3d electrons on each

center are again weakly antiferromagnetically coupled, but both in- and out-of-phase combinations

of the 4s orbital are now doubly occupied. Mn2 can therefore be viewed as an analog of an inert gas

dimer, where the bonding is dominated by van der Waals’ forces, and the Mn–Mn separation in the
1Σg

+ ground state has been estimated at 3.64Å [46]. Perhaps unsurprisingly this situation presents

a substantial challenge to DFT, and computed Mn–Mn separations ranging from 1.6 to 3.5Å have

been reported [47].

The increasing strength of bonds involving nd orbitals down a group is a general feature of

transition metal chemistry, the origins of which lie in the more diffuse nature of the 4d and 5d

orbitals relative to s and p orbitals with the same principal quantum number: the greater exposure

of the nd orbital increases diatomic d–d overlap from its very low value in the first transition

series. A quantitative understanding of periodic trends, however, also requires an appreciation

of the changes in electron–electron repulsion as the bond is formed. In the limit of very weak

bonding (for example, as in theMn2 case), the individual atoms adopt local high-spin configurations,

thereby minimizing electron–electron repulsions. The sharing of electron density in covalent bonds

necessarily equalizes the spin densities at the two atoms, causing an increase in electron–electron

repulsion. Thus, covalent bonding represents a compromise between overlap, which lowers the

kinetic energy and so favors bond formation and the competing increase in electron–electron

repulsions. The latter are largest in the compact 3d orbitals, and so in addition to the weak overlap,

the lighter elements experience a greater increase in electron–electron repulsion upon formation

of a covalent bond. A detailed analysis suggests that the two factors contribute approximately

equally to the overall trend to stronger metal–metal bonds in the heavier transition elements

[48, 49].

An introduction to metal–metal bonding in the transition metals would be incomplete without a

discussion of the iconic quadruple bond in [Re2Cl8]
2−. This molecule represents a major landmark

in inorganic chemistry, simply because the δ component of the bond was entirely without prece-

dent in the main group.The quadruple bond has subsequently become synonymous with the field of

metal–metal bonding, and its structure and properties have been extensively reviewed, most promi-

nently in the seminal textbook “Multiple Bonds BetweenMetal Atoms.” [50]The short Re–Re separa-

tion and eclipsed nature of the ReCl4 units in an anion formulated as [Re2Cl8]
4− (in “(pyH)(H)ReCl4”)

were in fact first noted by Kuznetsov and Koz’min in 1963 [10], but a subsequent study of the potas-

sium compound KReCl4.H2O by Cotton and Harris revealed a dianion with an Re–Re distance of

2.241(7) Å, now correctly formulated as [Re2Cl8]
2− [9]. Very soon afterward, Cotton presented the

first electronic rationale for the structure [11], and the essential features of this model underpin all

the more sophisticated treatments that have been reported in the subsequent half century. Cotton’s

model, summarized in Figure 1.6, shows how the electronic structure emerges naturally from pertur-

bations to the diatomic developed in Figure 1.5. The combination of the high oxidation state (ReIII)

and the square-planar ligand field removes the 6s and 5dx2−y2 orbitals from the valence manifold,

leaving only 5dz2 , 5dxz, 5dyz, and 5dxy available to form the Re–Re bond. The σ, π, and δ linear com-

binations that result from diatomic overlap give rise to a σ2π4δ2 ground-state configuration with a
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Figure 1.6 The quadruple bond in [Re2Cl8]
2− (the midpoint of the δ/δ* pair is taken as an arbitrary zero of

energy).

formal bond order of 4.0. The δ overlap between the dxy orbitals can account for the adoption of the

fully eclipsed conformation, although it has also been argued that hyperconjugation between Re–Cl

σ and Re–Cl σ* orbitals contributes to the conformational preference [51].

While the basic features of Figure 1.6 were established by Cotton’s 1965 paper, attempts to quantify

the strength of the δ bond had to await the emergence of more sophisticated theoretical models

[52]. A 1994 CASSCF calculation on [Re2Cl8]
2− using an (8,8) active space including the Re–Re σ, π,

and δ orbitals along with their antibonding counterparts [53] indicated that the lead σ2π4δ2δ*0π*0σ*0
configuration makes up only ∼63% of the total wavefunction. This conclusion is consistent with the

symmetry breaking apparent in DFT-based studies of the same system [54, 55]. More recently, (8,8)

and (12,12) active spaces (the latter including the Re–Cl σ and σ* orbitals) have been used to optimize

the geometry of [Re2Cl8]
2−, the resulting Re–Re bond length being in good agreement with X-ray

data [56, 57]. The occupations of the δ and δ* orbitals in the CASSCF wavefunction (∼1.5 and ∼0.5,
respectively) confirm the weakness of the δ bond.
While [Re2Cl8]

2− is certainly the iconic quadruply bonded molecule, a number of isoelectronic

analogs have also been reported including the rhenium bromide [58] and iodide [59], as well as the

lighter [Tc2X8]
2− congeners (X=Cl, Br) [60] and the group VI tetraanions [Mo2X8]

4− and [W2X8]
4−

[61]. In the osmium analogs, [Os2X8]
2− (X=Cl, Br), where the presence of two additional electrons

in the δ* orbital [62, 63] annihilate the δ bond, the OsX4 units adopt the more sterically favored

staggered conformation. The weakness of the δ component of the metal–metal bond also gives rise

to somewhat counterintuitive structural changes upon one-electron reduction of [Tc2Cl8]
2−. Both

[Tc2Cl8]
2− (formal bond order 4.0) and [Tc2Cl8]

3− (formal bond order 3.5) have been structurally


