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Case 1: Migratory NO Insertion followed byPH3 Addition 

Motivation 
Mechanism of migratory CO insertion followed by ligand addition is well known.  (Year 2 course!)  
The NO ligand is similar to CO in that σ-bonding π-bonding and π-backbonding are possible, yet 
the migratory-insertion reaction is more limited.  The mechanism could proceed via the established 
route for CO insertion (or methyl migration) followed by ligand addition (Figure 1), with NO 
instead of CO. 
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Figure 1 NO insertion into Co-CH3 bond followed by PH3 addition to generate CpCo(PH3)N(O)CH3. 

However, the NO ligand is more versatile than the CO ligand, it can act as a 2e (bent) or 3e donor 
(linear).  This electronic character is known to play an important role in providing low energy paths 
in other reactions.  There may be another route for the overall reaction; ligand addition followed by 
migratory NO insertion (Figure 2). 
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Figure 2 PH3 addition followed by NO insertion into Co-CH3 bond to generate CpCo(PH3)N(O)CH3. 

Route 1: NO insertion followed by phosphine addition 
Route 2: phosphine addition followed my NO insertion 
 
Niu and Hall have made a study of the mechanism for the migratory insertion and PR3 addition. 
They have also looked at the accuracy of a range of methods for producing geometries and energies 
along both reaction paths.  We will consider only the first of these reactions in detail. 
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Mechanism (I) 
The starting complex is the methyl nitrosyl complex (2), NO insertion forms via TS(a) the 
intermediate η2-methylnitrosocomplex (3a) which can undergo a change of coordination via TS(b) 
to form 3(b).  On phosphine addition (3a) forms (5a), and (3b) forms (5b), Figure 3.  (5a) and (5b) 
can interconvert via rotation around the Co-N bond through TS(c).  I have used the same numbering 
as in the JACS paper. 
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Figure 3 Proposed Mechanism 

 
While predicting the intermediate steps of the reaction may not be too difficult, predicting which 
will be more stable, and which will have the higher transition states is not possible.  Calculations 
can be carried out, using as a starting guess the structures proposed in the mechanism.  Obtained are 
optimised structures (lowest energy structures) and energies.  The electron density, and molecular 
orbitals of the optimised structures can also be examined and various properties deduced, we will 
examine these later in this course. 
Niu and Hall report on the optimised structures in Figure 1 of the JACS paper, a couple have been 
reproduced below in Figure 4.  Note that the structures obtained include transition states which 
may be impossible to isolate experimentally.  More importantly the relative energy of all the 
structures has been determined.  The critical points on the potential energy surface have been given 
in Figure 3 of the JACS paper, and I have produced my own interpretation in Figure 5 on the next 
page. 

      
Figure 4 Structures 2, TS(a) 
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Figure 5: Energy profile for the reaction.  First energy given is for B3LYP calculations and the second energy given is 

for the CCSD calculations. 

 
The transition state (TS(a)) going to the intermediate on the migratory-insertion step is 10.38 
kcal/mol.  (energies are reported in Table 2 of the JACS article).  The intermediate (3a) is 7.59 
kcal/mol higher in energy than the starting material, however on addition of PH3, the overall 
reaction is exothermic, (5a) is 11.46 kcal/mol more stable than the starting material, and after 
rotation about a very small barrier (TS(c)) 0.13 kcal/mol, obtains the global minimum, ie the 
products at –16.27 kcal/mol (compared to the starting material). 
 
The interconversion from (3a) to (3b) passes through a high energy TS (TS(b) at 22.49 kcal/mol, 
but the intermediate (3b) is only slightly less stable than the starting materials, and more stable than 
intermediate (3a).  Notice that there is no barrier to the addition of PH3, ie no transition states exist 
between 3a and 5a, and 3b and 5b. 
 
The mechanism therefore will be (2)->TS(a)->(3a)->(5a)->TS(c)->(5b), because the barrier to 
TS(b) is very high.  The rate determining step is determined by the highest barrier along the 
reaction path just defined, which is that of TS(a).  Thus migratory-insertion of the NO is the rate 
determining step, moreover the PH3 addition occurs without a barrier. 
 
Now that we have seen some of the information that has been obtained from the calculation, let us 
examine the type of calculations used to obtain these structures and energies.  On the next page I 
have reproduced the computational details section from the JPCA paper, and beside it I have 
discussed various components of these details. 
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Computational Details 
II. Computational Details 
All geometries were optimized at the RHF, B3LYP, and MP2 
levels. The geometries of the reactant 2 and product 4 were 
also optimized at the CISD level. In our ab initio 
calculations 
we replaced the phosphine group in the actual molecules by 
PH3.7 The transition states were determined and characterized 
by calculating the Hessian matrix. In a special case of a very 
small conversion barrier between two species at the MP2 
level, 
a linear synchronous transit8 (LST) was used for transition-
state 
and intermediate calculations. Becke’s three-parameter 
hybrid 
method9 using the Lee-Yang-Parr correlation functional5 

(B3LYP) was employed in all DFT calculations. 
For a comparison of electron correlation effects and the 
accuracy of calculated energies, MP2, MP3,10 MP4SDQ,11 

CISD, CISD(SCC),6 QCISD,12 CCSD,13 and CCSD(T)14 

calculations 
with all orbitals active were carried out with geometries 
optimized at the RHF, MP2, and B3LYP levels. To 
determine 
the possible multireference character of complexes, a 
complete 
active space multiconfiguration SCF (CASSCF)15 

calculation 
was employed in a special case. 
Three different basis sets were employed in the geometry 
optimization, the SCF instability, and energy calculations, 
which 
are denoted as BS1, BS2, and BS3. Effective core potentials 
(ECPs) were used for all atoms except hydrogen. BS1 is 
described as the following. For cobalt, the 3s and 3p 
electrons 
were taken as active, and core potentials and basis sets were 
described with the double-ζ basis (541/41/41) of Hay and 
Wadt.16 For carbon, nitrogen, oxygen, and phosphorus, the 
ECPs and basis sets of Stevens, Basch, and Krauss17 were 
used 
in double-ζ form. [He] and [Ne] configurations were taken as 
cores for the first- and second-row main group atoms, 
respectively. 
The Dunning-Huzinaga (31) double-ζ basis set was 
used for the hydrogen atom.18 BS2 results from BS1 by 
adding 
polarization functions19 to all carbon, nitrogen, and oxygen 
atoms. BS3 results from BS1 by adding an f-type 
polarization 
function (2.70) to cobalt20 and d-type polarization functions 
into 
oxygen, nitrogen, and carbon atoms except those in the 
cyclopentadienyl ring.19 

All ab initio calculations were performed with GAMESSUK, 
21 GAUSSIAN92, and GAUSSIAN94 programs19 at the 
Cornell Theory Center on IBM ES6000 and Scaleable 
Powerparallel 
(SP1 and SP2) workstations and at the Supercomputer 
Center of Texas A&M University on SGI Power Challenge 
and 
SGI Indigo I and II (Power Indigo) workstations in our 
laboratory and at the Institute Scientific Computation (ISC) 
of 
Texas A&M University. 
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◆ Calculations cover standard range for TM complexes, and a little more as CISD is a very high 
level for the size of this complex 

◆ The phosphine group present in the experimentally studied compound has been replaced by PH3 
◆ We will discuss Hessian matrices later, however these comments indicate they had some trouble 

locating some of the transition states 
◆ We will discuss the form of the DFT functionals next week, as well as the difference between 

some of these high level methods.  These methods are listed in a roughly increasing order of 
complexity. 

◆ These workers have made a study of the accuracy of a range of methods for producing 
geometries and energies along a reaction path. 

◆ Several basis sets were used BS1, BS2, & BS3 with ECP's to replace core electrons on all heavy 
atoms 

◆ Co=1s22s22p63s23p63d74s2 
 ECP has replaced 1s22s22p6 

• Hay & Wadt is a common ECP 
• Has its own associated basis sets 
• Basis sets for 3s23p63d74s2  
• Double zeta contraction (541/41/41) this will be an (s/p/d) contraction pattern 

◆ Somewhat unusually ECPs were placed on C, P, N, O atoms 
• Stevens, Basch, and Krauss PP and basis sets. 
• C,N, O: [He] core is just 1s2 
• Double zeta basis for 2s22px 
• P: [Ne] core is just 1s22s22p6 
• Double zeta basis for 3s23px 

◆ H has basis set we know 
• Dunning-Huzinaga (31) double zeta 

◆ BS2 has polarisation functions 
• on C, N, O (ie not H) 
• these will be d-functions 
• Reference will be to a work detailing the exponents and coefficients of these functions 

◆ BS3 has polarisation functions 
• Co set f-functions  
• C, N, O set d-functions 
• Except C in ring 
• Reference 

◆ Specified programs used 
◆ Specified machines calculation run on 


