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THEORETICAL COMPARISON OF THE 
BONDING OF CHALCOCARBONYL LIGANDS 

TED A. O’BRIEN and JAMES F. O’BRLEN’ 

“Department of Chemistry, Southwest Missouri State University, Springfield, MO 65804 

(Received 14 February 1997; Revised 12 May 1997; Injnal form 18 September 1997) 

Fenske-Hall molecular orbital calculations on the complexes CpFe(CO)2(CX)+ (X = 0, S, 
Se, and Te) have been used to quantify the nature of bonding between the CX ligands and 
the metal atom. In addition, conclusions have been reached about the reactivity of the 
complexes under both nucleophilic and electrophilic attack. The previously established 
trend of increasing metal-Iigand bond strength as X changes from 0 to S to Se is 
demonstrated by our molecular orbital calculations, and found to extend to Te. The 
mechanism for nucleophilic attack, variously explained in the past by either charge control 
or orbital control, is quantitatively ascribed to orbital control only. The nature of 
electrophilic attack on these complexes is also found to begin with orbital control. 

Keywords: carbon monoxide; carbon monosulfide; carbon monoselenide; carbon 
monotelluride: molecular orbital calculation 

INTRODUCTION 

It is widely accepted that CS bonds more strongly to metal atoms in complexes 
than does C0.’-7 Replacement reactions involving complexes containing both 
CO and CS as ligands generally result in replacement of the CO and retention of 
the CS.2-7 In addition, molecular orbital calculations revealed that CS interacts 
better with iron orbitals than does C0.498 Both IR and NMR spectral data usually 
indicate stronger metal CX bonds for CS rather than C0.9 Some have questioned 
the capability of IR data to distinguish u and T contributions to bonding 
effects.I0-l2 Thus the preferential replacement of CO has been attributed to 
stronger bond formation between the metal and CS than between the metal and 
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92 T. A. O'BRIEN and J. F. O'BRIEN 

CO. This study examines the bonding of CSe and CTe as ligands, and quantifies 
the relative strength of the interaction between the Fe atom and the entire family 
of CX ligands in the complexes CpFe(CO)2(CX>'. 

Reaction of nucleophiles with such complexes generally results in attack of the 
nucleophile at the carbon atom of CS and not at the carbon atom of C0.6-8*13*14 
Some have attributed this to charge control of the mechani~m,'.'~ while others 
have invoked orbital control of the reaction.8 The results of our Fenske-Hall 
molecular orbital calculations reveal that the relative charges on the CX ligands 
change in a manner exactly opposite to that required to explain relative 
tendencies for nucleophilic attack. On the other hand, the nature of the LUMO 
varies in the CX molecules in precisely the proper way to explain the relative 
tendencies for reaction with nucleophiles. 

Reactions of electrophiles with complexes containing CO andor CS ligands 
generally result in attack of the electrophile at the X atom of the CX ligand.'.6,'3 
Once again our calculations suggest orbital control of the reaction. 

EXPERIMENTAL 

Fenske-Hall molecular orbital calculations were done on an IBM 438 1 
mainframe computer. The Fenske-Hall method assumes a fixed molecular 
structure. l6,I7 The X-ray structure of the parent compound, CpFe(CO);, was 
taken from the literature.I8 It was then modified for the CpFe(CO),(CX)+ 
complexes by placing the X atoms at distances appropriate for their covalent radii 
relative to that of oxygen. The atomic basis functions used were those of Herman 
and SkilmanI9 as modified with the Xa  to Slater basis program of Bursten and 
Fenske.20.21 A Mulliken population analysis was used to determine the atomic 
orbital occupancies and the atomic charges. Whenever appropriate fragment 
basis calculations were performed. In these fragment calculations, as discussed in 
detail by Housecroft and Fehlner,22~23 the molecular orbitals for each group of 
interest, in their proper spatial positions, are first calculated. Then these 
fragments are combined with the rest of the complex to form the final species 
whose molecular orbitals are then calculated. 

RESULTS AND DISCUSSION 

Extent of Interaction Between CX and the CpFe(CO)z+ Fragment 

Use of the fragment basis approach in the Fenske-Hall molecular orbital 
calculations clearly shows the number of electrons in CX molecular orbitals both 
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BONDING OF CHALCOCARBONYL LIGANDS 93 

TABLE I Electron transfer between Fe and CX 

Compound Ligand DHOMO a,,,,, UtO, =don Total 

CpFe(CO), + co 0.65 0.02 0.67 0.46 1.13 
CpFe(C0)2(CS)+ co 0.59 0.04 0.63 0.46 1.09 

cs 0.64 0.06 0.70 0.49 1.19 

CSe 0.63 0.08 0.71 0.56 1.27 

1.31 CTe 0.61 0.12 0.73 0.58 

CpFe(CO)2(CSe)+ co 0.64 0.02 0.66 0.45 1.11 

C~FC(CO)~(CT~)+ co 0.63 0.02 0.65 0.45 1.10 

-~ 

before and after cornplexation to the remainder of the CpFe(C0)2(CX)+ ion. In 
all cases the free CX molecules have two electrons in the CX u type orbital that 
closely corresponds to the lone pair on the C atom; there are zero electrons in the 
LUMO, which consists of the doubly degenerate anti-bonding rr* molecular 
orbitals. Following complex formation the number of electrons in these CX 
orbitals varies. Thus the fragment basis calculation allows one to clearly see the 
amount of electron density donated by CX to the Fe atom in u type orbitals and 
accepted by CX from the Fe atom into its ?r* orbitals. 

In addition to these rather standard interactions involving the highest occupied 
(T orbital and the lowest unoccupied ?r orbital of the CX molecules, there occurs 
in these complexes a third mode of interaction. The CX molecules also donate a 
small amount of electron density to the Fe atom from an inner (T type bonding 
orbital. We also find evidence of some interaction of the ?r bonding orbital of CX 
with the CPF~(CO)~+ fragment, as others have n ~ t e d . ~ , ~ ~  However, this 
interaction does not result in a transfer of electrons from CX to the CpFe(CO),?+ 
fragment. The ?r bonding orbitals of CX each have two electrons both before and 
after complex formation. The combination of the three effects results in a total 
transfer of electrons, shown in Table I, that increases from an average of 1.11 for 
CO to 1.31 for CTe. The number of electrons transferred is a measure of the 
amount of bonding. Thus the sum of the number of electrons transferred in the 
(T and ?r modes is a measure of the total amount of bonding between the metal 
and the CX ligand. This same approach has been previously used as a measure 
of bond strength.25 It suggests that the trend of increasing interaction between CX 
and Fe, previously reported for CO, CS, and CSe,26 continues on, not 
unexpectedly, to CTe. Table I shows that the CTe molecule is both the best (T 

bonder and the best ?r bonder to the Fe atom. 
Factors which might play a role in determining the number of electrons 

transferred to and from the ligand are the electronic charges on the atomic centers 
accepting or donating the electrons and the relative energies of the ligand orbitals 
accepting or donating the electrons. Table 11 contains the charges on the carbon 
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TABLE I1 Results of Fenske-Hall calculations on free CX molecules 

QC Percentage of atomic orbitals in free CX 
HOMO LUMO 

co -0.094 C 78 61 
0 22 33 

cs -0.388 C 71 63 
S 29 37 

CSe -0.412 C 68 63 
Se 32 37 

CTe -0.478 C 65 63 
Te 35 37 

atoms of the free CX molecules. The carbon atom of CX gets more negative as 
one proceeds from CO (Q,=-0.094) to CTe (Qc=-0.478). The large negative 
charge on its carbon atom means that CTe approaches the Fe atom with the 
greatest tendency to repel electrons. This would tend to make CTe the best u 
donor and the worst T acceptor. Thus, while the charges on the carbon atoms are 
compatible with the u donation trend, they cannot explain the trend in T 
acceptance. For transfer of 7~ electrons the observed result is exactly opposite to 
that predicted by carbon atom charges. It is conceivable that the charge accepted 
by CX molecules upon bonding to the Fe atom could end up on the X atom. Note 
that if the T* LUMO in the free CX molecules were centered on the X atom in 
CX, then the accepted electrons would end up mainly on the X atom and not on 
the carbon atom. From a charge standpoint this would be favorable since the 
sulfur, selenium, and tellurium atoms in free CX molecules are all positively 
charged. However, in Table I1 we present the carbon atom and X atom orbital 
percentages that make up the LUMO in the four free CX molecules. As can be 
seen, in all four CX molecules the LUMO is mainly centered on the carbon 
atom. 

We must look elsewhere for an explanation of the number of TT electrons 
transferred from the iron atom to the carbon atom of CX. The other possible 
factor affecting the amount of electron density transferred is the energy match 
between the donor and acceptor orbitals in the interaction. The energy values are 
given for both the tr and the T interactions in Table 111. Values from this table 
have been plotted in Figure 1. The energy match between the orbitals of the 
CpFe(CO)2+ fragment and the orbitals of CX is best for CTe and worst for CO 
in the case of both u and T bond formation. 

Note that the orbital energy match for u interaction, given in Table 111 and 
graphed in Figure 1, can also explain the trend in u electron donation. The CO 
(T orbital energy match is the worst; the CTe u orbital energy match is the best. 
Thus both charge and orbital considerations favor the observed superior u 
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TABLE 111 Computed energies of donor and acceptor orbitals 

Compound Orbital Energy 
u ucceptor (r donor rr donor rr acceptor 

Fe cx Fe co cx 
CpFe(CO),+ - 12.6 eV -20.3 eV 
CpFe(CO),(CS)+ - 12.6 - 17.2 -15.8 eV -6.3 -8.2 
CpFe(CO),(CSe)+ - 12.6 - 16.2 -15.8 -6.3 -9.6 

CO CS CSe CTe CO CS CSe CTc 
AE,, 7.1 4.6 3.6 2.6 AE, 9.6 1.6 6.2 5.9 

CpFe(CO),(CTe)+ -12.6 -15.2 ~ 15.8 -6.1 -9.9 

interaction of CTe with the metal containing fragment, CpFe(CO)2+. As noted 
above, we find that a small amount of electron density is transferred out of a 
lower level u bonding CX orbital (4u in CO for example). 

The good energy match between the metal-containing fragment and the + 
LUMO of CTe, see Figure 1, provides the driving force for the larger transfer of 
7i electrons in that complex. Table I11 shows that the energy of the 7i acceptor 
orbital in CTe is closest to the energy of the donor orbital of the metal-containing 
fragment. The 7i-orbital on CO has the worst energy match with the metal 
fragment. 

Thus our results extend the reported trend to CSe and CTe, and suggest the 
amount of electron transfer depends more on the relative energies of donor and 
acceptor orbitals and less on the atomic charges; CTe is the best 7i electron 
acceptor because of orbital effects and in spite of charge effects. 

Site of Nucleophilic and Electrophilic Attack 

It is known that the site of nucleophilic attack in complexes containing both CO 
and CS is normally at the carbon atom of CS.6-8,'3 Table IV shows the computed 
charges on atoms in the complexes. The charge on the carbon atom of CX gets 
more negative as one proceeds down the periodic chart, maximizing at the 
-0.415 charge on the carbon atom of CTe. Despite the negative charge on the 
carbon atom of CS and the positive charge on the carbon atom of CO, the site of 
nucleophilic attack in the complex is the carbon atom of CS. The negative charge 
on this carbon atom strongly suggests that nucleophiles attack there because of 
orbital considerations. Table V shows the percentages of atomic and fragment 
orbitals in the 7-P LUMO of the CpFe(CO>,(CX)+ complexes. These data can be 
used to evaluate an orbital explanation of the site of nucleophilic attack. Under 
orbital control attack will occur at the atom that makes the greatest contribution 
to the LUMO. That will permit the pair of electrons being donated by the 
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\ 
-12.57 \\ 

Fe CJ \ 
\ 
\ 
\ 

CS -8.2 

CSe 

me 

-9.6 

-9.9 

IE 

I 
I 

I 
I 

I 
I 

I 
I 
i 

I 
I 

I 
I 
I 

I 

co -20.3 

CpFe(CO)z+ CpFe(C0)z (CX)+ cx 

FIGURE 1 Molecular orbital diagram for CpFe(CO),(CX)+ 
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TABLE IV Atomic charges in CpFe(CO)2(CX)* complexes 

Compound Atom Q 
CpFe(CO)3+ 

CpFe(CO),(CS)+ 

CpFe(CO),(CSe)+ 

CpFe(CO),(CTe)+ 

Fe 
co 
co 
Fe 
co 
co 
cs 
cs 
Fe 
co 
co 
CSe 
CSe 
Fe 
co 
co 
CTe 
CTe 

+0.429 
+O. 136 
+0.057 
+0.508 
+O. 132 
+0.048 

+0.422 
+0.535 
+O. 138 
+0.047 

+0.463 
+0.559 
+0.138 
+0.042 

+0.563 

-0.237 

-0.318 

-0.415 

TABLE V Composition of the HOMO and LUMO in CpFe(CO),(CX)+ complexes 

Compound Site Atomic Orbital LUMO Percentage HOMO Percentage 

CpFe(CO),+ C s. P 10 3 
0 s. P 5 7 

CpFe(CO)2(CS)' co s. P 1 2 
co s, P 1 2 
Fe 3d 20 55 
CS s, P 39 1 
cs s, P 21 20 

CpFe(CO)2(CSe)+ co s, P 0 2 
co s. P 0 2 

CSe s. P 49 0 
CSe s. P 34 34 

CpFe( COb2(CTe)+ co s. P 0 1 
co s, P 0 1 

CTe s. P 9 3 

Fe 3d 33 59 

Fe 3d 12 46 

Fe 3d 12 36 

C Te s, P 36 
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nucleophile to find the lowest available energy site. As shown in Table V, 
whenever CS, CSe, or CTe is present, the contribution of CO to the LUMO is 
essentially zero. In CpFe(CO),(CS)+ and CpFe(CO),(CSe)+ the LUMO is mainly 
present on the carbon atom of CS and CSe. Orbital control correctly predicts 
nucleophilic attack at these sites. Charge control does not. 

The CpFe(CO)2(CTe)+ complex is very interesting. Not only is the charge 
distribution different than the other complexes, but the orbital makeup of the 
LUMO is also different. Table IV shows that charge control of nucleophilic 
attack would lead to reaction at the tellurium atom. The composition of the 
LUMO of the CpFe(CO),(CTe)+ complex, given in Table V, indicates that 
orbital control would also lead to nucleophilic attack at the.tellurium atom not at 
a carbon atom. Experimental testing of this prediction will aid future theoretical 
studies. 

Electrophilic attack on the CpFe(CO),(CX)+ complexes normally occurs at the 
X The data in Table IV indicate that charge control of the reaction 
incorrectly predicts electrophilic attack at the carbon atoms of CX except when 
X = 0. In CpFe(CO),+ the only negatively charged sites are on the Cp ring. The 
charge on the X atom gets more positive as one moves down the periodic chart. 
The maximum value is found to be +0.563 on Te. The site of greatest positive 
charge is the sterically hindered metal atom. When CO is present with another 
CX ligand, the carbon atom of CO is always more positive than the carbon atom 
of CX. For example in CpFe(CO),(CS)+ the carbon atom of CO has a charge of 
+0.132 compared with the carbon atom of CS having a charge of -0.237. Again 
one needs to look at orbital considerations in order to explain the observed 
electrophilic attack at X atoms. Table V gives the composition of the carbon 
atom lone pair orbitals, usually the HOMO, in the CpFe(C0)2(CX)+ complexes. 
Under orbital control electrophilic attack would occur at that atom which 
predominates in the HOMO. When X # 0 there is always a large contribution 
in the HOMO from the X atom. Thus in these complexes the site of electrophilic 
attack is readily explained by orbital control of the mechanism. Again we find 
that CpFe(CO)2(CTe)+ is unique in that it is the only complex whose HOMO has 
a larger contribution from the X atom than from the iron atom. In summary, the 
known trend in strength of bonding of CX ligands to Fe is supported by the 
Fenske-Hall molecular calculations, and extended to CTe. The calculations also 
suggest that the site of both nucleophilic and electrophilic attack is due to orbital 
control of the mechanism. Charge control is most likely not operative. 
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