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background counts, SR is the ratio of background time to scan time (SB 
= 0.67 for this data set), and TR is the 20 scan rate in degrees per min
ute. The standard deviation of / was calculated as a(t) = 7"RjS + (S1 + 
S2)/SR2 + o<fl2|1/2 where q in this case was set equal to 0.003. 

(28) "International Tables for X-Ray Crystallography", Vol. I, 2nd ed, The Ky-
noch Press, Birmingham, England, 1965, p 98. The coordinates of 
equivalent positions for P2,/A/are ± [X, Y,Z: Y2 - X, Y2 - Y, \ + Z]. 

The factors which determine the site of nucleophilic at
tack on a polyfunctional organometallic compound are not 
well understood. The kinetically controlled site of nucleo
philic attack of CH3Li on (CO)5MnCOCH3 was found to 
be the cis CO ligand and not the acyl carbon.' In contrast, 
the kinetically controlled site of nucleophilic attack upon 
metal-carbene complexes, such as (CO)5WC(OCH3)CeH5 , 
is the carbene carbon atom2"4 and not the CO ligand. To 
gain an understanding of the differing reactivities of these 
structurally related compounds, we have carried out molec
ular orbital (MO) calculations on (CO)5MnCOCH3 and 
(CO)5CrC(OCH3)CH3 . The results of our calculations in
dicate that charge is not the factor determining the site of 
nucleophilic attack in the acyl and carbene complexes.53 

Rather, the calculations indicate that there is a correlation 
between the site of nucleophilic attack and the location of 
the lowest unoccupied molecular orbital (LUMO) in the 
metal complexes. 

Experimental Section 

Parameter-free molecular orbital calculations, which have been 
described elsewhere,6 were carried out on (CO)5CrC(OCHa)CH3 
and (CO)5MnCOCHa. 

dementi's double —f functions for neutral atoms were used as 
basis functions for carbon and oxygen.7 The Is and 2s functions 
were curve-fit to single — f form using the maximum overlap crite
rion.x For hydrogen, a Is exponent of 1.16 was chosen, as this is 
the minimum energy exponent for hydrogen in methane.9 

For the metal basis functions, the ls-3d atomic orbitals given by 
Richardson et al.10 for Cr(+) and Mn(+) were used. A 4s expo
nent of 2.0, and a 4p exponent of 1.6, were used for each of the 
metals.'' One calculation in which a 4d orbital, with exponent 1.6, 
was placed on chromium was also performed. This latter expansion 
of the basis set had the effect of stabilizing all molecular orbitals 
by roughly the same amount. Since it is the separation of the ener
gy levels (and not the actual magnitude of the eigenvalues) which 
is important in predicting the reactivity of the compounds, it was 
concluded that it was unnecessary to include the 4d orbital in the 
rest of the calculations. 

Although the calculations were carried out in the atomic orbital 
basis set, it is easier to discuss the results in terms of appropriate 

(29) All crystallographic programs used in structural determination and least-
squares refinement were written by J. C. Calabrese. The absorption 
correction program DEAR (J. F. Blount) uses the Gaussian integration 
method of Busing and Levy. Plots were made using ORTEP (C. K. John
son). 

(30) fl, =, JXIIFoI - I F j I X l P o l l X 100% and R2 = [ 2 > | | F j - | F J | 2 / 
WJFJ2JX 100%. 

molecular and hybrid atomic orbitals. Therefore, after self-consis
tency had been reached, the results were transformed .to an MO 
basis derived from the eigenvectors of the free CO group and sp2 or 
sp-1 hybrids on the carbon and oxygen atoms of the acyl and car
bene ligands. 

The bond distances and angles employed are shown in Table I. 
The carbonyl C-O distance was kept constant at 1.128 A, the dis
tance observed in free CO.'2 This was done so that a single set of 
ligand basis functions could be used for all carbonyls and is in 
accord with the insensitivity of the carbon-oxygen bond length for 
the bond order range 2-3.'3 The other bond lengths for 
(CO)5CrC(OCH3)CH3 represent a synthesis of the crystal struc
ture data for (CO)5CrC(OCH3)C6H5 and [(C6Hs)3P]-
(CO)4CrC(OCH3)CH3.

2 The bond distances for (CO)5MnCO-
CH3 are in agreement with those found for cis-[(CH3CO)-
(C6H5CO)Mn(CO)4]-.1 

Results 

The possibility that nucleophilic attack on 
CH 3 COMn(CO) 5 and (CO) 5CrC(OCH 3)CH 3 might be 
charge controlled was considered first. Examination of the 
resonance forms for (CO) 5MnCOCH 3 and (CO)5-
CrC(OCH 3 )CH 3 does not allow an estimation of the rela
tive positive charge on the acyl and the carbene carbon 
atoms. Both the acyl carbon and the carbene carbon have ir 

(CO)5MnC^ (CO)5MiIr=Cf (CO)6MHCN+ 
CH3 CH;, CH1, 

_ JiOCH, OCH3 _ + O C H 3 

(COJsCrC^ (CO)5Cr=C (CO)5CrC 
CH1 CH, CH3 

electron density donated from an oxygen atom and from a 
metal atom. While the oxygen atom of the acyl complex is a 
better ir-donor to carbon than the methoxy oxygen of the 
carbene complex, the manganese atom of the acyl complex 
is a poorer 7r-donor to carbon than the chromium atom of 
the carbene complex. Since the relative magnitude of these 
opposing effects is not readily evaluated, resonance theory 
cannot be used to determine the relative positive charges on 
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Table I. Bond Distances (A) and Bond Angles (deg) for 
(CO)5CrC(OCH3)CH3 and (CO)5MnCOCH3 
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the acyl and on the carbene ligands in these different com
plexes. 

The gross atomic charges derived for (CO)5-
CrC(OCH3)CH3 and (CO)5MnCOCH3 via Mulliken pop
ulation analysis14 are shown in Figure 1. The results for the 
carbene complex, in agreement with the ESCA data of 
Perry et al.,15 indicate that the carbene carbon atom is 
somewhat less positive than the carbonyl carbons. Never
theless, the carbene carbon in (CO)5CrC(OCH3)CH3 is the 
preferred site for nucleophilic attack. For (CO)5MnC-
OCH3, the acyl carbon is the most positive in the com
pound; yet, it is the cis carbonyl of the acyl complex that is 
attacked by nucleophiles. Clearly, charge is not the factor 
which distinguishes the carbene or acyl carbon from the 
carbonyl carbons. 

An explanation of the reactivities of (CO)5MnCOCH3 
and (CO)5CrC(OCH3)CH3 may, however, be obtained 
from the theory of frontier control,16,17 which emphasizes 
the importance of a compound's HOMO or LUMO in de
termining which sites in the molecule will be most suscepti
ble to attack by an electrophile or a nucleophile. A striking 
result of the MO calculations on the carbene complex (see 
Figure 2) is the marked separation of the LUMO from all 
of the other MO's. The LUMO lies 4.6 eV below the next 
lowest unoccupied MO and 6.6 eV above the highest occu
pied MO (HOMO). The LUMO is localized on the carbene 
carbon: the LUMO's major component is the carbene car
bon 2px orbital which constitutes 60% of the level. The 
preference for nucleophilic attack at the carbene carbon can 
be explained as a result of the spatial localization and ener
getic isolation of the LUMO of the complex. 

On the other hand, the LUMO of (CO)5MnCOCH3 lies 
very close to a series of empty MO's, most of which are es
sentially pure carbonyl levels. Unlike the spatially localized 
LUMO of the carbene complex, the LUMO of (CO)5MnC-
OCH3 is diffuse and contains substantial amounts both of 
acyl carbon character (24%) and of carbonyl character (a 
total of 50% 27T character from the four equatorial CO 
groups). Thus, for (CO)5MnCOCH3, examination of the 
LUMO alone does not permit a prediction of the preferred 
site of attack. There are too many closely spaced empty lev
els of various character for an unequivocal prediction of the 
compound's reactivity to be made. 

Discussion 

The results of the MO calculations on (CO)3-
CrC(OCH3)CH3 and (CO)5MnCOCH3 may be more easi-

/
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Figure 1. Gross atomic charges for (CO)5CrC(OCH3)CH, and 
(CO)5MnCOCH3. 
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Figure 2. Selected molecular orbitals of (CO)5MnCOCH3 and 
(CO)5CrC(OCH3)CH3. Molecular orbitals for the free acyl and car
bene ligands are labeled by their symmetry with respect to the C-O 
bond. Fock matrix diagonal elements correspond to functions in the 
transformed (ligand molecular or hybridized) basis. Molecular orbitals 
of the complexes are designated by their major component or bonding 
function. 

Iy understood after a brief examination of the nature of the 
carbene and acyl ligands. Since the C-O bond in CH3CO -

is shorter than that in CH3C(OCH3), the MO's of the acyl 
anion which are bonding in the CO region are relatively' 
more stable than the corresponding levels of the carbene 
(the opposite being true for antibonding MO's). Further
more, there is more ir bonding between carbon and oxygen 
in CH3CO - than in CH3C(OCH3). As a consequence of 
this, there is a greater separation of the x and ir* levels for 
the acyl ligand than for the carbene. In the carbene, the ir 
level is essentially an oxygen lone pair, while the ir* level is 
largely localized on the carbon atom. These differences in 
electronic structure and charge distribution (Figures 3 and 
4) influence the way in which the ligands act in the penta-
carbonyl complexes. The relative placement of the HOMO 
and LUMO of each ligand is especially significant, since 
the Fock matrix diagonal terms,18 shown in Figure 2, re
flect the order of the orbital energies of the free ligands. 

Figure 3 shows the effects of complexation on the elec
tronic distribution of the ligands. Comparison of the popu
lations of the various hybrid atomic orbitals in the free li
gands and in the complexes reveals that charge is donated 
from the central carbon's a lone pair and accepted into the 
antibonding (7r*) combination of the p orbitals (Op* and 
Cp*). The acyl ligand is a better a donor and a poorer ir ac
ceptor than the carbene ligand; this has a marked effect on 
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Table II. Mulliken Populations of CO So and 2rr Levels 

Free 
ligands (CO)5CrC(OCH3)CH3 (CO)5MnCOCH3 
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Figure 3. Mulliken populations of some of the atomic orbitals of the 
acyl and carbene ligands. The atomic orbitals of the oxygen and central 
carbon atoms have been combined into sp2 hybrids. The numbers in pa
rentheses represent the orbital populations for the ligands in the com
plexes; the other numbers are the populations for the free ligands. 
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Figure 4. Some molecular orbitals of CHjCO - and CHjC(OCHs). 
Note that the energy scales differ by 14 eV, a consequence of the dif
ference in charge between the ligands. 

the electronic structures of the M(CO)5 moieties of the 
complexes. 

The charge which the acyl ligand initially donates to 
manganese is passed to the carbonyl 2TT levels, stabilizing 
them. Thus, the M3d-C02,r separation is roughly the same 
for both the manganese and chromium complexes. This sep
aration generally increases as the atomic number of the 
metal increases,19 with a consequent lowering in the 
amount of back-bonding from M to CO. For (CO)5MnC-
OCH3 and (CO)5CrC(OCH3)CH3, the populations of the 
CO IT orbitals are virtually identical (see Table II), and 
the eigenvalues of the unoccupied, mainly CO 2T levels are 
nearly the same. 

In (CO)5MnCOCH3, these 2TT levels are found in very 
close proximity to the acyl TT* level. However, the carbene 
T* level, which is essentially a carbon p orbital, is far more 
stable than the corresponding acyl level, which is truly a ir* 
orbital. Thus, the LUMO of the carbene complex is ener

getically distinct from its other low-lying empty orbitals, 
while the LUMO of (CO)5MnCOCH3 lies in a band of 
closely spaced, unoccupied levels with various localization 
properties. 

Conclusion 
Our molecular orbital calculations on (CO)5-

CrC(OCH3)CH3 reveal that the LUMO is energetically 
isolated and spatially localized on the carbene carbon atom. 
Frontier orbital control of nucleophilic attack on the car
bene complexes predicts attack at the carbene carbon atom. 
Our calculations for the acyl complex (CO)5MnCOCH3 in
dicate that there are too many closely spaced empty levels 
associated with both the acyl carbon and coordinated CO to 
make a prediction of the site of nucleophilic attack based on 
the location of the LUMO. Comparison of the calculations 
for the carbene complex and for the acyl complex indicates 
that attack of nucleophiles at coordinated CO is much more 
likely for the acyl complex than for the carbene complex. 
Thus, while our calculations do not allow a prediction of the 
site of attack on an acyl complex, they allow an under
standing of the differences in the reactivity of metal-car-
bene complexes and of metal-acyl complexes. 
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