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Extended Huckel theory, modified with the inclusion of two-body repulsion, has been used to reproduce and predict optimum 
geometries, including bond lengths, of some first-row transition metal carbonyl compounds. 

Introduction 
The application of molecular orbital (MO) techniques to 

transition-metal complexes is an increasingly active field.' In 
general, studies have focused on bonding in organometallic 
complexes and how such bonding is influenced by changes in 
the coordination sphere. A few papers have contained an 
examination of bonding changes during chemical reactions.* 

We are interested in using MO calculations as a practical 
guide for laboratory studies. It is our goal to develop the 
capability for theoretical studies of, for example, relative rates 
of reaction or the comparison of first- and second-order sub- 
stitution pathways. Ultimately this might facilitate the design 
of reagents for specific chemical transformations. Though it 
is widely held that only the more sophisticated nonempirical 
MO techniques can give reasonable results, recent work has 
demonstrated that semiempirical techniques can make sig- 
nificant contributions in this area.3 This is important in terms 
of cost, computer time, and simplicity if such calculations are 
to become a routine tool of the experimentalist. 

Throughout this work a semiempirical MO theory as derived 
by Anderson is used.4 It is similar to extended Huckel theory 
(EHT)5 but contains a correction for two-body repulsion. 
While the modified extended Huckel theory (MEHT) retains 
the ability of EHT to reproduce bond angles, it markedly 
improves bond length determinations. MEHT has been ap- 
plied to the interaction of small molecules with metal clusters 
and surfaces as well as with a few organometallic derivativesa6 

In this and future papers, we will use the MEHT approach 
to determine the relative energies of complexes in ground, 
intermediate, and transition states' and will be less concerned 
with a detailed MO analysis of the causes of geometry and 
bonding. We will demonstrate that for certain classes of 
complexes, reliable results can be obtained. In the present 
paper we will examine the ability of MEHT to predict correct 
bond distances and angles of some simple metal carbonyl 
derivatives and fragments and compare the results with pre- 
vious EHT studies by Elian and Hoffmann' and by B ~ r d e t t . ~  
In the companion paper,1° we will compare calculated energies 
against known thermodynamic values for some dissociative 
processes. 
Results 

A. M(CO)6. Octahedral symmetry requires that only bond 
lengths be optimized. The optimized metal-carbon distances 
for one dS [M = V(O)] and three d6 [M = V(-I), Cr(O), 
Mn(I)] metal complexes are 1.87, 1.86, 1.86, and 1.87 A, 

0020-1669/79/1318~3407$01.00/0 

respectively, with corresponding optimized carbon-oxygen 
distances of 1.10, 1.11, 1.12, and 1.12 A. For vandium(0) and 
chromium(O), both the metal-carbon and carbon-oxygen 
distances are shorter than those of the experimental values 
V-C = 2.015 (2) I%, C-0 = 1.138 (2) A;" Cr-C = 1.91 (4) 8, , C-0 = 1.14 (4) A'2]. This is somewhat exceptional-more 

often the optimized bond lengths are longer than experimen- 
tally observed distances (vide infra). 

In the d5 vanadium(0) case, the octahedral geometry should 
be unstable due to first-order Jahn-Teller effects. In accord- 
ance with the distortion expected on the basis of ligand field 
theory, i.e., a shortening of a trans pair of metal-carbon bonds 
relative to the other bonds,13 the geometry of vanadium hexa- 
carbonyl was also optimized under D4h symmetry. The axial 
vanadium-carbon distances shortened from 1.87 to 1.85 A 
while the equatorial vanadium-carbon distances lengthened 
to 1.88 A. However, the D4h geometry was calculated to be 
only about 0.5 kcal/mol more stable than the oh geometry. 
While we have not attempted to calculate a complete Jahn- 
Teller surface, the small energy difference between oh and D4,, 
geometries is not inconsistent with the observation that the 
predicted Jahn-Teller effect is small enough to give rise, ex- 
perimentally, to a dynamic e f f e ~ t . ~  The ability to explore 
Jahn-Teller distortions is a potential strength of geometry- 
optimized MEHT calculations. 

B. M(CO)s. Geometries in M(CO)5 complexes were op- 
timized under both D3,, (trigonal bipyramidal), 1, and C,, 
(square pyramidal), 2, symmetry restrictions. In several 
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studies using semiempiri~al~,~ and ab initio14J5 techniques, the 
molecular orbitals generated under these two symmetries have 
been detailed. In general, our results are in agreement with 
previous findings and, with a few exceptions, the known 
structural data.'"*O The optimized bond distances and angles 
are presented in Table I. Demuynck, Strich, and Veillard,', 
using large basis set ab initio techniques, have also optimized 
metal-carbon bond lengths and angles for several of the same 
complexes and their results are included in Table I in brackets. 

0 1979 American Chemical Society 
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Pensak and McKinney 

In C,, symmetry, the two techniques give very similar values 
of 6. MEHT, in most cases, reproduces the relationship be- 
tween axial and equatorial metal-carbon distances found in 
the ab initio study, but MEHT gives smaller, more realistic 
differences. The calculated energy differences between the 
two geometries for each case are found to be of similar mag- 
nitude with the two computational techniques. Experimental 
bond length data are available for trigonal-bipyramidal com- 
plexes [Mn(CO)5]- and Fe(CO),. In both cases the calculated 
metal-carbon distances are longer than those for the observed 
values (in contrast to the M(C0)6 cases described above). The 
carbon-oxygen distances are in good agreement with the av- 
erage observed values. For [Mn(CO)J, the relationship 
between the axial and the equatorial bond lengths (ax > eq) 
is correctly reproduced by both MEHT and the ab initio study; 
for Fe the same relationship is calculated but the opposite is 
observed. Frenz and Ibers17 have rationalized the observed 
values as a balance between ligand-ligand repulsion (which 
lengthens the metal to axial ligand bond) and d electron-ligand 
repulsion (which lengthens the metal to equatorial ligand 
bond). Note that in the calculated series of neutral D3h com- 
plexes (see Table I) the equatorial M-C bond lengths decrease 
in going from V to Fe (in parallel with the decrease in the 
atomic radius of the metals), while the axial M-C bond length 
increases. The calculated nuclear repulsion energy between 
equatorial carbons remains zero throughout the series, while 
nuclear repulsion between axial and equatorial carbons in- 
creases slightly (despite a lengthening of the axial M-C bonds 
to relieve the pressure). This is consistent with the first part 
of Frenz and Ibers' argument; each axial nucleus is repulsed 
by three equatorial nuclei whereas each equatorial nucleus is 
repelled primarily by the two axial nuclei; therefore the axial 
nuclei are squeezed out as the metal radius shrinks. That 
MEHT appears to incorrectly deal with d electron-ligand 
repulsion might be attributed to improper parameterization 
for an approximation of electron correlation in this case were 
it not that the ab  initio study comes to the same conclusion 
(see Table I). The reasons for this discrepancy remain unclear. 

A limitation of MEHT (and EHT) is an overestimation of 
intramolecular charge transfer. For example, in the negatively 
charged species Cr-, Cr2-, and Mn-, if as the angle 6 decreases 
the atomic charges remained the same, a change in molecular 
dipole would be expected as shown schematically in the dia- 
gram (A -* B). Optimizations with MEHT compensate for 
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this by increasing the length of the axial carbon-oxygen bond 
and transferring more negative charge to the oxygen (B - 
C). In one case the bond lengthens to 1.41 A, almost a car- 
bon-oxygen single bond. In these, and succeeding cases where 
noted, specific carbon-oxygen bond lengths were restricted to 
1.20 8,. This allowed realistic values for the other variables 
to be obtained through optimization. For example, with [Mn- 
(CO)J, permitting optimization of the axial carbon-oxygen 
bond resulted in the C,, geometry being the most stable ge- 
ometry. Restricting the bond length to l .20 8, makes the D3h 
geometry more stable, similar to that found for the iron and 
cobalt(1) cases (in agreement with the observed structure). 
It should be remembered that we have ignored the role of a 
counterion but these results point out that one must be very 
careful when applying MEHT to polar systems. 

In the ds cases, the D3,, structure is calculated to be only 
about 1.5 kcal/mol more stable than the C,, geometry. Elian 
and Hoffmann also found a small energy difference and noted 
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Table 11. Optimized Geometries of M(CO), 
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d' d 8  d9 d'' 

M = M n  Mn- Fe c o  + Feu Fe- c o  Fez- co- Ni 

e ,  deg 
M-C(O), A 
c-o(e),  A 
@ 
M-C(@) 
C-C(@) 

* energy, eV 

e deg 
M-C(ax), A 
M-C(eq), A 
C-O(ax), A 
C-O(eq), A 
energy, eV 

M-C, A 
c 4 ,  A 
energy, eV 

90 
1.84 
1.17 
150 
1.85 
1.15 
-787.50 

83.5 
1.81 
1.85 
1.20 
1.15 
-787.32 

1.84 
1.15 
-187.23 

120 
1.79 
1.20e 
154.4 
1.88 
1.10 
-797.12 

84 
1.81 
1.83 
1.20 
1.18 
-797.13 

1.83 
1.19 
-796.54 

126 (120)b 
1.80 
1.20e 
154 (145) 
1.89 
1.10 
-797.81 

84 
1.84 
1.84 
1.15 
1.17 
-797.80 

1.83 
1.18 
-797.02 

czu (Dzdlf 
135 102 
1.85 1.83 
1.15 1.16 
160.5 138 
1.87 1.84 
1.12 1.18 
-199.36 -197.43 

c2 u 
84 
1.85 
1.84 
1.13 
1.15 
-799.25 

D, h 
1.88 
1.11 
-799.18 

124 
1.82 
1.18 

-807.13 

14 
1.80 
1.83 
1.20e 
1.18 
-807.16 

1.83 
1.17 
-805.93 

130 
1.84 
1.16 

-808.66 

1 6  (80)c 
1.83 
1.84 
1.16 
1.16 
-808.65 

1.86 1.84 1.85 1.87 
1.13 1.18 1.16 1.15 
-804.04 -814.84 -817.14 -817.51 

m 

'd 
M-C, A 1.84 1.83 1.84 1.85 1.82 1.81 1.82 1.86 (1.84)d 
c -0 ,  A 1.16 1.18 1.16 1.14 1.19 1.21 1.18 1.15 (1.15) 

optimum geomg C,, c3u c, u cz u c3 u D2d Td Td Td 
(CZU) ( C 3 U )  (Dzd) (C~U) 

energy, eV -786.87 -796.55 -197.22 -798.66 -807.05 -808.51 -817.01 -818.47 -818.42 

(Td) (Td) 
High spin. Reference 27. Reference 25: Reference 24. e Maximum allowed value; see text for discussion. Dzd  = C,, ( 0  = @); 

Td = C,, (e = @ = 109.5'); Td = C,, (e = 70.5"). g Symmetries in parentheses are of very similar energy. 

that it is consistent with the fluxional behavior observed for 
Fe( CO) 5.21 

In the d7 case, the C4, structure is about 6 kcal/mol more 
stable than the D3h, the latter being subject to Jahn-Teller 
distortions. 

For d6 metals, D3h structures are Jahn-Teller stable but 
would be paramagnetic having two unpaired electrons in a 
doubly degenerate MO. The calculations clearly suggest a 
preference (about 20 kcal/mol) for the C4 structure. The D3h 
complex has apparently been made with Cr by matrix isolation 
techniques20 but irreversibly isomerizes to the C4, structure, 
even at  very low temperatures. 

In the d5 case, both the D3h and C4, structures are Jahn- 
Teller unstable. Burdett has predicted that the D3h is the most 
stable geometry and cited a matrix isolation study22 as cor- 
roboration. Elian and Hoffmann predicted a C4, structure by 
using different matrix isolation results for c o r r ~ b o r a t i o n . ' ~ ~ ~ ~  
Our results agree with the latter, C4, being 11 kcal/mol more 
stable than D3h. Burdett has claimed that the dynamic Jahn- 
Teller effect suggested for V(CO)6 may also be applied to 
V(CO)5. A slight bond length distortion of two of the equa- 
torial carbonyls could remove this Jahn-Teller instability. An 
examination of the reduced overlap population matrix reveals 
that the equatorial bonds are not equivalent and should be 
optimized as opposing independent pairs of COS. Accordingly, 
when this molecule was optimized with C2, restrictions (3), 
one opposing pair of V-C distances shrank from 1.87 A to 1.85 
A while the other lengthened to 1.88 A. The angles 6 and 6' 
were found to be 87.8 and 85.5', respectively. This C, geom- 
etry is about 0.7 kcal/mol more stable than C4,. Again, cal- 
culation of a complete Jahn-Teller surface was not attempted. 

C. M(CO)+ Geometries of tetracarbonyl complexes were 
optimized under several symmetry restrictions. Under the C, 
(4) restriction the angles 6 and 4 were optimized initially while 
holding bond lengths constant. In those cases where 6 and 4 
equalized (d9 and d'O), further optimizations were carried out 
with a higher symmetry restriction (D2d, 6 = 4, 5, and Td, 6 

= q5 = 109.5', 7). All complexes were also optimized with 
C3, (6) ,  Td (7), and D4* (square planar) (8) symmetry re- 
strictions even though the latter two are special cases of C2, 
and C3, symmetry. 
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In the d'O cases, the angles 6 and 4 optimized between 109 
and 110'. Further optimization carried out with Td constraints 
produced the bond lengths shown in Table 11, which for Ni- 
(CO)4 agree well with the X-ray structural results.u The other 
two cases are also known from spectral measurements to be 
of Td symmetry. The shortening of the metal-carbon bond 
and the lengthening of the carbon-xygen bond as the negative 
charge increases is explained by increasing retrodative bonding. 
T d  is favored over D4h symmetry by at least 20 kcal/mol (Table 
11). 

In the d9 cases Elian and Hoffmann and Burdett found the 
DZd symmetry to be optimum. We find that D2d (5) and C,, 
(6)  are energetically equivalent (Table 11). This is consistent 
with reports that matrix isolation studies performed under 
several different conditions have found both DZdz5 and C,, (6 
= 80°)26 species. In addition, Td is only about 3.5 kcal/mol 
less favorable, suggesting the possibility of an easily accessible 
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Table 111. Metal-Metal Bonded Species 

Pensak and McKinney 

M-M, A 3.02 [2.94ja 2.86 3.00 2.81 
8 ,  deg 80 [86] 16 87 87 
6 deg 123 113 
Mn-C(B), A 1.86 [1.85] 1.84 1.86 1.85 
M-C(@ or ax), A 1.80 [1.80] 1.82 1.82 1.85 
C-O(S), A 1.13 [1.15] 1.16 1.13 1.15 
C-O(@ or ax), A 1.19 1.17 1.18 1.15 

a Average of values quoted in ret' 32. Fe-H = 1.73 A;  H-Fe- 
H = 59.4". 

transition state for a dynamic equilibrium between the two. 
In the d8 systems the Td structure should be unstable with 

respect to first-order Jahn-Teller effects but the C2,, C3,, and 
D4h structures are Jahn-Teller stable. We found that while 
a C2, structure is favored for [Co(CO),]+, the C3" and C2, 
structures are energetically equivalent for the Mn- and Fe 
cases. In contrast, Elian and Hoffmann claimed that DZd 
should be optimum, while Burdett claimed D4h. Matrix iso- 
lation studies have established that [Fe(CO)4] is Cb.27 While 
different matrices seem to cause variation in the angles, they 
have been estimated as 0 = 145' and 4 = 120'. A very recent 
report28 has determined by magnetic circular dichroism that 
this fragment is paramagnetic. Consistent with this, Burdett 
found an optimum C, geometry (0 = 135', 4 = 110') for the 
high-spin case (2 unpaired electrons). With similar high-spin 
C2, restrictions, we obtained comparable angles (0 = 138', 4 
= 102O). It should be noted that in the low-spin case, we again 
had to restrict two of the CO bond lengths to 1.20 A. How- 
ever, the restriction was not necessary in the high-spin case. 

Since the Czu and C3, symmetries are of similar energy in 
the low-spin case, it is interesting that recent studies of infrared 
excitation of matrix-isolated Fe(C0)4 suggest an intramolec- 
ular isomerization with a C3, species in the transition state.29 

It is disturbing that Elian and Hoffmann found low-spin 
Fe(C0)4 to prefer D2d, Burdett D4h, and this work C2&. To 
test if the bond lengths used could account for the differences, 
we carried out optimizations fixing the bonds at the values they 
cited. With Elian and Hoffmann's bond lengths, a C2, (0 = 
154', 4 = 123') geometry was found to be optimum, as it was 
with Burdett's values (0 = 156', 4 = 128'). The differences 
therefore lie either in the calculation procedures themselves 
or in the atomic parameters used. Further investigation is 
planned. 

In the d7 case, both we and Elian and Hoffmann found C2, 
to be the most stable geometry whereas Burdett predicted D4h 
for the low-spin cases. Elian and Hoffmann predict angles 
of 0 = 150', 4 = 90". No structural data are available for 
comparison. 

D. M(CO)3. While a thorough investigation of the metal 
tricarbonyl fragments was not carried out, optimization re- 
produced two known tricarbonyl geometries, Le., Ni(C0)3,30 
D3*, and Fe(C0)3, C3, (0 = 72' + 3°).31 The latter is calcu- 
lated to have two unpaired electrons populating doubly de- 
generate MO's. 

E. Metal-Metal Bonded Species. A few representative 
members of this class were examined, [Mn2(CO),,] (9), 
[c02(Co)t31 (lo), [Fe2H2(CO)d (11), and [ F ~ ~ ( C O ) I ~ I  (12). 
In each case only non-carbonyl-bridged isomers were calcu- 
lated. The results are given in Table 111. The experimental 
values for Mn2(CO)122 are in brackets. For 9 and 10, the Ddh 
and D3h (eclipsed) geometries were found to be higher in 
energy. Interestingly, the calculated geometrical parameters 
for 9 and 10 do not vary appreciably from those calculated 
for the isolated halves, Mn(CO)S and C O ( C O ) ~  (see Tables 
I and 11). In 9, the angle 0 = 80' is very similar to that found 

0 0 
~ 

for the C4, geometry of Mn(CO)S (0 = 80.7') while the ex- 
perimentally determined angle for 9 is 86'. The failure to 
reproduce this value may stem from an inability of MEHT 
to draw electron population away from the metal centers into 
the bonding area between them. The reduced overlap popu- 
lation matrix gives support to the notion by showing very little 
electron population in the overlap region between metals. The 
apparent charge-transfer problem and its relationship to 0 are 
further illustrated and discussed in the following section. For 
both 11 and 12 the relative geometry of the [Fe(CO),] units 
is similar to that calculated for the low-spin monomer (Table 
11) * 

The metal-metal bonds, the major points of interest, are 
found to be uniformly lengthened beyond that which is ex- 
pected. The calculated Mn-Mn bond (3.02 A) is 0.1 A longer 
than that of the experimental value.32 The calculated Co-Co 
length at  2.68 A is more than 0.3 A longer than that found 
for the carbonyl-bridged but 0.2 8, longer than in 
the more applicable C O ~ ( C O ) ~ [ P ( ~ - B ~ ) ~ ] ~  (D3d),33b and is less 
than 0.1 A longer than found for the isoelectronic [Fe2(CO)8]2- 
(D3d).34 The metal-metal distances calculated for the iron 
cases 11 (3.00 A) and 12 (2.81 A) also appear to be long when 
compared with Fe2(C0)9 (Fe-Fe = 2.56 and 2.67 A)36 as well 
as [Fe2(C0),l2- (Fe-Fe = 2.79 A).34 According to our cal- 
culations, the metal-metal bonds have very shallow potential 
wells. Therefore small errors in the repulsive energy may be 
magnified when compared with the same error in carbon 
monoxide which has a very deep potential well. The length- 
ening of bonds between homoatoms appears to be general so 
that carbon-carbon bonds are always calculated to be from 
0.1 to 0.2 A too long. Similar problems occur with N-N and 
0-0 bonds. For that reason, we do not optimize the latter 
distances, using instead known experimental values. 

The errors in optimizing homoatomic bond lengths, in par- 
ticular in the metal-metal bonds, can be traced in part to the 
portion of the two-body repulsion calculation which requires 
assignment of electron occupancy of the atomic orbitals. Only 
the occupancy of the most electronegative atom is used in the 
calculation (hence the need for Pauling electronegativities in 
the parameter input), except where both atoms are the same. 
When ligands completely surround the metal, the occupancy 
of the donor atoms is important because they are more elec- 
tronegative than the metal (the occupancy of the metal does 
not matter). However, when metal-metal interactions are 
involved, the metal occupancy is important. Anderson has 
suggested37 the following occupations: Mn, 2 s, 0 p, 5 d 
electrons; Co, 1 s, 0 p, 8 d; Fe, 1 s, 0 p, 7 d. We have tried 
both one and two s electrons for Mn and Co and found that 
using one s electron for Mn caused drastic shortening of the 
Mn-Mn bond while use of two s electrons for Co resulted in 
a Co-Co bond length which was much too long. It appears 
that fractional electron occupation would be needed to get 

0 0 
C C c o  

0 
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Table IV. Hydrido Metal Carbonyls 
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HCo(CO), HFe(CO),- HMn(CO), 

M-H, A 1.58 [ 1.56 (2)la 1.59 [1.57 (12)]* 1.60 [1.60 (2)Ic [1.58 (211' 
0,  deg 81 [80.3 (611 81 [81] 84 [84 (l)] [85.5 (9)] 
M-C(ax), A 1.85 [ 1.76 (111 1.84 [1.72] 1.84 [1.82 ( l ) ]  [1.85 (2)] 
M-C(eq), A 1.83 [1.82 (l)] 1.81 [1.75] 1.86 [1.85 (2)] [1.86 (111 
C-O(ax), A 1.13 [1.14 (l)] 1.14 [1.18] 1.16 [1.14 (2)]  [1.14 (111 
C-O(eq), A 1.16 [1.14 ( l ) ]  1.18 [1.15] 1.12 

cis-H,Fe(CO), trans-H,Fe(CO), cis-H, Fe(CO), trans-H, Fe(CO), 

1.59 11.56 (2)1' 1.59 M-H, A 
HFeH, deg 81 [ loo  (lo)] 
C-Pe-C(ax), deg 151 [148.5 (1.5)] 
C-Fe-C(eq), deg 96.4 [96.0 (6)] 

a Reference 38. Reference 39. Reference 40. 

proper bond lengths. We have not as yet compensated for this 
in a wholly satisfactory manner. 

F. Hydrido Metal Carbonyls. MEHT is successful in re- 
producing correct geometries of some simple hydridometal 
carbonyl complexes. The optimized geometries are compared 
with experimental r e s ~ l t s ~ ~ - ~ '  in Table IV. The angles and 
distances refer to the geometries 13-15. Good agreement with 
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13, c3" 14, c4v 
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o C 2 F \ - - H  

C 
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15, C Z V  

bond angles is obtained except for the angle H-Fe-H of Fe- 
H2(C0)4. However, given the accuracy with which the other 
angles were reproduced (in contrast to the large standard 
deviation on the experimental angle H-Fe-H, lo'!), the cal- 
culated result is not necessarily wrong. This geometry is 
calculated to be more stable (9 kcal/mol) than that of the trans 
isomer. The relatively small difference in energy may be 
pertinent to the stereochemical nonrigidity observed in FeH2- 
(Co)4.41 

The above calculations were carried out with an abnormal 
hydrogen 1s orbital energy value (-10.0 eV). The use of the 
more common energy parameter (-1 3.6 eV) caused overesti- 
mation of charge transfer from metal to hydrogen and for 13 
(X = H) and 14 (X = H) resulted in values of 6 near 90' and 
metal-hydrogen distances near 1.7 8. The amount of charge 
transfer between atoms is related to the relative energy levels 
of the interacting orbitals (the basis for Hoffmann's charge 
iteration process). Raising the energy of the hydrogen 1 s 
orbital therefore causes a decrease in the charge transfer from 
metal to hydrogen. The resulting geometrical changes are a 
shortening of the metal-hydrogen bond and a decrease in the 
value of 6. For example, when a low value for the hydrogen 
orbital energy (<-13.6 eV) is used for the optimization of 13, 
extreme charge transfer from cobalt to hydrogen occurs, best 
represented as [H--..Co(CO),'], with 6 = 90'. At the opposite 
extreme the use of very high values (the hydrogen energy 
parameter (>-7.0 eV)) in the optimization of 13 results in a 
species [H+.-Co(CO),-] with 6 = 70.5' (Td symmetry if the 
proton is ignored). These observations suggest a direct rela- 
tionship between 6 and the acidity of the metal hydride. An 
intermediate value of the hydrogen 1 s orbital energy parame- 

Fe-C(ax), A 
Fe-C(eq), A 1.84 [1.80 ( l)]  1.85 
C-O(ax), A 1.13 [1.15 (l)] 
C-O(eq), A 1.16 1.13 

1.85 [ 1.83 (l)]' 

ter (-10.0 eV) gives good geometrical results. 
In the previous section it was noted that for Mn2(CO)lo (9), 

the angle 8 was smaller than that experimentally observed. 
The above discussion on the relationship between 8 and charge 
transfer suggests that both of the Mn(C0)5 units need to 
transfer charge toward each other to reproduce 8. That 
MEHT places little electron population in the overlap region 
between the metals was noted above and thus probably ac- 
counts for the incorrect 8. 

G. MnX(C0)5 and MnX(CO),. In an effort to determine 
the sensitivity of MEHT toward subtle changes in ligands, a 
series of MIIX(CO)~ (14) complexes were calculated. The 
results are shown in Table VI and compared with experimental 
data where possible.4245 It is readily apparent that the choice 
of X affects the Mn-C and C-0 distance very little. For this 
reason, the Mn-C-0 distances in several cases were held 
constant during optimization at the values obtained for the 
case X = PH,. Aside from the Mn-X distance the greatest 
geometrical variation is in 8, which is not unexpected. Though 
all the M-X bonds optimized somewhat long (based on rea- 
sonable estimates where no data are known), the worst of- 
fenders are the halogens; the chloride anion very nearly dis- 
sociates (see values in parentheses, Table V). This may be 
an indication of the relative ionic character of these bonds. 
However, holding the bond lengths constant a t  reasonable 
values lets us obtain satisfactory values of 8. 

For purposes of the thermodynamic calculations in the suc- 
ceeding paper," the geometries of a similar series of MnX- 
(CO)4 complexes were also optimized. Optimizations were 
carried out with the restrictions of C,, (13), C4, (16), and C, 
(17) symmetry, the latter being at  least 20 kcal/mol more 
stable in each case. The optimized C, geometrical parameters 
are given in Table V. Note again the effect of allowing the 
M-X bond to optimize vs. holding it constant at a reasonable 
value. 

0 
C 

OC.. / io or, 'M.--X 
oc' 'co 

16, C 4 v  17, cZv 

Conclusion 
We have demonstrated that while MEHT is in many ways 

comparable to EHT, it has the advantage of giving some 
reasonable bond lengths. It successfully reproduces optimum 
geometries for metal carbonyl derivatives which have little or 
no dipole moment and allows comparison of relative energy 
differences of less stable isomers. It begins to fail as the dipole 
moment is increased, presumably because of the overestimation 
of charge transfer. In contrast to EHT, the relative effects 
of varying substituents on the other bond distances may be 
studied as well as Jahn-Teller distortions. The technique is 
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Table VI. Atomic Orbital Energies (eV) 

atom S P d 00 
0 
w 

m m  I 

W 
N x s  3 

9 

3 
W 
0 

W N  I 

P N 
P ?  2 

3 

J 
m 

$ 2 E W 
0 
3 

I 

3 
0 
0 
N 

U 

d 
4- 
10 
1 

e -  o l l  

3 

? 
r- 
0 

I 
3 

P m 
m 

H -13.60 (-lO.OO)a 
C -16.6 
0 -28.5 
P -16.1 
C1 -24.5 
V -6.74 
Cr -6.11 
Mn -7.43 
Fe -7.87 
co -7.86 
Ni -7.63 
Br -23.8 
I -20.61 

a Used for M-H calculations. 

-11.3 
-13.6 
-10.5 
- 13.0 

-3.6 
-3.7 
--3.8 
-3.87 
-3.94 
-4.0 

-11.8 
-10.45 

-3.0 
-5.0 
-9.0 
-8.3 
-8.5 
-9.0 
-9.6 

-10.0 

sensitive to rather subtle changes in ligands, for example, C1 
vs. Br vs. I. 

Anderson has suggested37 many of the inconsistencies be- 
tween calculated and experimental geometries would be re- 
moved by adjustment of atomic parameters. However, we feel 
that the use of a single set of atomic parameters is important 
for simplicity sake if this computational technique is to gain 
widespread use among experimentalists. Therefore, we have 
chosen to explore the limitations of a set of parameters which 
was derived from experimental data (see computational de- 
tails). Further studies on the limits of reliability of the MEHT 
computational technique are underway. 

Computational Details 
Molecular structures were encoded by internal coordinates 

(bond length, bond angles, and dihedral angles). Optimization 
was carried out with a modified Davidon-Fletcher-Powell 
technique. The energies of each geometry were evaluated by 
using FORTICON-8 (Quantum Chemistry Program Exchange 
No. 344) modified at Du Pont to include the two-body repul- 
sions of Anderson. All these routines were combined into one 
interactive program which permits a sequence of optimizations 
to be performed without manual intervention. This program 
is one module of the TRIBBLE SYSTEM-An Interactive 
Computing System for Chemical Research (to be submitted 
for publication). 

The atomic parameters used in this study were obtained 
from literature sources where they had been determined from 
experimental data. The atomic screening constants (exponents 
and coefficients of Slater-type wave functions) for nontransi- 
tion elements are those of Clementi and R a i m ~ n d i , ~ ~  while 
those of the first-row transition metals are from Richardson 
et al.47 Valence orbital ionization potentials (VOIP) were used 
for orbital energies from the work of  lot^;^^ an exception is 
the value for hydrogen in metal hydrides (see text). The orbital 
energies are given in Table VI. 
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Application of Molecular Orbital Theory to Transition-Metal Complexes. 2. 
Calculation of Enthalpies of Activation for Dissociative Processes’ 
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Molecular energies calculated with a modified extended Huckel theory are used to calculate enthalpies of activation and/or 
reaction for a number of dissociative processes involving transition metal carbonyl compounds. Metal-carbonyl, metal-hydride, 
and metal-metal bond dissociations are examined as well as the interaction of metal hydride with water to give M- + H30+.  
The effects of a series of ligands, X, on cis CO labilization in MnX(CO)S are examined and compared with similar calculations 
by other workers by use of the Fenske-Hall method. 

Introduction 
In the preceding paper,’ we demonstrated that extended 

Huckel theory modified by the inclusion of two-body repulsion 

bond lengths, for a number of transition metal carbonyl com- 
pounds. In principle, the molecular energies calculated ther- 
efrom may be compared to give internal energy (AE)  of re- 

action (or activation).2 For example, for eq 1, A E  can be 
calculated by adding the molecular energies of B and C (EB 
and E c )  and subtracting that of A (EA). The change in 

can successfully reproduce ground-state geometries, including A - + B + C  (1) 
( 2 )  

enthalpy (AH) is more commonly determined experimentally, 
A E  = E B  + Ec - E A  
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