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Abstract 
 Oxidative degradation of the octahedral dianion [Fe6C(CO)16]2– with an interstitial 
carbon atom leads eventually to the neutral Fe4C(CO)13 cluster with a butterfly-shaped 
central Fe4C unit.  The complete series of related Fe4C(CO)n (n = 16, 15, 14, 13, 12, 11) 
derivatives have now been investigated using density functional theory.  For the lowest 
energy Fe4C(CO)n (n = 16, 15, 14, 13) structures the geometries obey the n + f = 18 rule 
where f is the number of Fe–Fe bonds.  This leads to a spiropentane geometry with two 
Fe–Fe bonds for Fe4C(CO)16, a central bent Fe–Fe–Fe–Fe chain for Fe4C(CO)15, a 
distorted trigonal pyramidal structure with four Fe–Fe bonds for Fe4C(CO)14, and the 
experimentally observed butterfly structure with five Fe–Fe bonds for Fe4C(CO)13.  A 
symmetrical higher energy centered tetrahedral structure for Fe4C(CO)12 with six Fe–Fe 
bonds also follows the n + f = 18 rule.  However, the lowest energy Fe4C(CO)n (n = 12, 
11) structures are derived from the lowest energy Fe4C(CO)13 structure by removal of CO 
groups with retention of the central Fe4C butterfly unit. 
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1. Introduction 

The chemistry of metal carbonyl carbide clusters originated with the 1962 
discovery of the iron carbonyl carbide Fe5C(CO)15 cluster as an unexpected stable side 
product isolated in trace quantities (<0.5%) after careful chromatographic separation 
from mixtures obtained from certain reactions of iron carbonyls with alkynes.1 The 
structure of Fe5C(CO)15  was shown by X-ray diffraction to consist of an Fe5 square 
pyramid partially enclosing an interstitial carbon atom bonded to all five iron atoms 
(Figure 1).  

Fe Fe

C

Fe

Fe Fe Fe

FeC
Fe

Fe

Fe Fe

E

Fe Fe
Square pyramid
   Fe5C(CO)15

Butterfly
Fe4C(CO)13

Spiropentane
E[Fe2(CO)8]2
E = Si, Ge, Sn, Pb  

Figure 1. The cluster frameworks for the known species Fe5C(CO)15, Fe4C(CO)13, and 
E[Fe2(CO)8]2 (E = Si, Ge, Sn, Pb). Carbonyl groups are omitted for clarity. 
 

The very low yield (<1%) in the original synthesis of Fe5C(CO)15 initially 
discouraged the development of the chemistry of iron carbonyl carbide clusters. 
Eventually, however, synthetic methods were developed providing more reasonable 
yields of Fe5C(CO)15 as well as other iron carbonyl carbide and related clusters.  A key 
was the discovery of the reaction of Fe(CO)5 with the metal carbonyl anions Mn(CO)5

– or 
V(CO)6

– in boiling diglyme2,3 to give reasonable yields of the hexanuclear octahedral 
iron carbonyl carbide dianion [C@Fe6(CO)16]2– having an interstitial carbon atom at the 
center of an Fe6 octahedron. This octahedral iron carbonyl cluster proved to be a useful 
source of smaller iron carbonyl carbide clusters by partial degradation. Thus acidification 
of this dianion with H2SO4 provides an improved method for the synthesis of Fe5C(CO)15. 
In addition, oxidative degradation of [C@Fe6(CO)16]2– in methanol using reagents such as 
tropylium bromide leads to the tetranuclear [Fe4C(CO)12(CO2CH3)]– anion.4  Acidi-
fication of this anion with trifluoromethanesulfonic acid gives the neutral tetranuclear 
iron carbonyl carbide Fe4C(CO)13.5 X-ray crystallography indicates a butterfly structure 
for Fe4C(CO)13 with a CFe2 triangle forming the body of the butterfly and the remaining 
two iron atoms the wingtips (Figure 1).  Such iron carbonyl carbide clusters have 
subsequently proven to be useful precursors for the synthesis of larger mixed metal 
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carbonyl carbide clusters.6,7,8  In addition, these iron carbonyl carbide clusters have been 
the subject of spectroscopic and theoretical studies. Thus in 1982, Sosinsky et al.9 
reported a study of the spectra of a series of iron carbide clusters, including 
[Fe4C(CO)12]2–.  Two years later, independent theoretical studies by Hoffmann et al.10 
and Harris et al.11 discussed the bonding, electron counting, and reactivity of this these 
iron carbonyl carbide clusters.  In 1987, vibrational frequencies of [Fe4C(CO)12]2- was 
measured by Stanghellini et al.12 In 1988 Shriver reviewed the interaction of carbonyl 
monoxide with metal carbonyl carbide clusters including Fe4C species.13  

The structures of these iron carbonyl carbides, including the neutral species 
Fe4C(CO)13 and Fe5C(CO)15 as well as the centered octahedral dianion [C@Fe6(CO)16 ]2–, 
can be rationalized using the Wade-Mingos rules,14,15,16,17 which historically were 
developed to understand the structures of polyhedral boranes.  For Fe4C(CO)13 and 
Fe5C(CO)15, in which the carbon atom is not completely surrounded by iron atoms, 

alternative models can be considered with the carbon atom considered either as a vertex 
atom or as an interstitial atom.  In either case the carbon atom contributes all four of its 
valence electrons to the skeletal bonding. Both Fe4C(CO)13 and Fe5C(CO)15 are seen to 
be 14 skeletal electron systems, isolobal in the broad sense with the known boranes B4H10 

and B5H9, respectively.  The central Fe5C and Fe4C skeletons of these species can be 
derived from the C@Fe6 skeleton of the [C@Fe6(CO)16]2– precursor for their syntheses by 
removal of a single iron vertex and two adjacent iron vertices, respectively. 

Analogous iron carbonyl clusters containing interstitial atoms of the heavier 
analogues of carbon, namely the tetrels Si, Ge, Sn, and Pb, remain unknown.  However, 
carbonyl-richer tetranuclear iron carbonyl complexes of the tetrels of stoichiometries 
EFe4(CO)16 are stable species that have been synthesized by a variety of methods.  The 
silicon 18  and lead 19  species have been shown by X-ray crystallography to have 
spiropentane-like structures (Figure 1) with a distorted tetrahedral coordination of the 
central tetrel atom to the four iron atoms. The four iron atoms are joined pairwise by 
iron-iron bonds so these structures may be more accurately described as E[Fe2(CO)8]2. A 
carbon analogue of these spiropentane-like species, namely C[Fe2(CO)8]2, has not been 
reported.  Similar analogues of the iron carbonyl carbide clusters mentioned above with 
the heavier tetrel atoms, namely Fe4E(CO)13 and Fe5E(CO)15 (E = Si, Ge, Sn, Pb), remain 
unknown. 

In summary there are two types of stable tetranuclear iron carbonyl derivatives 
Fe4E(CO)n of the tetrels (C, Si, Ge, Sn, Pb).  The stable carbon derivative is Fe4C(CO)13 
with 13 carbonyl groups and a central Fe4 butterfly structure with five formal Fe–Fe 
single bonds.  However, the stable derivatives of the heavier tetrels are Fe4E(CO)16 (E = 
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Si, Ge, Sn, Pb) have spiropentane-like structures with 16 carbonyl groups and only two 
Fe–Fe single bonds. Thus the stable carbon derivative Fe4C(CO)13 has three fewer CO 
groups than the stable derivatives E[Fe2(CO)8]2 of its heavier congeners.  In order to 
gain some insight concerning these systems we have now investigated the entire series of 
tetranuclear iron carbonyl derivatives CFe4(CO)n (n = 16, 15, 14, 13, 12, 11) with carbon 
as the central tetrel atom.  

2.  Theoretical Methods 
Electron correlation effects were considered by employing density functional 

theory (DFT), which has evolved as a practical and effective computational tool, 
especially for organometallic compounds.20,21,22,23,24,25,26 Two DFT methods were used in 
this study, namely the B3LYP and BP86 methods.  The popular B3LYP method 
combines the three-parameter Becke exchange functional (B3)27 with the Lee-Yang-Parr 
generalized gradient correlation functional (LYP). 28  The BP86 method combines 
Becke’s 1988 exchange functional (B) 29  with Perdew’s 1986 gradient corrected 
correlation functional (P86).30  In general, these two methods predict geometries and 
relative energies in reasonable agreement.  However, the BP86 method has been found 
to predict vibrational frequencies closer to experimental results.31,32 

For consistency with our previous research, double-ζ plus polarization (DZP) 
basis sets were adopted in the present study.  Thus, one set of pure spherical harmonic d 
functions with orbital exponents αd(C) = 0.75 and αd(O) = 0.85 for carbon and oxygen, 
respectively, was added to the standard Huzinaga-Dunning contracted DZ sets,33,34 
designated as (9s5p1d/4s2p1d).  The loosely contracted DZP basis set for iron is the 
Wachters primitive set35 augmented by two sets of p functions and one set of d functions, 
contracted following Hood, Pitzer and Schaefer,36 designated as (14s11p6d/10s8p3d). 
 The geometries of all structures were fully optimized using the two DFT methods. 
Harmonic vibrational frequencies and the corresponding infrared intensities were 
evaluated analytically. All computations were performed with the Gaussian 03 program 
package.37  The fine grid (75, 302) was the default for evaluating integrals numerically. 
All of the predicted triplet structures in the present study are found to have negligible 
spin contamination, with the S(S+1) values close to the ideal outcome of 2.0.  The 
energies reported in the text and figures are those obtained after zero point vibrational 
correction. 
 A given Fe4C(CO)n structure is designated as nA-c where n is the number of CO 
groups, c orders the structures according to their relative energies, and A indicates 
whether the structure is a singlet (S) or triplet (T). Thus the lowest energy singlet 
structure of Fe4C(CO)16 is designated 16S-1. 
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3. Results and Discussion  

3.1. Fe4C(CO)n (n = 16 to 11) structures 
 The Fe4C skeletons in the Fe4C(CO)n compounds (n = 16 to 11) studied in the 
present paper are of four different types, namely spiropentane, triangular pyramidal, 
butterfly, and tetrahedral (Figure 2). Each skeletal type has four Fe-C bonds but different 
numbers of Fe-Fe bonds. The spiropentane skeleton generally has only two Fe-Fe bonds. 
However, in some cases the spiropentane skeleton is distorted so that an iron atom in 
each Fe2C triangle can form a third Fe-Fe bond. The triangular skeleton normally has 
three Fe-Fe bonds but may have four Fe-Fe bonds if the Fe3 base is distorted to place an 
additional pair of iron atoms within bonding distance. The butterfly and tetrahedral 
skeletons normally have five and six Fe-Fe bonds, respectively.   
 

 
 
Figure 2. The fundamental Fe4C skeletons in the Fe4C(CO)n (n = 16 to 11) compounds. 
 
3.1.1 Fe4C(CO)16.  Three singlet structures were found for Fe4C(CO)16 within 
20 kcal/mol of the global minimum (Figure 3 and Table 1). Structures 16S-1 and 16S-2 
are predicted to be genuine minima with all real vibrational frequencies. The B3LYP and 
the BP86 methods differ in the relative energy ordering of these structures. The B3LYP 
method predicts 16S-1 to lie 3.4 kcal/mol in energy (with zero-point vibrational energy 
correction) below 16S-2.  However, the BP86 method predicts 16S-2 to lie 2.3 kcal/mol 
in energy below 16S-1. Since these energy differences are small, these two structures 
may be considered to be nearly degenerate in energy. The third Fe4C(CO)16 structure 
16S-3 is a higher energy structure, lying 17.2 kcal/mol (B3LYP) or 4.3 kcal/mol (BP86) 
in energy above 16S-1. 
 The D2d spiropentane structure 16S-1 has exclusively terminal CO groups (Figure 
3 and Table 1). The two symmetry equivalent Fe–Fe distances in 16S-1 of 2.654 Å 
(B3LYP) or 2.637 Å (BP86) correspond to formal single bonds, thereby giving each iron 
atom the favored 18-electron configuration. The C2v spiropentane structure 16S-2 has two 
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bridging CO groups connecting the Fe3 and Fe4 atoms (the lower two Fe atoms in Figure 
3), but only terminal CO groups on the Fe1 and Fe2 atoms (the upper two Fe atoms in 
Figure 3).  The bridging CO groups exhibit ν(CO) frequencies at 1859 and 1879 cm–1, 
which are ~90 cm–1 below the lowest terminal ν(CO) frequency in accord with 
expectation.   

Table 1.  The carbon-iron bond distances (in Å) and the iron-iron bond distances (in Å) 
for the three Fe4C(CO)16 structures obtained by the B3LYP and BP86 methods. 

 B3LYP  BP86 
 16S-1 16S-2 16S-3  16S-1 16S-2 16S-3 

C1-Fe1   2.123 2.094 2.133  2.110 2.081 2.117 
C1-Fe2 2.123 2.094 2.133  2.110 2.081 2.117 
C1-Fe3 2.123 2.151 2.133  2.110 2.138 2.117 
C1-Fe4 2.123 2.151 2.133  2.110 2.138 2.117 
Fe1-Fe2 2.654 2.632 2.517  2.637 2.619 2.509 
Fe3-Fe4 2.654 2.511 2.517  2.637 2.504 2.509 

 
In 16S-2 the unbridged Fe1–Fe2 distance is 2.632 Å (B3LYP) or 2.619 Å (BP86) 

but the doubly bridged Fe3–Fe4 distance is significantly shorter by ~0.1 Å at 2.511 Å 
(B3LYP) or 2.504 Å (BP86). Both Fe-Fe distances can correspond to the formal single 
bonds required to give each iron atom the favored 18-electron configuration.   
 

 
  

16S-1 (D2d, 0.0, 0.0) 16S-2 (C2v, 3.4, –2.3)    16S-3 (D2d, 17.2, 4.3)  

 
Figure 3. Three optimized singlet Fe4C(CO)16 structures. 
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The Fe4C(CO)16 structure 16S-3 of D2d symmetry has a pair of CO groups bridging 
each of the two Fe-Fe bonds.  The two symmetry equivalent doubly bridged Fe–Fe 
distances in 16S-3 of 2.517 Å (B3LYP) or 2.509 Å (BP86) correspond to formal single 
bonds, thereby giving each iron atom the favored 18-electron configuration.  The doubly 
bridged Fe–Fe single bonds in 16S-3 are significantly shorter than the unbridged Fe–Fe 
single bonds in 16S-1.  Both DFT methods predict 16S-3 to have three small imaginary 
frequencies of 28i, 17i, and 17i cm–1 (B3LYP) or 25i, 18i, and 18i cm–1 (BP86). 
Following the corresponding normal mode leads to 16S-1. 
 
3.1.2 Fe4C(CO)15. The B3LYP and BP86 methods both predict structure 15S-1 to have a 
distorted spiropentane Fe4C skeleton (Figure 4 and Table 2). The Fe1-Fe2 and Fe3-Fe4 
distances of ~2.65 Å (B3LYP) or ~2.49 Å (BP86) suggest formal Fe-Fe single bonds. 
However, in contrast to the Fe4C(CO)16 structures, the Fe4C skeleton in 15S-1 is distorted 
so that an additional pair of iron atoms (Fe1–Fe3) is within bonding distance, albeit a 
longer distance of 2.811 Å (B3LYP) or 2.691 Å (BP86).  Thus, the four iron atoms in 
15S-1 form a bent Fe4 chain so that there are three Fe–Fe single bonds in the Fe4C 
skeleton of 15S-1, thereby giving each iron atom the favored 18-electron configuration 
assuming that the Fe1–Fe3 bond in the C1 structure is polarized.  The B3LYP method 
predicts a C1 structure for 15S-1 with all fifteen CO groups in 15S-1 as terminal CO 
groups. However, the BP86 method predicts 15S-1 to have five bridging CO groups with 
C2 symmetry. This accounts for the significantly shorter Fe–Fe distances in 15S-1 by the 
BP86 method relative to the B3LYP method. 
 

Table 2.  The carbon-iron bond distances (in Å) and the iron-iron bond distances (in Å) 
for the two Fe4C(CO)15 structures obtained by the B3LYP and BP86 methods. 

 B3LYP  BP86 
   15S-1 15S-2    15S-1 15S-2 

C1-Fe1 1.833 1.918  1.960 1.913  
C1-Fe2 2.108 2.054  2.008 2.043  
C1-Fe3 2.193 1.678  1.960 1.689  
C1-Fe4 2.013 ---  2.008 ---  
Fe1-Fe2 2.629 2.748  2.491 2.725  
Fe2-Fe3 --- 2.981  --- 2.991  
Fe3-Fe4 2.678 2.750  2.491 2.694  
Fe1-Fe3 2.811 ---  2.691 ---  
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    The Fe4C(CO)15 structure 15S-2, lying 1.8 kcal/mol (B3LYP) or 8.3 kcal/mol 
(BP86) above 15S-1, is a C1 singlet structure with one bridging CO group (Figure 4).  In 
contrast to the Fe4C skeletons illustrated in Figure 2, the carbide carbon atom is bonded 
to only three iron atoms, leading to a linear arrangement of the Fe1-C-Fe3-Fe4 atoms 
combined with Fe2 to give a bent chain of four iron atoms. The bridging CO group in 
15S-2 exhibits a ν(CO) frequency at 1820 cm–1, which is ~130 cm–1 below the lowest 
terminal ν(CO) frequency in accord with expectation. 

  
 15S-1 (C2/C1, 0.0, 0.0)                15S-2 (C1, 1.8, 8.3) 

 
Figure 4. Two optimized singlet Fe4C(CO)15 structures.   
 
3.1.3 Fe4C(CO)14. One low-lying singlet structure 14S-1 and one low-lying triplet 
structure 14T-1 for Fe4C(CO)14 are depicted in Figure 5. Other Fe4C(CO)14 structures 
with significantly higher relative energies are listed in the Supporting Information.  The 
C1 singlet structure 14S-1 has a distorted triangular pyramidal central Fe4C unit with 
three unbridged Fe–Fe bonds (~2.7 Å) and one short bridged Fe–Fe bond of 2.590 Å 
(B3LYP) or 2.546 Å (BP86) (Table 3). These four Fe–Fe distances correspond to formal 
single bonds, thereby giving each iron atom the favored 18-electron configuration.   
 The C1 triplet Fe4C(CO)14 structure 14T-1, lying 4.7 kcal/mol (B3LYP) or 
15.9 kcal/mol (BP86) above 14S-1, has one bridging CO group (Figure 5). The four iron 
atoms in 14T-1 form a bent chain so that there are only three Fe–Fe bonds, each of which 
can be interpreted as a formal single bond. This gives two of the four iron atoms in 14T-1 
the favored 18-electron configuration but the other two iron atoms only 17-electron 
configurations consistent with the triplet spin state. In 14T-1 the bridged Fe–Fe bonding 
distance of 2.510 Å (B3LYP) or 2.499 Å (BP86) is significantly shorter than the 
unbridged Fe–Fe bonding distances of 2.620 and 2.709 Å (B3LYP) or 2.559 and 2.670 Å 
(BP86) in accord with expectation.   
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Table 3.  The carbon-iron bond distances and the iron-iron bond distances for the two 
Fe4C(CO)14 structures obtained by the B3LYP and BP86 methods. 

 B3LYP  BP86 
   14S-1 14T-1  14S-1 14T-1 

C1-Fe1  1.873 1.914  1.897 1.952  
C1-Fe2 1.864 2.009  1.905 1.959  
C1-Fe3 2.050 1.978  1.972 1.961  
C1-Fe4 1.990 1.998  1.973 1.995  
Fe1-Fe2 2.590 2.510  2.546 2.499  
Fe1-Fe3 2.703 2.709  2.687 2.670  
Fe2-Fe3  2.746 ---  2.694 ---  
Fe3-Fe4 2.687 2.620  2.684 2.559  

 
 

  

14S-1 (C1, 0.0, 0.0)               14T-1 (C1, 4.7, 15.9) 
 

Figure 5. One optimized singlet Fe4C(CO)14 structure and one optimized triplet 
Fe4C(CO)14 structure.  
 
3.1.4 Fe4C(CO)13. 
 For Fe4C(CO)13 several singlet structures and one triplet structure were optimized.  
The two lowest energy structures 13S-1 and 13T-1 are depicted in Figure 6, whereas the 
remaining higher energy structures are listed in the Supporting Information.  Structure 
13S-1 is a C2v singlet structure with one bridging CO group (connecting Fe3 and Fe4 in 
Figure 6). This structure corresponds to the experimentally observed Fe4C(CO)13 
structure characterized by X-ray crystallography.5 The Fe4C skeleton in 13S-1 no longer 
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has a spiropentane configuration, but a butterfly configuration in agreement with 
experimental observation. The Fe-C distances in the linear Fe-C-Fe subunit involving the 
butterfly wingtips (Fe1 and Fe2 in Figure 6) are predicted to be 1.802 Å (B3LYP) or 
1.812 Å (BP86), which are close to the averaged experimental value of 1.789 Å (Table 4). 
The other two Fe-C distances in the Fe4C skeleton (involving Fe3 and Fe4 in Figure 6) 
are predicted to be 2.008 Å (B3LYP) or 2.000 Å (BP86), which are also in excellent 
agreement with the averaged experimental value of 1.993 Å.  The four equivalent 
predicted Fe–Fe distances of 2.663 Å (B3LYP) or 2.651 Å (BP86) in 13S-1 agree well 
with the averaged experimental values of 2.642 Å. The remaining Fe–Fe distance of 
2.609 Å (B3LYP) or 2.568 Å (BP86) corresponding to the body of the butterfly agrees 
with the experimental value of 2.545 Å.  The presence of five Fe–Fe single bonds in the 
butterfly structure 13S-1 gives each iron atom the favored 18-electron configuration.   
 

Table 4.  The predicted carbon-iron bond distances and the iron-iron bond distances for 
the two Fe4C(CO)13 structures obtained by the B3LYP and BP86 methods and the 
experimental distances obtained by X-ray crystallography. 

 B3LYP  BP86 Exp5 
  13S-1 13T-1  13S-1 13T-1  

C1-Fe1  1.802  1.798  1.812 1.824 1.799 
C1-Fe2 1.802 1.922  1.812 1.904 1.779 
C1-Fe3 2.008 1.926  2.000 1.925 1.998 
C1-Fe4 2.008 1.907  2.000 1.882 1.987 
Fe1-Fe2 --- 2.750  --- 2.711 --- 
Fe2-Fe3 2.663 2.606  2.651 2.579 2.637 
Fe1-Fe3 2.663 2.665  2.651 2.629 2.642 
Fe1-Fe4 2.663 ---  2.651 --- 2.647 
Fe2-Fe4 2.663 ---  2.651 --- 2.640 
Fe3-Fe4 2.609 2.621  2.568 2.600 2.545 

 
 The Fe4C(CO)13 structure 13S-1 is obviously a very favorable structure since the 
next lowest energy structure, namely the C1 doubly bridged triplet structure 13T-1, lies 
15.5 kcal/mol (B3LYP) or 20.5 kcal/mol (BP86) above 13S-1 (Figure 6). The bridging 
CO groups in 13T-1 are predicted to exhibit ν(CO) frequencies at 1862 and 1879 cm–1. 
The Fe4C skeleton in 13T-1 is an irregular triangular pyramid with four Fe–Fe bonds and 
the C atom in the center of the base similar to the Fe4C skeleton in the Fe4C(CO)14 

structure 14S-1. The two bridged Fe–Fe bonds are 2.606 and 2.621 Å (B3LYP) or 2.579 
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and 2.600 Å (BP86), whereas the unbridged Fe-Fe bonds are only slightly longer at 2.665 
and 2.750 Å (B3LYP) or 2.629 and 2.711 Å (BP86).  The presence of four Fe–Fe single 
bonds in 13T-1 gives two of the iron atoms (Fe2 and Fe3 in Figure 6) the favored 
18-electron configuration but the other two iron atoms (Fe1 and Fe4 in Figure 6) only a 
17 electron configuration consistent with the triplet spin state.   

   

   13S-1 (C2v, 0.0, 0.0)           13T-1 (C1, 15.5, 20.5) 
 

Figure 6. Optimized Fe4C(CO)13 structures. The experimental bond distances5 (averaged) 
for 13S-1 are listed under the DFT predicted results for comparison.     
 
3.1.5 Fe4C(CO)12.  
 Three low-lying structures for Fe4C(CO)12 (two singlets and one triplet) were 
found within 20 kcal/mol (Figure 7 and Table 5).  All three structures 12S-1, 12S-2, and 
12T-1 have exclusively terminal CO groups and are predicted to be genuine minima with 
all real vibrational frequencies.  

 

12S-1 (C1, 0.0, 0.0)    12S-2 (Td, 12.1, 16.8)    12T-1 (C1, 1.8, 9.4)  
Figure 7. Three optimized Fe4C(CO)12 structures.     
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 12 

 The global minimum Fe4C(CO)12 structure 12S-1 is a C1 singlet structure with a 
butterfly-shaped Fe4C skeleton containing five Fe–Fe bonds (Figure 7).  The Fe-C 
distances in the linear Fe-C-Fe subunit involving the butterfly wingtips (Fe1 and Fe2 in 
Figure 7) are predicted to be 1.834 Å and 1.846 Å (B3LYP) or 1.846 Å and 1.866 Å 
(BP86). The other two Fe-C distances in the Fe4C skeleton (involving Fe3 and Fe4 in 
Figure 7) are predicted to be 1.899 Å and 1.892 Å (B3LYP) or 1.874 Å and 1.875 Å 
(BP86).  The four Fe–Fe distances involving a wingtip iron atom are predicted to be 
2.560, 2.645, 2.623, and 2.563 Å (B3LYP) or 2.527, 2.636, 2.583, and 2.547 Å (BP86) in 
12S-1. The remaining Fe–Fe distance predicted to be 2.858 Å (B3LYP) or 2.764 Å 
(BP86) corresponds to the body of the butterfly.  The presence of five Fe–Fe single 
bonds in the butterfly structure 12S-1 gives each iron atom the favored 18-electron 
configuration. Structure 12S-1 can be derived from 13S-1 by removal of the bridging CO 
group.   
 

Table 5.  The carbon-iron bond distances and the iron-iron bond distances for the three 
Fe4C(CO)12 structures obtained by the B3LYP and BP86 methods. 

 B3LYP  BP86 
  12S-1   12S-2 12T-1  12S-1  12S-2 12T-1 

C1-Fe1  1.834  1.765 1.840  1.846 1.772 1.835 
C1-Fe2 1.846 1.765 1.837  1.866 1.772 1.835 
C1-Fe3 1.899 1.765 1.837  1.874 1.772 1.862 
C1-Fe4 1.892 1.765 1.835  1.875 1.772 1.862 
Fe1-Fe2 --- 2.883 ---  --- 2.894 --- 
Fe1-Fe3 2.560 2.883 2.705  2.527 2.894 2.587 
Fe1-Fe4  2.645 2.883 2.628  2.636 2.894 2.660 
Fe2-Fe3 2.623 2.883 2.654  2.583 2.894 2.660 
Fe2-Fe4 2.563 2.883 2.668  2.547 2.894 2.587 
Fe3-Fe4 2.858 2.883 2.764  2.764 2.894 2.673 

 
 The C1 triplet Fe4C(CO)12 structure 12T-1, lying 1.8 kcal/mol (B3LYP) or 
9.4 kcal/mol (BP86) above 12S-1, has a geometry similar to 12S-1  (Figure 7). The 
beautifully symmetrical Td singlet Fe4C(CO)12 structure 12S-2, lying 11.2 kcal/mol 
(B3LYP) or 15.9 kcal/mol (BP86) above 12S-1, has a tetrahedral Fe4C skeleton, similar 
to the geometry of isoelectronic Co4(CO)12.38 The isolated carbon atom is located inside 
the Fe4 tetrahedron.  The six equivalent Fe–Fe distances in 12S-2 are 2.883 Å (B3LYP) 
or 2.894 Å (BP86).  
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3.1.6 Fe4C(CO)11. 
 Three low-lying Fe4C(CO)11 structures (two singlets and one triplet) were found 
(Figure 8 and Table 6).  All three structures are predicted to have a butterfly skeleton 
with five Fe–Fe bonds.  Both the B3LYP and BP86 methods predict the Fe4C(CO)11 
global minimum to be the triplet structure 11T-1. However, the two DFT methods predict 
somewhat different geometries. The BP86 method predicts 11T-1 to have Cs symmetry 
with one semibridging CO group. Structure 11T-1 can be derived from 13S-1 by 
removing a CO group from each of the butterfly body Fe atoms.  The B3LYP method 
predicts 11T-1 to have C1 symmetry with all terminal CO groups.  

Table 6.  The carbon-iron bond distances and the iron-iron bond distances for the three 
Fe4C(CO)11 structures obtained by the B3LYP and BP86 methoda. 

 B3LYP  BP86 
  11T-1 11S-1 11S-2  11T-1  11S-1 11S-2 

C1-Fe1  1.804  1.795 1.830  1.820 1.867 1.847 
C1-Fe2 1.819 1.835 1.830  1.820 1.818 1.847 
C1-Fe3 1.895 1.954 1.876  1.933 1.937 1.842 
C1-Fe4 1.996 1.886 1.979  1.914 1.840 1.946 
Fe1-Fe3 2.658 2.592 2.591  2.627 2.687 2.554 
Fe1-Fe4  2.597 2.573 2.611  2.573 2.502 2.603 
Fe2-Fe3 2.583 2.616 2.591  2.627 2.619 2.554 
Fe2-Fe4 2.620 2.547 2.611  2.573 2.577 2.603 
Fe3-Fe4 2.659 2.643 2.590  2.503 2.495 2.530 

 

 

11T-1 (Cs/C1, 0.0, 0.0) 11S-1 (C1, 20.2, 1.4)  11S-2 (Cs, 21.4, 1.4)  

Figure 8. Three optimized Fe4C(CO)11 structures. 
 
 The Cs singlet singly bridged Fe4C(CO)11 structure 11S-2 lies 21.4 kcal/mol 
(B3LYP) or 1.4 kcal/mol (BP86) kcal/mol in energy above 11T-1 (Figure 8). Structure 
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11S-2 has a similar geometry to 11T-1 and thus likewise can be derived from 13S-1 by 
removing a CO group from each of the butterfly body Fe atoms.  Structure 11S-2 has a 
small imaginary vibrational frequency of 28i cm-1 (B3lYP) or 16i cm-1 (BP86).  
Following the corresponding normal mode leads to the C1 structure 11S-1, with only a 
slightly lower energy, namely 20.2 kcal/mol (B3LYP) or 1.4 kcal/mol (BP86) relative to 
11T-1. The large difference in the singlet-triplet splittings for Fe4C(CO)11 predicted by 
the two DFT methods is not surprising, since Reiher and co-workers have concluded that 
the B3LYP method always favors the higher spin state and the BP86 method favors the 
lower spin state, with the true energy difference lying between the two values.39,40 

   
 
3.2. Thermochemistry 
 Table 7 reports the dissociation energies for removing one CO group from the 
global minima of Fe4C(CO)n (n = 16 to 12) structures according to the following 
equations: 
             Fe4C(CO)n → Fe4C(CO)n-1 + CO  (n = 16 to 12). 
The CO dissociation energies of Fe4C(CO)n (n = 16, 15, 14) are all predicted to be less 
than 12 kcal/mol. However, the CO dissociation energy of Fe4C(CO)13 is much higher, 
namely, 20.5 kcal/mol (B3LYP) or 26.1 kcal/mol (BP86), suggesting that Fe4C(CO)13 is 
favored with respect to carbonyl dissociation.  This agrees with experiment, since only 
Fe4C(CO)13 has been synthesized.5 The carbonyl dissociation energy of Fe4C(CO)12 is 
even higher, i.e., 24.5 kcal/mol (B3LYP) or 43.7 kcal/mol (BP86) so that Fe4C(CO)12 
could be another synthesis target.  These CO dissociation energies can be compared 
with the experimental CO dissociation energies of 27 kcal/mol, 41 kcal/mol, and 
37 kcal/mol for Ni(CO)4, Fe(CO)5, and Cr(CO)6, respectively.41 
 
Table 7. Bond dissociation energies after zero-point energy corrections (kcal/mol) for 
successive removal of carbonyl groups from the lowest energy optimized Fe4C(CO)n (n = 
16 to 12) structures. 
 

 B3LYP BP86 
Fe4C(CO)16 (16S-1) → Fe4C(CO)15 (15S-1) + CO 1.8 -0.3 
Fe4C(CO)15 (15S-1) → Fe4C(CO)14 (14S-1) + CO 5.8 11.1 
Fe4C(CO)14 (14S-1) → Fe4C(CO)13 (13S-1) + CO –1.3 6.1 
Fe4C(CO)13 (13S-1) → Fe4C(CO)12 (12S-1) + CO 20.5 26.1 
Fe4C(CO)12 (12S-1) → Fe4C(CO)11 (11T-1) + CO 24.5 43.7 
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 Table 8 reports the energies for the following disproportionation reactions: 
   2 Fe4C(CO)n → Fe4C(CO)n+1 + Fe4C(CO)n-1  (n = 15 to 12) 
The disproportionation of Fe4C(CO)14 into Fe4C(CO)15 + Fe4C(CO)13 is an exothermic 
process by 7.1 kcal/mol (B3LYP) or 5.0 kcal/mol (BP86), suggesting that Fe4C(CO)14 is 
not a viable species.  In contrast, the energy required for disproportionation of 
Fe4C(CO)13 into Fe4C(CO)14 + Fe4C(CO)12 is 21.9 kcal/mol (B3LYP) or 20.0 kcal/mol 
(BP86).  This is consistent with the synthesis of Fe4C(CO)13 as a stable molecule.5 The 
disproportionation energies of Fe4C(CO)15 and Fe4C(CO)12 are 3.9 and 4.0 kcal/mol 
(B3LYP) or 11.4 and 17.6 kcal/mol (BP86), respectively, suggesting that these species 
are likely to have limited viabilities. 

 
Table 8. Disproportionation energies after zero point energy correctioins (kcal/mol) for 
2Fe4C(CO)n → Fe4C(CO)n+1 + Fe4C(CO)n-1  (n = 15 to 12) processes with the lowest 
energy structures. 
 

 B3LYP BP86 
2Fe4C(CO)15 (15S-1) → Fe4C(CO)16 (16S-1) + Fe4C(CO)14 (14S-1) 3.9 11.4 
2Fe4C(CO)14 (14S-1) → Fe4C(CO)15 (15S-1) + Fe4C(CO)13 (13S-1) –7.1 –5.0 
2Fe4C(CO)13 (13S-1) → Fe4C(CO)14 (14S-1) + Fe4C(CO)12 (12S-1) 21.9 20.0 
2Fe4C(CO)12 (12S-1) → Fe4C(CO)13 (13S-1) + Fe4C(CO)11 (11T-1) 4.0 17.6 

  

4.  Conclusions 
 

 Simple electron counting in Fe4C(CO)n clusters requires n + f to be 18 for each 
iron atom to have the favored 18 electron configuration where n is the number of CO 
groups and f is the number of Fe–Fe single bonds. This is consistent with a spiropentane 
structure with two Fe–Fe bonds for the lowest energy Fe4C(CO)16 structure 16S-1 and a 
butterfly structure with five Fe–Fe bonds for the experimentally known5 Fe4C(CO)13 

structure 13S-1. Similar considerations suggest a structure with three Fe–Fe single bonds 
for the pentadecacarbonyl Fe4C(CO)15, which could correspond to a trigonal pyramidal 
arrangement of the four iron atoms with an apex iron atom forming Fe–Fe single bonds to 
each of the three basal iron atoms. However, the two lowest energy Fe4C(CO)15 
structures 15S-1 and 15S-2 instead have a bent chain of the four iron atoms, also with 
three Fe–Fe bonds rather than the trigonal pyramidal iron atom arrangement. The lowest 
energy Fe4C(CO)14 structure 14S-1 has a central Fe4 trigonal pyramid that is distorted to 
bring two of the basal iron atoms together to form a fourth Fe–Fe bond in accord with the 
n + f = 18 rule above to give each iron atom the favored 18-electron configuration. 
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 The maximum number of Fe–Fe bonds in a tetranuclear iron complex is six, 
corresponding to a tetrahedron.  Such an Fe4C tetrahedron is found in the beautiful but 
higher energy Fe4C(CO)12 structure 12S-2, which thus obeys the n + f = 18 rule and has 
ideal Td tetrahedral symmetry.  However, the lowest energy Fe4C(CO)n (n = 12, 11) 
structures are derived from 13S-1 by losses of various CO groups with retention of the 
central Fe4C butterfly. No clear indications for Fe-Fe multiple bonding are found in these 
unsaturated Fe4C(CO)n (n = 12, 11) systems.  Since the maximum number of Fe–Fe 
single bonds in an Fe4 cluster is six, one or more iron atoms in these structures 
necessarily must have electronic configurations less than the favored 18-electron 
configuration. 
 The thermochemical predictions are consistent with the experimental observation 
that Fe4C(CO)13 is the stable product obtained in the synthesis of tetranuclear iron 
carbonyl carbides.  Thus the CO dissociation energies of Fe4C(CO)n (n = 16, 15, 14) are 
all predicted to be less than 12 kcal/mol (Table 7) whereas the CO dissociation of 
Fe4C(CO)13 is predicted to be ~23 kcal/mol. 
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The geometries of the lowest energy 
Fe4C(CO)n (n = 16, 15, 14, 13) structures 
obey the n + f = 18 rule where f is the 
number of Fe–Fe bonds. This leads to a 
spiropentane geometry for Fe4C(CO)16, a 
central bent Fe–Fe–Fe–Fe chain for 
Fe4C(CO)15, a distorted trigonal pyramidal 
structure for Fe4C(CO)14, and the 
experimentally observed butterfly structure 
for Fe4C(CO)13. The lowest energy 
Fe4C(CO)n (n = 12, 11) structures are 
derived from the lowest energy Fe4C(CO)13 

by removal of CO groups with retention of 
the central Fe4C butterfly unit. 
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