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The anionic trinuclear ketenylidene cluster Fe3(CO)gCC02- reacts with electrophiles, which generally 
attack at the most negatively charged sites in the cluster, the a-carbon atom or the oxygen atom of the 
ketenylidene, CCO, group. The cationic cluster Co&O)gCCO+ reacts with nucleophiles, which attack at 
the most positively charged site in the cluster, the @-carbon atom of the ketenylidene group. The mixed 
metal ketenylidene cluster, Fe2Co(CO)gCCO-, reacts both with electrophiles and with nucleophiles. In 
particular, the reactions of Fe2Co(CO)gCCO- with phosphines yield the interesting result of an incoming 
nucleophile bonded to the negatively charged a-carbon atom of the ketenylidene group. It was this UnUBual 
reaction product which caused us to investigate the electronic structure of F&o(CO)~CCO- and its d o n  
products with phoephines using Fenske-Hall molecular orbital calculations. The results show that both 
orbital and charge consideratiom favor attack by phosphines at the cobalt atom. Occupation of the 
Fe2Co(CO)gCCO- LUMO by the electrons of the incoming nucleophile results in rupture of a Co-Fe bond, 
allowing the phoephine to associatively attach at the Co atom. Migration of the phosphine to the carbide 
follows because the phosphine-carbide interaction is so favorable. 

Introduction 
The cationic ketenylidene cluster CO~(CO)~CCO+ un- 

dergoes numerous reactions with nucleophiles such as 
alcohols, mercaptans, and amines. The site of interaction 
with these nucleophiles is always at the positively charged 
@-carbon of the ketenylidene The anionic ket- 
enylidene clusters M3(CO)&C02-, where M is Fe, Ru, or 
Os, generally react with electrophilea at negatively charged 
sitee in the cluster.*' The anionic cluster Fe2Co(CO)gC- 
CO-, shown in Figure 1, reacts both with nucleophiles and 
with electrophiles.8 The only electtophile that it has been 
found to react with is H+. The product of this reaction 
is Fe2Co(CO)loCH,e which is analogous to the reaction of 
the proton with Fe3(CO)gCC02-. Despite ita negative 
charge, Fe2Co(CO)gCCO- reacts with several nucleophiles. 
For the most part these reactions occur in much the same 
fashion as do the reactions of nucleophiles with COS- 
(CO)gCCO+, attack is at the @-carbon atom of the kete- 
nylidene group! Nucleophiles which react with Fe,Co(C- 
O),CCO- in this way are LiCH3, NaOCH3, and KB(C2- 
Hs)3H. 

The reactions of Fe2Co(CO)gCCO- with phosphines are 
very unusual in that the product, Fe2Co(CO)gCPR;, shown 
in Figure 2, has the nucleophile bonded to the a-carbon 
atom of the ketenylidene group, the most negatively 
charged site in the cluster!JO This unusual result led to 
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Table I. Molecular Orbital Rerults for Fe&o(CO)&CO- 
main orbital percentage 

in LUMO atom charge in LUMO 
c o  -0.20 3 4 y  15.2 

14.1 
9.2 

Fel +0.05 3% 
Fe2 +0.09 3d,%2 

mechanistic studies of these reactions which showed that 
the initial site of attack by the phaephinea is at the cobalt 
atom.11J2 Subsequent migration to the a-carbon atom 
gives the final product. In order to examine this unusual 
reaction, we have done molecular orbital calculations on 
Fe2Co(C0)9CCO-, Fe&h(CO)QCPMeS-, PMeS, PEh, and 
Fe2CoPMe3(CO)8CCO-, as well as the hypothetical frag- 
ment Fe2Co(CO)gC-. 

Experimental Section 
X-ray structural reaults were taken from the literatureeJO for 

both Fc&o(CO)&CO- and F&o(CO)&PM%-. Coordinates for 
the atoms in PMe3, PEh, and F~&OPM~~(CO)~CCO- were ob- 
tained from molecular mechanics calculations using PC Model, 
an interactive modeling program available from Serena Software.'s 
The FenekeHall c a l ~ ~ l a t i o n ~ ~ ~  used Herman-%llmadb atomic 
basis functions as modified by the method of Bursten and 
Fend~e.'~ The double-{ functions for the l e  and 2e wave functions 
were reduced to single-r functions for these calcuations. The 
resulting molecular wave functions were used to compute Mdliken 
populations, atomic charges, and overlap populations. The 
phosphorus calculations inchded phosphorus atomic d orbital 
functions. 

Results and Discussion 
The products of the reactions of moet nucleophiles with 

Fe2Co(CO)gCCO- have the nucleophile bound at the 8- 
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Figure 1. Structure of the anionic carbonyl cluster FezCo(C- 
O)&CO-. 

Figure 2. Structure of the product of the reaction of Fe&o(C- 

carbon atom of the ketenylidene group, the most positively 
charged site in the complex.8 In Fe2Co(CO)gCCO-, for 
example, our calculations indicate that the @-carbon atom 
hae a charge of +0.60; in C&(CO)gCCO+ the @-carbon atom 
hea a charge of +0.51. Nucleophilic attack by phosphines 
upon the anionic F&o(CO)gCCO- cluster givea an unusual 

The product has the nucleophile bound to the 
negatively charged a-carbon atom of the ketenylidene 
group inetsad of to the poaitively charged @-carbon atom. 
The computed charge on the a-carbon atom in the reactant 
Fe&o(CO)gCCO- is -0.61. Thus the lone pair on the 
phosphorus atom is donated to the atom with the least 
favorable coulombic interaction. The molecular orbital 
calculations shed light on this reaction. The reaction is 
slow enough that it can be experimentally followed by both 
IF4 and NMR spect"py.*12 Such studiea show that the 
final aita of bonding, the a-carban atom of the kehylidene 
group, is not the initial site of attack. Instead, the in- 
coming phosphine initially bonds to the cobalt atom. The 
evidence for thie comes from the and 69C0 NMR 
spectrt~~JO The 31P NMR peak is broadened because the 
phosphorus atom is attached to the quadrupolar Co nu- 
cleus. The Wo NMFt peaka are considerably shifted when 
a phosphorus atom is bound to them. 

In all ~8888, i.e. several different phosphines, the phos- 
phorus atom attacks at the Co atom, never at an iron atom. 
Though no experimental reason for this is found or sug- 
gested,lOJ1 our calculations reveal that both orbital and 
charge considerations favor attack at the Co atom. As 
shown in Table I, the atomic orbital that has the highest 
percentage contribution to the LUMO of the starting 
F~,CO(CO)~CCO- is the dzy of the Co atom. Figure 3 is a 
view of this cluster from the positive x-axis. This per- 
spective, computed by geometry optimization using PC 
Model, shows how open the cobalt atom is to attack from 
thie direction. This orbital pointa in a sterically favorable 
direction. In addition, the charge on the Co atom, -0.20, 
aide in attmcthg the positively charged P atom (+0.47 in 
PMeS). The charges on the iron atoms in Fe2Co(CO)gC- 
CO-, +0.09 and +0.05, repel rather than attract the 
phoephorua atom. The ketenylidene group is absent from 
the LUMO. 

Donation of the phosphorus lone pair into the LUMO 
of Fe&o(CO)&COd changes the bonding in the cluster. 
Recently, the effect of addition of electrons to the LUMO 
of a triiron cluster hae been examined electrochemically 
and theomtically using extended Hockel molecular orbital 
calculations." We have wed this approach to elucidate 

O)&CO- and phwphinm. 

o+ 
Figure 3. View along the x-axis of the geometry-optimized 
structure of FezCo(C0)9CCO-. 

Table 11. Effect of LUMO Occupancy on Overlap 
Populations 

overlap population 
LUMO Fe,Co(CO)gCCO- Fe2Co(CO)gCCOs 

bond empty LUMO occupied LUMO occupied 
Co-a-C +0.42 +0.39 +0.38 
Co-t-C +0.82 + O M  +0.81 
Co-Fel +0.09 -0.10 -0.10 
Co-Fe2 +0.11 -0.04 -0.08 
Fel-Fe2 +0.13 +0.02 +0.01 

the mechanism of the reaction of trimethylphosphine with 
Fe2Co(CO)gCCO-. It has been proposed that the mecha- 
nism of the reaction involves rupture of either a Co-Fe 
bond or of the Co-a-C bond." Table I1 shows the effect 
of occupation of the LUMO on the overlap populations 
between the relevant atoms. These Calculations were done 
in two ways. The effect of LUMO occupancy on the 
overlap populations was initially done using the molecular 
orbitals of Fe2Co(CO)gCCO-. These results are given in 
column 3 of Table 11. Column 4 gives the results of the 
same calculation using the results of a Fenske-Hall cal- 
culation done on Fe2Co(CO)&CO". In this way a com- 
parison can be made of the validity of using a virtual 
orbital versus using an optimized orbital for the LUMO. 
As seen in Table 11, the results computed in these two ways 
are nearly the same. They show that occupation of the 
LUMO weakens the interaction between the cobalt atom 
and the a-carbon atom by 10% and actually strengthens 
the interaction between the cobalt atom and terminal 
carbon atoms. On the other hand, the metal-metal bonds 
are weakened. In particular, the Co-Fe interactions be- 
come repulsive. Thus the calculations clearly favor the 
mechanism in which the a-carbon atom remains triply 
bridging and a Co-Fe bond breaks. 

(17) Koide, Y.; Bautista, M. T.; Schauer, C. 203rd National Meeting 
of the American Chemical Society, San Francisco, CA, April 1992; INOR 
170. 
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Table 111. Compariron of Bonding of Carbide to 
CO and PMea 

O'Brien and O'Brien 

HOMO-LUMO electrons donor 
overlap lost from ligand atom 

cluster population HOMO c h g e  charge 
FeXo(CO).CCO- 0.16 0.82 -0.62 -0.12 
FeiCo(CO)$PMe; 0.25 1.04 +0.50 +0.47 

Once attached to the Co atom, the phosphine then 
migrates to the a-carbon atom of the ketenylidene group. 
Our calculations demonstrate that this migration is quite 
reasonable. Molecular orbital calculations were done on 
F~,CO(CO)~CPM~~- using both the atomic basis and the 
fragment basis approaches. Table I11 compares how the 
carbide bonds to the two ligands, CO and PMes. The 
overlap populations between the carbide and the two lig- 
ands are comparable. The total overlap population be- 
tween the carbide and the carbon atom of CO is 1.54; the 
total overlap population between the carbide and the 
phosphorus atom of PMe3 is 1.40. On the other hand, 
when the orbitals of PMea and the hypothetical fragment 
F~,CO(CO)~C- are used as input for the calculation on 
F~,CO(CO)~CPM~~-, the results show that the overlap 
population between the HOMO of the incoming nucleo- 
phile PMe3 and the LUMO of F~,CO(CO)~C- has a value 
of 0.25. Similar calculations done with CO instead of PMe3 
gives a smaller overlap population of 0.16 between the 
HOMO of Fe2Co(CO)gC- and an incoming CO. 

The amount of electron density transferred from the 
incoming nucleophile to the F~,CO(CO)~C- framework is 
greater when PMe3 is attached than when CO is attached 
to the carbide. The fragment basis calculations on 
Fe2Co(CO)gCPMe3- reveal that the HOMO of PMe3 loses 
1.04 electrons to F~,CO(CO)~C-. This transfer of electrons 
is 27% larger than the 0.82 electrons lost by the CO 
HOMO when Fe2Co(CO)gCCO- is formed. Another way 
of viewing the electron flow onto the metal framework is 
by using the net charge on the two groups. The computed 
charge on PMe3 is +O.W in Fe2Co(CO)gCPMe3-. The net 
charge on the CO of CCO in F~,CO(CO)~CCO- is -0.52. 
Thus the F~,CO(CO)~C framework has one full electron 
more when bonded to PMes than when bonded to CO. 

And, finally, the charge on the phosphorus atom of PMe3 
is +0.47 compared with a charge on the C, i.e. the &carbon 
atom, of CO of -0.12. Our calculations reveal that nu- 
cleophiles which attach at the 8-carbon atom all have 
negative charges on the atom that bonds to the positively 
charged &carbon atom. For example, the charge on the 
carbon atom in LiCHs is -0.63; the charge on the oxygen 
atom in NaOCH3 is 4.84. Thus the calculations show that 
the phosphorus atom in PMe3 is quite different from these 
other nucleophiles. 

FenskeHall calculations on triethylphosphine indicate 
a charge of + O S  on the phoephorus atom. Leas coulombic 
attraction exists, therefore, between the cobalt atom and 
the phosphorus atom in triethylphosphine than between 
the cobalt atom and the phosphorus in trimethyl- 
phosphine. One expects, then, that the rate of reaction 
of the cluster with trimethylphoephine will be faster than 
ita reaction with triethylphosphine. It is known that tri- 
methylphosphine reacts with Fe,Co(CO),CCO- at a rate 
that is 13 times faster than the rate of the reaction with 
triethylphosphine." We consider the charge difference 
between the phosphorus atoms in the two phosphines to 
be too small to wholly account for this rate difference. In 
addition, our calculations show that the HOMOs of the 
two phosphines are essentially identical. Both HOMOs 
are mainly composed of the pz orbital of the phosphorus 
atom. The trimethylphosphine has 75% pz of the phos- 

I 
03 

4. Intermediate in the reaction between Fe&o(CO),CCO- 
and phosphines. 

phorus atom, while the triethylphosphine has 72% pz of 
the phoephorus atom. The electronic similarity of the two 
phosphinm supports the suggestion that steric effecta play 
an important role in the relative rate of these associatively 
activated reactions." 

Our calculations are in agreement with experimental 
data that support the idea that PM% bonds better to the 
carbide atom in this trinuclear cluster than dues CO. 
When the phosphiqe replam the CO on the carbide 
position, the 1% NhiR peaks of the terminal carbonyh are 
shifted in the proper direction for increased electron 
density being present.l0 The ZR peaks of the terminal 
carbonyls are shifted to lower frequ6ncies when the more 
basic phosphines are present, indicating a better transfer 
of electrons.1° It has also been noted that when the 
phosphorus atom is bound to the carbide atom, the ter- 
minal CO IR peaks are at lower frecluenuea than when the 
phoephorus atom is bound to the Co atomlo This sugge& 
that the phoephom atom donatea electrons to the clwter 
better when it is on the carbide than when it is attached 
at a metal site. Comparison of the results of our calcula- 
tions on Fe2CoPMe3(CO)ECCO-, shown in F w e  4, and 
Fe&h(CO)&PM%- demonstdm that the migration of the 
phosphorus to the carbide position is possible not only 
becauee the phosphorus bonds better to the carbide than 
does the CO, but also becauee the phosphorus b o d  better 
to the carbide than it doeg to the cobalt atom. Atomic 
basis calculations indicate that in Fe&o(CO),CPMe,- the 
total overlap population between the phosphm atom and 
the carbide is +1.40. In Fe2CoPM~(cO)ECCO- the total 
overlap population between the phosphorus atom and the 
cobalt atom is only +0.70. The charge on PMe, in 
Fe2Co(CO)gCPMe3- is +0.50, whereas in Fe2CoPMe3- 
(CO)ECCO- the charge on P M e  isn only +0.15. Both the 
overlap population and the amount of electron density 
transferred indicate that bonding of the phoephorus atom 
to the carbide is favored over bonding the phosphorus to 
the cobalt atom. Thus the migration occurs and the added 
electron density transferred to the metal framework causes 
the ohrved spectral changes. 

The reaction of Fe&o(CO),CCO- with PM%, seemingly 
at odds with the reactions of other nucleophiles with tri- 
nuclear carbonyl clusters, is made understandable by the 
Fenske-Hall calculations. The phosphine attach at the 
Co atom becauee the cobalt haa the greatest percentage 
contribution to the LUMO of the complet aa well aa the 
most negative charge of the metal atoms. The addition 
of the phosphine's electrons to the LUMO causes the 
Co-Fe interaction to become repulsive. Thus that bond 
breaks and the phosphorus atom attaches to the cobalt 
atom. The phosphine then rearranges to the carbide 
position because the bonding between the phosphorus 
atom and the carbide is more favorable than the bonding 
between the carbide and the @-carbon atom of the kete- 
nylidene group and more favorable than the bonding be- 
tween the phosphorus atom and the cobalt atom. 
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Organometallics 

If the phosphine cluster, Fe2Co(CO)gCPMe3-, is reacted 
with acid, the H+ ends up bridging the two Fe atoms, never 
bonded to the Co. The molecular orbital calculations 
reveal that the nature of the HOMO of Fe&h(CO)gCPMec; 
is perfectly suited for this position of attack. The HOMO 
of F~&O(CO)~CPM~~-  is composed of 29% Fel and 28% 
Fe2 orbitals and only 3% Co orbitals. Migration to the 
carbide, which occurs in Fe2Co(CO)gCCO-, is prevented 

1992,11,3343-3362 3343 

by the superior bonding of the phosphorus atom to the 
carbide. 
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Redox-Promoted Carbonylatlon of (pCp) (CO)(L)FeMe in 
Methylene Chloride and Acetonitrile. Applications of the 
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The redox-catalyzed carbonylations of 19 complexes, (q-Cp)(CO)(L)FeMe (L = PMe , PPhMe2, PEb, 
PPh e, PEt.34 PPhft, P(i-BuI3, P(pM%NCm3, P(p-MeOC&I , P(p-MeC&13, P$h3, P(pFC,,H&, 
P&Cm3, P@CF3 ma, PPh&, PPbt-Bu, P(i-F'& PPhCY, d y d ,  in acetonitrile have been studied 

to involve atidation of (pC )(CO)(L)FeMe and rapid formation of (pCp)(AN)(L)FeCOMe+ followed by 
rate-limiting reaction of (ptp)(AN)(L)FeCOMe+ with CO. uantitative analysis of the ligand effect data 

by poorer electron donor ligands and inhibited by the larger ligands. The first-order back-reaction of 
(pCp)(AN)(L)FeCOMe+ to (pCp)(CO)(L)FeMe+, in contrast, is relatively insensitive to the electron-donor 
capacity and the size of L The eecond-order reaction between (q-Cp)(AN)(L)FeCOMe+ and CO ie aaxkated 
by better electron-donor ligands; the steric profile is complex and shows sequential regions of no steric 
effecta, steric acceleration, and steric inhiiition. The results of the studiea are compared with those obtained 
when methylene chloride is the solvent. 

by cyclic and squamwave voltammetry coupled with computer simulation methods. The "m appeare 

shm that the eecondsrder transformation of (pCp)(CO)QF % e+ to (pCp)(AN)(L)FeCOMe+ is d e r a t e d  

Introduction 
Recently, we reported resulta of electrochemical studies 

of the redox-promoted carbonylation of (q-Cp)(CO)(L)- 
FeMe in methylene chloride containing tetrabutyl- 
ammonium he@uorophosphate.l The carbonylation 
proceeds via the i r o n 0  complexea (q-Cp)(CO)(L)FeMe+ 
and apparently involves two stepa (Scheme I). We sug- 
geated that the rate-limiting first step is the nucleophili- 
cally (PFe or CWlJ assisted akyl to acyl rearrangement. 
This result is consisted with the earlier reporb of Berg- 
man? Halpern? Cotton,' Norton! and Trogler? who 
pointed out the importance of aolvent participation in the 
alkyl to acyl marrangement. The nature of the eecond step, 
the reaction between the solven~coordinated acyl complex 
and CO, could not be probed, unfortunately, since this fast 

(1) F'rock, k; Om-, W. P.; Greene, J. E.; Meirowitz, R. E.; Hoffman, 
5. L.; Warka, D. C.; W%n, M.; Chang, R.; Chen, J.; Magnueon, R. H.; 

(2) Wax, M. J.; Bergman, R. G. J. Am. Chem. Soc. 1981,103, 7028. 
(9) Webb, S. L; Giandomenico, C. W, Halpem, J. J. Am. Chem. Soc. 

(4) Cotton, J. D.; Markwell, R. D. J. Orgonomet. Chem. 1990, 988,123 

E h h ,  K. &gO"CtO&C8 1991,10,3479.S485. 

1986,los, 346. 

and referenced themii. 
(5) Martin, B. D.; Warner, K. E.; Norton, J. R. J.  Am. Chem. SOC. 

(8) Thenen, M. J.; Trogler, W. C. J. Am. Chem. SOC. 1987,109,5127. 
(7) Bartllt, T.; Himmlsr, T.; Schulta, H.-G.; Sewogel, K. J.  Orgonomet. 

(8) Tolmau, C.  A. Chem. Reo. 1977, 77,313. 

1988,108,33-39. 

Chem. 1W,272,29. 

step is kinetically invisible in this medium. Analysis of 
the kinetic data for alkyl to acyl rearrangement in meth- 
ylene chloride, as a function of the stermlectronic prop- 
erties of the ancillary phoephorus(III) ligands &), revealed 
that the transition state for the rearrangement is electron 
rich compared to the ground state. The reaction is ste- 
rically inhibited for complexes containing L with cone 
angles (e) <149O. For larger L, the reaction is sterically 
accelerated. These observations led us to suggest that the 
transition state possewe a very weakly bonded entering 
nucleophile (CH2C& or PF6-) and an extensively formed 
acyl ligand. 

In this paper, we report our study of the carbonylation 
of (v-Cp)(CO)(L)FeMe+ in acetonitrile (0.1 M TBAH) 
under 1 atm of CO at 0 OC. Under thew conditions the 
reaction of the solvent-coordinated acyl complex (7- 
Cp)(AN)(L)FeCOMe+ with CO is rate-limiting, thereby 
allowing us to study the step leading to the carbonylation 
product (7-Cp)(CO)(L)FeCOMe+. 

Experimental Section 
General Conriderationr. All manipulations, prepmatione, 

and electrochemical experiments were carried out under argon 
using standard techniques as previously deacribed.' Acetonitrile 
(AN, HPLC grade) was dietilled from calcium hydride immedi- 
ately before use. Mixtures of CO and argon were prepad using 
Matheson flow meters. The flow meters were calibrated by 
measuring the volume of pure game and mixtures of gasea that 

0276-7333 192 /23l1-3343$03.00 10 (0 1992 American Chemical Society 
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