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Metallocene hydrides, complexes of composition Cp
2
MH

n
  

(Cp = η5-cyclopentadienyl, n = 1-3) are a special class of metallo-
cenes, known for elements of Group 3, including the lanthanoids, 
through Group 8. I will argue in this column (almost a tutorial) 
that these compounds convey a high instructional value. Their re-
activities – e.g. from highly hydridic to highly acidic, from Lewis 
acidic, to essentially neutral, to basic – follow clear trends across 
the corresponding section of the Periodic Table. These trends 
can be easily understood and rationalized by applying a common 
qualitative MO diagram.

Metallocenes – MCp
2
 – are prototypical organometallic com-

pounds, known for the vast majority of the metallic elements. It 
is therefore obvious that their more or less in-depth treatment 
in any not only introductory course in organometallic chemis-
try is a must. Following the serendipitous discovery of ferrocene 
(FeCp

2
) in 1951[1] they have soon become the object of intensive 

research efforts and constitute nowadays a source of disparate 
(possible) applications, from catalysts to metallodrugs. So-called 
bent metallocenes were discovered in the 1950’s. These are de-
rivatives having typically one to three additional ligands (2e-do-
nors) attached to the metal center of the MCp

2
 unit, leading to a 

molecular geometry in which the planes of the two Cp ligands 
are no longer parallel to each other, hence ‘bent’. The additional 
ligands may be neutral, such as in e.g. Cp

2
Mn(PMe

3
), or anionic, 

such as in Cp
2
TiCl

2
. The hydrido complexes Cp

2
ReH, Cp

2
WH

2
, 

Cp
2
MoH

2
, and Cp

2
TaH

3
 were among the first bent metallocenes, 

discovered more than 60 years ago.[2]

The electronic structure of bent metallocenes were first ana-
lyzed by Lauher and Hoffmann in their classical paper of 1976[3] 
and were revisited by Jennifer Green in 1998.[4] Starting from an 
MO description of an undistorted metallocene, the bending re-
sults in three new metal-centered frontier orbitals that may then 
be involved in bonding to up to three additional ligands. Depend-
ing on the total number of valence electrons (VE) and the number 
of additional ligands of Cp

2
ML

n
, these orbitals may be bonding 

or non-bonding and fulfill the role of HOMO or LUMO, respec-
tively. Fig. 1 shows the three key orbitals as in the original paper 
of Lauher and Hoffmann, leading to the qualitative MO diagrams 
used in Fig. 2. Fig. 2 further collects examples of known com-
plexes of the type Cp

2
MH

n
 with specific key structural parame-

ters, 1H NMR chemical shift of the hydrido ligand(s), and typical 

reactivity properties, not necessarily mentioned here. It is there-
fore a summary that can be used when teaching an organometal-
lic chemistry course.

Group 3 metals and the lanthanoids in the formal oxidation state 
III form d0, 14 VE complexes of composition Cp

2
MH, whereas 

Group 4 elements form d0, 16 VE complexes of the type Cp
2
MH

2
, 

thus both are coordinatively unsaturated. Hence, by virtue of their 
a

1
 molecular orbital being the LUMO, they display Lewis acidic 

character and may add one additional ligand. In fact, Group 3 
and Ln derivatives are highly Lewis acidic and can mostly be 
isolated only in dimeric form with the hydrido ligands in bridg-
ing position.[5] They are also known to voraciously retain coordi-
nating solvent molecules and boro- and aluminohydrides adopt 
as ligands a κ2 coordination mode (see examples for Y and Sc, 
respectively, in Fig. 2). The only way to avoid this is to make 
the Cp ligands extremely bulky, well beyond the limits of Cp* 
(pentamethylcyclopentadienyl). Indeed, the only Cp ligand 
known to stabilize corresponding monomeric 14 VE complexes 
is 1,2,4-tris(tert-butyl)cyclopentadienyl. Thus, as an example, (t-
Bu

3
Cp)

2
LuH has been reported very recently.[6]

Fig. 1. A: Frontier orbitals in an undistorted metallocene (left), their 
energy levels as a function of bending (center) and contour plots 
of the three key orbitals in a bent metallocene. B: MO diagram for 
Cp2MH. C: shapes of calculated HOMO and HOMO-1 for Cp2ReH (DFT 
ωB97X-D 6-311G*, Spartan’24, Wavefunction, Inc., Irvine, CA). A and B 
reproduced with permission and adapted from ref. [3].
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For Group 5 metals one can imagine either the d2, 16 VE Cp
2
MIIIH 

complexes or the d0, 18 VE Cp
2
MVH

3
 species, and both indeed 

exist.[7] However, the monohydrides of Nb and Ta are only known 
as coordinatively saturated Cp

2
MH(L) complexes, with typical 

neutral ligands L such as e.g. CO or alkenes (for vanadium there 
is only one complex known, see Fig. 2). These species may form 
from the trihydrides by reductive elimination of H

2
 in the pres-

ence of L. The trihydrides have used up the three original frontier 
orbitals for bonding, hence they no longer possess non-bonding 
metal-centered orbitals (the HOMO is a bonding and the LUMO 
is an anti-bonding orbital). Thus, they do not display any specific 
acidic or basic properties, as compared to their neighbours.

The two Group 6 metals Mo and W form d2, 18 VE Cp
2
MIVH

2
 

complexes. The corresponding Cr species is not known and the 
only CrIV chromocene hydrido complex known is the zwitter-
ionic species shown in Fig. 2.[8] Cp

2
MoH

2
 and Cp

2
WH

2
 can act 

as a base and are readily protonated by Brønsted acids, thereby 
giving the cationic trihydrides [Cp

2
(Mo/W)H

3
]+, isoelectronic to 

Cp
2
(Nb/Ta)H

3
. Note that this protonation reaction formally cor-

responds to an oxidative addition. At first sight, this may seem 
to be a rather peculiar property. However, this typical reactiv-
ity is a consequence of the fact that the two neutral dihydrides 
now display a non-bonding, occupied metal-centered orbital 

as the HOMO. This not only explains the observed basicity of  
Cp

2
MoH

2
 and Cp

2
WH

2
 but can also be invoked to understand 

the behaviour of these two complexes as ligands in correspond-
ing hetero bi- and trimetallic complexes, usually formulated as 
species with bridging hydrido ligands. Scheme 1 shows com-
plexes formed by Cp

2
WH

2
 with Ag+[9] and Au+,[10] as well as with  

Pt(II)[11] and Ir(I)[12] coordinatively unsaturated fragments. In the 
latter case, the primary adduct undergoes an intramolecular C-H 
oxidative addition. Furthermore, it is not surprising that Cp

2
WH

2
 

also reacts with a Lewis acidic metallocene hydride such as the 
dimeric [Cp*

2
SmH]

2
.[13] In this case, however, the primary adduct 

undergoes a σ-bond metathesis leading to a Cp C-H activation 
under elimination of H

2
, also shown in Scheme 1.

In Group 7 bent metallocene hydrides are only known for Re. 
In a similar way as to the relatives of Group 6, Cp

2
ReH and its 

substituted derivatives are bases comparable in strength to NH
3
 

in aqueous systems. Cp
2
ReH also forms adducts with a variety of 

Lewis acids, e.g. CuI leading to the formation of the tetranuclear 
complex [Cp

2
ReHCu(μ-I)

2
CuHReCp

2
].[14] Furthermore, it forms 

Re-Ln bonds upon σ-bond metathesis with lanthanocene alkyl 
complexes.[15]

Group 8 metallocene chemistry is obviously dominated by 
ferrocene itself and its innumerable derivatives obtained by in-
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Fig. 2. Section of the Periodic Table, Groups 3 (with Lu as a representative of the lanthanoids) to 8, whose elements are known to form bent 
metallocene hydrido complexes. For each element a known structurally characterized example is given. The structure representations have 
been generated with Crystal Maker®, omitting for clarity all hydrogen atoms, except hydrido ligands. Following information is provided for each 
complex: Cp centroid – M – Cp centroid angle (θ), M – Cp centroid average distance (d(M-Cp)), 1H NMR chemical shift of hydrido ligand(s), 
observed color, and CCDC deposition number linked to the corresponding journal article. Furthermore, for each Group a qualitative MO diagram 
and a summary of the typical reactivity are given.[16]
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troducing substituents onto the Cp rings. However, the cationic 
M(IV) hydrides [Cp

2
FeH]+ and [Cp*

2
OsH]+ (Fig. 2) are known 

to form under highly acidic conditions and are most likely strong 
Brønsted acids themself, though measurements of pK

a
 values have 

not been reported. 
Finally, the key structural parameters used for the description 

of bent metallocenes, i.e. the angle θ formed by the two Cp cen-
troids and the metal center as well as the distance d(M-Cp cen-
troid) nicely follow expected trends. Fig. 3 collects corresponding 
calculated data for the unsubstituted systems Cp

2
MH

n
. From 

Group 3 to Group 8 the Cp
2
M unit gradually shrinks and the de-

gree of bending diminishes (angle θ increases).

In conclusion, metallocene hydrides indeed offer an opportu-
nity to discuss not only specific aspects of their chemistry, but also 
to make connections to other more general concepts (e.g. acidity, 
basicity, periodicity, hydrido ligands, steric effects, lanthanide 
contraction, etc.). Thus, I think that they may fulfill a central ex-
emplary role in teaching fundamental aspects of inorganic and 
organometallic chemistry, as they did over several years in my 
personal case.
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Addition/Correction: July 24, 2025

The statement “However, the cationic M(IV) hydrides 
[Cp2FeH]+ and [Cp*2OsH]+ (Fig. 2) are known [...], though 
measurements of pKa values have not been reported.” (top of 
p. 453) is partly incorrect. It has been brought to my attention by 
Prof. Robert H. Morris that pKa values for [Cp*2OsH]+ and 
[Cp*2RuH]+ have in fact been reported. See: A. Pedersen, V. 
Skagestad, M. Tilset, Acta Chem. Scand. 1995, 49, 632, 
https://doi.org/10.3891/acta.chem.scand.49-0632. See also: R. H. 
Morris, Chem. Rev. 2016, 116, 8588, 
https://doi.org/10.1021/acs.chemrev.5b00695. 




