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Abstract 
The high stability of the experimentally known homoleptic 1-norbornyl 

derivative (nor)4Fe of iron in the unusual +4 oxidation state is a consequence of 
the high reaction barriers of the singlet or triplet potential surfaces constrained by 
the global dispersion attraction and the large steric demands of the norbornyl 
groups. The much more limited stability of the corresponding cyclohexyl 
derivative (cx)4Fe may result from the conical intersection between the singlet 
potential surface and the quintet spin potential surface arising from the weaker 
dispersion attraction and the reduced steric effect of the cyclohexyl groups 
relative to the 1-norbornyl groups. In contrast, the high stability of the likewise 
experimentally known (cx)4M (M = Ru or Os) structures results from the larger 
ligand field splitting (Δ) of the d-orbital energies for the second and third row 
transition metals ruthenium and osmium relative to that of the first row transition 
metal iron. The cyclohexyl derivative (cx)4Fe is predicted to be reactive towards 
carbon monoxide to insert CO into up to two Fe–C bonds. However, the 
dispersion effect as well as the much larger size of the 1-norbornyl substituents 
prevents similar reactivity of (nor)4Fe with carbon monoxide. 
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1. Introduction 
Iron derivatives in the unusual +4 formal oxidation state are of interest as 

agents for activating C-H bonds to introduce halogen or oxygenic substituents.1,2 In 
this connection many spectroscopic and synthetic studies focus on Fe(IV) heteroleptic 
complexes. However, relatively few homoleptic Fe(IV) species are known and the 
few known such species have received relatively little attention.3,4,5,6,7,8 The species 
(cx)4Fe (cx = cyclohexyl)2,7 and (nor)4Fe (nor = 1-norbornyl) 3,5 are two important 
representive compounds with the four alkyl ligands coordinated to the central Fe(IV) 
atom in a nearly ideal tetrahedral environment (Figure 1).  Dispersion effects have 
been shown to be significant in stabilizing such species. However, the thermal 
stabilities of these two R4Fe structures were observed to be totally different. Thus 
(cx)4Fe is stable only below –20 °C,2,3 whereas (nor)4Fe remains stable at 23 °C.7 The 
mechanism for the thermal decomposition of these two R4Fe complexes remains fully 
unknown although the attractive dispersion effect has been suggested as a factor 
determining their relative stabilities. Thus the dispersion force imposed by the much 
larger 1-norbornyl groups in the (nor)4Fe structure is considered to be larger than that 
for the cyclohexyl groups in the (cx)4Fe structure.2,3 However, theoretical studies on 
on how the dispersion effect can lead to such different thermal stabilities are still very 
limited. The cyclohexyl ligands in (cx)4Fe are much more amenable to reductive 
coupling, homolytic bond cleavage, and α- and β-hydride elimination relative to the 
1-norbornyl ligands in (nor)4Fe. However, the strong dispersion attraction and high 
ring constraint of the 1-norbornyl ligands in (nor)4Fe make α- and β-hydride 
elimination unlikely. Furthermore, the crowded environment caused by the tightly 
interlocked 1-norbornyl fragments hinders the pentration of small molecules to 
interact with the Fe-C bonds. Such factors lead to reduced chemical reactivity of 
(nor)4Fe relative to (cx)4Fe.3 

 
 

Fe(cyclohexyl)4                         Fe(1-norbornyl)4 
  

Figure 1. The experimentally known Fe(IV) Compounds Fe(1-norbornyl)4 
2,3 and 

Fe(cyclohexyl)4.5,7   
 

In sterically crowded molecules with large hydrocarbon substituents, steric 
repulsion and attractive dispersion forces are substantial enough to influence their 
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physical and chemical properties. London dispersion forces, which are always 
present, become significant enough to influence the stability, structure, and reactivity 
of inorganic and organometallic derivaties bearing sterically large groups. The 
London dispersion forces in such molecules with bulky organic groups are sufficient 
to hold the molecule together.9,10,11,12,13,14,15 In addition, for compounds containing 
high-valent metal centers, the strong Coulombic interactions resulting from the high 
charge density on the metal atoms can also significantly affect their stabilities. The 
competition between dispersion and electrostatic interactions may simultaneously 
determine the chemical and physical properties of the inorganic and organometallic 
derivaties. 

The 1-norbornyl and cyclohexyl groups both are reasonably strong field ligands 
also providing significant attractive London dispersion forces and Coulombic 
interactions to stabilize abnormally high formal metal oxidation states in alkyl 
derivatives. However, the dispersion effect and Coulombic interactions are not 
sufficient to account for the extreme stabilities of the isostructural homologues 
(cx)4Ru and (cx)4Os having metal-carbon bonding distances similar to the much less 
stable (cx)4Fe structure.16 The relative instability of the (cx)4Fe structure is suggested 
to relate to the equatorial disposition of the central iron atom on the cyclohexyl ring 
causing steric repulsion. This kind of conformational change could be precluded by 
the attractive dispersion and Coulombic interactions both in (nor)4Fe and (cx)4Fe. In 
order to provide a more detailed understanding of the widely different stablities of 
(nor)4Fe and (cx)4Fe we have now undertaken a detailed theoretical study reported 
here.  

  

2. Theoretical Methods 
 Dispersion effects are found to be important in structures containing sterically 
demanding groups6,13.17 Thus computational studies have shown that some molecules 
can be stabilized significantly by dispersion effects.10,16 The B3PW91-D3 method18,19 
with Grimme’s D3 dispersion scheme20,21 and the hybrid meta-GGA DFT method 
ωB97xD functional22 including empirical dispersion contributions were used with the 
Gaussian 09 program23 to optimize the geometries of all structures in the present 
paper. The reduced density gradients (RDG)24 indicating the noncovalent weak 
interactions implemented in Multiwfn25 were used to study the bonding characters of 
some selected structures. The Gibbs free energies were calculated in the gas phase 
using the Gaussian09 package with the formulas H = E + RT, G = H - TS, where H is 
the enthalpy and S is the entropy.  
 Double-ζ plus polarization (DZP) basis sets were used for the DFT 
optimizations in this research. For carbon one set of pure spherical harmonic d 
functions with orbital exponent αd(C) = 0.75 is added to the standard 
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Huzinaga-Dunning contracted DZ sets. This basis set is designated 
(9s5p1d/4s2p1d).26,27 For hydrogen, a set of p polarization functions αp(H) = 0.75 is 
added to the Huzinaga-Dunning DZ sets. For the transition metals, in our loosely 
contracted DZP basis sets, the Wachters’ primitive sets are used, but augmented by 
two sets of p functions and one set of d functions, contracted following Hood et al., 
and designated (14s11p6d/10s8p3d).28,29 

The geometries of all structures were fully optimized by using the above two 
DFT methods with the (120, 974) integration grid. Small imaginary frequencies were 
assumed to arise for the optimized structures because of numerical integration errors. 
For benchmarking the results with DFT mehods and DZP basis sets, the single point 
energies for some selected structures were also computed by the much higher level 
DLPNO-CCSD(T)/def2-TZVP method30,31 implemented in the ORCA program32 and 
the B3PW91-D3/def2-TZVP method in Gaussian 09 program based on the geometries 
obtained by the ωB97xD /DZP method. 	   	  

 
3. Results and Discussion 

3.1 Dissociation of R4Fe (R = cx and nor) 
The present computations predict that the lowest energy (cx)4Fe structure has 

S4 symmetry corresponding to a highly symmetrical tetrahedral coordination 
environment. However, the more reliable DLPNO-CCSD(T)/def2-TZVP method 
predicts a triplet (cx)4Fe structure with D2 symmetry to lie only 1.2 kcal/mol lower 
than its highly symmetric singlet structure. A quintet energy (cx)4Fe structure is found 
to lie only 3.1 kcal/mol in energy above its singlet isomer (Table 1). These 
calculations suggest a close separation between potential energy surfaces of different 
spins.  

In the corresponding predicted singlet (nor)4Fe structure, the tetrahedral 
coordination of the 1-norbornyl groups to the central iron atom is slightly distorted. 
Both DFT methods and the more accurate DLPNO-CCSD(T)/def2-TZVP method 
predict this singlet (nor)4Fe structure to be the lowest energy structure consistent with 
the experimental observation of its diamagnetism. The ωB97XD/DZP method 
predicts the triplet and quintet spin states of (nor)4Fe to lie 6.9 and 12.0 kcal/mol, 
respectively, above the singlet isomer (Table 2). The DLPNO-CCSD(T)/def2-TZVP 
method predicts only slightly higher energies for the higher spin states of (nor)4Fe, 
namely, 2.4 and 3.9 kcal/mol for the triplet and quintet states, respectively (Table 1). 

Two possible dissociation schemes for these R4Fe derivatives have been 
suggested (Figure 2). These relate to understanding the widely different thermal 
stabilities of (cx)4Fe and (nor)4Fe. In order to evaluate these dissociation schemes, 
optimization of the dissociation products R3Fe and R2Fe (R = cx and nor) is required. 
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For (cx)3Fe, all methods used in the present study predict the quartet state to be lower 
in energy than the doublet state. For the (cx)2Fe structure, the quintet state is predicted 
to be the ground state by both DFT methods and the DLPNO-CCSD(T)/def2-TZVP 
method (Table 2). The dissociation fragments for the two proposed dissociation 
schemes are neutral, and the reactants and products have different spin states. 
Dissociation from the experimentally known singlet tetraalkyl (cx)4Fe or (nor)4Fe 
structures to the neutral dialkyl fragments (cx)2Fe or (nor)2Fe in the energetically 
preferred quintet spin state or the trialkyl fragments (cx)3Fe or (nor)3Fe in the 
energetically preferred quartet state requires spin flipping. Such reactions will occur 
through a conical-intersection with a crossing region between the different spin states 
of the tetraalkyls (cx)4Fe or (nor)4Fe.  
 
Table 1. Relative energies (in kcal/mol) for different spin states of the (cx)nFe (n = 4, 3, 2) 
structures with the lowest energy structures indicated in bold. 

  ΔE (kcal/mol) 

 
 

ωB97XD/DZP DLPNO-CCSD(T)/ 
def2-TZVP* 

(cx)4Fe Singlet 0.0 0.0 
 Triplet 3.7 –1.2 
 Quintet 12.2  3.1 

(cx)3Fe Doublet 6.3 10.4 
 Quartet 0.0 0.0 

(cx)2Fe Singlet 57.3 66.9 
 Triplet 15.3 31.2 
 Quintet 0.0 0.0 

*The energies are computed as the single point energies from the geometries of 
ωB97XD/DZP method. 
	  

Table 2. Relative energy differeces (in kcal/mol) for different spin states of (cx)4Fe and 
(nor)4Fe. 

*The energies are computed as the single point energies from the geometries of 
ωB97XD/DZP method. 

Removal of one cyclohexyl ligand from (cx)4Fe by the reaction (cx)4Fe → 
(cx)3Fe + cx• is an endothermic process requiring 38.8 kcal/mol 

 (cx)4Fe (nor)4Fe 

 ωB97XD 
/DZP 

DLPNO-CCSD(T)/ 
def2-TZVP* 

ωB97XD/ 
DZP 

DLPNO-CCSD(T)/ 
def2-TZVP* 

Singlet 
(Exp.) 

0.0  0.0 0.0 0.0 

Triplet 3.7 –1.2 6.9 2.4 
Quintet 12.2 3.1 12.0 3.9 
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(DLPNO-CCSD(T)/def2-TZVP). However, dissociation of cyclohexyl dimer cx-cx  
from (cx)4Fe by the reaction (cx)4Fe → (cx)2Fe + cx-cx is an exothermic process, 
releasing 22.9 kcal/mol (DLPNOCCSD(T)/def2-TZVP). These thermochemical results 
for the above two reactions suggest that dissociation of (cx)4Fe through the second 
scheme by elimination of cx-cx is more probable than that through the first scheme by 
elimination of cx• (Table 3). 

	  
Figure 2. Two proposed dissociation schemes for the R4M structures, where M = 
transition metal and R = 1-norbornyl (nor) or cyclohexyl (cx). 
 
Table 3. Dissociation energies (in kcal/mol) for the reactions (cx)4Fe → (cx)3Fe + cx• 
and (cx)4Fe –> (cx)2Fe + cx-cx predicted at different theoretical levels.	  

 (cx)4Fe → (cx)3Fe + cx• 
DLPNO-CCSD(T)a ωB97XD 

 
ωB97XD 

 

B3PW91-D3b B3PW91 ΔE(–D3)  
def2-TZVP DZP DZP def2-TZVP DZP Def2-TZVP b DZP def2-TZVP 

38.8 43.3 53.5  46.3 34.8 29.3 18.7 17.0 	  
(cx)4Fe → (cx)2Fe + cx-cx 

DLPNO-CCSD(T)a ωB97XD 
 

ωB97XD 
 

B3PW91-D3b B3PW91 ΔE(–D3) 
def2-TZVP DZP DZP def2-TZVP DZP Def2-TZVP b DZP def2-TZVP 

-22.9 -12.0 5.1 1.2 -15.7 -19.6 20.8 20.8 
a The energies are computed as the single point energies from the geometries of the ωB97XD/DZP 
method. 
b The energies are computed as the single point energies from the geometries of the B3PW91/DZP 
method. 

  
Similar dissociation energies are predicted for (nor)4Fe (Table 4). Thus 

dissociation of (nor)4Fe by eliminating nor• is endothermic by 41.5 kcal/mol 
(DLPNO-CCSD(T)/def2-TZVP). However, dissociation of 1-norbornyl dimer nor-nor 
from (nor)4Fe by the reaction (nor)4Fe → (nor)2Fe + nor-nor is exothermic, releasing 
27.4 kcal/mol (DLPNOCCSD(T)/def2-TZVP. The ωB97XD/DZP method predicts 
more consistent dissociation energies with the more reliable 
DLPNO-CCSD(T)/def2-TZVP method. However, the B3PW91/def2-TZVP method 
predicts better energy differences for dissociation of R4Fe to R2Fe + R2 and bad 
dissociation energies for dissociation of R4 to R3Fe + R•. These benchmarking studies 
indicate the suitability of DFT methods with DZP basis sets for investigating 
dispersion effects in R4Fe dissociation reactions. 
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The cyclohexyl derivative (cx)4Fe was observed to be unstable at temperatures 
above –20 °C. However, the norbornyl derivative (nor)4Fe was observed by Bower 
and Tennent5 to be stable up to 23 °C.5 The thermodynamics of the exothermic 
reactions R4Fe → R2Fe + R–R are related to the stabilities of the two different Fe(IV) 
compounds (cx)4Fe and (nor)4Fe. The potential energy surfaces of different spin states 
of the (cx)4Fe structure containing the key structures were calculated by the 
ωB97XD/DZP and DLPNO-CCSD(T)/def2-TZVP methods. For the singlet potential 
energy surface, a very high barrier of 82.7 kcal/mol (Figure 3a) was predicted for the 
(cx)4Fe → (cx)2Fe + cx-cx reaction by the more accurate 
DLPNO-CCSD(T)/def2-TZVP method (Figure 3a). A lower reaction barrier of 
42.6 kcal/mol is calculated for the triplet spin states of (cx)4Fe at the same theoretical 
level. An even lower reaction barrier of 18.1 kcal/mol was predicted by the 
DLPNO-CCSD(T)/def2-TZVP method for the quintet potential energy surface of 
(cx)4Fe.  
	  

Table 4. Dissociation energies (in kcal/mol) for the reactions (nor)4Fe → (nor)3Fe + 
nor• and (nor)4Fe → (nor)2Fe+nor-nor predicted by at different theoretical levels.	  

(nor)4Fe → (nor)3Fe + nor• 

DLPNO-CCSD(T)*  

ωB97XD 
 

B3PW91-D3b B3PW91 ΔE(–D3)  

def2-TZVP DZP DZP def2-TZVP DZP Def2-TZVPb DZP def2-TZVP 
41.5 47.7 56.5 53.1 31.3 27.6 25.4 25.5 

(nor)4Fe → (nor)2Fe +nor-nor 

DLPNO-CCSD(T)  

ωB97XD 
 

B3PW91-D3b B3PW91 ΔE(–D3) 

def2-TZVP DZP DZP def2-TZVP DZP Def2-TZVP b DZP def2-TZVP 
-27.4 -5.6 2.2 -1.8 -29.3 -33.3 31.5 31.5 

a The energies are computed as the single point energies from the geometries of the ωB97XD/DZP 
method. 

b The energies are computed as the single point energies from the geometries of the B3PW91/DZP 
method. 

 

Similar barriers for the (nor)4Fe → (nor)2Fe + nor-nor dissociation process 
decreasing with increasing spin states are predicted for the (nor)4Fe compounds 
(Figure 3b). Thus the barrier for decomposition of quintet (nor)4Fe is even lower, 
namely 14.2 kcal/mol at the DLPNO-CCSD(T)/def2-TZVP level, than that of quintet 
(cx)4Fe. This would seem to suggest that (nor)4Fe should be less stable than (cx)4Fe 
because of the lower reaction barrier in the quintet state. However, the geometry of 
quintet (cx)4Fe with D2 symmetry is distorted significantly from that of singlet (cx)4Fe 
with S4 symmetry and an almost ideal tetrahedral coordination of the central iron atom 
as determined by X-ray crystallography. In contrast, the high spin (nor)4Fe geometry 
is not as significantly distorted from that in the singlet (nor)4Fe structure than that for 
quintet (cx)4Fe. This suggests that constraints resulting from the steric repulsions and 
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the dispersion attractions among different ligands in the tetraalkyliron compounds 
(nor)4Fe and (cx)4Fe determine their relative stabilities. If the R4Fe → R2Fe + R-R 
dissociation scheme is possible, a spin-flip is needed at the conical intersection in the 
crossing region. For (cx)4Fe, the slightly higher energy quintet state structure may 
force the experimentally determined singlet structure to relax and cross with the 
quintet potential surface having a lower reaction barrier than the value of 
18.1 kcal/mol predicted by the DLPNO-CCSD(T)/def2-TZVP method. For (nor)4Fe, 
the more sterically demanding norbornyl ligand and the stronger dispersion attraction 
among the norbornyl ligands leads to little distortion of the structure in going from the 
singlet to the quintet spin state. Therefore, the conical intersection between the singlet 
potential surface and the high spin potential surface may not be relevant. As a result, 
the much higher barrier for the (nor)4Fe → (nor)2Fe + nor-nor dissociation makes the 
experimentally known (nor)4Fe more resistant towards such dissociation.  

 
	  

(a) 

	  
(b) 

	  

Figure 3. The reaction paths of the R4M → R2M + R-R dissociation scheme for 
(a) the (cx)4Fe structure, and (b) the (nor)4Fe structure. (ΔE and ΔG are the 
reaction energy and Gibbs free energy barriers and ΔE’ is the energy difference 
between the exit complex and the free products). 
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The dispersion effect in stabilizing the R4M derivatives (R = cx or nor; M = Ti 
to Ni) compounds was studied by the B3PW91-D3/DZP method (Tables 5 to 8 and 
Figure 4). The results show that the energy lowering from the dispersion attraction is 
more significant in the (nor)4M compounds than in the (cx)4M compounds. This may 
be caused by the larger size and steric effect of the norbornyl ligand relative to the 
cyclohexyl ligand. For the dissociation scheme (cx)4M → (cx)3M + cx• , the 
dispersion stabilization energy ranges from 12.5 kcal/mol for (cx)4Ni to 24 kcal/mol 
for (cx)4Fe. For the dissociation scheme (nor)4M → (nor)3M+ nor• the dispersion 
energies range from 18.2 kcal/mol for (nor)4Cr to 25.4 kcal/mol for (nor)4Fe. For the 
R4M → R2M + R-R dissociation scheme, the stabilizing energies in the (cx)4M 
compounds range from 13.4 kcal/mol for (cx)4Cr to 20.8 kcal/mol for (cx)4Fe.  
However, for the (nor)4M derivatives such stabilizing energy ranges from 
19.0 kcal/mol for (nor)4Ti to 31.5 kcal/mol for (nor)4Fe. The stabilizing energy from 
the dispersion effect in the experimentally known (nor)4Fe is 10.7 kcal/mol larger 
than that in (cx)4Fe in terms of the R4M → R2M + R-R dissociation process. This 
indicates a particularly strong dispersion effect among the norbornyl ligands.  

	   	   	   	   	  
Figure 4. Dispersion corrected energies for the dissociation schemes R4M → R3M + 
R• and R4M → R2M + R-R (M=Ti to Ni) predicted at the B3PW91/DZP level. 

 
Table 5. Dissociation energies for the reactions (cx)4M → (cx)3M + cx•  
(kcal/mol). 

(cx)4M → (cx)3M + cx• 
 B3PW91-D3 B3PW91a ΔE(–D3) b ωB97XD 

Ti 66.9 52.3 14.6 67.3 
V 58.0 43.4 14.6 56.5 
Cr 48.3 34.6 13.7 50.0 
Mn 33.8 20.1 13.7 34.3 
Fe 53.5 34.9 18.7 43.3 
Co 41.1 26.3 14.8 38.3 
Ni 29.5 17.0 12.5 29.5 
Ru 69.3 55.8 14.5 69.7 
Os 79.6 63.6 16.0 78.7 
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Table 6. Dissociation energies (in kcal/mol) for the reactions (cx)4M → (cx)2M + 
cx-cx. 

(cx)4M →(cx)2M + cx-cx  
 B3PW91-D3 B3PW91a ΔE(–D3) b ωB97XD 

Ti 52.3 37.1 15.2 38.5 
V 25.8 10.0 15.8 21.3 
Cr 4.0 -9.4 13.4 6.0 
Mn -15.9 -32.4 16.5 -20.5 
Fe 5.1 -15.7 20.8 -12.0 
Co -3.7 -23.1 19.4 -6.0 
Ni -20.8 -37.6 16.8 -27.5 
Ru 44.7 29.3 15.4 42.5 
Os 63.6 43.2 20.4 55.1 

	  
	  

Table 7. Dissociation energies for the reactions (nor)4M → (nor)3M + nor•  
(kcal/mol). 

(nor)4M → (nor)3M+ nor• 
 B3PW91-D3 B3PW91  ΔE(–D3)  ωB97XD 

Ti 77.1 56.9 20.2 77.7 
V 66.0 44.4 21.6 64.8 
Cr 56.5 38.3 18.2 58.7 
Mn 46.8 24.6 22.2 45.1 
Fe 56.5 31.1 25.4 47.7 
Co 43.5 24.6 18.9 41.5 
Ni 37.2 17.6 19.6 35.7 

	  
	  

Table 8. Dissociation energies for the reactions (nor)4M → (nor)2M + nor-nor 
(kcal/mol). 

(nor)4M →(nor)2M+nor-nor 
 B3PW91-D3 B3PW91 ΔE(–D3) ωB97XD 

Ti 41.3 22.3 19.0 40.2 
V 23.4 –2.5 25.9 21.6 
Cr 3.3 –16.9 20.2 5.8 
Mn –13.6 –41.1 27.5 -20.3 
Fe 2.2 –29.3 31.5 -5.6 
Co –10.9 –36.8 25.9 9.2 
Ni –25.2 –49.6 24.4 -31.3 

 
In these high-valent compounds, there are strong Coulombic interactions 

owing to the high charge density located on the metal atoms. This kind of interaction 
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may also affect the stabilities of the present tetraalkylmetal compounds. In this 
connection, energy decomposition analysis (EDA) was performed using Shubin Liu’s 
scheme 33  implemented in Multiwfn, E = Esteric+ Eelectrostatic+ Equantum, at the 
B3PW91/DZP level. The electrostatic term is the sum of all classical Coulomb 
interactions of the particles in the system:  

1 2
1 2

12

( ) ( ) ( )

electrostatic J N E E E

A A B

A A BA AB

E E E E
r r Z Z Zdrdr r dr
r r R R

ρ ρ
ρ

− −

>

= + +

= − +
−∑ ∑∫∫ ∫

v v v v v vvv
 

This calculation indicates (Figure 5) that for the early transition metals the Coulombic 
interactions contribute much more to stabilize the tetraalkylmetal derivatives than the 
dispersion effect with respect to the dissociation schemes R4M → R3M + R• and 
R4M → R2M + R–R. The contribution from the Coulombic interactions almost 
monotonically decreases with increasing atomic number of the transition metal atom. 
For the cobalt and nickel compounds, the contributions form both effects are 
comparable so that even the electrostatic effect destabilizes the (cx)4Ni → (cx)2Ni + 
cx-cx reaction. This may relate to the emptier d orbitals of the early transition metals 
to attract more electrons from the surrounding ligands thereby increasing the 
electrostatic interaction between the central metal and the alkyl groups. The results 
also suggest that the energy lowering from the Coulombic interactions is much more 
significant in the (nor)4M compounds than in the (cx)4M compounds. The Coulombic 
interactions may play a more important role in stabilizing the tetraalkylmetal 
compounds than that for the dispersion effect. 
 
 

  
Cyclohexyl derivatives 1-Norbornyl derivatives 

 
Figure 5. Contributions from the electrostatic effect and the dispersion effect to the 
dissociation energies of R4M → R3M + R• and R4M → R2M + R-R (M=Ti to Ni; 
R=cx or nor) predicted at the B3PW91/DZP level. 
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3.2  Comparison of (cx)4Fe with its ruthenium and osmium analogues (cx)4M 
(M = Ru, Os) 

The metal-carbon distances are almost equal for the experimentally known 
(cx)4M (M = Fe,7 Ru16, or Os16) structures of the group 8 metals. This suggests that 
the dispersion energies should change very little in going from iron to ruthenium and 
then osmium. Therefore the exceptionally high stability of the experimentally known 
isostructural (cx)4M (M = Ru, Os)16 must result mainly from the larger ligand field 
splittings for the 4d transition metal ruthenium and the 5d transition metal osmium 
relative to their 3d congener iron. As a result the singlet-triplet splittings for the 
ruthenium and osmium derivatives (cx)4M (M = Ru, Os) are much larger than those 
for (cx)4Fe (Table 9). Thus the isostructural derivative (cx)4Os of the 5d transition 
metal osmium is thermally stable up to 200 °C without any α− or β-hydride 
elimination.16 The energies for the dissociation schemes (cx)4M → (cx)3M + cx• and 
(cx)4M → (cx)2M + cx-cx (M = Ru, Os) are all significantly endothermic (Tables 5 to 
8). However, for the analogous 3d transition metal derivative (cx)4Fe, the energy for 
the corresponding (cx)4Fe → (cx)2Fe + cx-cx dissociation process is predicted to be 
greatly exothermic at 22.9 kcal/mol by DLPNO-CCSD(T)/def2-TZVP. The seriously 
distorted D2 triplet (cx)4Ru and (cx)4Os structures are much higher in energies than 
their highly symmetric S4 singlet isomers (Table 9). In contrast, the distorted high spin 
triplet or quintet (cx)4Fe structures are almost energetically degenerate with its high 
symmetric S4 singlet isomer. The significantly higher relative energies of the high 
spin petential energy surfaces of (cx)4M (M = Ru, Os) preclude the conical 
intersection between the singlet potential surface and the high spin potential surfaces. 
This keeps the (cx)4Ru and (cx)4Os species on their lowest energy singlet potential 
surfaces, thereby hindering dissociation to cx-cx because of the very high reaction 
barrier. The predicted dissociation energies for the scheme (cx)4M → (cx)3M + cx• 
for ruthenium and osmium are also significantly larger than those for the 
corresponding iron species. (cx)4Fe. This suggests the remarkable stability of the 
(cyl)4Ru and (cyl)4Os compounds in terms of single ligand dissociation. 
	  
	  

Table 9. Energy differences between the triplet (D2) and singlet (S4) (cx)4M (M = Fe, Ru, 
Os) structures. 

 ΔE [Triplet–Singlet]  (kcal/mol) 

 B3PW91-D3/DZP ωB97XD/DZP 
(cx)4Fe 2.0 3.7 
(cx)4Ru 33.9 33.6 
(cx)4Os 42.9 36.2 
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3.3 Analysis of the frontier molecular orbitals of R4Fe (R = cx and nor). 

 The singlet (nor)4Fe and (cx)4Fe structures have similar frontier orbitals 
displaying the interactions between the alkyl group (nor or cx) and the central iron 
atom (Figures 6 and 7). The central iron atom forms tetrahedrally disposed Fe–C 
bonds to the four surrounding alkyl groups through its dxy, dyz, and dzx, orbitals. 
Orbital decomposition analysis indicates that the main contribution to the four Fe-C 
bonds arise from the p orbitals of the carbon atoms directly bonded to the iron atom 
(Figure 8). The predicted iron-carbon distances are close to the experimentally 
measured values, and their Wiberg bond Indices (WBIs) are all 0.89, suggesting 
strong covalent interactions between the central iron atom and the four adjacent 
carbon atoms (Table 10). The iron dz

2 and dx
2

-y
2 orbitals contribute more than 50% of 

the non-bonding HOMO and HOMO-1 orbitals within the singlet structure (cx)4Fe 
(Figure 8). Similar results were predicted for the singlet structure (nor)4Fe.  

   
102 (dxy)                103 (dxz)                  104 (dyz) 

   
105 106 (dz

2)            107-HOMO (dx
2

-y
2) 

   
108-LUMO                 109                      110 

 
Figure 6. Frontier molecular orbitals of the singlet (cx)4Fe structure with S4 symmetry 
obtained at the ωB97XD/DZP level. (The isovalue is 0.06) 
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114 115 116 

   
117 118 119-HOMO 

   
120-LUMO                121 122 

Figure 7. Frontier molecular orbitals of the singlet (nor)4Fe structure with the 
experimentally obtained Cs symmetry obtained at the ωB97XD/DZP level. (The 
isovalue is 0.06). 
 

The (cx)4M complexes of the metals adjacent to iron in the Periodic Table 
deviate from ideal symmetry owing to the Jahn-Teller effect. Thus in the lowest 
energy quartet spin state structure of the manganese derivative (cx)4Mn one electron 
is excited into an antibonding orbital containing a dxy, dyz, or dzx component. Similarly 
one antibonding orbital containing the dxy, dyz, or dzx component is occupied in the 
doublet (cx)4Co structure and the singlet (cx)4Ni structure. These partially filled 
orbitals lead to the Jahn-Teller effect splitting the triply degenerate {dxy, dyz, dzx} set 
of an ideal tetrahedral structure so that the lowest energy (cx)4M (M = Mn, Co, and 
Ni) structures deviate significantly from such ideal tetrahedral symmetry. Similar 
coordination environments as in the cyclohexyl derivatives (cx)4M (M=Ti to Ni) are 
also predicted for the gas phase (nor)4M (M = Ti to Ni) structures. 
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Figure 8. Orbital decomposition analysis for the singlet (cx)4Fe structure with S4 

symmetry obtained at the ωB97XD/DZP level. 
 
Table 10. Comparisons of the Fe-C bond lengths (in Å) between the experimental 7 

and theoretical singlet (cx)4Fe structures and their Wiberg Bond Indexs (WBIs). 
 Exp. (in Å) Theo. (in Å) WBIs 

Fe-C1 1.931 1.908 0.89 
Fe-C2 1.928 1.908 0.89 
Fe-C3 1.931 1.908 0.89 
Fe-C4 1.928 1.908 0.89 

   NBO charge on Fe: 0.279 
 
3.4 Comparison of the reactivities of (cx)4Fe and (nor)4Fe towards carbon 
monoxide. 

The dispersion effect in stabilizing the experimentally synthesized structures 
(nor)4Fe and (cx)4Fe can also relate to reactivity with small molecules.  Little 
indication is given in earlier work 2,3 that the (cx)4Fe structure is observed to be much 
less stable that the (nor)4Fe structure, owing to the reduced dispersion effect resulting 
from smaller cyclohexyl groups relative to 1-norbornyl groups. However, a detailed 
study on the mechanism has been performed. The more exposed Fe(IV) center of the 
(cx)4Fe structure is much more accessible to bind suitable small molecules. As an 
example the absorption of carbon monoxide on the substrate (cx)4Fe and (nor)4Fe was 
investigated. The results suggests that CO can be weakly bound to the Fe(IV) center 
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in the (cx)4Fe structure as a terminal ligand followed by migratory insertion into an 
Fe–C bond with only a small energy barrier of 7.4 kcal/mol (ωB97XD/DZP). This 
leads to a structure with a carbonyl group bridging the central iron atom to a 
cyclohexyl group (Figure 9). Similar reactions have been observed for alkylimide 
migratory insertions in the Fe(IV) complex (Me2IPr)Fe(=NAd)R2 (Ad = adamantyl; R 
= neopentyl, 1-nor)34,35 and CO insertion in oxorhenium hydrides.36 Reaction of the 
singlet CO insertion product (cx)3Fe(COcx) with a second CO molecule is also 
predicted to be possible (Figure 10).  Such a reaction results in migration into the 
Fe-C(CO) bond when climbing over the relatively higher energy barrier of 
26.3 kcal/mol (ωB97XD/DZP) analogous to the coupling of two carbonyl groups 
oberved in the Re(III) complex37. The second terminally bound CO group could also 
migrate to insert into another Fe-C(cx)bond. A similar migratory insertion reaction is 
also possible for the third CO group, which has a comparable energy barrier to the 
second CO group (Figure 11). If O2 and N2 could overcome the repulsion force from 
the ligands and reach the central iron atom, the possible structures may be as shown in 
Figure 12, in which the two molecules both function as the bridging groups between 
the central iron atom and one cyclohexyl group. If those things happened, the double 
bond in the O2 molecule could be reduced to a single bond of length 1.435 Å. 
However, the N-N bond length in N2 could only be reduced slightly with a 
nitrogen-nitrogen distance of 1.206 Å.  In constrast to the (cx)4Fe system, the present 
study shows that carbon monoxide cannot penetrate the tightly bound sphere of the 
(nor)4Fe structure owing to the strong dispersion forces. This shows that even small 
molecules cannot easily penetrate the outer hydrocarbon protective layer in (nor)4Fe 
to reach the central high-valent iron atom. This accounts for the lower chemical 
reactivity of (nor)4Fe relative to (cx)4Fe. 

   
Figure 9. The CO absorption reaction paths for the singlet (cx)4Fe structure 
calculated at the ωB97XD/DZP level.	  
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Figure 10. Reaction of the singlet (cx)3Fe(COcx) structure with a second CO 
ligand from the ωB97XD/DZP method. 
 

 
Figure 11 Reaction of the singlet (cx)3Fe(C2O2cx) structure with a third CO 
ligand evaluated at the ωB97XD/DZP level. 

 
Figure 12 Possible absorption mode of the O2 and N2 molecules on the singlet 
(cx)4Fe structure calculated at the ωB97XD/DZP level. 
 

5. Conclusion 

The relatively high stability of the experimentally known homoleptic 
1-norbornyl derivative (nor)4Fe of iron in the unusual +4 oxidation state is a 
consequence of the high reaction barriers in the singlet and triplet potential surfaces. 
These potential surfaces are constrained by global dispersion attraction and the large 
steric demands of the norbornyl ligands as shown by their reduced density gradients 
(RDG) (Figure 13). Both dispersion effects and Coulombic interactions are essential 
in stabilizing the tetraalkylmetal compounds R4M. These two effects are significantly 
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larger in the (nor)4M system than in the (cx)4M system, making the (nor)4M system 
too tight to distort.  

The much more limited stability of the corresponding cyclohexyl derivative 
(cx)4Fe may result from the conical intersection between the singlet potential surface 
and the quintet spin potential surface arising from the weaker dispersion attraction 
and the reduced steric effect of the cyclohexyl ligands. In contrast, the high stability 
of the likewise experimentally known (cx)4M (M = Ru or Os)3 structures results from 
the larger ligand field splitting (Δ) of the d-orbital energies for the second and third 
row transition metals ruthenium and osmium relative to that of the first row transition 
metal iron (Table 9). This leads to much larger singlet-triplet energy separations, 
thereby preventing the conical-intersection between the singlet potential energy 
surface and the high spin potential surfaces. This results in a significantly high energy 
barrier within the singlet potential surface for the (cx)4M → (cx)2M + cx-cx reaction 
for the ruthenium and osmium derivatives relative to the iron derivative. The energies 
required for the alternative dissociation pathway (cx)4M → (cx)3M + cx• (M = Ru or 
Os) are also much larger that that for (cx)4Fe compound (Tables 5 and 6).  

  
(cx)4Fe (nor)4Fe 

Figure 13. The reduced density gradient (RDG) for structures (cx)4Fe and (nor)4Fe. 
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Supporting Information 

Tables S1 to S21: Atomic coordinates of the optimized structures for the lowet 
energy (cx)nM complexes (n = 4, 3, 2; M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu);Tables S22 
to S42: Atomic coordinates of the optimized structures for the lowet energy (nor)nM 
complexes (n = 4, 3, 2; M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu); Complete Gaussian09 
reference (Reference 23). 
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