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Transition metal allyl complexes
• The allyl group commonly a spectator ligand binds in one of two ways• The allyl group, commonly a spectator ligand, binds in one of two ways.

• In the  form it is a simple X‐type ligand like Me

• In the  form it acts as a LX enyl ligand.

• It is often useful to think in terms of the resonance forms (2e + 1e donor)



allyl anion
(ionic model)

allyl radical
(covalent model)

Energy

• As the number of nodes on the allyl ligand increase the MOs of the free ligand 
increase in energy i e become less stableincrease in energy, i.e. become less stable.
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• Frontier molecular orbitals of the metal allyl fragment:

3-allylMetal dxy
bond 3-allylMetal dxy

bond

 1 is occupied by 2 electrons and has appropriate symmetry, energy and orientation to 
overlap with a suitable metal d orbital.

 2 is also occupied by 2 electrons (ionic model) and has appropriate symmetry, energy and 
orientation to overlap with a suitable metal d orbitalorientation to overlap with a suitable metal d orbital.

 3 is unoccupied and has appropriate symmetry, energy and orientation to overlap with a 
suitable metal d orbital for back donation.



• The plane of the allyl is canted at an angle  with respect to the coordination 
polyhedron around the metal ( is usually 5◦–10◦ ).

• The extent of orbital overlap between 2 and the dxy orbital on the metal is 
improved if the allyl group moves in this way.



• The terminal CH2 groups of the allyl are twisted about the C−C vector so as to rotate 
the anti hydrogens (Ha) away from the metal, and the syn hydrogens (Hs) toward 
the metalthe metal.

• This allows the bonding p orbital on these carbons to point more directly toward 
the metal, thus further improving the M‐L overlap.

• The 3‐allyl group often shows exchange of the syn and anti substituents. One 
mechanism goes through an 1‐allyl intermediate.

• This kind of exchange can affect the appearance of the 1H NMR spectrum  and also g pp p
means that an allyl complex of a given stereochemistry may rearrange with time.



Numata et al. Inorg. Chem., 1977, 16, 1737.



Synthesis of metal allyl complexes

1. From an alkene via oxidative addition:

2. Nucleophilic attack by an allyl compound (transmetallation):

3. Electrophilic attack by an allyl compound:

• the metal attacks at the least hindered terminal CH2 group



4. From diene complexes:



• In the cationic complex the Cr(CO)2 plane is tilted fully 10° closer to the plane of 
the ring than it is in neutral complex.

• This substantial relaxation of the roughly square pyramidal coordination sphere 
may be attributed to the reduction in d back‐donation from the oxidized metal 
center to the ancillary carbonyl and allyl ligand.



Transition metal diene complexes

• The diene ligand usually acts as a 4e donor in its cisoid conformation.

• This L2 form is analogous to the Dewar‐Chatt‐Duncanson extreme for alkenes.

• Analogous to metal alkene systems the LX (enediyl or σ2π) form to the• Analogous to metal alkene systems the LX2 (enediyl or σ2π) form to the 
metalacyclopropane extreme.

• The L2 form is rarely seen with the LX2 form becoming more important as the back 
donation increasesdonation increases.



• The frontier orbitals of the butadiene, 2 (HOMO) and 3 (LUMO), are the most 
important in bonding to the metal.

• Depletion of electron density in 2 by  donation to the metal and population of 
3 by back donation from the metal lengthens the C1‐C2 bond and shortens the 
C2‐C3 bond because 2 is C1‐C2 antibonding and 3 is C2‐C3 bonding.

Binding to a metal usually
d l h l d ddepletes the ligand HOMO and
fills the ligand LUMO. This is the
main reason why binding has
such a profound effect on the
h i l h f li dchemical character of a ligand.

The structure of the bound
form of a ligand is often similar
to that of the first excited stateto that of the first excited state
of the free ligand because to
reach this state we promote an
electron from the HOMO to the
LUMOLUMO.



• Depletion of electron density in  by  donation to the metal and population of• Depletion of electron density in 2 by  donation to the metal and population of 
3 by back donation from the metal lengthens the C1‐C2 bond and shortens the 
C2‐C3 bond because 2 is C1‐C2 antibonding and 3 is C2‐C3 bonding.



• The binding of butadiene in the transoid form is much rarer.

• It is found in the osmium cluster Os (CO) (C H ) in which the diene is 2 bound to• It is found in the osmium cluster Os3(CO)10(C4H6) in which the diene is 2 bound to 
two different Os centers.

• In Cp2Zr(C4H6) and Cp*(CO)Cr(C4H6) the diene is bound to a single metal centre as 
the transoid form The cisoid isomer also exists here but it rearranges to give a 1 :the transoid form. The cisoid isomer also exists here but it rearranges to give a 1 : 
1 thermodynamic mixture of the two forms on standing ‐ photolysis leads to the 
trans form.
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Transition metal cyclobutadiene complexes

• Most of the neutral ligands we have studied (apart from carbenes) have been 
stable in the free state.

• Cyclobutadienes on the other hand are highyl reactive when not complexed to a y g y p
late transition metal.

• The free molecule, with four π electrons, is antiaromatic and rectangular, but the 
ligand is square and appears to be aromatic.

• By populating the LUMO of the free diene the ligand is stabilized by metal back 
donation.

• Thus by gaining partial control of two more π electrons the diene attains an 
electronic structure resembling that of the aromatic six π electron dianionelectronic structure resembling that of the aromatic six π‐electron dianion.

• Ligand‐to‐metal σ donation prevents the ligand from accumulating excessive 
negative charge.

• This again is a clear example of the free and bound forms of the ligand being• This again is a clear example of the free and bound forms of the ligand being 
substantially different from one another.
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The Electronic Structure of Ferrocene

• The two cyclopentadienyl (Cp) rings of ferrocene may be orientated in the two
extremes of either an eclipsed (D5h) or staggered (D5d) conformation.

• The energy of rotation about the Fe Cp axis is very small (~ 4 kJmol‐1) and ground• The energy of rotation about the Fe‐Cp axis is very small ( 4 kJmol 1) and ground
state structures of ferrocene may show either of these conformations.

• There is also very little difference in electronic states between the D5h and D5d
symmetries however the D point group irreducible representations are used heresymmetries however the D5d point group irreducible representations are used here
in the description of the electronic structure of ferrocene as they simplify the
symmetry matching of ligand molecular orbitals and metal atomic orbitals.

• The primary orbital interactions that form the metal‐ligand bonds in ferrocene• The primary orbital interactions that form the metal‐ligand bonds in ferrocene
occur between the Fe orbitals and the ‐orbitals of the Cp ligand.

• If D5d symmetry is assumed, so that there is a centre of symmetry in the ferrocene
molecule through the Fe atom there will be centro‐symmetric (g) and anti‐molecule through the Fe atom there will be centro‐symmetric (g) and anti‐
symmetric (u) combinations.

• The five p‐orbitals on the planar Cp ring (D5h symmetry) can be combined to
produce five molecular orbitalsproduce five molecular orbitals.



Ennergy

The ‐molecular orbitals of the cyclopentadienyl ring (D5h)



• One combination has the full symmetry of the ring (a2)y y g ( 2)

• There are two doubly degenerate combinations (e1 and e2) having one and two

planar nodes at right angles to the plane of the ring.p g g p g

• The relative energies of these orbitals increase as the number of nodes increases.

Th d bit l b th f ll i d i th l t i fi ti f th• The a2 and e1 orbitals are both fully occupied in the electronic configuration of the

Cp‐ anion whereas the e2 orbitals are net anti‐bonding and are unfilled.

• For a bis‐cyclopentadienyl metal complex (5‐Cp)2M , such as ferrocene, the ‐orbitals

f th t C li d bi d i i t f th t d t d liof the two Cp ligands are combined pairwise to form the symmetry‐adapted linear

combination of molecular orbitals (SALC’s).



• To do this, the sum and difference of corresponding molecular orbitals on the Cp

ligand must be taken, e.g. (1+1), (1‐1); (2+2), (2‐2) etc.

• For example ' + ' gives rise to a molecular orbital of a symmetry• For example, 1+1 gives rise to a molecular orbital of a1g symmetry.

• This gives rise to three sets of ligand molecular orbitals of gerade (g) and

ungerade (u) symmetrywith respect to the centre of inversion;

 a low lying filled bonding pair of a and a symmetry a low lying filled bonding pair of a1g and a2u symmetry

 a filled weakly bonding pair of e1g and e1u symmetry

 an unfilled anti‐bonding pair of e2g and e2u symmetry.

• As the two Cp rings are ca 4Å apart the in phase and out of phase combinations• As the two Cp rings are ca. 4Å apart, the in‐phase and out‐of‐phase combinations 

are expected to be close in energy.



SALC’s for a (5‐Cp)2M complex;    = A1g + A2u + E1g + E1u + E2g + E2u
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• The metal orbitals transform as

A1g (dz2, s) + A2u (pz) + E1u (px, py) + E1g (dyz, dxz) + E2g (dx2 ‐ dy2, dxy)

• Irreducible representation of SALC’s :p

 = A1g + A2u + E1g + E1u + E2g + E2u

• By considering these ligand molecular orbitals and how overlap with metal atomic
orbitals can be affected the molecular orbital bonding picture of ferrocene can be
constructed.

• For example, the a1g SALC orbital can in theory overlap with the Fe 4s and 3dz2

orbitals as they are also of a1g symmetry. This interaction gives rise to the bonding
and anti‐bonding molecular orbitals of the complex a1g and a1g* respectively.

• Each combination of ligand molecular orbitals and metal molecular orbitals leads to
a bonding molecular orbital [(ligand molecular orbital)+(metal atomic orbital)] and a
corresponding anti‐bonding molecular orbital [(ligand molecular orbital)‐(metal atomic

bit l)] providing that the energies of the two component sets are sufficiently closeorbital)] providing that the energies of the two component sets are sufficiently close
for overlap.



Symmetry matching of the SALC’s with the metal atomic orbitals
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A qualitative molecular orbital diagram for ferrocene (D5d)
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• Due to a difference in energies the a1g molecular orbital is mainly ligand based
with a slight admixture of the Fe 4s and 3dz2 orbitals.

• Similarly the a2u level has little if any metal character due to higher lying Fe 4pz
orbital with which it is formally able to combine.

• The e1g molecular orbital arises from the bonding combination of the ligand e1The e1g‐ molecular orbital arises from the bonding combination of the ligand e1
orbitals with the Fe 3dxz and 3dyz orbitals. This is the only symmetry combination
of orbitals in the two Cp rings that has appreciable overlap with the metal 3d
orbitals to act as an efficient donor and it is thus this interaction which is mainly

ibl f th t bilit f th lresponsible for the stability of the complex.

• The corresponding anti‐bonding orbitals, e1g*, are unfilled in the ground state of
ferrocene but they are involved in excited state transitions.

• The e1u bonding molecular orbitals are again mainly ligand based but with a small
contribution from the higher energy Fe 3 px , py orbitals.

• The a1g' molecular orbital mostly consists of the Fe 3dz2 orbital as the ligand a1g1g y g 1g
molecular orbital points between the nodes of the metal dz2 orbital resulting in
little or no overlap.

• The e2g (dx2‐y2, dxy) metal orbitals are considered non‐bonding due to poor2g ( y , y) g p
overlap with the ligand e2g orbitals.



• Since the occupied orbitals are of either a, e1 or e2 type symmetry no intrinsic barrier to 1 2
internal rotation is predicted as each of these molecular orbitals are symmetric about the 
axis of rotation.

• The very low values observed for this rotation (~ 4 kJmol‐1) may be attributed to van der 
W l f b t th t C iWaals forces between the two Cp rings.

• The attachment of additional groups or ligands destroys the D5d/D5h symmetry of ferrocene 
thus altering the molecular orbital diagram.
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