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Abstract. 

In 1972 Bower and Tennett first synthesized a series of tetra-1-norbornyl 
derivatives, (nor)4M, of the first-row transition metals from titanium to cobalt.  
These were found to be exceptionally stable for homoleptic metal alkyls containing 
only metal-carbon σ-bonds. The theoretical energies for the dissociation of 
1-norbornyl ligands from these unusually high oxidation state organometallics 
through the reactions (nor)4M → (nor)3M + nor• and (nor)4M → (nor)2M + nor-nor 
indicate that dispersion effects play an important role in determining their exceptional 
stability. Thus all of the (nor)4M (M = Ti to Cu) derivatives are viable with respect to 
1-norbornyl radical dissociation when the London dispersion effect is considered. 
However, (nor)4Cu becomes disfavored if the dispersion correction is ignored. Thus 
the stability of the (nor)4M molecules is seen to arise from the favorable combination 
of steric and dispersion force effects of the four 1-norbornyl groups tetrahedrally 
disposed around the metal atom and maximizing the dispersion attraction between 
them in a spherical hydrocarbon structures with a central metal atom. The 
tri-1-norbornyl derivatives (nor)3M appear be disfavored with respect to 
disproportionation into (nor)4M + (nor)2M.  This is consistent with the experimental 
syntheses of the (nor)4M (M = Cr to Co) derivatives with the metal in the +4 
oxidation by reactions with 1-norbornyllithium with metal halides in the +2 or +3 
metal oxidation states.  Both the OPBE method and the BPW91 method predict high 
spin states for the d2 and d3 complexes (nor)4Cr and (nor)4Mn but low spin states for 
(nor)4Fe and (nor)4Co, consistent with experiment. 
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1. Introduction 
Most homoleptic transition metal alkyls of the general type MLn are not viable 

species since the central metal atoms lack the ancillary ligands such as carbonyl, 
cyclopentadienyl, etc., to attain the favored 18-electron configuration.1,2,3 In addition, 
metal alkyls with β-hydrogen atoms on the alkyl group are generally disfavored with 
respect to β-hydrogen migration to the metal atom, thereby eliminating an olefin to 
give the corresponding metal hydride derivative.  The 1-norbornyl group (nor), 
although containing six β-hydrogen atoms, is not subject to such β-hydrogen 
migration since the resulting olefin, 1-norbornene, is highly strained because one of 
the sp2 carbons of the C=C double bond would be located at a bridgehead according 
to Bredt’s rule (Figure 1).4  

[M]

[M]–H +

  1-norbornyl
metal complex

metal hydride  1-norbornene
 forbidden: C=C
 at bridgehead
  (Bredt’s rule)

X

 
 Figure 1.  β-Hydrogen migration from a 1-norbornyl metal complex to the metal 
atom is unfavorable by Bredt’s rule since it gives the highly strained olefin 
1-norbornene having a C=C double bond at a bridgehead carbon atom. 
 

Bower and Tennett in 19725 were the first to exploit this characteristic of the 
1-norbornyl ligand to synthesize isolable homoleptic transition metal alkyls by 
reactions of 1-norbornyllithium with metal halides.  Even considering the possibility 
of stabilizing transition metal-carbon bonds by excluding β-hydrogen elimination, the 
effects of the special properties of the 1-norbornyl ligand in stabilizing otherwise 
unusual homoleptic alkyls were found to be truly exceptional.  Thus, isolable 
tetra-1-norbornylmetal derivatives (nor)4M (nor = 1-norbornyl) were synthesized for 
all of the first row transition metals from titanium to cobalt. This included the first 
row transition metals from chromium to nickel for which the implied +4 metal 
oxidation state of their (nor)4M derivatives would be clearly considered as unusual 
(Figure 2).  Most striking among these transition metal tetraalkyls was the chromium 
derivative (nor)4Cr, which was found to be not only air stable, but also thermally 
stable up to 250°C in the absence of air, despite the fact that the +4 oxidation state is 
an unusual one for chromium.  Later, after numerous unsuccessful attempts,6 the 
molybdenum analogue (nor)4Mo was synthesized from MoCl3(thf)3 and 1-norbornyl 
lithium and found to be air-stable and sublimable in vacuum at 130°C without 
decomposition.7 X-ray crystallography of the representative (nor)4M (M = Fe,8 Co9) 
derivatives clearly indicates tetrahedral coordination of the central metal atom by 
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forming four metal-carbon σ-bonds although further elucidation of structural details 
was complicated by disorder.  Nevertheless, the (nor)4M molecules clearly can be 
viewed as spherical hydrocarbon structures with a transition metal in the center. 

The exceptional stability of the (nor)4M derivatives of the first row transition 
metals might be attributed to the steric hindrance of the 1-norbornyl group combined 
with the disfavored migration of the β-hydrogen atoms of the 1-norbornyl group.  
This suggests that 1-norbornyl transition metal chemistry might be a very rich field.  
However, only a limited number of other types of 1-norbornyl transition metal 
complexes are known. These include the stable (nor)3NiBr, synthesized by Dmitrov 
and Linden,10 in which the exceptionally high nickel(IV) oxidation state coexists with 
the potentially oxidizable bromide ligand. In addition the unstable cyclopentadienyl 
(η5-C5H5)Ni(nor) has been generated at low temperatures from (η5-C5H5)2Ni and 
1-norbornyllithium.11   

             (nor)4M
(M = Ti, V, Cr, Mn, Fe, Co;
           Zr, Hf, Mo)

Ni

NI Br

(nor)3NiBr (η5-C5H5)Ni(nor) 

Figure 2. Experimentally known 1-norbornyl transition metal complexes. 
 

 The exceptional stability of the (nor)4M complexes contrasted with the limited 
chemistry of other 1-norbornylmetal derivatives suggests the involvement of factors 
besides the special properties of the 1-norbornyl group. Previous studies have shown 
that London dispersion can stabilize some types of metal complexes.12.13,14 In this 
connection we have explored the contribution of London dispersion involving the 
attractive part of the van der Waals potential to the stability of the first row transition 
metal (nor)4M derivatives. This dispersion effect is usually described by instantaneous 
dipoles induced between two different moieties of molecules or two atoms. The 
strength of London dispersion forces decreases significantly with increasing distances 
between atoms or molecular moieties. Thus, for atoms or small molecules this kind of 
dispersion is usually so small that it can be ignored. However, London dispersion 
effects can be additive over the entire volume of bulk materials or large molecules 
thereby becoming significant in solid materials, large molecules, or different moieties 
within molecules bearing large sterically demanding hydrocarbon ligands.15,16,17 In 
the last systems London dispersion forces can be significant between C–H bonds 
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which are forced to close separations by the steric demands of bulky hydrocarbon 
ligands. In this connection the thermochemical properties of molecules, the catalytic 
characteristics of large molecules, the stabilities of branched alkanes, and the π-π or 
σ-π attractions between hydrocarbon systems could be significantly modified by 
London dispersion effects.18 The recent synthesis of Fe(cyclohexyl)4 by Fürstner and 
coworkers 19  having a structure with 24 β-hydrogen atoms demonstrates that 
stabilization by London dispersion effects can even override decomposition of 
homoleptic metal alkyls by β-hydrogen elimination. 
 The geometry of the (nor)4M complexes as spherical hydrocarbon structures built 
from bulky rigid 1-norbornyl ligands with a metal atom in the center makes them 
exceptional candidates for organometallic compounds stabilized by London 
dispersion forces. Modern density functional methods provide a way of evaluating the 
magnitude of such dispersion forces.  In this connection such methods have been 
used for study of 1-norbornyl derivatives of the late transition metals iron, cobalt, and 
nickel in order to quantify significant London dispersion effects in contributing ~40 
kcal/mol towards the stability of the iron and cobalt (nor)4M derivatives.20 Our study, 
reported here, provides a more general exploration of the role of London dispersion 
effects in determining the stabilities of the complete range of (nor)4M derivatives of 
the first row transition metals from titanium to copper. These studies include the 
thermodynamics of dissociation of 1-norbornyl ligands from the (nor)4M derivatives 
either as 1-norbornyl radicals (nor•) or as bis(1-norbornyl) dimers (nor-nor). 

 
2.Theoretical Methods 

Double-ζ plus polarization (DZP) basis sets were used 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 Huzinaga-Dunning contracted DZ sets. This basis set is 
designated as (9s5p1d/4s2p1d).21,22 For hydrogen, a set of p polarization functions 
αp(H) = 0.75 is added to the Huzinaga-Dunning DZ sets. For the first row 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).23,24  

The geometries of all structures were fully optimized using both the DZP 
B3PW91 method25,26,27 with the Grimme’s D3 dispersion scheme28,29 and the DZP 
OPBE methods.30,31,32,33,34 In order to show the effects of dispersion the single point 
energies without the Grimme’s D3 dispersion scheme (DZP B3PW9) were 
determined determined at the B3PW91-D3 optimized geometries not considering 
dispersion effects. All of the computations were carried out with the Gaussian 09 
program 35  in which the ultrafine grid is the default for evaluating integrals 
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numerically, while the tight designation is the default for the self-consistent field 
energy convergence. 

 
3. Results and Discussion 

The geometries of tetra-, tri-, and di-norbornyl structures (nor)4M, (nor)3M, and 
(nor)2M (M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu) were optimized for the lowest energy 
singlet (or doublet) and triplet (or quartet) electronic states. The energy gaps between 
the singlet (doublet) and triplet (quartet) (nor)4M structures are calculated using the 
B3PW91/DZP method with the Grimme D3 dispersion scheme. These energy gaps 
are also calculated using the OPBE/DZP method without considering the dispersion 
scheme. The results (Tables 1 and 2) show that the two different density functional 
methods are consistent in predicting the energy gaps of the (nor)4M (M=Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu) structures. The singlet-triplet energy gap for (nor)4Ti considering 
dispersion (Table 1) is the largest among all the (nor)4M structures, namely 
52.1 kcal/mol (B3PW91-D3) or 50.3 kcal/mol (OPBE). The two methods predict that 
the high spin state structures for (nor)4Cr and (nor)4Mn are lower in energy than the 
low spin state structures.  

 
Table 1. Energy differences between the triplet and singlet (nor)4M (M = Ti, Cr, Fe, Ni) 
structures.	
  

 Magnetic Moment	
   ΔE [Triplet–Singlet]  (kcal/mol) 

(nor)4M Exp. 4 ( 1)so S Sµ = +  B3PW91-D3/DZP OPBE/DZP 
Ti 0.00 0.00 52.1 50.3 
Cr 2.84 2.83 –42.0 –19.2* 
Fe 0.00 0.00 10.1 8.6 
Ni — 0.00 8.0 5.7 

*The singlet state is an open shell singlet. 
 
Table 2. Energy differences between the quartet and doublet (nor)4M (M = V, Mn, Co, 
Cu) structures.  

 Magnetic Moment ΔE [Quartet–Doublet]  (kcal/mol) 
(nor)4M Expt 5  4 ( 1)so S Sµ = +

 
B3PW91-D3/DZP OPBE/DZP 

V 1.82 1.73 35.6 31.0 
Mn 3.78 3.87 –13.1 –15.3 
Co 2.00 1.73 16.4 17.8 
Cu — 1.73 2.5 2.1 

 
The energy differences between the triplet (quartet) and singlet (doublet) (nor)4M 

structures calculated by the two different DFT methods are reasonably consistent. An 
exception is (nor)4Cr for which the two different DFT methods predict very different 
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energy gaps, namely –42.0 kcal/mol (B3PW91-D3) or –19.0 kcal/mol (OPBE). This 
is because the B3PW91-D3 method can predict the closed shell singlet structure as the 
minimum, whereas the OPBE method predicts an open shell singlet structure. The 
closed shell singlet structure was not optimized successfully owing to the 
convergence problem.  

In order to confirm further the energy gap between the closed shell singlet state 
and the triplet state for (nor)4Cr, the very recently developed DLPNO-CCSD(T) 
method with def2-SPV basis sets implented in the ORCA4 program36,37 was used to 
calculate the single point energies from geometries of the B3PW91-D3/DZP 
optimizations for (CH3)4Cr as a simplified molecular model. Thus for (CH3)4Cr, the 
DLPNO-CCSD(T)/def2-SPV method predicts a triplet–singlet energy gap of 
–43.4 kcal/mol which is close to those of –43.8 and –44.5 kcal/mol calculated by the 
B3PW91-D3/DZP and OPBE/DZP methods, respectively. The agreement of the 
calculated triplet–singlet energy gaps of ~–44 kcal/mol for (CH3)4Cr using the 
relatively expensive DLPNO-CCSD(T)/def2-SPV method with those obtained from 
the less expensive B3PW91-D3/DZP and OPBE/DZP methods suggests that the 
singlet-triplet energy gap of –42.0 kcal/mol obtained by the B3PW91-D3/DZP 
method for (nor)4Cr is close to the true value. The calculated magnetic moments are 
remarkably consistent with the experimental magnetic data5 (Tables 1 and 2). Thus 
both theoretical methods predict high spin states for the d2 and d3 complexes (nor)4Cr 
and (nor)4Mn, but low spin states for (nor)4Fe and (nor)4Co. 

	
  
Figure 3. The two dissociation schemes of the (nor)4M structures 
	
  

The dissociation energies (kcal/mol) for the reactions (nor)4M → (nor)3M + nor•  
(Figure 3 and Table 3) and (nor)4M → (nor)2M+nor-nor (Figure 3 and Table 4) have 
been computed by the B3PW91 method with and without the dispersion correction. 
The results indicate that dispersion effects play an important role in determining the 
dissociation energy. Thus the dispersion effect is found to stabilize the (nor)4M 
derivatives by ~21 kcal/mol or the (nor)3M by ~25 kcal/mol. For comparion, the 
dissociation energies were also calculated by the OPBE method. However, the OPBE 
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method also consistently underestimates the dissociation energies compared with 
results calculated by the B3WP91-D3 method including the dispersion correction.  
    The dissociation energies for the reactions (nor)4M →(nor)3M + nor• (Figure 3 
and Table 3) calculated by the B3WP91-D3 method suggest that all of the (nor)4M 
structures are strongly favored energetically towards dissociation of one of the four 
norbornyl groups. The titanium derivative (nor)4Ti is the most favored with a 
dissociation energy of 77.1 kcal/mol, whereas (nor)4Cu is the least favored with a 
dissociation energy of only 13.6 kcal/mol. Although the B3WP91 and the OPBE 
methods not considering dispersion both predict energetically favored (nor)4M 
towards (nor)4M → (nor)3M + nor• dissociation except for the copper derivative, they 
underestimate the dissociation energy by ~20 kcal/mol with respect to this energy 
difference. If dispersion is not considered, dissociation of the copper complex 
(nor)4Cu becomes exothermic, liberating –5.8 kcal/mol(B3WP91) or –13.9 kcal/mol 
(OPBE).  
 
Table 3. Dissociation energies for the reactions (nor)4M → (nor)3M + nor•  
(kcal/mol). 
 

(nor)4M → (nor)3M + nor• 
 B3PW91-D3 B3PW91 a ΔE(–D3) b OPBE 

Ti 77.1 56.9 20.2 54.1 
V 66.0 44.4 21.6 34.0 
Cr 56.5 38.5 18.0 28.0 
Mn 46.8 24.6 22.2 16.6 
Fe 56.5 31.1 25.4 22.7 
Co 45.5 23.0 22.5 17.5 
Ni 37.2 17.6 19.6 8.9 
Cu 13.6 –5.8 19.4 –13.9 

a The energies are computed as the single point energies from the geometries of 
B3PW91-D3 method. 
b ΔE(–D3) = E[(B3PW91-D3) – E(B3PW91)] 
 

For the alternative dissociation pathway (nor)4M → (nor)2M + nor-nor, liberating 
1-norbornyl dimer (Figure 3 and Table 4), the predictions obtained by the 
B3WP91-D3 method with the dispersion correction suggest that only (nor)4Ti and 
(nor)4V are clearly viable with dissociation energies of 41.3 kcal/mol and 23.4 
kcal/mol, respectively. The (nor)4Cr and (nor)4Fe derivatives are only marginally 
viable energetically towards nor-nor dissociation with nearly zero calculated 
dissociation energies of 3.4 kcal/mol and or 4.9 kcal/mol, respectively. For the other 
first row transition metals, such as manganese, cobalt, nickel, and copper, the 
dissociation energies even with the dispersion correction suggest that their (nor)4M 
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complexes are disfavored towards dissociation of the coupled nor-nor ligand. This is 
consistent with the lower experimental thermal stabilities of the manganese and cobalt 
derivatives up to 100°C and the fact that the nickel and copper derivatives have not 
been synthesized.5 However, the calculations using the B3WP91 and OPBE methods 
without the dispersion effect find all of the (nor)4M structures except for the titanium 
derivative to be disfavored towards (nor)4M→ (nor)2M + nor-nor dissociation. This 
indicates the major role played by the dispersion effect in stabilizing the (nor)4M 
complexes.  However, even though the (nor)4M → (nor)2M + nor-nor dissociation 
process is energetically favorable for many of the metals, this process is likely to have 
a high activation barrier since it involves simultaneous rupture of two M–C bonds and 
joining the two resulting nor• fragments. 
 
Table 4. Dissociation energies for the reactions (nor)4M → (nor)2M + nor-nor 
(kcal/mol). 
 

(nor)4M ---> (nor)2M+nor-nor  
 B3PW91-D3 B3PW91a ΔE(–D3) b OPBE 

Ti 41.3 18.6 22.7 14.6 
V 23.4 –2.5 25.9 –10.9 
Cr 3.4 –16.9 20.3 –25.2 
Mn –3.6 –41.1 27.5 –43.7 
Fe 4.9 –22.7 27.6 –24.2 
Co –9.3 –36.8 27.5 –39.4 
Ni –25.2 –49.6 24.4 –58.6 
Cu –48.4 –72.8 24.4 –79.2 

a The energies are computed as the single point energies from the geometries of 
B3PW91-D3 method. 
b ΔE(–D3) = E[(B3PW91-D3) – E(B3PW91)] 
    

The dissociation energy of the 1-norbornyl dimer nor-nor into two free 
1-norbornyl radicals nor• considering the dispersion effect is De = 105.6 
(B3WP91-D3). This is consistent with the (nor)4M → (nor)2M + nor• + nor• 
dissociation energies (Table 5) being ~106 kcal/mol higher than the (nor)4M → 
(nor)2M + nor-nor dissociation energies (Table 4). This difference is nearly equal to 
the dissociation energy of the nor-nor molecule into two 1-norbornyl radicals nor•. 
Furthermore, the energy required for dissociation of the norbornyl radical from 
(nor)4M by the process (nor)4M → (nor)3M + nor• is comparable or higher than that 
for removing the norbornyl radical from (nor)3M by the process (nor)3M → (nor)2M + 
nor•. This means that disproportionation of (nor)3M into (nor)4M + (nor)2M is 
thermoneutral or slightly exothermic.  This is consistent with the experimentally 
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observed5 disproportionation of the metal halide starting materials with the metals in 
the +2 or +3 oxidation states upon reactions with 1-norbornyllithium to give (nor)4M 
(M = Cr, Mn, Fe, Co), with the metal in the unusual +4 oxidation state.  

The experimental structures for (nor)4Fe and (nor)4Co as determined by X-ray 
crystallography8,9 both have Cs symmetry (Figure 2). Using the experimental (nor)4Fe 
and (nor)4Co geometries as starting structures leads to final optimized structures 
which are saddle points rather than true minima since they have small imaginary 
vibrational frequencies (Tables 6 and 7). This may be a consequence of crystal lattice 
constraints retaining the symmetric Cs geometries of (nor)4Fe and (nor)4Co The 
theoretical predictions for the Fe-C distances and C-Fe-C angles in (nor)4Fe are 
consistent with the experimental results (Table 6). However, the deviations between 
the optimized Co-C distances and C-Co-C angles and those of the experimental 
(nor)4Co structure determined by X-ray crystallography are somewhat larger. These 
discrepancies may relate to our theoretical studies assuming gas phase species 
whereas the experimental structures are obtained in the crystalline state. In addition, 
the disorder in the X-ray structural determinations may limit the accuracy of the 
experimentally determined geometric parameters. 
 
  Table 5.  Other dissociation energies for the (nor)4M and (nor)3M derivatives.  

 (nor)4M → (nor)2M + nor• + nor• 
 B3PW91-D3 B3PW91a

 ΔE(-D3) b OPBE 
Ti 147.0 114.2 32.1 104.6 
V 129.1 93.0 36.8 79.2 
Cr 109.0 78.7 30.3 64.9 
Mn 92.0 54.5 37.5 46.4 
Fe 110.6 72.9 37.7 65.8 
Co 96.3 58.7 37.6 50.6 
Ni 80.4 46.0 34.4 31.4 
Cu 57.2 22.8 34.5 10.8 

(nor)3M → (nor)2M + nor•   
 B3PW91-D3 B3PW91a ΔE(-D3) b OPBE 

Ti 69.8 57.3 12.5 50.5 
V 63.1 48.7 14.4 45.2 
Cr 52.5 40.1 12.4 36.9 
Mn 45.2 29.9 15.3 29.8 
Fe 54.0 41.8 12.2 43.1 
Co 50.8 35.7 15.0 33.1 
Ni 43.3 28.4 14.8 22.6 
Cu 43.7 28.5 15.1 24.7 

a The energies are computed as the single point energies from the geometries of 
B3PW91-D3 method. 
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b ΔE(–D3)=E[(B3PW91-D3) – E(B3PW91)] 
 

The optimized (nor)4M structures indicate that (nor)4Ti has the largest average 
metal–carbon distance of 2.075 Å (B3WP91-D3) or 2.143 Å (OPBE), and that (nor)4Fe 
has the shortest metal–carbon distance of 1.915 Å (B3WP91-D3) or 1.971 Å (OPBE). 
Surprisingly, this disagrees with the experimental results indicating a Co-C bond distance 
of 1.920 Å in (nor)4Co is shorter than the Fe-C bond of 1.993 Å (Table 8).   
 
Table 6. Comparison of the calculated M–C distances (Å) and C-M-C angles of the 
(nor)4Fe structure with the experimentally determined Cs structure using X-ray 
crystallography. The numbers in parentheses are imaginary vibrational frequencies 
calculated for (nor)4Fe by the indicated theoretical methods. 
 

(nor)4Fe Exp8 OPBE (TS-44i) B3PW91-D3 (TS-56i) 
Fe-C2 2.002 1.977 1.919 
Fe-C1 1.984 2.010 1.953 
Fe-C4 2.002 1.964 1.914 

C4-Fe-C1 109.4° 110.3° 110.3° 
C2-Fe-C1 109.7° 109.9° 109.9° 

  
 
Table 7. Comparison of the calculated M–C distances (Å) and C-M-C angles of the 
(nor)4Co  structure with the experimentally characterized Cs symmetrical structure. The 
numbers in parentheses are imaginary frequencies calculated for (nor)4Co by the 
indicated theoretical methods. 
 

(nor)4Co Exp*9 OPBE (78i, 29i) B3PW91-D3 (83i, 43i, 31i) 
Co-C2 1.930(1.910) 1.961 1.924 
Co-C4 1.928(1.911) 1.970 1.917 
Co-C1 1.912(1.930) 2.082 2.005 

C2-Co-C4 114.4◦ (113.4◦) 106.9◦ 102.4° 
C2-Co-C1 106.5◦ (106.9◦) 107.6° 107.0° 
C4-Co-C1 108.6◦ (109.0◦) 107.1° 107.9° 
C1-Co-C3 112.7◦ (111.6◦) 122.1° 124.4° 
*unconstrained refinement (constrained refinement) 
 
Table 8. The average metal-carbon distances (Å) of the (nor)4M structures without 
symmetry constraints. 
 
M  Ti V Cr Mn Fe Co Ni Cu 

av. M-C (C1) 
B3PW91-D3 2.075 2.041 2.005 2.024 1.915 1.949 1.953 2.027 

OPBE 2.143 2.092 2.071 2.096 1.971 2.005 2.021 2.110 
Exp. (Cs)      1.998 1.920   
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(ref. 8) (ref. 9) 

4. Summary 

The theoretical dissociation energies of the reactions (nor)4M → (nor)3M + nor•  
(kcal/mol) and (nor)4M → (nor)2M + nor-nor indicate that dispersion effects play a 
significant role in stabilizing the (nor)4M compounds (M = Ti to Cu). Thus all of 
these (nor)4M (M = Ti to Cu) derivatives are viable with respect to 1-norbornyl 
radical dissociation when the dispersion effect is considered. However, (nor)4Cu 
becomes disfavored if the dispersion correction is ignored. Thus the stability of the 
(nor)4M molecules is seen to arise from the favorable combination of steric and 
dispersion force effects of the four 1-norbornyl groups tetrahedrally disposed around 
the metal atom and maximizing the dispersion attraction between them. The 
tri-1-norbornyl derivatives (nor)3M appear be disfavored with respect to 
disproportionation into (nor)4M + (nor)2M.  This is consistent with the experimental 
syntheses of the (nor)4M (M = Cr to Co) derivatives with the metal in the +4 
oxidation by reactions with 1-norbornyllithium with metal halides in the +2 or +3 
metal oxidation states.  Both the OPBE method and the BPW91 method predict high 
spin states for the d2 and d3 complexes (nor)4Cr and (nor)4Mn but low spin states for 
(nor)4Fe and (nor)4Co, consistent with experiment. 
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