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FIGURE 4.1. Bonding of CO to a transition metal, including both sigma donation .. 

and pi acceptance by CO. 

electron density from the filled d-orbitals on the metal into the CO antibond- 
ing orbitals, pi back-bonding. Each of these types of bonding reinforces the 
other (sigma bonding increases the electron density on the metal, which 
enhances the pi back-bonding), creating a synergic interaction. The back- 
bonding into the CO antibonding orbital weakens the C-0  bond, as shown 
by a lengthening of the C-0  bond and a decrease in the infrared stretching 
frequencies of the carbonyls with respect to carbon monoxide. Synergic or 
dual binding is also observed for phosphorus bases and ethylene as shown in 
Figure 4.2. Phosphorus bases-phosphites, P(OR)3, and phosphines, PR3 - 
may utilize the d-orbitals to accept pi-electron density.* The sigma bonding of 
ethylene involves donation of the bonding electron density to the metal and 
back-bonding into the anti-bonding orbital. There has been much discussion 
in the literature about the relative amounts of pi- and sigma-bonding in a 
given ligand. A number of techniques including infrared spectroscopy,' car- 
bon-13 and phosphorus-31 NMR,2*3 and reaction chemistry4 have been used 

"The bonding of phosphorus ligands has been an area of active discussion for a number of 
years; the relative degrees of sigma donation and pi acceptance of electron density have been the 
focus of discussion. Recently it has been suggested that phosphines, PR3, do not accept electron 
density from a metal5 For alkyl phosphines (PMe3, PEt,, PBu3, etc.) this may be correct. Cer- 
tainly the predominant bonding is from the very strong electron donation. For these ligands the 
most accurate statement is that alkyl phosphines have a d-orbital that may accept electron 
density. For aryl phosphines such as PPh3, however, pi acceptance appears to be significant. The 
most straightforward evidence is from the Cr-PPh3 bond lengths of trans-Cr(CO),LPPh,[L = 
PBu,, P(OMe),, P(OPh),, C0].6 

ligand trans Cr-PPh3 bond length (A) 
PBu3 2.345(3) 
P(OMe)3 2.362(2) 
P(OPh)3 2.393(1) 
CO 2.422(1) 

The shortening of the Cr-PPh, bond as the donor strength of the trans ligand increases is most 
easily accommodated in terms of pi acceptance by PPh3. 

FIGURE 4.2. Bonding schemes for phosphines and ethylene in organometallic 
complexes. 

to assess the binding capabilities. The following ordering is generally ac- 
cepted for the common ligands in organometallic substitution reactions: 

for sigma donation 

and for pi acceptance 

Any discussion of the electronic binding of these ligands is complicated by 
steric interactions of the rather bulky phosphine and phosphite ligands. The 
relative size of the ligands is as  follow^:^ 

Each of these ligand parameters is important in discussing reactivity of or- 
ganometallic compounds. As we investigate reactions of organometallic 
complexes, we shall often refer to sigma-bonding ability, pi-accepting ability, 
or size of the ligand. 
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Substitution of several metal carbonyl complexes shows a small depen- 
dence on the nature and concentration of the entering ligand.14J5 

Mo(CO),Am + L - MO(CO)~L + Am (Am = arnine) 4.7 

Under pseudo first order conditions, the rate law for these substitutions had 
two terms, as shown below for Cr(C0)6: 

rate = k,[Cr(CO),] + k,[Cr(CO),][L] 

The second order term was always much smaller than the first order 
term.14,15 It was originally suggested that this rate law indicated competing 
ligand attack on the metal and CO dissociation.14 

An alternative mechanism that ascribes the second order term to dissociative 
interchange (Id) has been suggested for the M o ( C O ) ~ A ~  system, which has a 
similar rate law.15 This mechanism is outlined as  follow^:'^ 

k 
M(CO),, & (M(CO),,-,S, CO) M(CO),,-IS -I- CO 

k- f k-10 

Here S represents the solvent and the angular brackets enclose solvent-en- 
cased substrate and a species occupying a favorable site for exchange. These 
equations reduce to the observed rate law. This process seems much more 
reasonable than the concurrent formation of 16- and 20-electron interme- 
diates that would be required in competing dissociative and associative steps. 
Thus the body of evidence for the simple metal carbonyls indicates CO 
dissociation is the mechanism of ligand substitution reactions. 

Metal Effects on Reactivity 
It has been recognized for a number of years that reactivity increases in 

the order "first row < second row > third row" for substitution reactions. 
The data in Table 4.4 show the effect for two homologous s e r i e ~ . l ~ ~ ~ ~  In each 
case described in Table 4.4 the reaction proceeds by dissociation of a ligand. 

> ,  > L , , , . , , 

METAL CARBONYL SUBSTITUTION REACTIONS 

10' 

TABLE 4.4 
- - 

Rate Constants for Substitution Reactions of M(CO), and M[P(OEt),],. 

aReaction with PPh,. Values for Mo and W are estimated from other temperatures. 
bFor Ni the reaction was with cyclohexylisocyanide; for Pd and Pt the values were esti- 
mated from other temperatures for exchange reactions. 

In general for organometallic substitution reactions the second row complex 
reacts most rapidly, but it is more difficult to generalize between first and 
third row complexes. The data illustrate this difficulty. For carbonyl com- 
plexes the third row complex usually reacts more slowly in dissociative reac- 
tions. 

The effect of changing the metal across a row has not been thoroughly 
investigated, but the reactivity changes significantly. From qualitative, semi- 
quantitative, and quantitative data the following order of reactivity for the 
metal carbonyl complexes can be derived: 

n 
Co(CO),, Mn(C0)5 > V(CO)6 > Ni(CO), > Ti(CO),(P P), > Cr(CO), > Fe(CO), 

This order spans about ten orders of magnitude in rate and indicates a change 
in reactivity with the metal center that is large, comparable to that observed 
for Werner-type complexes. For the analogous compounds of chromium, 
iron, and nickel that have been quantitatively investigated, the order of 
reactivity is 

with about 108 difference in rate between nickel and iron complexes. Data for 
different ligafids are shown in Table 4.5.17 In each case the reactions proceed 
by first order kinetics and have been assigned to ligand dissociation. There are 
no data to suggest that the reactivity order shown in Table 4.5 arises predomi- 
nantly from ground state energy differences.15 A possible explanation of the 
variation of the rate of substitution with the metal has been offered in terms 
of the crystal field activation energies (CFAE) for these substitution reac- 
tions.17 Crystal field activation energies have proven quite useful in inter- 
preting the reactivity of classical coordination complexes as shown in Chap- 
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