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Abstract

The interaction between any fragments bonded to some central atom are increasingly recognized as an important factor in

determining, e.g. the geometry and properties of metal complexes. Here we analyze the class of the two-legged piano stool complexes

Cp?ML2 (Cp?�/cyclopentadienyl or a derivative, M�/Fe(II) and Ru(II), L�/phosphorus and nitrogen co-ligands) with the aid of

the through-space coupling (TSC) concept. This is the molecular orbital representation of van der Waals-like repulsive�/attractive

forces between the ligands in addition to the interactions with the metal center. The combination of both, i.e. the interaction between

the new collective ligands orbitals and the metal AO’s is shown to be the main determinant for deciding whether a planar or

pyramidal structure is adopted and further, whether the complex is diamagnetic or paramagnetic. In addition the TSC concepts aids

in understanding the effect of intercomplex interactions on the nucleophilic and electrophilic behavior of the 16e-complexes towards
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an incoming ligand. In fact, interpretations hitherto solely in terms of electronic ligand effects appear to be inadequate. The present

paper is a continuation of our former work in which we successfully applied the TSC concept to rationalize the diverse array of

structural arrangements as well as reactivities of the main-group Cp metal complexes (Sapunov et al. Coord. Chem. Reviews 214

(2001) 143).

# 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The application of transition metals to organic

synthesis and catalysis has been one of the most active

research areas in organic chemistry over the past

decades [1]. The progress which has been achieved in

the field of synthetic organometallic chemistry is of

course also based on the increased know how in the

handling of very sensitive organometallic compounds on

a scale useful for new synthetic purposes [2]. Transition

metals in complexed form have especially been playing a

pivotal role in this tremendous development. The large

majority of the complexes used as catalysts adhere to the

18-electron (18e) rule, and can as such, of course, not to

be catalytically active without transient conversions.

Since the intervening intermediates are often elusive, the

mechanistic details of many catalytic cycles remain

unclear and uncertain. Hence, mechanistic suggestions

are often based more on intuition or preconceived

opinion than on experimental evidence. For further

advancement it is worthwhile to focus on the study of

the few, but increasing in number, known relatively

stable ‘genuine’ 16e-complexes. Among these, the para-

magnetic species [3,4] are of particular interest because

of their relevance to spin-forbidden conversions necessi-

tating catalysts that are capable of spin conversion.

Focusing on the structure and reactivity of such

compounds will ultimately aid in understanding the

mechanism of molecular rearrangement and transfor-

mations in the coordination sphere of complexes during

a catalytic cycle or stoichiometric synthesis.

It is increasingly recognized that stoichiometry, co-

ordination geometry, and reactivity of metal complexes

are dictated not by the bonds between the metal and the

atoms attached to it, but by the ‘non-bonded’ interac-

tions (mainly repulsion) arising between ligands [5].

Note, for example, the syn orientation of the polycyclic

aromatic hydrocarbons observed in the sandwich com-

plexes bis(h6-triphenylene)chromium and bis(h6-fluor-

anthene)chromium [6] and bis(h6-naphthalene)molyb-

denum(0), bis(h6-1-methylnaphthalene)molybdenum(0),

and bis(h6-1,4-dimethylnaphthalene)molybdenum(0)

[7]. Similarly, the syn conformation in bi- and trimetallic

conjugated ferrocene-based complexes is preferred over

the anti one [8]. Clearly, these observations cannot be

explained in terms of steric repulsion between bulky

ligands.

In this contribution we will concentrate on the

coordinatively unsaturated two-legged piano stool com-

plexes Cp?ML2 (Cp?�/cyclopentadienyl or a derivative,

M�/ruthenium(II) and iron(II). L�/phosphorus and

nitrogen co-ligands). The intriguing features of these
compounds are their geometries because of the obser-

vance of both planar (pseudo-C2v , i.e. the Cp? plane lies

perpendicular to the L�/M�/L plane) as well as pyrami-

dal structures, and thus a potential chirality at the metal.

Furthermore, whereas ruthenium(II) complexes are in

the majority diamagnetic, iron complexes often adopt a

high spin configuration, because it costs more energy to

pair electrons in the smaller Fe 3d orbitals than in the
more diffuse Ru 4d orbitals. Therefore, the strong

ligand-sensitivity of the spin-state of iron complexes is

a welcome basis for studying ‘structure�/property’

relationships. It is indeed highly desirable to understand

in more detail the parameters that are related to

stability, reactivity, structure, and spin state. This goal

will be achieved by the synergistic use of theoretical and

experimental data. At first we shall review the state of
affairs. In the next section we occasionally include also

other complexes than those specified above which are

nevertheless pertinent to the issue and help one get a

general overview.

2. State of affairs

The configurational stability of pyramidal (‘bent’)

versus planar (‘orthogonal’, C2v symmetry) 16e-com-

plexes is traditionally treated in terms of electronic

ligand effect and spin state of the metal center. A closer

view reveals, however, that the whole topic is not

amenable to adequate treatment by only considering

these two aspects. An advancement is achieved upon

adding a new perspective via the through-space coupling
theory.

2.1. Electronic ligand effect

Electronic ligand effects have been analyzed with the

EHMO methodology and density functional theory

(DFT) by the groups around Hofmann [9], Eisenstein
[10], and others. As a result, pure s and p donors favor a

planar geometry. Conversely, the possibility exists to

stabilize a pyramidal geometry, at least for Cp and
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benzene complexes, in the case of good p-accepting

ligands, which should be good s donors as well. Such

ligands containing low-lying p-acceptor orbitals include

CO, CS, and NO�. However, there are exceptions to the
rule. For example, [CpFe(SiH3)2]� adopts a pyramidal

geometry eventhough the silyl ligand is a strong s donor

[9]. Similarly, the {Cp?RuCl2} fragment in the tetrameric

(Cp*RuCl)4 [11] is pyramidal instead of the expected

dimeric planar structure, or in the dimeric complex

[(Cp*RuCl)2(m-Cl)2] [12,13] the [CpRuCl2] fragment

approaches a pyramidal rather than a planar structure.

Apart from such exceptions, many complexes con-
form to the rule. Thus, due to s and p donation from

the trigonal planar N atom, {(h6-p-cymene)Ru(h2-

NH2CHPhCHPhN(SO2p -toluene)} adopts the planar

geometry, [14] similar to the very recently described p-

stabilized 16e-complex Cp*Ru(RNCR?NR) (R�/t -Bu,

Cy). In the latter, the amidinate ligand is acting as both

a s and p donor to compensate unsaturation [15]. This

tendency of compensation is manifested in the bending
of the N�/C�/N plane of the amidinate ligand with

participation of a p-allyl N�/C�/N system. According to

the crystal structure, the center of the Cp* ring, the Ru

atom, and the two nitrogen atoms lie on the same plane,

whereas a plane consisting of the Ru atom and two

nitrogen atoms makes an angle of 48.98 with a plane of

the amidinate N�/C�/N moiety [15]. A connection to the

structures of the complexed polycyclic aromatic hydro-
carbons mentioned in the Introduction is obvious. Slight

bending is observed in [(h6-p -cymene)Ru{h2-

PhTAP}]� (PhTAP�/(iPrN)2PPh(NHiPr), in which

case the NHiPr group remains uncoordinated, and the

PhTAP ligand is both a s and a p donor [16]. A

comparable situation is found in various (h6-arene)-

Ru(SAr)2 complexes [17].

In the course of our efforts to synthesize and
characterize coordinatively unsaturated ruthenium com-

plexes, we have recently switched over to nitrogen

donors. In this way the first genuine cationic 16e-

complexes [Cp*Ru(Me2NCH2CH2NR2)]� (R�/Me,

i-Bu) [18,19] and [CpRu(Me2NCH2CH2NMe2)]� [20]

became available. These nearly C2v symmetric com-

plexes are astonishingly stable, particularly those of

Cp*, and show surprisingly little affinity towards the
simple ligands N2, H2, and ethylene. This stability is the

more remarkable since neither a p-donor [21] nor a

bulky ligand system is involved. This phenomenon is

explained in terms of the hard s-donor character of the

‘NN’ ligands [15].

Related planar ruthenium compounds with phospho-

rus donor ligands remain unknown, in contrast to the

corresponding iron analogues [22]. For the structural
differences, at first glance the p-acceptor capability of

PR3 might be implicated [23], but the planar structure

often found for the 16e iron congeners makes this

argument contestable. While [Ru(h5-ring)(PP)]�

(‘PP’�/chelate phosphorus ligands) complexes are vir-

tually unknown, or are too reactive to be isolated, the

existence of [Cp*Ru(PPri
2Me)2] has been reported very

recently by Puerta and coworkers [24]. The nearly

planar structure found contrasts with the bent structure

of the 16e-complex [Cp*Ru(dippe)]� (dippe�/
iPr2-

PCH2CH2PiPr2). The bent geometry is explained by

an agostic interaction of the hydrogen atoms of an

isopropyl group with the ruthenium center, partially

compensating the coordinatively unsaturated character.

There is, however, no agostic interaction in the afore-

mentioned planar [Cp*Ru(PPri
2Me)2]� complex. It has

been speculated that the smaller P�/Ru�/P angle imposed

by the chelating phosphine lowers the energy of the

LUMO such that agostic donation becomes feasible

[25].

In all the cases mentioned above chelate effect does

not play a particular role. Half sandwich complexes with

ligands of diverse nature adopt variable geometries,

depending on the relative strength of ligand effects. An

instructive example is found in the computational study

of electronically and coordinatively unsaturated

[Cp*W(NO)(L)] complexes. While with L�/CO, CH2

the pyramidal conformation is more stable, the complex

with L�/PH3 is planar. In between are the weak s-

donors H2C�/CH2 and HC�/CH, giving rise to a

pyramidal geometry in the former and a planar one in

the latter case [26,27].

Along these lines it is obvious that the planar

structure is maintained in the unsaturated Cp*Ru-

(PR3)X complexes (R�/Cy, iPr, tBu, X�/halide, alk-

oxide, amide) or Cp*Ru(carbene)X (carbene�/1,3-R2-

imidazol-2-ylidenes). According to ab initio SCF calcu-

lations [28] open-shell Ru complexes are stabilized in the

presence of strong p-donor ligands X [29�/38]. If the p-

donor ligand X is replaced by p-accepting CO, the

planar complex is destabilized and tends to add weak

ligands. With such an adduct, namely the d6 complex

(h5-Cp)Ru(CO)(ER3)ONO2, a kinetic study has been

performed of replacing the weakly coordinating nitrate

with chloride [39]. Since the reaction rate was found to

be independent of the chloride concentration under

pseudo-first-order conditions, the transient formation

of a 16e-complex is indicated. However, the increase in

the first-order rate constant in the order ER3�/

P(OPh)3B/PPh3B/P(p-anisyl)3B/AsPh3�/PPh2(o -ani-

syl) is not in line with the expectation that a stronger

donor ligand stabilizes the coordinatively unsaturated

positively charged intermediate. Admittedly, the labiliz-

ing effect of PPh2(o-anisyl) may be rationalized by

additional coordination of the potentially chelating o-

OMe group, but it is not clear, why AsPh3 should be

more effective than PPh3. The intermediacy of a

coordinatively unsaturated complex has also been

considered to explain the fluxionality of the solvent L
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in [Ru(L)(N�/N)(arene)][SbF6]2, where N�/N is bis(ox-

azoline) [40].

2.2. Spin state effect

Apart from the electronic properties of the ligands

their steric properties also have to be considered as well

as the spin state of the metal. From studies on iron(II)

half-sandwich complexes it has been claimed that the

orthogonal and bent structures, respectively, adopt S�/

1 and S�/0 spin configurations [22]. Likewise, the

aforementioned 16-electron triplet [CpW(NO)(L)] spe-

cies have a planar conformation, whereas the singlet
state is highly pyramidal. This feature is rationalized in

terms of the ratio of the frontier orbital energies of the

complexes. The presence of both pure s and p donor

ligands in the dimer of iron(II) halides [(Cp?)FeBr]2
(Cp?�/tetra and penta isopropylcyclopentadienyde)

change the orbital energies so greatly that the complex

has maximum spin with four uncoupled electrons [41].

Contrary to expectation, however, the neutral half-
sandwich complex FeCp*[N(SiMe3)2] is diamagnetic,

albeit trigonal planar N atom is both a good p- and s-

donor [42]. The solid state structure of this diamagnetic

complex is unprecedented in open shell organometallic

chemistry.

For complexes having good s- donor and weak p-

acceptor phosphine ligands, the triplet state is the

ground state. Hitherto five unsaturated complexes of
the type [Fe(h5-ring)(PP)]� (ring�/Cp, Cp*, pentadie-

nyl; ‘PP’�/Ph2PCH2CH2PPh2 (dppe), Pri
2PCH2CH2P-

Pri
2P (dippe), 2 �/PEt3) have been isolated and structurally

characterized [43�/45]. All of them have planar ground

state structures and are paramagnetic (S�/1). These

results have been nicely reproduced by DFT calculations

by Costuas and Saillard [22] in terms of both a small

HOMO�/LUMO gap and weak HOMO�/LUMO over-
lap (rendering the Jahn�/Teller instability of the pseudo-

C2v geometry insignificant). Noteworthy, if a singlet

ground state is assumed, the pyramidal structure is

favored. Thus, the relative stability of the iron com-

plexes under consideration can be traced to the energe-

tically unfavorable change in spin state preventing the

unsaturated complex from adding nucleophiles. This

point of view has been put forward by Poli [3]. For
certain ratios of electron pairing energy to HOMO�/

LUMO gap, the paramagnetic nature is retained on

going from planar [Cp*Fe(LL)]� to the 18e adduct in

which the {Cp*Fe(LL)} fragment has a pyramidal

conformation. For instance, the 18e complexes

[Cp*Fe(AN)(dippe)]� and [Cp*Fe(Me2CO)(dppe)]�

are paramagnetic, whereas the [CpFe(AN)(dippe)]�,

[CpFe(AN)(dppe)]�, and [Cp*Fe(AN)(dppe)]� analo-
gues are diamagnetic [44]. Consequently, it is not

possible to definitely predict the structure of the iron(II)

complexes solely from the spin state.

It is quite common for organometallic compounds in

general that increasing covalency enhances the energy

gap between the strongly anti-bonding and the non

bonding (or weakly anti-bonding) orbitals. This gap is
increased as we move down the series from 3d to 5d. In

other words, the 4d and 5d transition metals form

stronger bonds than their 3d congeners [4] in which case

the electron pairing energy is much lower than the

HOMO�/LUMO gap, and the low spin state is pre-

ferred. In fact, stable high-spin d6 ruthenium half-

sandwich 16e-complexes are actually unknown. How-

ever, it is wrong to state that singlet-triplet crossing does
not occur in half-sandwich Ru complexes. The forma-

tion of a high-spin compound from Ru(h6-arene)(L)3
2�

occurs by ultraviolet irradiation noting triplet lifetimes

of B/10 ns [46]. As it is known, Cp?RuCl(PPh3)2 (Cp?�/

indenyl, Cp) induces radical polymerization [47]. Since

the latter is a spin forbidden process, it is reasonable to

speculate that it is effected through the intermediacy of a

high-spin half sandwich complex. By and large, how-
ever, spin state arguments are less relevant to structural

considerations of the stabilization ruthenium complexes.

In summing up the results, the factors that determine

the structure of the 16e two-legged piano stool com-

plexes and the mechanism of the planar/pyramidal

structure rearrangement are not fully understood.

Clearly, the interpretation solely in terms of electronic

ligand effects and spin-state effects is not the whole
story. Sometimes the deviations from expected struc-

tures can be reproduced by analyzing calculated orbital

and total energies. Notwithstanding this the underlying

physical reasons remain hidden. Hitherto explanations

for all of the exceptions to the spin state or the electronic

ligand effect rule try to use stand-alone assumptions

without a subordinate concept.

2.3. The through-space coupling (TSC) concept

In the following we shall show that the implication of

interligand interactions by means of the TSC concept

definitely advances the topic. Note that the present

paper is a continuation of our former work in which we

successfully applied the TSC concept to rationalize the

diverse array of structural arrangements as well as

reactivities of the main-group Cp metal complexes
[48]. The basic idea of the TSC concept is that in a

metal complex the ligands approach so closely to one

another that their orbitals interact with each other.

When, for example, two localized orbitals (8, vacant or

8*, filled) interact, two pairs of new collective orbitals,

combined by sum and difference, are formed: the

symmetric (in-phase) orbitals 1CTSC
s and 2CTSC

s (bond-

ing orbitals) and the higher energy, anti-symmetric (out-
of-phase) orbitals 1CTSC

a and 2CTSC
a (antibonding

orbitals) (Scheme 1). This aspect calls to one’s mind a

formal fragment orbital analysis. The energy splitting
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between the two orbitals is a quantitative measure of

orbital interaction. If both orbitals are doubly occupied,

there is indeed overall loss in energy corresponding to

van der Waals (vdW) repulsion (case a). This is a

manifestation of covalent antibonding. But electron

density can be removed from the antibonding TSC

orbital into some vacant orbital either of the ligands

themselves (for example, TSC orbital formed as in-phase

combination of the antibonding orbitals of the separate

participants*/case b), or of the coordination center

(AO’s of metal). In this way electron�/electron repulsion

is minimized and the molecular construction acquires

additional stability through vdW attraction.

Case a represents the basic principle of intramolecular

singlet or triplet excimer formation (cases c and d) such

as the lowest, triplet a excited states of He2�, namely the

a (3a u) and c (3a g ) states with electron configurations

1sg
2 1su 2sg and 1sg

2 1su 2su at equilibrium [49] or

other metastable rare gas excimers [50,51]. Of course

more electron rich aromatic compounds form much

more stable excimers as found with a,a-dinaphthylalk-

anes [52] and naphthalenophanes [53] with a preferred

overlapping sandwich configuration. It is p�/p interac-

tions between polycyclic arenes in the excited singlet and

triplet states that effect a fully eclipsed parallel orienta-

tion [54]. If the symmetric TSC orbital 2CTSC
s , formed

from the antibonding orbitals of the separate partici-

pants, is lower in energy than 1CTSC
a (case b), vdW

attractive forces come into play. For example, supra-

molecular coordination polymeric architectures are

formed like the double-decker silver(I) coordination

polymer with columnar aromatic stacks [55]. Further,

decreased repulsive p-interactions between benzene rings

are clearly obvious since the interannular distances

between two decks of [2.2]paracyclophane (pcp) in the

mononuclear complexes of Rh and Ir, [Cp*M(h6-

pcp)](BF4)2 are shorter than that of the metal-free pcp

ligand [56]. Such novel transition metal complexes of

cyclophanes continue to be an exciting area of organo-

metallic chemistry.
It is commonly thought that interligand interactions

are always repulsive in nature and represent a minor

component of the global energetic balance, while M�/L

bond formation energies dominate the situation. But

this is a superficial point of view. Because of the short

distances between the coordinated ligands, their orbitals

can interact with each other according to Scheme 1. In

this case the donor ability of a pair ligands, determined
by the 1CTSC

a orbital, can even be increased relative to

the separate 8 orbitals with the M�/L bond strength-

ened. Powerful interligand interactions (repulsive and

attractive) are one of the reasons why any attempts to

estimate separate metal�/ligand bond strengths have

been unsuccessful.

In applying the TSC concept to complexes of the type

Cp?ML2, the individual lone pair orbitals of the L2

ligand give the TSC orbitals CTSC
a (out of phase) and

CTSC
s (in phase). These are then linearly combined with

both the symmetric (a? ?2) and antisymmetric (e? ?2) orbitals

of Cp yielding a second generation of TSC orbitals

(CTSC
ss , CTSC

as and CTSC
sa , CTSC

aa , vide infra). Since all

orbitals are filled, the bonding orbitals CTSC
ss ,

CTSC
sa determine the interligand vdW attraction, while

the antibonding orbitals CTSC
as , CTSC

aa are responsible for
vdW repulsion between Cp? and the L2 group. On the

one hand, the interactions of these four TSC orbitals

with the metal AO’s are more effective than the

interactions of the separate ligand orbitals, because of

better overlap. On the other hand, the shift of electron

density from the antibonding TSC orbitals, especially

from CTSC
aa , is decisive for the stability of the metal

complex topology minimizing interligand repulsion.

3. Results and discussion

3.1. The geometry of Cp?ML2 complexes

At first we present the results of our analysis of the

CpRu(PP) and CpRu(NN) complexes based upon DFT

calculations. The intention is to compare the electronic
structures of coordinatively unsaturated half sandwich

iron and ruthenium complexes, using N and P donor co-

ligands, as well as their reactivities towards simple donor

ligands like N2,H2, O2, and others. To reduce computa-

tional effort, [Cp*Ru(Me2NCH2CH2NMe2)]� and the

analogous bisphosphine complex have been modeled by

the smaller species [CpRu(NH3)2]�, [CpRu(H2NCH2-

CH2NH2)]�, [CpRu(PH3)2]�, and [CpRu(H2PCH2-
CH2PH2)]�. The major results of the DFT-optimized

geometries of these complexes as well as the structural

data of [Cp*Ru(Me2NCH2CH2NR2)]� (R�/Me, i-Bu)

Scheme 1.
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and [CpRu(Me2NCH2CH2NMe2)] [18�/20] are pre-

sented in Table 1. Relative B3LYP energies of optimized

structures of [CpRu(H2NCH2CH2NH2)]� and [CpRu-

(H2PCH2CH2PH2)]� at various angles a�/

Cp(centroid)�/Ru�/L2 (centroid) are sketched in Fig. 1.

While the potential energy surface for the inversion of

the amine complex is very flat, for the phosphine

complex there is an energy difference of about 6 kcal

mol�1 between an ideally planar (1808) and a pyramidal

(1498) geometry. The ground state structure of the

amine complex adopts a pseudo-C2v structure, and the

phosphine complex is strongly pyramidalized with a�/

1498. The optimized geometry of [CpRu(H2NCH2-

CH2NH2)]� is close to the experimental structure of

[Cp*Ru(Me2NCH2CH2NR2)]� (R�/Me, i-Bu) and

[CpRu(Me2NCH2CH2NMe2)] for which a varies be-

tween 168 and 1808 (Table 1). Bending of the C2v

symmetric [CpRu(H2NCH2CH2NH2)]� by a�/308 is

calculated to require only about 2.2 kcal mol�1. In view

of such a low barrier, the variation of the experimental a

values is not unexpected.

The differences in the degree of bending in the

CpRu(PP) and CpRu(NN) complexes as suggested

from DFT are similar to those described for the

diamagnetic iron analogues [9] and further are in accord

with a recent EH analysis [19]. However, the actual

reason for the divergent bending tendencies remains

vague, but is illuminated in the TSC picture which

emphasizes the involvement of in-phase and out-of-

phase combinations of the lone pairs of the P or N

atoms represented by the TSC orbitals CTSC
s and CTSC

a .

It is well known that in the absence of d orbitals, the

Cp�/M bonds are longer than those in the transition

metal complexes [57]. This occurs on the grounds of

symmetry since the antibonding orbitals (CTSC
aa ) cannot

interact with the (main-group) metal AO’s. The under-

lying effects are dramatic as can be delineated from the

linear relationship between the metal�/Cp distances in

alkaline-earth-metal complexes and the metal radii as

elaborated by Sockwell and Hanusa [58]. These data

would predict C(Cp)�/Fe and C(Cp)�/Ru distances of

2.57 and 2.65 Å, respectively, compared to the actual

values of 2.02�/2.10 Å for Fe, and 2.19�/2.20 Å for Ru

[59]. The decrease in distance reflects the partial removal

of vdW repulsion between the ligands by electron

density shift from the filled antibonding TSC orbitals.

If this is not feasible as in the case of the d10 complexes

like Zn(II) [9], the antibonding TSC orbitals provoke a

Table 1

Experimental and optimized structural data for various [RuCpL2]� complexes

[RuCpL2]� M�L (Å) M�C5 av (Å) L�M�L (8) a (8)a

[RuCp(H2NCH2CH2NH2)]� 2.218 2.165 78 171

[RuCp(NH3)2]� 2.202, 2.192 2.196 91 179

[RuCp(Me2NCH2CH2NMe2)]� 2.142(6), 2.163(8) 2.09(1) 80.9(1) 180

[RuCp*(Me2NCH2CH2Nme2)]� 2.183(7), 2.180(6) 2.142(7) 80.3(3) 179

[RuCp*(Me2NCH2CH2N(i -Bu)2)]� 2.18(1), 2.21(1) 2.13(1) 78.1(5) 168

[RuCp(H2PCH2CH2PH2)]� 2.346 2.248 83 149

[RuCp(PH3)2]� 2.356 2.241 96 152

[RuCp*(PmePri
2)2]� 2.393(1), 2.395(1) 2.182(5) 101.4(1) 171

[RuCp*(dippe)]� 2.331(1) 2.207(5) 83.1(1) 169

a a�Cp(centroid)�/Ru-L2 (centroid).

Fig. 1. B3LYP energies of optimized [CpRu(H2NCH2CH2NH2)]� and [CpRu(H2PCH2CH2PH2)]� at various angles a�/Cp(centroid)�/Ru�/

L2(centroid).
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conformational flexibility found in zirconocene

[(C3H7)4C5H]2Zn, which has a slipped-sandwich struc-

ture [60] similarly to the alkaline-earth metallocenes [48].

The TSC orbitals have either more Cp? or L2

character, depending on the energy levels in accordance

with the values of the overlap populations (OV POPs).

The individuality of the TSC orbitals of the ‘NN’

ligands is more pronounced than those of ‘PP’, because

the 3s, 3p AO’s of the P atom are more spaciously

diffuse than are the 2s, 2p AO’s of the N atom. Since,

further, the distances between the Cp plane and the N

and P atoms are very similar (Table 1), stronger mixing

of the TSC orbitals can be expected for the ‘PP’

complexes. This reasoning is corroborated by calcula-

tions on the EH-level: the OV POP’s in the Cp�/‘PP’

system are noticeably larger, reaching values of 0.01�/

0.05 compared to B/0.01 for Cp�/‘NN’. This feature has

a bearing on the geometry.

In the planar half-sandwich complexes, the Cp?L2

ligands have virtually only five orbitals capable of

Fig. 2. Planar CpML2. The formation of relevant TSC orbitals of the ligand system {Cp, L�/L} from separate orbitals of Cp (a? ?2, e1) and L2 (CTSC
a ,

CTSC
s ) (left side). Suitable metal AO’s for the interaction are shown in the middle. The active orbitals derived from these interactions are shown at the

right side. (A) Stabilizing effect of the filled p orbitals of L,L ligands.

Table 2

Overlap population analysis (EH level) for the main interactions in the

CpRu(PP) and CpRu(NN) complexes based on the DFT optimized

structures

Interaction CpRu(H2PCH2-

CH2PH2)

CpRu(H2NCH2-

CH2NH2)

Planar Pyramidal Planar Pyramidal

BCaa
TSCjdxz� 0.38 0.44 0.21 0.16

BCsa
TSCjpx� 0.36 0.38 0.12 0.13

Bb1jdyz� 0.30 0.17 0.25 0.11

BCas
TSCjpz� 0.11 0.12 0.10 0.08

BCss
TSCjs� 0.19 0.21 0.10 0.08

TSC splitting (DE eV)a 0.21 0.41 0.023 0.053

a The total energy loss upon the interaction of Cp and ’PP’ or ’NN’

ligands for the different complex geometries.
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interaction with the metal AO’s, namely four TSC

orbitals (CTSC
ss , CTSC

as and CTSC
sa , CTSC

aa ) and one of the

e1 orbitals of Cp? (b1) (Fig. 2, left). These orbitals can

interact with the symmetrically suitable metal AO’s with

overlap populations displayed in Table 2. Most impor-

tant is the filled antibonding obital CTSC
aa , which is high-

lying (1.24 eV, according to DFT calculations) and

largely responsible for the interligand vdW repulsion.

DFT calculations on the Cp�/‘NN’ system using the

optimized geometry of the CpRu(NN) complex shows

some negative vibrational frequencies anticipating the

movement of the Cp and ‘NN’ ligands so as to minimize

the orbital interactions in CTSC
aa . The actual extent of the

repulsions is recognized by the total TSC splitting

energy (DE ) (Table 2). Now, due to the �CTSC
aa jdxz�

interaction (Fig. 2.), electron density is withdrawn from

CTSC
aa partially converting the interligand vdW repulsion

into vdW attractions.

Important orbitals for planar Cp?ML2 are depicted in

Fig. 2. Three metal orbitals, viz. dz 2, dxy and dx 2�y2, are

rather nonbonding, since the filled-filled

�CTSC
ss (LL)jdz 2� and �CTSC

s (LL)jdx 2�z 2� orbital inter-

actions are weak and push up the dz 2 and dx 2�y 2

orbitals only slightly, whereas the empty-filled �e1�jdxy�
and �e1�jdx 2�y 2� orbital interactions slightly push down

dxy and dx 2�y 2, forming the HOMO, HOMO�/1 and

HOMO�/2.

Thus, the HOMOs are metal-like in character. The

LUMO of the complex, on the other hand, derives from

the antibonding part of the �b1jdyz� interaction which is

enhanced through the participation of the vacant metal

py orbital. Since the orbitals of L2 are not particularly

involved, the HOMO�/LUMO gap in Cp?ML2 is deter-

mined by the nature of the metal rather than the ligands.

In view of the lower electron affinity of Fe2� compared

to Ru2� (16.18 vs. 16.76 eV) [61] the e1 orbitals of the

Cp unit interact less strongly with the dxz or dyz AO’s of

the former. Consequently, the gap is smaller for the iron

complexes (which therefore are often paramagnetic) and

increases in going from the 3d to the 4d metals.

From the present analysis it is concluded that the

planar CpML2 complexes are relatively stable and

unreactive, because of the unsuitable orientation of the

frontier or, better, active orbitals. Thus the low-lying

vacant orbital (where the entering ligand has to attack)

and the donor orbital both are arranged parallel to Cp

plane. Consequently, the activation step has to involve

bending towards a pyramidal structure to direct the

vacant orbitals towards the free space. It is important to

emphasize that such bending does not deteriorate, but to

the contrary may even slightly strengthen the interac-

tions (between CTSC
ss , CTSC

as and CTSC
sa , CTSC

aa and the

metal AO) that are responsible for the complex stability.

This feature is visualized in Fig. 3 and recognized by the

values of the overlap population presented in Table 2.

The driving force for the planar/pyramidal inversion

involves strengthening of the interactions between the

metal AO’s and the TSC ligands orbitals via the orbitals

CTSC
as and CTSC

aa , depending on the nature of L2. Since, of
course, nitrogen has smaller orbital radii and less diffuse

orbitals than phosphorus, the TSC interaction is more

efficient for the latter. This is reflected by the TSC

splitting energy DETSC which is virtually meagre for the

Cp�/‘NN’ system (Table 2). Similarly, the increase in

DETSC upon bending is more remarkable for the Cp�/

‘PP’ system. Actually, the stronger mixing of the TSC

orbitals renders an additional stability of the complex.
The more efficient involvement of the ‘PP’ ligand

orbitals is also established by the DFT analysis above.

Thus, the participation of the amine ligands in both the

HOMO and the LUMO of [RuCp(H2NCH2-

CH2NH2)]� and [RuCp(NH3)2]� is rather weak, but

is increased upon switching over to the P congeners.

Since, furthermore, the participation of the ‘PP’ ligand

orbitals is slightly more pronounced on bending, the
phosphorus complexes are pyramidal in the ground

state, whereas the potential energy surface for the

inversion of the amine complex is very flat.

Such a stabilization of the pyramidal construction

should also be expected for the 16e iron complexes such

as [FeCp(PP)]�. The gain in energy by TSC, however, is

counterbalanced by two other effects, namely the

excessively low-lying LUMO, whose energy is deter-
mined primarily by the iron dyz orbital, and secondly by

the uncoupled electron collapse energy (from S�/1 to

S�/0). As a result, the energy difference between the

planar triplet state and the pyramidal singlet state of

‘PP’ complexes is negligible, lying in the range of 0.01�/

0.14 eV [22]. On the other hand, the absence of the

stabilization by TSC in the ‘NN’ iron complexes,

independent of geometry, makes complexes such as
[Cp*Fe(tmeda)]� actually unstable.

It should further be noted that bending gives rise to

several additional TSC orbital interactions capable of

changing stability and reactivity. Of these interactions,

three variants are particularly relevant: (i) the strength-

ening of the �b1jdyz� interaction through the formation

of a new TSC orbital between b1 and CTSC
ss of the L2

group (Fig. 3, A) results in a high-lying LUMO of the
bent complex that is optimally oriented for nucleophilic

attack to occur. This contrasts sharply with the low-

lying LUMO in the planar construction. (ii) p-Acceptor

ligands can appreciably relax the destabilizing effect of

the �CTSC
ss jdx 2� interaction (Fig. 3D) via back-bonding,

i.e. electron density shift from the metal into the p*-

acceptor orbital (M0/L shift). Clearly, p-donor ligands

have the opposite effect and thus favor a planar
geometry (see also Figure 4 of Ref. [9]). (iii) While in

the planar system the metal dxy AO is virtually

nonbonding, upon bending a new interaction arises

between it and CTSC
a of the L2 group with participation
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of the strongly antibonding p* orbital of Cp (Fig. 3B).

In this way the energy and orientation of HOMO can

change. Albeit the perturbation of the metal d(s) AO’s

does not affect the HOMO/LUMO gap, the HOMO

alters its orientation and hence the donor property of

the complex.
Along these lines the TSC concept provides a frame-

work which allows one to rationalize hitherto unex-

plained observations and to understand the underlying

reasons. Evidently, pure hard s-ligands have weak TSC

interactions with the Cp system and therefore can

destabilize the bent structure and hence favor the planar

geometry. As an example, the pyramidal geometry of

bent [CpFe(H2)]� is computed to be only 0.94 kcal

mol�1 (0.04 eV) more stable than the planar one.

Furthermore, energy barriers for distortion are extre-

mely shallow [9]. Soft s-ligands, on the other hand,

(with softness increasing in going to more electron rich

elements along the series N0/P0/As0/Sb) can effec-

tively interact with b1 of Cp. The resulting distorted

TSC orbital C, shown in Fig. 3, can in turn better

interact with the metal dyz orbital. Hence the bent

conformation is favored. From this point of view it is

understandable that the pyramidal geometry of

[CpFe(SiH3)2]� is not the result of the strong electro-

positive s-ligands, but rather the strong TSC interaction

between the two silyl ligands. This effects powerful TSC

splitting CTSC
a /CTSC

s as high as 2.9 eV [9] comparable

with the 3.0 eV calculated for the chelate ‘PP’ ligand

Me2PC2H4PMe2 [19]. Also, the mixing between

CTSC
a and e1 of Cp is enhanced. Analogously, the

stabilizing effect of AsPh3 relative to PPh3 in (h5-

Cp)Ru(CO)(ER3) noted above [39] is due to the stronger

TSC interaction between e1 of Cp and 4s,p AO’s of As

which are more diffuse than the 3s,p AO’s of P.

Likewise, the TSC interaction between Cp? and tris Cl

ligands behind the metal center in tetrameric

{(Cp?RuCl)4} is more powerful in the octahedral

surrounding in the {Cp?RuCl3} fragment [11] than in

the expected planar dimer construction. In the absence

of the �CTSC
aa jdxz� interaction as in the case of the

aluminum complex [CpAlCl3]�, interligand vdW repul-

sion due to the high-lying filled CTSC
aa orbital provokes

Cp ring slippage along the Cl�3 plane [62,48].

Fig. 3. Variation of the TSC orbitals from Fig. 2 upon bending (left side). Suitable metal AO’s for the interaction are shown in the middle. Particular

results: (A) strengthening of the �b1jdyz� interaction (formerly LUMO); (B) new interaction with the metal dxy AO upon bending (formerly

HOMO�/2); (C) distorted TSC orbital (formerly b1); (D) relaxed destabilizing effect of the �CTSC
ss jdz 2� interaction by a p-acceptor ligand orbital; (F)

formation of a closed TSC orbital by the attack of a third ligand L*.
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3.2. General abilities of the Cp?ML2 complexes

3.2.1. The acceptor properties

Clearly, the reactivity of the unsaturated CpML2

complexes is above all determined by their acceptor
properties, which in turn depend on the level and the

spatial orientation of the vacant orbitals LUMO and

LUMO-1 (Fig. 2, right). The other vacant orbitals are

too high in energy for nucleophilic attack to be feasible.

Since LUMO-1 is screened, especially in the planar

complex, the actually active orbital is LUMO, which,

however, is situated parallel to the Cp plane and

therefore has an unsuitable spatial orientation. There-
fore, these C2v-symmetric complexes are poor Lewis

acids, being reluctant to undergo reactions with simple

donor ligands. The availability of the s-acceptor orbital

of the complex is increased by the participation of the

metal py AO (Fig. 2, right). A Lewis-acidic propensity is

reflected by the agostic interaction between the hydro-

gen atoms of an iso -Pr group and ruthenium in

[Cp*Ru(dippe)]� [25]. Similarly, Cp*Ru(PR3)-
(OCH2R?) has been reported to form unstable

Cp*Ru(H)(PR3)(OCHR?) via b-hydrogen migration

[10]. Also, the catalytic action of Cp*Ru-1,2-diamine

complexes in the hydrogenation of ketones is interpreted

in terms of Lewis acidity [63].

Even with LUMO half-occupied, the planar para-

magnetic [Cp*Fe(dppe)]� 16e-complex (3.3 mB) is

claimed to be a strong Lewis acid [43]. By a one-electron
reduction, transformation takes place into the thermally

stable d7 Fe(I) Cp*Fe(dppe) whose geometry is inbetw-

een a C2v pyramidal structure with a vacant site and a

distorted C2v planar polyhedron [43]. Ultimately, occu-

pation of LUMO with two electrons leads to an 18e

complex without much effect on the complex construc-

tion. In this respect the complexes [Ru(Cp*)(tmbp)]-

[Na(DME)2] and [Fe(Cp*)(dppe)][MgBr �/3THF] may be
noted, in which the cationic fragments actually feature a

leg in a distorted three-legged piano stool structure.

Since the metal�/metal distances exceed the sum of the

covalent radii, and further the metal�/Cp* centroid axes

are nearly in-plane (a�/1708 for the Ru complex), the

anionic fragment can alternatively be described as a

two-legged piano stool. While two legged piano stool

iron(0) anionic complexes are well-known for a long
time, e.g. [Cp*Fe(dppe)]� [64] ([Fe(Cp or Cp*)L2], L�/

CO [65�/67], ethylene [68] or L2�/diene [11], only very

recently a ruthenium counterpart, viz. the thermally

stable ([Ru(Cp*)(tmbp)][Na(DME)2] (tmbp�/4,4?,5,5?-
tetramethyl-2,2?-biphosphine) has been reported [69].

The reason for the difference in stability can be traced to

the action of the antibonding part of the �b1jdyz�
interaction, which increases in going from the 3d to
the 4d metals. This has been discussed above in

connection with the LUMO of the 16e Cp?ML2 com-

plexes (which is the HOMO of the present 18e con-

geners). The filling of both parts*/bonding and

antibonding*/of the TSC orbitals �b1jdyz� creates an
additional vdW repulsion which is reflected by the

increase in the Cp�/metal distances. For example, the

average C(Cp)�/Ru(0) distance in ([Ru(Cp*)(tmbp)]-

[Na(DME)2] of 2.19 Å is close to that in the Ru(II)

18e complexes. The lengthening of the Cp�/Ru distance

is manifested in the 13C-NMR resonances of the ring

carbon atoms of Cp*. In fact, the Ru�/C5 distances as

well as the 13C-NMR resonances of the ring carbon
atoms of the Cp* ligand can be used as straightforward

criteria to distinguish between 16e and 18e complexes.

This can be seen by the graph in Fig. 4.

3.2.2. The donor properties

While there is only one orbital relevant for the

acceptor property, for the donor properties there are
in principle three filled orbitals available. In the case of

Fig. 4. Relationship between Ru�/Cp* bond distances and 13C-NMR

resonances of the ring carbon atoms of the Cp* ligand in Cp*RuLn

complexes.

Fig. 5. ‘Active’ donor orbitals in bent CpM(L2). (A) p donor orbital,

(B, C) s donor orbitals. (D) Destabilizing effect of the p-orbital of

H2O due to filled�/filled interactions (vdW repulsion).
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planar unsaturated Cp?ML2, the filled d metal orbitals

either remain as virtually nonbonding dxy or are slightly

antibonding because of the weak filled�/filled

�CTSC
ss (LL)jdz 2� and �CTSC

s (LL)jdx 2�y 2� interactions,

forming HOMO and HOMO�/1 (see Fig. 2, right). The

particular situation here is that all of these orbitals are

high-lying, degenerate, and metal-like in character. On

account of the weak interactions with Cp and L2, the

attacking ligand can upset the orbital energy ordering

and act as either p or s donor (Fig. 5A�/C). For

example, good p acceptors are tightly coordinated to

Cp*Ru(amidinate), which therefore is a donor [15]. This

feature gives rise to largely variable geometries of the

resulting 18e complexes as follows. The short Ru�/Si and

long Si�/Cl distances in Cp(PMe3)2RuSiCl3 point to a p-

interaction between ruthenium and the trichlorosilyl

group, resulting from d(Ru)0/s*(Si�/Cl) p-back-bond-

ing interactions between the filled HOMO and

HOMO�/1 orbitals of the ruthenium moiety and the

empty s* orbitals of the Si�/Cl bonds [70]. The effect of

back-donation is obvious not only from the bond

distances but also from the geometries. Thus the twisted

(Cp(centroid)�/Ru�/Si�/X dihedral angle"/0) structure

of CpL2Ru�/SiX2
� (L�/PH3, PMe3, CO, X�/H, Me,

SH) reflects the participation of different donor metal d

orbitals with the vacant p orbital of the Si atom [71].

The cooperation of both aspects (bond distance and

geometry) is evident in the various structures (linear and

nonlinear) of para -functionalized [(h2-dppe)(h5-

C5Me5)Fe(C�/CC6H4X)] (X�/NO2, CN, CF3, F, Br,

H, Me, tBu, OMe, NH2, NMe2), in which a one-electron

transfer M0/L on the alkynyl fragment forms metal

cumulenic structures with the Fe�/C�/C piece [72]. The

ambiguity between donor and acceptor capabilities is

displayed in the reaction of the electron-rich cations

[Cp*Ru(PMe3)2(SO)]� and [Cp*Fe(PMe3)2(SO)]� [73]

whose coordinated SO is attacked by either nucleophilic

3-chloroperbenzoic acid or electrophilic pyridine and

PMe3. Notwithstanding this, from the energetic point of

view, the 16e [CpML2]� complexes may be classified as

acceptors rather than donors. Conversion to anionic 18e

[CpML2]� creates a high-lying HOMO. For example,

the anionic Ru(0) complex [Ru(Cp*)(tmbp)]� is trapped

with MeI, Ph3SnCl, Me3SnCl, or H� via an oxidative

addition that leads to the formation of Ru(II) [69].

Summed up, activation of the 16e planar CpML2

complexes needs bending to a pyramidal structure so as

to uncover the vacant orbital (Fig. 6). The small energy

difference between the planar and pyramidal geometry
can be easily overcome under experimental conditions.

Clearly, bulky L2 ligands hamper the bending and in this

way modify the reactivity [74]. The presence of s ligands

with additional p-donor properties in RuCp*-

(PiRr2Ph)X (X�/Cl, Br, I, OCH2CF3, OSiMe2Ph,

NHPh) [10] raises the LUMO (Fig. 2A) and thus

disfavors pyramidalization. Such ligands accelerate the

exchange between free and bound phosphines in the 18e
Cp*Ru(PMe3)2X complex, which proceeds by an SN1

mechanism via an unsaturated 16e intermediate. In

similar terms the cis -labilizing effect may be rationalized

[75]. The motive force of the attack of a third ligand L*

at [Cp?ML2]� is the gain in vdW attractive energy

within the {Cp?L2L*} system through a more effective

cage of TSC orbitals, further stabilized by the electron

density switch from the new antibonding CTSC
aa orbital of

{Cp?L2L*} to the metal dyz AO (Fig. 3F).

As discussed above, TSC is more effective in the case

of L2�/‘PP’ than ‘NN’. This is confirmed by comparing

some complex formation reactions of the 16e two-legged

piano stool Ru and Fe complexes. Although the selected

types do not encompass all possible transformations,

they highlight the importance of interligand interactions

rather than separate ligand�/metal interactions to the
reactivity of the complexes. The donor ligands chosen

vary in the nature of the respective donor orbital, from a

simple lone-pair to p- and s-bond orbitals.

3.3. The reactivity of the Cp?ML2 complexes

3.3.1. Reaction with dinitrogen

First we focus on dinitrogen, which is quite a good

donor [76,77]. [RuCp(tmeda)]� reacts indeed readily
and quantitatively with gaseous N2 at �/908 to give

[RuCp(tmeda)(N2)]�, although the complex is very

weak. At ambient temperatures there is fast exchange

between bound and free N2. Furthermore, the geometry

of the [RuCp(tmeda)]� moiety remains almost un-

changed when N2 is coordinated, i.e. there is no change

from C2v to Cs symmetry. If, in addition, Cp is replaced

by Cp* the LUMO of [Cp*Ru(tmeda)]� is raised and
N2 is not added any more [20]. The coordination of N2

to [CpRuPP]�, in contrast, is slightly favored through a

notable participation of the lone pair of N2 in the TSC

interaction, especially for the bent configuration (form-

ing high-lying CTSC
aaa , which interacts with dyz as shown

in Fig. 3F). According to the present DFT calculations,

the end-on N2 addition to CpRu(PH3)2 with liberation

of 26.7 kcal mol�1 is energetically more favorable than
that to CpRu(NH3)2 (20.0 kcal mol�1). Experimentally

it is found that N2 is added even at room temperature

giving [CpRu(dippe)(N2)]�. But this complex also is
Fig. 6. Changes of the ‘active’ acceptor orbitals of CpM(L2) upon

bending. Note the favorable nucleophilic attack in the bent complex.
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labile and extremely air-sensitive in solution. Thus, N2 is

replaced by acetone to give [CpRu(Me2CO)(dippe)]-

[BPh4] [78]. Apart from this, [Cp*Ru(dippe)(N2)]� is

also known. On the other hand, TSC is weakened if in
place of the ‘PP’ chelate ligand two separate phosphine

ligands are present. In fact, there is only one pertinent

complex known, viz [Cp*Ru(N2)(PEt3)2][BPh4], which is

very labile and reacts even with trace amounts of

dioxygen [24].

It is thus suggested that the reactivity differences

between the 16e-complexes [CpRuNN]� and

[CpRuPP]� are not solely due to different ground state
structures. It can be shown by calculation that TSC

between the orbitals of {CpLn} and N2 is distinctly

weaker in [CpRuNN]� than in [CpRuPP]�. Changing

the metal does, of course, not affect TSC in the {Cp?�/

LL�/N2} system. For the case of iron, due to the low-

lying LUMO of [CpFe(dippe)]�, complex formation

with N2 is favorable at room temperature giving the

diamagnetic end-on dinitrogen complex [CpFe(N2)-
(dippe)]�. On the other hand, the higher LUMO in

related [Cp*Fe(dippe)]� is the reason for the unwilling-

ness to uptake dinitrogen not even at a pressure of 5 atm

[44]. Due to the absence of TSC stabilization in the

nitrogen congeners, the complex of N2 with

[Cp*Fe(tmeda)]� is unknown unless there is additional

stabilization through strong s-donors as in [Cp*Fe(t-

meda)(Cl)] [79].

3.3.2. Reaction with other s donors

With stronger s-donors, the TSC in the {Cp?�/LL-

(lone pair of s-donor)} system is much more pro-

nounced giving rise to stable 18e counterparts. From

DFT calculations, CO addition is stronger to

CpRu(PH3)2 than to CpRu(NH3)2 (58.5 vs. 50.1 kcal

mol�1, which is more exothermic than the reaction with

N2 described above). It is found that [RuCp(tmeda)]�

reacts readily with CO at low temperatures, even via a

solid�/gas reaction, to give [RuCp(tmeda)(CO)]� [20].

Similarly, CO and CNtBu and other compounds are

bound to [CpRu(dippe)]� or [Cp*Ru(dippe)]� to give

the corresponding adducts [78]. In general, the CpRu

complexes are more reactive than the Cp*Ru relatives as

has already been remarked along with the addition of

dinitrogen. In the absence of kinetic data, it is often
difficult to estimate relative reactivities of the unsatu-

rated Ru complexes. In case of the iron complexes the

situation is clearer since, owing to small singlet/triplet

separations, ligand coordination is not seldom accom-

panied by spin interconversion [80]. In this event the

change in spin state is a simple indicator of reactivity.

The sensitivity of the singlet/triplet separation to even

weak ligand effects allows hints to be obtained of
interligand interactions.

18e-Complexes resulting from the association of the

[Cp*Fe(dppe)]� cation with acetone or triflate, viz

[Cp*Fe(dppe)(OCMe2)]�, and [Cp*Fe(dppe)(O-

SO2CF3)], have been shown to exhibit paramagnetic

behavior in the solid and solution states [22,43,81]

Replacing the Cp* ligand by Cp raises the HOMO�/

LUMO gap and makes the low-spin state favorable.

The complex [CpFe(dppe)(OCMe2)]� is in all likelihood

diamagnetic in solution [43], while, as said above, its

Cp* analogue is paramagnetic. Similarly, the related

complexes [CpFe(dippe)(AN)]� and [Cp*Fe(dippe)-

(AN)]� have been shown to be diamagnetic and

paramagnetic, respectively [44]. However, this regularity

is shaky, because of the energetic parity between the
HOMO�/LUMO gap and electron pairing. Both

[CpFe(dppe)(AN)]� and [Cp*Fe(dppe)(AN)]� are dia-

magnetic [44].

The shaky high-spin/low-spin balance was demon-

strated by the [Cp*Fe(dppe)(H2O)]� complex, which is

paramagnetic in THF solution but diamagnetic in the

solid state, at least as the PF6
� salt [43]. The optimized

structures of the singlet and triplet states of
[CpFe(dpe)(H2O)]� (dpe�/H2PCH2CH2PH2) [22] re-

veal differences in the conformation of the coordinated

water ligand. In the high-spin case, the coordination of

the oxygen atom is planar and the H2O�/Fe plane is

perpendicular to the Cp ring, whereas in the low-spin

case the oxygen of H2O is sp3-hybridized. The former

conformation reflects the interaction between the p lone-

pair of oxygen and the metal dxy AO (Fig. 5A, see also
Figure 4 in Ref. [22]). As a result of the filled�/filled

interaction the dxy orbital is pushed up and forms a

high-lying HOMO provoking the conversion into the

high-spin state. If the HOMO�/LUMO gap is large, the

four-electron repulsion involved in the �pjdxy� interac-

tion is minimized by rotating the oxygen lone pair upon

which the overlap is decreased. The oxygen pyramida-

lization also tends to minimize this overlap. For both
[CpFe(dpe)(H2O)]� and [CpFe(dppe)(H2O)]� the sing-

let states are calculated to be the most stable [22].

3.3.3. Reactions with unsaturated compounds

The p orbital of unsaturated compounds such as

alkenes and alkynes can act as a s-donor. Thus,

[RuCp(tmeda)]� readily coordinates, in solid�/gas reac-

tions at low temperatures, the gases CH2�/CH2, CHF�/

CH2, HC�/CH in the h2-bonding mode [20]. Similary,
[CpRu(dippe)]� and [Cp*Ru(dippe)]� bind alkenes like

C2H4 to give the corresponding adducts. While the

parent complex is stable, the Cp* congener needs an

ethylene atmosphere [78] in agreement with the afore-

mentioned destabilizing influence of the Cp* ligand.

Apart from thermally stable [CpFe(P(OMe)3)2-

(MeO2CC�/CCO2Me)]PF6 [82] related iron half-sand-

wich complexes containing alkyne are little known. In
all these complexes the p orbital of the unsaturated

organic ligand is oriented orthogonal to the metal�/Cp

vector and is symmetrically bonded to the metal even in
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the case of unsymmetric alkynes as in [CpFe(CO)-

[P(OPh)3](h2-MeC�/CR)]SbF6 [R�/Me, Ph] [83]. This

allows notable d0/p* back donation to occur as can be

inferred from the deformation of the C�/C�/R angle.

This effect is confirmed by DFT calculations on the

acetylene addition to CpRu(PH3)2. The liberated energy

of 29.9 kcal mol�1 is much higher than would be

expected if acetylene were a s donor only.
From a classical point of view, these complex forma-

tions could be taken to support the claim that Fe(II) and

Ru(II) are borderline between hard and soft acids

[84,85]. On the other hand, there are also notable

cation-p interactions involving the hard alkali metal

ions such as in metalated and non-metalated acetylenes

[86], in [(allyl)2Si(C5H4)2Na] between the p-allyl system

and the Cp�/Na�/Cp unit, or in the [Cp2Na]�/ethylene

complex [87]. From the TSC point of view, both the p
and p* orbitals can participate in the combined ligand

TSC orbitals which form a cage around the metal center

and thus contribute to the stability of the molecular

construction (Fig. 7). Actually, the interactions between

the TSC orbitals of {Cp?L2} (Fig. 3) and the metal AO’s

are reinforced by the presence of another ligand in the

new {Cp?L2 (�C�/C�)} system (Fig. 7), explainable in

terms of the ‘closed’ character of the TSC orbitals’

construction. In the present case, therefore, the hard/soft

concept may be considered as merely reflecting the

differences in the various TSC interactions.

The participation of both p and p* orbitals in the TSC

activates the coordinated unsaturated molecule towards

an attack by both nucleophiles and electrophiles [88].

Although the alkynes are usually rather unreactive

towards nucleophiles in the free state, p-coordinated

species are prone to form vinyl-metal derivates with the

nucleophile in trans position. As another example,

attack by hydride sources such as the borohydride ion

on [CpFe(CO)2(olefin)]� yields the alkyl compounds

CpFe(CO)2R. Activation of ethylene on coordination

(as measured by the extent of the interaction between

the hydride 1s orbital and the coordinated ethylene) is

due to the fact that the ethylene p* orbital is consider-

ably stabilized relative to the free state [89]. The

Fig. 7. Relevant TSC orbitals of the ligand system {Cp, L2, C�/C} and the metal AO’s suitable for interaction in [CpM(L2)(C�/C)].
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[CpFeCO(L)(h2-alkyne)]BF4 [L�/PPh3, P(OPh)3] com-

plexes react with a wide variety of anionic nucleophiles

to produce CpFeCO(L)(h1-alkenyl) complexes [90] The

reaction of [CpFeCO(L)(h2-MeC�/CMe)]BF4 [L�/

PPh3, P(OPh)3;] with nucleophilic reagents leads to a

large variety of CpFeCO(L)(h1-alkenyl) derivates. In all

these cases the nucleophiles add trans [91]. Furthermore,

terminal alkynes can be transformed into vinylidene

complexes as in the reaction of [RuCp(tmeda)]� with

HC�/CR (R�/But , SiMe3) [20]. The alkyne containing

half-sandwich complexes [CpFe(P(OMe)3)2(PhC�/

CH)]PF6 or [CpRu(PMe3)2(HC�/CH)]PF6 slowly trans-
fom into the isomeric phenylvinylidene complexes [82].

3.3.4. Reaction with dihydrogen

The combination of the s-accepting and p-donating

properties of the Cp?ML2 complexes under considera-

tion creates the conditions for adding in the h2 mode not

only unsaturated compounds, but also the simple s
bond of dihydrogen. In other words, the replacement of
the p-orbitals of the unsaturated molecule by the s

orbitals of dihydrogen, does not change the general

picture of the TSC orbitals in the {CpL2H2} system

depicted in Fig. 8. Therefore, the Cp complexes are

again more reactive than the Cp* analogues. Whereas

[CpRu(tmeda)]� reacts even in a solid�/gas reaction

readily with H2 at low temperature to give

[RuCp(tmeda)(h2-H2)]�, which is thermally stable at

temperatures about �/70 8C [20], the more electron-rich

[Cp*Ru(tmeda)]� is unreactive under the same condi-

tions [18,19]. This trend is also found in the chemistry of

[RuCp(PP)]� and [RuCp*(PP)]� [78,92�/94].
The present DFT calculations show that the H2

addition to CpRu(PH3)2 and CpRu(NH3)2 is exothermic

by 21.9 and 12.7 kcal mol�1, respectively. Thus the

effect of L2 is similar to that described above for the s
donor ligand addition. In the dihydrogen complexes,

back donation via d0/s*(H2) electron transfer is strong

and therefore the rotation of the h2-H2 ligand in

[Cp*Ru(dppm)(H)2]BF4 is hindered. In addition, the

H�/H distance of about 1.1 Å points to the presence of

dihydrogen rather than dihydride [95]. The extent of

back donation is increased through the participation of

the s*(H2) orbital in the TSC orbitals of the {CpL2H2}

system (analogously to CTSC
asa and CTSC

ssa in Fig. 7).

Lowering the s*(H2) orbital energy can ultimately

complete the electron transfer to H2 (oxidative addition)

giving metal�/hydride complexes such as Cp?M(dip-

(dippe)(H2) (M�/Ru or Fe). Similarly, conversion of

[Cp*Ru(dppm)(h2-H2)]BF4 into the hydride complex

Fig. 8. Relevant TSC orbitals of the ligand system {Cp, L2 H,H} and the metal AO’s suitable for interaction in CpM(H)2(L2) with cis (left side) and

trans (right side) arrangement of the hydrids and L2. Top: cis - and trans conformation of CpFe(PP)(H)2.
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[Cp*Ru(dppm)(H)2]BF4 is fast at room temperature

[95]. In all these cases, the hydride ligands adopt a

transoid disposition [78,96]. In a ‘PP’ environment, both

RuCp and RuCp* complexes react with H2 to give the

classical Ru(IV) dihydride complexes [78,92,93] as well

as [CpFe(H2)(dippe)][BPh4] and [Cp*Fe(dippe)-

(H2)][BPh4]. These iron complexes may be regarded as

organoiron(IV) species with a transoid arrangement of

the hydride ligand, consistent with an Fe(IV) dihydride.

The DFT results for the model reaction

{CpRu(PH3)2�/H2} are depicted in Fig. 9. Accordingly,

the formation of the dihydrogen complex is not pre-

ceded by the dissociation of a PH3 ligand but instead

occurs by an associative pathway. The initially formed

dihydrogen complex converts slightly endothermically

into the cis -dihydride complex, which then transforms

into the trans isomer. This reaction pathway is con-

firmed experimentally in that several dihydrogen com-

plexes of ruthenium [Cp*Ru(dppm)(H2)]�, [CpRu-

(dppe)(H2)]�, [CpRu(dmpe)(H2)]�, [Cp*Ru(dppip)-

(H2)]�, and [Cp*Ru(dmpm)(H2)]� are in equilibrium

with the dihydride forms, which adopt a transoid capped

four-legged piano stool structure [97].

The preference of the transoid disposition of the

hydride ligands over cisoid is persuasive evidence of the

TSC role played in the molecular geometry. In the case

of cis arrangement of the ‘PP’ and hydride ligands,

relevant for maximum interligand vdW attraction are

the antibonding parts of the TSC interactions (CTSC
asa and

CTSC
aas in Fig. 8, left). These orbitals are formed between

each e1 (pa of Cp) and the asymmetric or symmetric

combination of the lone pairs of the P and H� ligands

and have C1 symmetry, which allows coupling with the

metal dyz and dxz AO’s. Because of the energy difference

between the lone pairs of P and H�, the overlap

population in the metal�/ligand system is smaller than

one with the trans -arrangement of ‘PP’ and hydride

ligands. In the latter case the TSC interaction occurs

between each e1 (pa of Cp) and the asymmetric TSC

orbital of the ‘PP’ or hydride ligands (CTSC
a or

CTSC
a (H, H)), forming either the CTSC

aa orbital with

‘PP’ or C?TSC
aa with the hydrides (Fig. 8, right), with C2v

symmetry. Hence coupling with the metal dyz and dxz

AO’s is much stronger. With the nitrogen counterpart,

DFT calculations show that the cis form of the
{CpRu(NH3)2(H)2} hydride is not stable but back-

transforms to the dihydrogen complex. This is a

consequence of the absence of TSC (vide supra). Albeit

the dihydrogen0/hydride conversion is endothermic by

2.2 kcal mol�1, the trans {CpRu(NH3)2(H)2} hydride is

somewhat stabilized, as expected from the TSC concept.

It should be mentioned that the preference of the

transoid disposition of the hydride ligands over cisoid
critically depends on the TSC interactions involving the

L2 ligand. For example, in the DFT-optimized structure

of the model system CpRu(amidinate) (amidinate�/

(HN)2CH� anion) the N�/C�/N amidinate plane is not

perpendicular to the Cp plane (cf Fig. 10, left structure),

in line with the experimental Cp* relative [15]. The

calculated inversion barrier of 3.1 kcal mol�1 is

evidence in favor of appreciable TSC interactions
between Cp and the p-allyl system of amidinate. If

now H2 is added, as outlined in Fig. 10, the cis dihydrid

[CpRu(amidinate)(H)2] is 4.7 kcal mol�1 more stable

than the trans isomer, due to TSC between p systems of

Cp and p-allyl system of amidinate. But apart from this,

in four-legged piano stool complexes, the chelate ligands

are typically found in trans position owing to the TSC

interactions between Cp and the chelate ligand such as
in Cp*MoCl2(dppe) [98] or due to TSC interactions

between two chelate ligands, as was found in trans -

[Ru(dppe)2(CO)(Cl)] [99]. In terms of the TSC concept

such trans geometry is no longer unexpected.

3.3.5. Oxidative addition

The oxidative addition of H2S or RSH to the

ruthenium and iron complexes is a reaction borderline
between the addition of s donors and dihydrogen. The

first step of reaction is simply the addition of the

incoming ligand with formation of the 18e complexes

Fig. 9. Potential energy profiles of the addition of dihydrogen to CpRu(PH3)2.
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CpML2(HSR). A likely transition product is the ex-

tremely air-sensitive benzenethiol complex [CpRu-

(HSPh)(dippe)][BPh4] [100]. Subsequent air oxidation

affords the ruthenium(III) thiolate [CpRu(SPh)(dip-

pe)][BPh4]. In similar manner [RuCp(dippe)]� reacts

with H2S to give the binuclear disulfido derivate

[{RuCp(dippe)}2(m-S2)][BPh4]2 [101]. Furthermore,

[CpFe(dppe)�/SCH2CH2S�/Fe(dppe)Cp](PF6)2 results

from reacting [CpFe(dppe)]� with HS�/CH2CH2�/SH

[102]. With biologically active RSH molecules (L-

cysteine hydrochloride, dithiothereitol and 2-mercap-

toethanol) the paramagnetic iron(III) thiolate complexes

[CpFe(dppe)SR]PF6 are afforded [103].
In comparing the differences in the Cp versus Cp*

reactivity, it is worth noting that, while the complexes

with Cp* are weaker acceptors as shown above, they are

stronger donors favoring back-donation. For instance,

the Cp* unit raises the filled metal AO’s and thereby

enhance the basicity of the metal in a series of complexes

containing the Cp*Ru fragment by 5.5�/9.0 kcal mol�1

over that of parent CpRu [104]. As a consequence,

complete electron transfer M0/ligand is reachable.

Thus, [Cp*Ru(PEt3)2] undergoes oxidative addition of

H2S affording the Ru(IV) hydridothiol [Cp*RuH(SH)

(PEt3)2]� with trans orientation of the H and SH anions

[100], similarly to the metal hydride complexes men-

tioned above. Likewise, [RuCp*(dippe)] (in situ) under-

goes oxidative addition of H2S affording the Ru(IV)

hydridothiole [RuCp*H(SH)(dippe)]� [101]. It is typi-

cally impossible to isolate intermediate products in the

oxidative additions of Cp* complexes.

Clearly, the filling of the acceptor orbital in the d6

complexes going to d8 changes the acceptor property of

16 e complexes due to the replacement of symmetry and

the LUMO energy level. The singlet�/triplet crossing

keep the symmetry of acceptor orbitals like in the

unsaturated d6 complexes. Therefore, for example, the

weak vdW adduct of triplet [Cp*Ir(PR3)] and ethylene

probably is the key intermediate in the formation of the

vinyl hydride [Cp*Ir(PMe3)(CH:CH2)H] [105].

3.3.6. Reaction with dioxygen

A particularly intriguing reaction is the oxidative

addition of dioxygen because this is a spin forbidden

process since Ru(II) has a singlet ground state. Not-

withstanding this, [RuCp(tmeda)]� reacts readily with

O2 at temperatures below �/30 8C giving RuCp-
(tmeda)(O2)]� in essentially quantitative yield [20].

Unlike the reaction with N2, in the present case the p-

donor property of the starting complex is more im-

portant than its s acceptor property. Therefore, dioxy-

gen coordinates more strongly to complexes containing

the ligands Cp* and ‘PP’ than Cp and ‘NN’. In the

complexes Cp*Ru(O2)(dippe)� and Cp*Ru(O2)(PEt3)2

BPh4 [95] the dioxygen ligand is bound so tightly that it
cannot be displaced by N2 nor H2 [106]. In view of the

disposition of the active TSC orbitals, the structure of

[Cp*Ru(O2)(dppm)]BPh4 may be described as a three-

legged piano stool with the O2 and the two PPh2 groups

forming the legs [106], comparable with the dihydrogen

counterpart [Cp*Ru(H2)(dppm)]BF4 [107]. The dioxy-

gen is symmetrically bonded to ruthenium with an O�/O

distance of 1.37 Å which is in between that of the
superoxide anion in K2O (1.28 Å) and H2O2 (1.46 Å). It

is not clear at present whether these diamagnetic

complexes should be described as d5 Ru(III) superoxo

or d4 Ru(IV) peroxo [20], or better as a complex with

singlet dioxygen. Note that the diamagnetic behavior is

consistent with all three descriptions. The O2 ligand is

oriented in a fashion so as to maximize the d(Ru)�/

p*(O2) bonding [108].
While the corresponding dioxygen complexes with

iron are unstable, theoretical calculations favor an end-

on binding of dioxygen [109] with only a one-electron

Fig. 10. Potential energy profiles of the addition of dihydrogen to CpRu(amidinate).

V.N. Sapunov et al. / Coordination Chemistry Reviews 238�/239 (2003) 363�/382378



transfer. p-Back-bonding from Fe(III) into the O�/O s*

orbital is unfavorable energetically [110]. Therefore,

dioxygen complexes are typically binuclear: the reaction

between [FeII
2 (�/OH)2(6-Me3�/TPA)2]2� (6-Me3�/TPA�/

tris(6-methyl-2-pyridylmethyl)amine) and O2 to form

[FeIII
2 (�/O)(�/O2)(6-Me3�/TPA)2]2� is accompanied by

coordination of dioxygen (involving the formation of

two Fe�/Operoxo bonds in possibly a 1,2 mode) with

transfer of two electrons. A large negative activation

entropy of �/1759/20 J mol�1 K�1 is typical of an

associative rate-limiting step [111].

In this connection some comments on the nature of
dioxygen binding to Fe(III) are at place here, based on

the few mononuclear h2-peroxide�/ferric complexes

reported [112] Strong experimental and theoretical

evidence support a side-on structure in the Fe(III)�/

EDTA�/peroxide complex, which has the dioxygen

ligand in trans position to the N ligands, signaling

strong TSC between O2 and the ‘NN’ fragment. This

configuration is favored over a square pyramidal
geometry with O2 ligand in the apex, since in the latter

case the O2 ligand cannot participate in TSC. It may be

noted that strong TSC supports the formation of strong,

covalent bonds involving the Fe-dxy and peroxide-p*

orbitals, in line with spectroscopic evidence. According

to DFT calculations, there is little contribution from p-

symmetry iron�/peroxide interactions. Such a side-on h2

FeO2 arrangement in terms of TSC should be taken in
consideration also in the treatment of related heme and

non-heme peroxo�/iron complexes [113,114]. As claimed

by Valentine and coworkers, the peroxo ligand in these

complexes displays nucleophilic rather than electrophilic

character, with nucleophilicity being modulated by the

axial ligand. This idea is strongly supported by the

present TSC scheme, since just the axial ligand is

capable of creating TSC interactions.

4. Summary

Intracomplex attractive and repulsive forces between

valence-saturated non-bonded atoms or atomic groups,

modified by metal�/ligand interaction, are a determinant

of the geometry and properties of the two-legged piano

stool complexes Cp?ML2. The TSC concept offers a
criterion with which to decide whether the complex has a

planar or pyramidal structure, and whether it is

diamagnetic or paramagnetic. The important parameter

determining the spin state is the ratio of the electron

pairing energy to the HOMO�/LUMO gap.

The driving force for planar/pyramidal inversion

involves strengthening of the interaction between the

metal AO’s and the TSC ligand orbitals via CTSC
as and

CTSC
aa (Figs. 2 and 3), depending on the nature of L2.

Since the ‘PP’ ligands have more efficient TSC with Cp?
than ‘NN’, the increase in DETSC upon bending is more

pronounced for the Cp�/‘PP’ system. The enhanced

mixing of the TSC orbitals contributes to the stabiliza-

tion of the complex, and hence the Cp?�/‘PP’ complexes

are pyramidal in the ground state. On the other hand,
the very weak TSC interactions in the amine complexes

render the potential energy surface for the inversion very

flat, and this favors the planar construction.

Changing the metal has, of course, little effect on TSC

in the {Cp?�/L2�/L*} system (where L* is the incoming

ligand) and therefore the general picture of the inter-

ligand interactions is maintained. The spin state change

often occurring with Fe(II) is the result of two effects: (i)
it costs more energy to pair electrons in the smaller Fe

3d orbitals than in the more diffuse Ru 4d orbitals; and

(ii) due to the lower electron affinity of Fe compared to

Ru the interaction in the Fe�/{Cp?�/L2�/L*} system is

weak resulting in a smaller HOMO�/LUMO gap. In this

respect, the diamagnetic and paramagnetic varieties

reflect the intensity of the ligand�/metal interaction

rather than the complex geometry (planar or pyrami-
dal).

For the chemical properties, the TSC interligand

interaction affects the donor/acceptor behavior towards

an incoming ligand. The relative contributions of both

depend on the level and spatial orientation of the vacant

orbitals LUMO (Fig. 6) and the set of filled HOMO,

HOMO�/1 and HOMO�/2 (Fig. 5). The activity of

these orbitals is guided by the new TSC ligand orbitals
formed including both the donor and acceptor orbitals

of the incoming ligand (Fig. 7). Of course, the 16e

[Cp?ML2]� complexes are better classified as acceptors

than donors.

For the Cp versus Cp* reactivity difference, the

energies of both the LUMO (which is mainly determined

by the e1 orbital of Cp? with minor contribution of L2)

and the set of HOMOs are raised in going from CpML2

to Cp*ML2. This means that the former complexes are

stronger acceptors but weaker donors than the Cp*ML2

counterparts. Therefore, the CpML2 complexes have

higher affinity for adding a s ligand. The role of the co-

ligands L2 in this process is providing TSC orbitals that

can strongly interact with suitable metal d AO’s (Fig.

3F). Since the Cp?�/‘PP’ TSC interaction is more

effective than that in Cp?�/‘NN’, the ‘PP’ complexes
are more stable. The interactions between the TSC

orbitals of {Cp?L2} (Fig. 3) are reinforced by the

presence of the added ligand in the new {Cp?L2L*}

system through a ‘closed’ TSC orbitals’ construction

(Fig. 7). This construction is destabilized, however, by

the high-lying occupied antibonding TSC orbitals, but

can be stabilized by shifting electron density to the

metal. In this way vdW repulsion partly switches over
into vdW attraction, minimizing electron�/electron re-

pulsion. It is this feature that ultimately provides the

driving force of attack and the stability of the 18e-

complex.
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Finally, concerning the back donation behavior, Cp*

favors the subsequent transformation of the added

ligand towards an oxidative addition product. This is

due to the participation of the p* orbitals of Cp? in the
combined ligand TSC orbitals and occurs with unsatu-

rated compounds, dihydrogen, thiols and dioxygen. The

effect of the TSC orbital involving the s* or p* orbitals

of the added ligand is typically mistaken for d0/p* back

donation.

5. Computational details

All calculations were performed using the GAUSSIAN-

98 software package [115] on the Silicon Graphics Power

Challenge of the Vienna University of Technology. The
geometry and energy of all model complexes were

optimized at the B3LYP level [116] with the Stuttgart/

Dresden ECP (SDD) basis set [117] to describe the

electrons of the ruthenium atom. For C and H the

Dunnning�/Huzinaga valence double-j basis set (D95v)

was used [118], while for N and P a full double-j basis

set with a polarization function (D95*) was employed. A

vibrational analysis was performed to confirm that the
compounds have no imaginary frequency. The geome-

tries were optimized without constraints (C1 symmetry).

The extended Hückel calculations [119] were carried out

with the CACAO program systems [120].
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