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Table I. Arrhenius Activation Energies (£A) and Delocalizabilities 
(Z)JR)) for H abstractions from alkanes by CH3- and CF3- Radicals 

alkane0 

CH4 
CH3CH3 

CH3CH2-
C*H3 

CH3C*H2-
CH3 

CH3CH2CH2-
C*H3 

CH3CH2C*-
H2CH3 

(CH3)3C*H 
C(CH3)4 

EA-
(CH3-)" 

60.9 
50.0 
48.7 

43.3 

49.1 

40.7 

34.4 
50.4 

£><R)(CH3-)/' 
0 

— 1.10 X 10-' 
— 1.16 X 10-' 
— 1.17 X 10"1 

-1.20 X 10-' 

-1.17 X 10"1 

-1.20 X 10"1 

-1.24 X 10"1 

— 1.17 X 10-' 

EA-
(CFy)" 

46.9 
35.2 

26.8 

23.9 

19.7 
35.2 

Z><R)(CF3-),
e 

P 
-1.13 X 10-' 
-1.18 X 10-' 

-1.26 X 10-' 

-1.25 X 10-' 

-1.26 X 10-' 
-1.20 X 10-' 

" * indicates the hydrogen abstracted. * For gas-phase reactions 
in kJ mo]-1.10 ' With ^sOMo(CH3-) = -4.23 eV.2-" d Gas-phase 
results in kJ mol-1 as cited in ref 11. e With £<JOMO(CF3-) = -6.25 
eV.2" 

Table II. Hydrogen Abstractions from 1-Fluorobutane by Chlorine 
Atoms. Logarithm of the Relative Rate Constants (In kre\) and 
Delocalizability (D<R))6 for Two Conformations 

In kTQ\" 
£><R),/3 180°*< ' 

Dl
r
R),0 6Oobc 

C, 

-0.105 
-1.57 X 

io-1 

-1.58 X 
IO"1 

C2 

0.531 
-1.41 X 

io-1 

-1.43 X 
10"' 

C3 

1.308 
-1.48 X 

IO"1 

-1.51 X 
IO"1 

C4 

0 
-1.38 X 

10-' 
-1.40 X 

io- ' 

" From the relative selectivities of chlorination in the gas phase at 
78 0C.13 * Values for the 180 and 60° conformations at the C,-C2 
bond. All other C-C bonds with 180° conformation. c With 
£soMo(Cl-) = -8.34eV.2-4 

linear correlation between the activation energies for H ab­
straction by CH3- and CF3- radicals and the delocalizabili­
ties. 

Thus the principle of maximum overlap7 using MINDO/3 
d a t a 2 " may serve well in predicting the relative activation 
energies and (in consideration of the similar A factors10'1') the 
relative rates of free-radical hydrogen-abstraction reactions. 
Obviously steric influences12 can be neglected. 

As shown with 1-fluorobutane as an example (Table II, 
Figure 2), a polar factor only seems to be important for ab­
straction reactions at the halogen-bearing C atom (Ci). 
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Theoretical ab Initio Calculations of Deformation 
Densities in Some Binuclear Metal Complexes 

Sir: 

The ab initio Hartree-Fock method has been applied re­
cently to the calculation of electronic deformation density 
distributions' in the vicinity of transition metal atoms.3'4 We 
report here the first theoretical calculations of deformation 
densities for binuclear metal complexes immediately compa­
rable with experimental works. Deformation density maps were 
obtained for M(Tr-C5H5)Fe(CO)2I2 (1) and (^-C 5H 5Ni) 2-
C H = C H (II). The molecular density is issued from ab initio 
calculations5 at the SCF level with double-f basis sets for the 
valence shells. The atomic density distributions were calculated 
for each atom with the same basis set as that used in the mo­
lecular calculation. The atoms were taken to be neutral and 
in their ground states. The contours are based upon a grid 
having an increment of 0.2 au. Positive and negative contours 
were drawn with an interval of 0.03 e (au ) - 3 from 0 to ±0.18 
e ( a u ) - 3 9 

Bis(dicarbonyl-7r-cyclopentadienyliron) (I). Figure 1 shows 
the deformation density distribution for I in the plane con­
taining the iron atoms and the terminal carbonyls. A com­
parison with an experimental deformation density map drawn 
for the same plane8 shows that all significant features of the 
experimental map are correctly reproduced,19 especially the 
four density peaks around each metal separated by a negative 
zone colinear to the Fe-CO bond. The lack of significant fea­
tures in the region located around the Fe-Fe line, noticed about 
the experimental deformation density map,8 is also confirmed. 
The absence of residues in the metal-metal direction seems to 
be consistent with the fact that our molecular SCF wave 
function does not display any significant direct metal-metal 
bond. This conclusion is based upon the small negative value 
of the Mulliken overlap population between iron atoms10 and 
upon an analysis of the valence shell molecular orbitals, 
especially of the HOMO which exhibits a strong back-bonding 
character from the dy: orbital of iron toward the bridging 
carbonyls.12 This analysis illustrates the concept of delocal-
ized multicentered linkages of bridging carbonyl ligands to two 
or three metals proposed by Chini13 and Braterman14 and al­
ready corroborated by SCF calculations on Co2(CO)g15 and 
Fe3(CO)12.11 

7r-Acetylenebis(cyclopentadienylnickel) (II). This complex 
is supposed to present a direct metal-meta! bond because of 
electron counting and of the very short metal-metal distance 
(2.345 A).7 However, the nature of this bond "straight" or 
"bent" away from the acetylene18 is still controversial. The 
"bent" metal-metal bond model was found by Teo and co­
workers to correspond to the character of the HOMO in several 
Fe2(CO)6X2-type dimers.16 However, experimental density 
deformation maps obtained by Wang and Coppens for II ex­
hibit density accumulation with two maxima along the Ni-Ni 
line, thus favoring the "straight" bond model.7 We depict in 
Figure 2 the electron density contour map obtained for the 
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Figure 1. Section of the deformation density distribution of complex 1 by 
a plane containing the terminal carbonyl and the Fe-Fe line. Contour 
interval: 0.03 e(au)~3. Deformation densities beyond ±0.18 e(au)~3 are 
not represented. Dashed contours are for negative and solid lines for zero 
and positive deformation densities. 

HOMO of II, in the plane containing the two Ni atoms and 
perpendicular to the acetylene C-C bond. It clearly indicates 
the bent nature of the Ni-Ni bond obtained from our wave 
function. In Figure 3, showing the deformation density map 
obtained for the same region of space, the region of the bent 
metal-metal bond corresponds to a zone of electron deficiency 
with a double minimum at 0.34 A from the metal. Beyond this 
point, the deficiency decreases and finally vanishes at the 
midpoint of the Ni-Ni line. This scheme seems in contradiction 
with the notion of electron pairing, which intuitively implies 
an accumulation of electron density between the bonded atoms. 
However, the lack of density accumulation at the center of the 
bond could be explained by the weak overlap between metal 
atoms8 and the large regions of electron deficiency colinear to 
the dz2 orbitals involved in the Ni-Ni bond can be related to 
the high population (1.6 e) of each spherically averaged d or­
bital in the ground-state configuration of nickel, 3d84s2.20 

Contrary to the case of complex I, the comparison of the 
computed density distribution with experimental results leads 
to a serious disagreement, especially in the regions of the metal 
atoms. The four nonoverlapping regions of electron accumu­
lation around each metal displayed in Figure 3 are consistent 
with the feature most currently observed in octahedral-like 
transition metal complexes, namely a concentration in direc­
tions corresponding to the threefold axes of the octahe­
dron.8-17'21'22 The experimental map obtained by Wang and 
Coppens7 for the same plane does not show any significant 
electron-deficient region, but only two zones of charge accu­
mulation around each metal, one oriented toward the center 
of the C5H5 ring and the other toward the ethylene C-C bond. 
These features were interpreted in terms of a trigonal rather 
than octahedral symmetry around the nickel atom.7 

Deformation density around the acetylene ligand is dis­
played in Figures 3 and 4. Both maps show a displacement of 
the density maximum away from the C-C line in a direction 
away from the nickel atoms. This is an important point of 
agreement with experiment,7 but differences at the qualitative 
level are still found in this region. The peaks displayed on the 

Figure 2. Electron density contour map for the HOMO of complex 11 in 
the plane containing two nickel atoms and the midpoint of the acetylene 
C-C bond. Contour interval: 0.01 e(au) - 3 . 

Figure 3. Section of the deformation density distribution of complex 11 in 
the plane containing two nickel atoms and the midpoint of the acetylene 
C-C bond. Contours as in Figure 1. 

C-H bonds (Figure 4), which are not observed experimentally, 
can be attributed to the neglect of the thermal motion of the 
hydrogens.23 However, the presence of a unique peak above 
the C-C line and the location of the electron-deficient regions 
around the carbon atoms, though characteristic of a carbon-
carbon bond, are less easy to reconcile with the experimental 
features. 

It is not excluded that configuration interaction would in­
duce a modification of d-orbital populations leading to a 
qualitative change in computed deformation density maps in 
the vicinity of the metal atoms.3 However, the fair agreement 
with experimental deformation density obtained for complex 
I may give some confidence about the reliability of the 
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Figure 4. Section of the deformation density of complex 11 in the plane 
containing the acetylene ligand and the midpoint of the Ni-Ni line. 
Contour interval: 0.03 e(au)~3. Negative deformation densities beyond 
-0.09 e(au)~3 are not represented. Bold line is for zero deformation 
density. 

map similarly computed for II. In order to obtain more possi­
bilities of comparison with experimental work, calculations 
were started on other binuclear complexes, including Ct2-
(O2CH)4. 
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On the Hartree-Fock Theory of 
Local Regions in Molecules 

Sir: 

The direct determination of localized orbitals for large 
molecules has received increasing attention in the past years.1 

This concept is useful in particular if different local basis sets 
are used for the expansion of localized orbitals belonging to 
different localization centres (subsystems). Several authors 
have discussed the use of such local or fluctuating basis sets. 
Matsuoka2 and the present authors3 have modified the 
Adams-Gilbert equations1 for this case; Mehler4 has derived 
a variational method for nonorthogonal group functions based 
on local energy functionals; Payne5 has given equations for the 
determination of the Hartree-Fock determinant with the 
lowest energy under the variational restriction imposed by the 
local basis sets. It is the last paper by Payne on which we want 
to comment. 

We start from a set of (occupied) localized orbitals \<pla} and 
a corresponding set of local basis functions \xiP\', i denotes the 
subsystem, a refers to different orbitals, and p refers to dif­
ferent basis functions belonging to the same subsystem. We 
expand each orbital in terms of basis functions of the same 
subsystem 

I fia > = L CipJa \xip) ( 1 ) 
P 

where all C1-^jn values with i ^ j are constrained to be zero. 
The reciprocal orbitals are defined by 

\<f>ic) = E kyft) S - 1 ^ n (2) 
JIi 

with5^,,-„ = < ifijfi\ <pia). 

The energy E of the Slater determinant built up from the 
nonorthogonal orbitals of eq 1 depends on the nonzero orbital 
coefficients CjPja. The determinant with the lowest E is, of 
course, characterized by vanishing partial derivatives of E with 
respect to the C,y,,,„: 

Table I. Comparison of Results for CH4 Using (a) Payne's 
Equations (eq 4) and (b) a Steepest-Descent Method0 

Definition of Subsystems 

subsystem orbital basis functions 

1 Is(C) C: s, 

2 . . . 5 (T(CH) C:spi ,sp2 

H: si, S2 

Orbital Coefficients (UCH) 
(a) 0.41410, 0.46094, 0.21333, 0.07166 

(b) 0.38516, 0.58661, 0.19381, -0.02778 

Total Energy 
(a) -39.8242 
(b)-39.8354 

" A modified 4-31G basis set6 is used, where the 2s and 2p groups 
are replaced by Gaussian lobes with distance 0 . 4 3 7 / v ^ f r o m t h e C 
nucleus in the bond directions. All values are given in atomic units. 
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