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Organometallic Chemistry of Transitional Metals 

(A short note) 

Organometallic chemistry is the study of organometallic compounds, that containing at least 

one chemical bond between a carbon atom of an organic molecule and a metal, including 

alkaline, alkaline earth, and transition metals. Metal cyanides are excluded. The oldest 

organometallic compound known, vitamin B12 coenzyme. 

This naturally occurring cobalt complex contains a cobalt–carbon sigma 

bond. 

 

 

 

 

 

 

           

                                                                Vitamin B12 coenzyme 

We now look at the 18-electron rule1 and at the alternative ionic and 

covalent bonding models on which this metal valence electron counting 

procedure is based. We then examine the ways in which binding to the 

metal can perturb the chemical character of a ligand, an effect that lies 

at the heart of organometallic chemistry. 

 The rule 18-electron:  Just as organic compounds follow the octet or eight valence electron 

rule, typical organometallic compounds tend to follow the 18e rule. This is 

also known as the noble-gas or effective atomic number (EAN) rule 

because the metals in an 18e complex achieve the noble-gas configuration— 

for example, in the Werner complexes, the cobalt has the same EAN as 

Kr, meaning it has the same number of electrons as the rare gas. We first 

discuss the covalent model that is the most appropriate one for counting 

compounds with predominant covalency, such as most organometallics. 
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Covalent Electron Counting Model 

To show how to count valence electrons by forming a compound from 

the neutral atomic components, we first apply the method to CH4, 

where the simpler octet rule applies  [C (4e) + 4H (4e) = CH4 (8e)] 

An octet is appropriate for carbon, where one 2s and three 2p orbitals 

make up the valence shell; 8e fill all four orbitals. 

The 18e rule, followed by many transition metal compounds, is justified on the ligand field 

model by the presence of nine orbitals: five d 

orbitals, three p orbitals along with a single s orbital. 

A simple example is: Re (7e) + 9H (9e) +2e = [ReH9]
2- (18e)    

The net ionic charge of 2− needs to be considered along with the nine 

ligands. The two electrons added for the 2− charge came from forming 

the counterions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.1 Molecular orbital, or ligand field picture, of M–L bonding in an 

octahedral ML6 complex. The box contains the d orbitals that are filled with n 

electrons to give the dn electron configuration. The star denotes antibonding 
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Most of the first-row metal carbonyls follow the 18e rule (Table 1) 

Each metal contributes the same number of electrons as its group 

number, and each Co contributes 2e from its lone pair; π back bonding 

makes no difference to the electron count for the metal. 

The free atom already had the pairs of dπ  electrons destined for back bonding; in the complex, it 

still has them, now delocalized over metal and ligands. 

 

Table 1:  First-Row Metal Carbonyls 

___________________________________________________________________________ 

V(CO)6                                Paramagnetic 17e 

[V(CO)6]
−  18e 

Cr(CO)6                                                                                    

(CO)5Mn–Mn(CO)5 M–M bond contributes 1e to each metal; 

                              all the Co groups are terminal. 18e 

Fe(CO)5  Trigonal bipyramidal. 18e 

(CO)3Co(μ-CO)2Co(CO)3    μ-CO contributes 1e to each metal, as does the M–M bond   18e                                                                                                                                   

Ni(CO)4                                                                                                                   Tetrahedral 18e   

Where the metal starts with an odd number of electrons, we can 

never reach 18 just by adding 2e ligands, such as Co. Each carbonyl 

complex resolves this problem in a different way. V(Co)6 is stable in 

spite of being 17e, but it is easily reduced to the 18e [V(Co)6]– anion. 

The 17e reactive transient Mn(Co)5 is not isolable but instead dimerizes to the stable 18e 

dimer—as a five-coordinate monomer, there is 

more space available to make the M–M bond than in V(Co)6. This 

dimerization completes the noble-gas configuration for each metal 

because the unpaired electron in each fragment is shared with the other 

in forming the M–M bond, much as the 7e methyl radical dimerizes to 

give the 8e compound, ethane. In the 17e reactive fragment Co(Co)4, 

dimerization also takes place to form a metal–metal bond, but a pair 

of Co ligands also bridge. The electron count is unchanged whether 

the Cos are terminal or bridging because Co is a 2e ligand to the 

cluster in either case. on the conventional model, a ketone-like μ-Co 

gives 1e to each metal, so an M–M bond is still required to attain 18e. 

The even-electron metals are able to achieve 18e without M–M bond 

formation, and in each case, they do so by binding the appropriate 

number of Co ligands. 

 Ionic Electron Counting Model  
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An older counting convention based on the ionic model was developed early in the twentieth-

century for classical Werner coordination compounds because of their more ionic bonding. The 

final count, dn configuration and oxidation state is always the same for 

any given complex on either model—only the counting method 

differs. Authors invoke one or other model without identification, so 

we have to be able to deduce their choice from the context. Neutral 

l ligands pose no problem because they are always 2e donors on 

either model, but M–X bonds are treated differently. In the ionic 

model, each M–X is considered as arising from M+ and X− ions. To 

return to our organic example, whether we count octet CCl4 by the 

covalent model from the atoms (Eq. a) or the ionic model from 

the ions (Eq. b), we get the same result. 

C(4e) + 4Cl(4e) = CCl4(8e) [Eq – a] : C4+(0e) + 4Cl- (8e) = CCl4(8e)  [Eq---b]  

Applying ionic model in the equation,     Re7+ (0e) + 9H- (18e) = [ReH9]
2- (18e)    

Table 2 and 3 shows common ligands and their electron counts on both 

models. Neutral ligands, L, are always 2e ligands on either model, 

whether they are lone-pair donors, such as CO or NH3, π-bond 

donors, such as C2H4, or σ-bond donors such as H2. Anionic ligands, 

X, such as H, Cl, or Me, are 1e X atoms or groups on the covalent 

model but 2e X− ions on the ionic model. 

Table 2. Electron count of some common ligand  
_____________________________________________________________________________ 
Ligand               Type      Covalent Model     Ionic Model 

_____________________________________________________________________________ 
Me, Cl, Ph, H, ηl-allyl, NO (bent)a  X    le    2e 

lone-pair donors: CO, NH3, PPh3  L    2e    2e 

π-Bond donors: C2H4    L   2e    2e 

σ-Bond donors: H2    L    2e    2e 

M−Cl (bridging)    L   2e    2e 

η3-Allyl, κ2-acetate    LX    3e    4e 

NO(linear)a        3e    2ea 

η4-Butadiene     L2
b    4e    4e 

=O (oxo)     X2
c    2e    4e 

η5-Cp      L2X    5e    6e 

η6-Benzene     L3    6e    6e 
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              Table 3. Electron count of some organometallic compound 
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Exception of 18 electron rule 

Square planar organometallic complexes of the late transition metals (16e). 

• Some organometallic complexes of the early transition metals (e.g. Cp2TiCl2, WMe6, 

Me2NbCl3, CpWOCl3) [ A possible reason for the same is that some of the orbitals of these 

complexes are too high in energy for effective utilization in bonding or the ligands are mostly σ 

donors. 

* Some high valent d0 complexes have a lower electron count than 18. 

* Sterically demanding bulky ligands force complexes to have less than 18 electrons. 

* The 18 electron rule fails when bonding of organometallic clusters of moderate to big sizes (6 

Metal atoms and above) are considered 

*The rule is not applicable to organometallic compounds of main group metals as well as to 

those of lanthanide and actinide metals. 

**There are quite a few examples of organometallics which have 16 VE. As with all chemistry, 

the excuse is either electronic or steric (or both). 

Electronic effects 

Late transition metals with d8 electron configurations e.g. Rh(I), Ir(I), 

Pd(II), Pt(II) have a strong tendency to form square planar 16 VE 

complexes. Similarly, d10 complexes tend to form trigonal 16 VE 

complexes. As the atomic number Z increases, the d-shell is stabilized 

(lowers in energy). The occupied dz2 orbital (perpendicular to the plane) 

is no longer involved in ligand bonding. 

 

 

 

 

 

 

Steric Effects 

Early transition metals have fewer d-electrons to start with than the middle and late transition 

metals, so they must achieve their 18e count by coordination of a larger number of ligands. If the 

ligands involved are too bulky, then low-electron count complexes are formed.  
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*Steric effects can produce low-coordinate (not many ligands) complexes which often have <18 

electrons. 

* For early transition metals (e.g. with d0 metals) it is often not possible to fit the number of 

ligands necessary to reach 18 electrons around the metal. 

 

 

 

 

 

Metal Carbonyls 

A chance 1884 observation by Ludwig Mond (1839–1909) led to an 

important advance of both practical and theoretical interest. On finding 

that some hot nickel valves in his chemical works had been eaten away 

by CO, he deliberately heated Ni powder in a CO stream to form 

Ni(CO)4, the first metal carbonyl. In the Mond nickel refining process, 

the volatile carbonyl easily separates and is then decomposed by strong 

heating to give pure Ni. Kelvin was so impressed by this result, that he 

remarked that Mond “gave wings to nickel.” 

Whenever the donor atom of a ligand engages in a multiple bond, 

as in C≡O, we have an unsaturated ligand. Along with PR3, these are soft π acceptors because 

they can accept metal dπ electrons by back 

bonding. In contrast, hard ligands have electronegative 

donor atoms with no donor atom unsaturation and are often π donors, 

too (e.g., H2O and –OR) 

The frontier orbitals, dσ and dπ for M and C(lp) and CO(π*) for CO, dominate the M–CO 

bonding. As shown in Fig. 2a and b, both C and O are sp hybridized in free CO. The singly 

occupied sp and pz orbitals on each atom form a σ and a π bond, respectively. This leaves carbon 

py empty, and oxygen py doubly occupied, and so the second π bond is dative, formed by 

transfer of the O(py) lone pair to the empty C(py) orbital. This transfer leads to a C––O+ 

polarization of the molecule, which is almost exactly balanced by a partial C+–O– polarization of 

all three bonding orbitals because of the higher electronegativity of oxygen. The free CO  

molecule therefore has a triple bond and a net dipole moment very close to zero. O being much 

more electronegative than C, the energy of O(pz) is much lower than C(pz) in Figure 2 . The 

resulting C–O π bond has more O(pz) than C(pz) character, CO(π) being closer in energy to O(pz) 

than to C(pz), thus polarizing the π bond toward O. In general, any bonding orbital is oppositely 
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polarized to its corresponding antibonding orbital, so the π* antibonding orbital, CO(π*), is 

polarized toward C. The resulting CO molecule has a structure shown in VB terms in 

Figure.d. Figure e shows the M–CO bonding in the complex. The C(sp) lone pair donates 2e to 

the empty M(dσ) orbital, raising the electron count on the metal by 2e but not much affecting the 

CO bond. The filled M(dπ) orbital back bonds into the CO π*, a process that raises the M–C 

and lowers the C–O bond order, because any filling of a π* orbital weakens the corresponding π 

bond. If the back bonding is strong, the M–C can be raised from single to double, and the CO 

bond can be correspondingly weakened from triple to double [Figure d].  The metal binds to C, 

not O, because the ligand HOMO is the C lone pair; O being more electronegative, its orbitals 

have lower energy and the O lone pair is less basic. because the CO(π*) LUMO is polarized 

toward C, M–CO π overlap is also optimal at C. While CO to M σ donation removes electron 

density from C, back donation increases electron density at both C and O because CO(π*) has 

both C and O characters. This results in the C becoming ∂+ on coordination, while O becomes 

∂–, translating into a polarization of CO on binding. The infrared spectrum shows a big increase 

in the intensity of the CO stretching band on binding because the intensity depends on the bond 

dipole. 

 

 

 

 

 

 

 

 

                               Figure 2                                           Figure 3 

The -donor interaction increases the electron density on the metal and 

decreases the electron density on the CO ligand. The -acceptor 

interaction decreases the electron density on the metal and increases the 

electron density on the CO ligand. Both effects ‘reinforce’ each other. 

Sometimes referred to as (synergic bonding). 

The strength of this bonding depends on several factors, including 

the charge on the complex and the ligand environment of the metal. 

* This bonding between CO and metal atoms is supported by experimental evidence. Two 

sources of such evidence are infrared spectroscopy and X-ray crystallography. First, any 
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change in the bonding between carbon and oxygen should be reflected in the C-O stretching 

vibration as observed by IR. The C-O stretch in organometallic complexes is often very intense 

(stretching the C-O bond results in a substantial change in dipole moment), and its energy often 

provides valuable information about the molecular structure. Free carbon monoxide has a C-O 

stretch at (2143 cm – 1). Cr(CO)6, on the other hand, has its C-O stretch at (2000 cm – 1). The 

lower energy for the stretching mode means that the C-O bond is weaker in Cr(CO)6. 

* Both σ donation and π acceptance would be expected to weaken the CO bond and to decrease 

the energy necessary to stretch that bond. 

*Additional evidence is provided by X-ray crystallography. In carbon 

monoxide, the C-O distance has been measured at 112.8 pm. Weakening 

of the C-O bond would be expected to cause this distance to increase. 

Such an increase in bond length is found in complexes containing CO, 

with C-O distances approximately 115 pm for many carbonyls. 

 

 

 

 

 

 

* The charge on a carbonyl complex is also reflected in its infrared spectrum. Five isoelectronic 

hexacarbonyls have the following C-O stretching bands (compare with n(CO) = 2143 cm- 1 for 

free CO): 

Table-4: C-O sreaching frequncie of metal carbonyls. 

 _______________________________________________________________________ 

Complex   ν (CO) in  cm-1 

________________________________________________________________________ 

[Ti(CO)6]
2-    1748 

 [V(CO)6]
-   1859 

[Cr(CO)6]   2000 

[Mn(CO)6]
+   2100 

[Fe(CO)6]
2+   2204 

________________________________________________________________________ 
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Of these isoelectronic five ions, [Ti(CO)6]
2- contains the most highly reduced metal, formally 

containing Ti(2-); this means that titanium has the weakest ability to attract electrons and the 

greatest tendency to back donate electron density to CO. The formal charges on the metals 

increase from (-2) for [Ti(CO)6]
2- to (+2) for [Fe(CO)6]

2+. The titanium in [Ti(CO)6]
2-, with the 

most negative formal charge, has the strongest tendency to donate to CO. The consequence is 

strong population of the π* orbitals of CO in [Ti(CO)6]
2- and reduction of the strength of the   C-

O bond. In general, the more negative the charge on the organometallic species, the greater the 

tendency of the metal to donate electrons to the π* orbitals of CO, and the lower the energy of 

the C-O stretching vibrations. 

Bridging Modes of CO: 

Many cases are known in which CO forms bridges between two or 

more metals. Many bridging modes are known (Given below) 

 

 

 

 

 

 

 

 

 

The bridging mode is strongly correlated with the position of the C-O 

stretching band. In cases in which CO bridges two metal atoms, both 

metals can contribute electron density into π* orbitals of CO to weaken 

the C-O bond and lower the energy of the stretch. Consequently, the C-O 

stretch for doubly bridging CO is at a much lower energy than for 

terminal COs. An example is shown in Figure above. 

Interaction of three metal atoms with a triply bridging (as shown in 

figure below) CO further weakens the C-O bond; the infrared band for 

the C-O stretch is still lower than in the doubly bridging case. 
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Ordinarily, terminal and bridging carbonyl ligands can be considered 2 

electron donors, with the donated electrons shared by the metal atoms in 

the bridging cases. For example, in the complex below, the bridging CO 

is a 2-electron donor overall, with a single electron donated to each 

metal. The electron count for each Re atom according to covalent method. 

 

 

 

 

 

 

 

 

 

Figure: Bridging modes of CO 

**There are three points of interest with respect to metal carbonyls:- 

1. CO is not ordinarily considered a very strong Lewis base, and yet it forms strong bonds to the 

metals in these compounds. 

2. The metals are always in a low oxidation state, most often formally in an oxidation state of 

Zero, but also in low positive & negative oxidation states. 

3. The 18-electrons rule is obeyed with remarkable frequency.  

**Metals with odd atomic number can’t satisfy the 18-es. By simple addition of CO ligand, since 

the resultant moiety will have an odd number of electrons. In such case there are several option 

open to these metals by which the 18-es. Rule can be satisfied:- 
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* The addition of an electron by reducing agent to form an anion such as [V(CO)6]-. 

* The electron deficient moiety can bond covalently with an atom or group that also has single 

unpaired electron available, example:- hydrogen or chlorine : HM(CO)n or M(CO)nCl . 

*If no either species are available with which to react, two moieties each with an odd atom can 

dimerized with resultant pairing of the odd electrons, examples 

 

 

 

 

 

 

 

 

 

*Binary carbonyls, containing only metal atoms and CO, are numerous. 

Most of these complexes obey the 18-electron rule.  

*One other binary carbonyl does not obey the rule, the 17 –electron V(CO)6. This complex is one 

of a few cases in which strong π-acceptor ligands do not afford an 18-electron configuration. In 

V(CO)6, the vanadium is apparently too small to permit a seventh coordination site; hence, no 

metal–metal bonded dimer, which would give an 18 electron configuration, is possible. 

However, V(CO)6 is easily reduced to [V(CO)6]
-, an 18-electron complex 

* An interesting feature of the structures of binary carbonyl complexes is that the tendency of 

CO to bridge transition metals decreases going down the periodic table. For example, in 

Fe2(CO)9 there are three bridging carbonyls; but in Ru2(CO)9 and Os2(CO)9, there is a single 

bridging CO. A possible explanation is that the orbitals of bridging CO are less able to 

interact effectively with transition-metal atoms as the size of the metals increases, along with the 

metal–metal bond lengths. 
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 Exercise:- Verify the 18-electron rule for follwing binary carbonyls— 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preparation of Metal Carbonyls: 

1.  Direct Combination: 

Only Ni(CO)4 and Fe(CO)5 and Co2(CO)8 are normally obtained by the action of carbon 

monoxide on the finely divided metal at suitable temperature and pressure Typical examples are 

shown in the following  Eq. : 
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.2. Reductive carbonylation: Many metallic carbonyls are obtained when metal salts like are 

treated with carbon monoxide in presence of suitable reducing agent like Mg, Ag, Cu, Na, H2, 

AlLiH4 etc . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sometimes CO acts as a carbonylating and reducing agent 

 

 

 

 

 

Preparation of Dinuclear carbonyls obtained from mononuclear carbonyls by irradiated with 

ultra-violet light 
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Carbonylate ions: Numerous anionic carbonyl complexes are called carbonylate ions. They are 

often electronically and structurally related to neutral carbonyl complexes. A common method of 

preparing carbonylate ions is reduction of neutral carbonyl complexes.e.g.; 

1. Mn2(CO)10 + 2 Na → 2Na+ + 2[Mn(CO)5]
 - 

2. Fe3(CO)12 +Na → 6Na+ + 3[Fe(CO)4]
2- 

Not all reactions leading to carbonylate aions require strong reducing agents. Some involve 

reduction of metal by CO already present in the metal carbonyls or disproportionation of the 

complex. Often a Lewis base will effect disproportionation of a complex. 

Fe(CO)5 + OH-  → [Fe(CO)4]
2-  + CO3

2- + 2H2O  

3Mn2(CO)10 + 12 Py → 2[Mn(Py)6]
2+  + 4[Mn(CO)5]

 - + 10CO 

Mn2(CO)10 + 2dppe → 2[Mn (CO)2(dppe)2]
+  + [Mn(CO)5]

 - + 3CO     

 [dppe = Ph2PCH2CH2PPh2] 

 Nitrosyl (NO ) complexes: 

The NO (nitrosyl) ligand shares many similarities with CO. Like CO, it is a σ-donor and π-

acceptor and can serve as a terminal or bridging ligand; useful information can be obtained 

about its compounds by analysis of its infrared spectra. Unlike CO, however, terminal NO has 

two common coordination modes, linear (like CO) and bent. Examples of NO complexes are in 

figure below. 

 

 

 

* NO+ is isoelectronic with CO; therefore, in its bonding to metals, linear NO is considered by 

electron counting scheme (ionic model) as NO+, a 2-electron donor. By the (covalent model), 

linear NO is counted as a 3-electron donor (it has one more electron than the 2-electron donor 

CO). * The bent coordination mode of NO can be considered to arise formally from NO-, with 

the bent geometry suggesting sp2 hybridization at the nitrogen. By electron-counting scheme 

(ionic model), therefore, bent NO is considered the 2-electron donor NO-, by the (covalent 

model), it is considered a 1-electron donor. * Useful information about the linear and bent 

bonding modes of NO is summarized in Figure below. Many complexes containing each mode 

are known, and examples are also known in which both linear and bent NO occur in the same 

complex. Although linear coordination usually gives rise to N-O stretching vibrations at a higher 

energy than the bent mode, there is enough overlap in the ranges of these bands that infrared 
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spectra alone may not be sufficient to distinguish between the two. Furthermore, the manner of 

packing in crystals may bend the M-N-O bond considerably from 180° in the linear coordination 

mode. 

 

 

 

 

 

 

Important types of reactions that play a key role in most catalytic cycles as well as in many 

synthetic pathways by the organometallic Compounds 

1. Oxidative addition and Reductive elimination 

 A neutral ligands such as C2H4 or CO enter the coordination sphere by substitution. Now,  how 

pairs of anionic ligands, A and B, do this by oxidative addition (OA) of A–B. In OA, A–B 

molecules such as H–H or CH3–I add to a low valent metal, LnM, to produce LnM(A)(B). The 

equally important reverse reaction, reductive elimination (RE), leads to the release of A–B from 

LnM(A)(B). In the oxidative direction, the A−B bond breaks to form bonds from M to A and B. 

Since A and B are X-type ligands, the oxidation  state, electron count, and coordination number 

all increase by two units during OA, the reverse taking  place during RE. These changes in 

formal oxidation state (OS) justify the oxidative and reductive parts of 

the reaction names. In a catalytic cycle, a reactant often binds via OA and the product dissociates 

via RE. 

 

 

 

 

      Eq. 1 

Oxidative additions go by a variety of mechanisms, but since the metal electron count increases 

by two, a vacant 2e site is always needed. We may start with a 16e complex, or a 2e site may be 

opened up by initial ligand loss from an 18e complex. The change in oxidation state means that 
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to undergo in the above Eq1, a complex must have a stable OS two units more positive (and vice 

versa for RE). Reductive elimination, the reverse of oxidative addition, is most often 

seen in higher oxidation states because the formal OS of the metal 

drops by two units in RE. The reaction is particularly efficient for the 

group 10–11 d8 metals, Ni(II), Pd(II), and Au(III), and Group 9-10 d6 

metals, Pt(IV), Pd(IV), Ir(III), and Rh(III). 

First row metals typically prefer a one-unit change in oxidation state, electron count, and 

coordination number. Equation Eq 2  shows how binuclear oxidative addition conforms to this 

pattern. We start with a 17e complex or an M−M bonded 18e complex that can dissociate into 

17e fragments. The metal must now have a stable OS more positive by one unit for OA. Table 4 

shows common types of OAs by dn configuration and position in the periodic table. Whatever the 

mechanism, two electrons from M transfer into the A−B σ*, while the A−B σ bonding pair 

donate to M. This cleaves the A−B  bond and makes the new bonds to A and B. OA is favored in 

low oxidation states and is rare for M(III) and higher, except with powerful oxidants, such as Cl2. 

OA is also favored where the A–B bond is weak relative to M–A and M–B. The opposite holds 

for RE, where a high OS metal and a product with a strong A–B bond are favorable for the 

reaction.  

 

 

    Eq. 2 

OA is also favored by strongly donor coligands, Ln, because these stabilize the oxidized 

LnM(A)(B) state. While the formal ΔOS for Eq. 1 is always +2, the real change in metal charge 

is less than this because A and B do not have full −1 charges in LnM(A)(B). The change in real 

charge depends mostly on the  electronegativity of A and B, so that H2 < HCl < Cl2 are 

increasingly oxidizing. This order comes from measuring the IR spectral change in ν(CO) on 

going from IrCl(CO)L2 to Ir(A)(B)Cl(CO)L2 (Table 5), where a high Δν(CO) during OA 

corresponds to a greater degree of oxidation by raising the positive charge on M and so reducing 

M–CO back bonding.  

 

 

 

 

 

 



18 
 

Table 4:  Common Oxidative Addition by dn Configuration  

 

 

Table 5 : Carbonyl Straching frequencies in Oxidative Addition reaction with Vaska’s 

complex 
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Concerted Addition  

Concerted, three-center OA starts out as an associative substitution in which an incoming ligand, 

A–B, binds as a σ complex but then undergoes A–B bond breaking if back donation from the 

metal into the A–B σ* orbital is strong enough. This mechanism applies to nonpolar reagents, 

such as H2, R3C–H or R3Si–H (Eq.3; A = H; B = H, C, or Si). The associative step a of Eq. 3 

forms the σ complex; if this is stable, the reaction stops here. Otherwise, metal electrons are 

transferred to the A–B σ* in step b, the oxidative part of the reaction. The classic examples, from 

the Estonian-American chemist, Lauri vaska (1925– ), involve OA to the 16e square planar d8 

species, IrCl(CO)(PPh3)2, known as Vaska’s complex. The 18e d6 octahedral dihydride of Eq. 4, 

has mutually cis hydrides; conversely, in an RE such as the loss of H2 from a dihydride, the two 

H ligands need to become mutually cis. In OA of H2 to vaska’s complex, the initially trans-Cl–

Ir–(CO) set of ligands folds back to become cis both in a proposed transient H2 complex and in 

the final product (Eq. 4). As a powerful π acceptor, the CO prefers to be in the equatorial plane 

of the resulting TBP transient, following the same pattern we saw in A substitution. This 

tendency for a trans pair of very strong π-acceptor ligands on a strongly π donor metal to fold 

back can be so great that a d8 ML4, normally expected to be square planar, distorts toward TBP 

even in the absence of an fifth ligand as in following fig. (L = P(t-Bu)2Me). Bending enhances 

the π donor power of the metal by raising the energy of the relevant d orbitals, as well as 

avoiding the CO ligands being mutually trans. In 18e complexes, a ligand may be lost to give the 

2e site needed for OA, as occurs in initial CO loss from [Ir(CO)3L2]
+ in the OA of H2 to give 

[Ir(H)2(CO)2L2]
+. 

 

  Eq. 3 

      M(0)/ 16e   M(0)/ 18e           M(II)/ 18e 

 

 

 Eq. 4 

 

 

 

 (L = P(t-Bu)2Me) 
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σ  - Bond Metathesis 

Apparent OA/RE sequences can in fact go by a different route, σ-bond metathesis or σ-bond 

complex-assisted metathesis. These are most easily identified for d0 early metal complexes, such 

as Cp2ZrRCl or WMe6, where OA is forbidden, since the product would have to be d-2  

When a d0 complex reacts with H2 (Eq. 3.32), path a of Fig. X is therefore forbidden and path b 

or c must take over. Path b and c differ only in that c explicitly postulates an intermediate σ-

complex. In d2–d10 transition metals, both OA and σ-complex formation is usually 

permitted, but distinguishing between them is hard since both the products and the kinetics are 

identical. In a Rh(III) alkyl, path a is technically allowed, but Rh(V) is an unusual oxidation 

state, so paths b or c would be preferred. Pathway a is typical when OA occurs readily. In the 

same way, to avoid forbidden oxidation states, reaction of d0 alkyls with acids cannot go via 

initial protonation at the metal (step a in Fig. Y) because as a d0 system, the metal has no M(dπ) 

lone pairs. Instead, protonation of the M–R bond must take place. Formation of an alkane σ-

complex would then lead to loss of alkane. For d2–d10 metals, where all pathways are allowed, it 

is again hard to tell which is followed; pathway a is normally assumed to operate in the absence 

of specific evidence to the contrary. 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. X: Sigma bond metathesis (paths b and c) and OA/RE (path a) are hard to distinguish for 

d2–d10 complexes, but for d0 cases, only sigma bond metathesis is allowed because OA would 

produce a forbidden oxidation state. 
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Fig. Y: Protonation has similar limitations. Protonation at the metal (path a) and at the M–R 

bond (path b) are hard to distinguish for d2–d10 complexes, but for d0 cases, only path a is 

allowed because protonation at the metal would produce a forbidden oxidation state. 

 Insertion and Elemination Reactions: 

Oxidative addition and substitution allow us to introduce a variety of 

1e and 2e ligands into the coordination sphere of a metal. With insertion, and its reverse, 

elimination, we can combine and transform these ligands, ultimately to expel these transformed 

ligands to give useful products, often in the context of a catalytic cycle. In this way,  

organometallic catalysis can convert organic reagents into organic products with regeneration of 

the metal species for subsequent reaction cycles.  

 In insertion reaction, a π-bound 2e ligand, A=B, inserts into an M–X bond to give M–(AB)–X, 

where AB has formed a new bond with both M and X. There are two main types of insertion, 

either 1,1 (Eq. 5) or 1,2 (Eq. 6). In 1,1 insertion, M and X end up bound to the same atom of AB, 

but in the 1,2 type, M and X end up on adjacent atoms of AB. The type of insertion in any given 

case depends on the nature of A=B. For example, CO gives only 1,1 insertion where both M and 

X end up bound to CO carbon. On the other hand, ethylene gives only 1,2 insertion, where the 

product, MCH2CH2X, has M and X on adjacent atoms of the ligand. 

In general, η1 ligands give 1,1 insertion, and η2 ligands give 1,2 insertion. SO2 is the only 

common ligand that can give both types of insertion and accordingly, SO2 can either be an ηl (S) 

or η2 (S,O) ligand. 
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   Eq. 5 

  

 

 

 

           Eq. 6 

 

 Eq. 7 

 

 

Both the 1e and 2e ligands normally need to coordinate to the metal before insertion. This means 

that a 3e set of ligands in the intermediate converts to a 1e ligand in the insertion product, so that 

a 2e vacant site (□) is generated (Eq. 6). Binding of an external 2e ligand can trap the insertion 

product (Eq. 7).  Conversely, the elimination requires a 2e vacant site, so that an 18e complex 

cannot undergo the reaction unless a ligand first dissociates. The insertion also requires a cis 

arrangement  of the 1e and 2e ligands, while the elimination generates a cis arrangement of these 

ligands. The formal oxidation state does not change during the reaction. 

In one useful picture of insertion, the X ligand migrates with its M–X bonding electrons (e.g., as 

H− or Me−) to attack the π* orbital of the A=B ligand. In this intramolecular nucleophilic attack 

on A=B, the migrating group, R, retains its stereochemistry. This picture also justifies the term 

“migratory insertion,” often applied to these reactions, in that the X migrates to the A=B group. 

A component of M–(A=B) bonding is back donation, in which an M dπ electron pair is partially 

transferred to the A=B π*; in an insertion, an M–X bonding electron pair is fully 

transferred to the A=B π*. 

 CO insertion:  

CO shows a strong tendency to insert into metal–alkyl bonds to give metal acyls, a reaction that 

has been carefully studied for a number of systems. Although the details may differ, most follow 

the pattern set by the best-known case: 

 

 Eq. 8 
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The usual mechanism of migratory insertion is shown in Eq. 9. The alkyl group in the reagent 

(Rgt) undergoes a migration to the CO to give an acyl intermediate (Int.) that is trapped by added 

ligand, l, to give the final product (Pdct) 

 

 

 Eq. 9 

 

When the incoming ligand in Eq. 9 is 13CO, the product contains only one labeled CO, cis to the 

newly formed acetyl. This suggests that the acetyl group is initially formed cis to a vacant site in 

the intermediate. The labeled CO can be located in the product by NMR and IR spectroscopy. 

In an example of a useful general strategy, we can learn about any forward process by looking at 

the reverse reaction—here, α elimination of CO from Me13COMn(CO)5 (Eq. 10; C* = 13C). We 

can easily label the acyl carbon with 13C by reaction of [Mn(CO)5]
- with Me13COCl and 

find that after α elimination of CO, the label ends up in a CO cis to the methyl in the product. 

 

 

 

 Eq. 10 

 

 

 

 

 

 

By microscopic reversibility, the forward and reverse reactions of a thermal process must follow 

the same path. In this case, if the labeled CO ends up cis to Me in the elimination direction, the 

CO to which a methyl group migrates in the insertion direction must also be cis to methyl. We 

are fortunate in seeing the kinetic products of these reactions. If a subsequent scrambling of the 

COs had been fast, we could have deduced nothing. 

We now know that Me and CO must be mutually cis to insert, but we do not yet know if Me 
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migrates to the CO site or vice versa. It is also possible to use reversibility arguments to show 

that it is Me, not CO, that moves. To do this, we look at CO elimination in cis- 

(MeCO)Mn(CO)4(
13CO), in which the labeled CO is cis to the acetyl. If the acetyl CO migrates  

during the elimination, then the methyl in the product will stay where it is and so remain cis to 

the label. If the methyl migrates, then it will end up both cis and trans to the label, as is in fact 

observed (Eq. 11) 

 

 

  

 

 

 

 

 

This implies that the methyl also migrates in the insertion direction. The cis- 

(MeCO)Mn(CO)4(
13CO) required for this experiment can be prepared by the photolytic method. 

This migration of Me not CO is one feature of migratory insertion that does not reliably carry 

over to other systems, where the product acyl is occasionally found at the site originally occupied 

by the alkyl. Consistent with this mechanism, any stereochemistry at the alkyl carbon is retained 

both on insertion and on elimination. 

An insertion that appears to be migratory can in fact go by an entirely different route (Eq. 12). 

Since MeO− is a good π donor bound to a d6 π-donor metal, the MeO− group easily dissociates 

to give an ion pair with a 2e vacancy at the metal. The free CO present then binds to this 

2e site and is strongly activated toward nucleophilic attack at the CO carbon owing to the 

positive charge on the metal. The product is the interesting metalloester shown in Eq. 12. 

                                          Eq.12 

 

Genuine migratory insertions into M–O bonds are also possible. For trans-[Pt(Me)(OMe)(dppe)], 

CO inserts into the Pt–OMe bond, while for [Ni(Me)(O-p-C6H4CN)(bipy)], CO inserts into Ni–

Me. For nickel, the M–Me bond is significantly stronger than M–OMe, but migratory insertion 

with M–Me is marginally preferred owing to the weaker C–O bond of the aryloxycarbonyl. For 
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platinum, M–Me and M–OMe bonds are equally strong, so the stronger methoxycarbonyl C–O 

bond favors reaction with the M–OMe bond. 

Double Insertion? 

Given that the methyl group migrates to the CO, why stop there? Why does the resulting acyl 

group not migrate to another CO to give an MeCOCO ligand? To see why, we can treat  

[Mn(CO)5]
− with MeCOCOCl to give [MeCOCOMn(CO)5], which easily and irreversibly 

eliminates CO to give MeCOMn(CO)5. This means that the double-insertion product does not 

form because it is thermodynamically unstable with respect to MeCOMn(CO)5 + CO. The –CHO 

and CF3CO– groups also eliminate CO irreversibly to give M–H and M–CF3 complexes, 

implying that these insertions cannot occur thermally. Thermodynamics drives these eliminations 

because the M–COMe, M–H, and M–CF3 bonds are all distinctly stronger than the M–CH3 bond 

that is formed in CO elimination from the acetyl. In contrast to CO, isonitriles can undergo 

repeated migratory insertion to give R(CNR)mM polymers, with m as high as 100. The 

instability of R(CO)mM is associated with having successive δ+ carbonyl carbons mutually 

adjacent; =NR being less electronegative than =O, the problem is less severe for RNC than for 

CO. 

Alkene Insertion : 

The insertion of coordinated alkenes into M–H bonds leads to metal alkyls and constitutes a key 

step in a variety of catalytic reactions. For example, the commercially important alkene 

polymerization reaction involves repeated alkene insertion into the growing polymer chain. As 

η2-ligands, alkenes give 1,2 insertion in the reverse of the familiar β elimination (Eq. 13). Some 

insertions give agostic (7.3) rather than classical alkyls, and species of type 7.3 probably lie on 

the pathway for insertion into M–H bonds. The position of equilibrium depends not only on 

whether an incoming ligand, L in Eq. 13, is available to trap the alkyl, but also very strongly on 

the alkene and the insertion thermodynamics. For simple alkenes, such as ethylene (Eq. 12), the 

equilibrium tends to lie to the left and the alkyl prefers β elimination, but for 

alkenes such as C2F4, which form strong M–R bonds, insertion is preferred and the product alkyl 

LnMCF2CF2H does not β-eliminate. 

 

Eq. 13. 
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The transition state for insertion, 7.4, resembles 7.3 in having an essentially coplanar M–C–C–H 

arrangement, and this implies that both insertion and elimination also require the M–C–C–H 

system to become coplanar. We can stabilize alkyls against β elimination by having a 

noncoplanar M–C–C–H system. The same principles apply to stabilizing alkene hydride 

complexes. Compound 7.5 undergoes insertion at least 40 times more rapidly than 7.6, although 

the alkene and M–H groups are cis in both cases, only in 7.6 is there a noncoplanar M–C–C–H 

arrangement. 

 

 

Metal Hyhride Complexes 

Metal hydrides are important because the M–H bond enters into so 

many key reactions, such as undergoing insertion with a wide variety 

of C=X bonds to give either stable species or reaction intermediates 

with M–C bonds, often as part of a catalytic cycle. 

Hieber’s 1931 claim that H2Fe(CO)4 contains two Fe–H bonds long 

remained controversial; as late as 1950, Sidgwick still preferred the 

incorrect (CO)2Fe(COH)2 structure. Only with the discovery of 

Cp2ReH, PtHCl(PR3)2, and the striking polyhydride K2[ReH9] in the 

period 1955–1964, did the reality of the M–H bond as a normal covalency become widely 

accepted.The landmark discovery of molecular hydrogen complexes, LnM–(H2), emphasizes the 

remarkably rich chemistry of the simplest atom,H 

Synthesis:  

1. Through acidification :Acidification of carbonylate anions often results in the formation 

of carbonyl hydrido complexes , which may be regarded as the conjugate acid of the 

carbonylates. 

[Co(CO)4]
- + H3O

+ → [HCo(CO)4 + H2O 

[Re(CO)5]
- + H2O  → [HRe(CO)5 + OH- 

[Fe(CO)4]
2- + H3O

+ →[HFe(CO)4]
-    

                                                ↓ H3O
+             

  H2Fe(CO)4   
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2.  From hydride donation  

 Fe(CO)5 + BH4
- →[ HFe(CO)4]

-   + CO 

 

 

 

3. From β elimination  

 

Fe(CO)5 + OH- →[ Fe(CO)4(COOH)]-   → [ HFe(CO)4]
-   + CO2 

 

 

 

 

4. From direct reaction with H2 

 

Mn2(CO)10 + H2 → H[Mn(CO)5]  

Co + 4CO + ½ H2
 → HCo(CO)4  

 

 

 

Reactions of Hydride Complexes 

Hydrides are very reactive, giving a wide variety of transformations, as shown in following Eq. 

Hydride transfer and insertion are closely related; the former implies that a hydridic hydride is 

attacking an electrophilic substrate. Hydricity refers to the tendency of LnM–H to transfer H- to 

an electrophile and varies with the nature of LnM and the solvent. defined as ΔG° for L nM–H 

→ LnM+ + H– .The reactivity of a hydride also strongly depends on the nature of the reaction 

partner. For example, CpW(CO)3H has been shown to be an H+ donor toward simple bases, an H 

donor toward styrene, and an H− donor to a carbonium ion. 

1. Deprotonation:  

 

 

2. Hydride transfer and insertion: 
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3. H atom transfer to form a stabilized carbon-centered radical: 

 

 

For the electropositive early metals, the H tends to carry a significant negative charge, promoting 

H− transfer to electrophiles such as aldehyde or ketone . In contrast, The later metals impart 

much less negative charge to the hydride, and HCo(CO)4 is even strongly acidic (pKa = 8.5) 

because the CO groups stabilize the anionic charge of [Co(CO)4]-. Protonation of a hydride with 

loss of H2 can open up a coordination site; for example, IrH5(PCy3)2 reacts with HBF4 in MeCN 

to give [IrH2(MeCN)2(PCy3)2]
+. 

Alkyl and Aryl Complexes: 

The main types of syntheses of alkyls and aryls are shown in the following Eq 

1. From an R− reagent (nucleophilic attack on the metal): 

 

 

2. From an R+ reagent (electrophilic attack on the metal): 

   

 

 

3. By oxidative addition (L = PPh3): 

  

 

 

 

4. By insertion:  
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π complexes 

π complexes are those in which the metal interacts with the π bonding electrons of a variety of 

unsaturated organic ligands.  

Zeise’s Salt: The most important one is Zeise’s Salt. In 1827, the Danish chemist William Zeise 

(1789–1847) obtained a new compound from the reaction of K2PtCl4 and EtOH that he took to 

be the solvated double salt, KCl·PtCl2·EtOH. Only in the 1950s was it established that Zeise’s 

salt is really a π complex of ethylene, K[PtCl3(η
2- C2H4)]·H2O, the ethylene being formed by 

dehydration of the ethanol. 

Zeise’s salt may now be prepared by following way: 

1. Cream yellow product is obtained by refluxing ethelene with K2[PtCl4] in aquous HCl  

     K2[PtCl4] + CH2==CH2 + HCl →    K2[Pt( CH2CH2)Cl3] + KCl 

Structure and Bonding of Zeises salt. 

In Zeise’s anion, the metal is located in a square plane where CH2=CH2 remain perpendicular in 

the Pt and 3 Cl- plane with nearly equal Pt-Cl distance.The Pt-Cl bond (that trans to C=C) is 

longer 234 pm than two other Pt-Cl (cis to C=C) 230pm each. The C-C distance in Zeise’s salt is 

137.5 pm in comparison with 133.7 pm in free ethylene.  

The bonding of Zeise’s salt anion be best explained by Dewar –Chatt- Duncanson Model (DCD 

Model), where Pt metal  out of the C2H4 plane so that 

it can interact with the alkene π bond. The M–(C2H4) σ bond involves 

donation of the C=C π electrons to an empty M(dσ) orbital, so this 

electron pair is now delocalized over three centers, M, C, and C′. The 

M–(C2H4) back bond involves donation from M(dπ) to the C=C π* 

orbital As we saw for CO, a σ bond is insufficient for significant 

M–L binding, and so only d2–d10 metals, capable of back donation, bind 

alkenes well. The extent of back bonding depends on metal, the substutuent on ethelene and 

other ligand on the metal.  
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The alkene C=C bond length, dCC, increases on binding for two reasons. The M−alkene σ bond 

depletes the C=C π bond by donation to M and so slightly weakens and lengthens dC=C.  A 

combination of the two factors involved in the synergistic σ-donor, π- acceptor nature of the 

ligand The major factor in raising dCC, however, is back donation from the metal that lowers the 

alkene C−C bond order by filling C=C π*. Electron-withdrawing substituents on carbon 

encourage back donation and strengthen the M-(alkene) bond; for example, Pt(PPh3)2(C2CN4) 

has a dCC of 1.49 Å, approaching the C–C single bond dCC of 1.54 Å. The bonds to the four 

substituents of the alkene, H atoms in the case of ethylene, are bent away from the metal.  

 

 Cyclopentadienyl Complex: 

The celebrated discovery of the sandwich structure of ferrocene, Cp2Fe, by Wilkinson, 

Woodward, and Fischer prompted a “gold rush” into organometallic transition metal π 

complexes. The cyclopentadienyl group (Cp) is of central importance to the field, being the most 

firmly bound polyenyl and the most inert to both nucleophiles and electrophiles, although not to 

strong oxidants. This makes it a reliable spectator ligand in a vast array of Cp2M (metallocene) 

and CpMLn complexes (two-, three-, or four-legged piano stools where n = 2–4). The most 

important application of metallocenes today is alkene polymerization. 

The η1-Cp structure is also found where the coligands are sufficiently firmly bound so that the 

Cp cannot become η5 (e.g., 5.21). η1-Cp groups show both long and short C−C distances, as 

appropriate for an uncomplexed diene. The aromatic η5 form has essentially equal C=C  

distances, and the substituents bend very slightly toward the metal. Trihapto-Cp groups as in (η5-

Cp)(η3-Cp)W(CO)2 are rather rare; the η3-Cp folds so the uncomplexed C=C group can bend 

away from the metal. The tendency of an η5 Cp group to “slip” to η3 or η1 is small.  evertheless, 

18e piano stool complexes can undergo associative substitution, suggesting that the Cp can slip 

in the reaction (Eq. 5.31).  

 

 

 

 

  

 

 

                                Eq. 5.31 
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In the MO scheme of Fig. 5.3 for M–C5H5, the five carbon p orbitals lead to five MOs for the 

C5H5 group. Only the nodes are shown in Fig. 5.3a, but Fig. 5.3b shows the orbitals in full for 

one case. The most important overlaps are ψ1 with the metal dz2, and ψ2 and ψ3 with the dxz  

and dyz orbitals, as shown explicitly in Fig. 5.3b; ψ4 and ψ5 do not interact very strongly with 

metal orbitals, and the Cp group is therefore not a very good π acceptor. This and the anionic 

charge makes Cp complexes basic, and this encourages back donation to the non-Cp ligands. 

The MO diagram for a Cp2M metallocene (Fig. 5.4) requires consideration of both Cp groups. 

We therefore look at the symmetry of pairs of Cp orbitals to see how they interact with the metal. 

As an example, a pair of ψ1 orbitals, one from each ring (Fig. 5.4b), has a1g 

symmetry and can thus interact with the metal dz2, also a1g. The opposite combination of ψ1 

orbitals, now a2u, (Fig. 5.4c), interacts with the metal pz, also a2u. Similarly, ψ2 and ψ3 

combinations are strongly stabilized by interactions with the metal dxz, dyz, px, and py. Although 

the details are more complex for Cp2M, the bonding scheme retains both the L→M direct 

donation and the M→L back donation that we saw for M(CO)6, as well as a d-orbital splitting 

pattern that broadly resembles the two-above-three pattern characteristic of an octahedral crystal 

field and highlighted in a box in Fig. 5.4a. The different choice of axes in this case (Fig. 5.4c) 

make the orbital labels (dxy, dyz, etc.) different here from what they were before, but this is just a 

matter of definitions. In the case of Cp2Fe itself, the bonding and nonbonding orbitals are all 

exactly filled, leaving the antibonding orbitals empty, making the group 8 metallocenes the 

stablest of the series. The MCp2 unit is so intrinsically stable that the same structure is adopted 

for numerous first-row transition metals even when this results in a paramagnetic, non-18e 

complex (Fig. 5.5).  

 

  

  

 

 

 

 

Fig 5.4: Qualitative MO diagram for a first-row metallocene. (a) The box shows the crystal field 

splitting pattern, only slightly distorted from its arrangement in an octahedral field. Because we 

now have two Cp groups, the sum and difference of each MO has to be considered. For example, 

Ψ1 gives Ψ1 + Ψ' 1 of symmetry a1g, which interacts with the metal dz2, as shown in (b), and Ψ1 - 

Ψ' 1, of symmetry a2u, which interacts with pz, as shown in (c). For clarity, only one lobe of the 

Cp p orbitals is shown. 
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Metallocenes from groups 9 and 10 have one or two electrons in antibonding orbitals; this makes 

CoCp2 and NiCp2 paramagnetic and much more reactive than FeCp2. nineteen electron CoCp2 

also has an 18e cationic form, [Cp2Co]+. Chromocene  and vanadocene have fewer than 18e and 

are also paramagnetic, as Fig. 5.5 predicts. Predominantly ionic MnCp2 is very reactive because 

the high spin d5 Mn2+ ion provides no crystal field stabilization. The higher-field C5Me5, denoted 

Cp*, on the other hand, gives a much more stable, low-spin MnCp*2. 

 

 

 

 

 

 

 

 

 

                                      Fig. 5.5: The d-orbital occupation of some metallocenes. 

 

Ferrocene:  

 The cyclopentadienyl group, C5H5, may bond to metals in a variety of ways, with many 

examples known of the η1-, η3-, and η5-bonding modes. The discovery of the first 

cyclopentadienyl complex, ferrocene, was a landmark in the development of organometallic 

chemistry In 1951, in an attempt to synthesize fulvalene from cyclopentadienyl bromide, Kealy 

and Pauson reacted the Grignard reagent cyclo- (C5H5)MgBr with FeCl3. This reaction did not 

yield fulvalene but an orange solid having the formula (C5H5)2Fe, ferrocene. 
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For each of the cyclopentadienyl rings, all five of the C atoms are equidistant from the metal ion, 

so that the two ring systems are parallel to each other just like the slices of bread in a sandwich, 

with the metal stuck in between them. The initial study indicated that the rings were in a 

staggered conformation. Electron diffraction studies of gas-phase ferrocene, on the other hand, 

showed the rings to be eclipsed, or very nearly so. More recent X-ray diffraction studies of solid 

ferrocene have identified several crystalline phases, with an eclipsed conformation at 98 K and 

with conformations having the rings slightly twisted (Skew) in highertemperature crystalline 

modifications. 

 

 

 

 

Synthesis: Ferrocene and other cyclopentadienyl complexes can be prepared by 

reacting metal salts with NaC5H5. 

FeCl2 + 2NaC5H5  →(η5-C5H5)2Fe + 2NaCl 

Ferrocene is the prototype of a series of sandwich compounds, the metallocenes, with the 

formula (C5H5)2M. Electron counting in ferrocene can be viewed in two ways. One possibility is 

to consider it an iron(II) complex with two 6-electron cyclopentadienide (C5H5
-) ions, another to 

view it as iron(0) coordinated by two neutral, 5 -electron C5H5 ligands. The actual bonding 

situation in ferrocene is more complicated and requires an analysis of the various metal–ligand 

interactions that discussed above. 

Reactions of Ferrocene: 

Ferrocene,. It undergoes a variety of reactions, including many on the cyclopentadienyl rings. A 

good example is that of electrophilic acyl substitution (Figure below), a reaction paralleling that 

of benzene and its derivatives.  
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In general, electrophilic aromatic substitution reactions are much more rapid for ferrocene than 

for benzene, an indication of greater concentration of electron density in the rings of the 

sandwich compound. 
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Ferrocene shows much more chemical stability than cobaltocene and nickelocene; many of the 

chemical reactions of the latter are characterized by a tendency to yield 18-electron products. For 

example, ferrocene is unreactive toward iodine and rarely participates in reactions in which other 

ligands substitute for the cyclopentadienyl ligand. However, cobaltocene and nickelocene 

undergo reactions to give 18-electron products: 

 

 

 

Cobalticinium reacts with hydride to give a neutral, 18 –electron sandwich compound in which 

one cyclopentadienyl ligand has been modified into η4-C5H6 

 

 

 

 

Electrons 19 and 20 of the metallocenes occupy slightly antibonding orbitals; as a consequence, 

the metal–ligand distance increases, and ΔH for metal–ligand dissociation decreases. 
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