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ABSTRACT

Density functional theory studies show that the lowest energy CsFgFe(CO)4
structure is not the very stable experimentally known ferracyclopentane isomer
(CF2CF2CF2CF2)Fe(CO)4 obtained from Fe(CO)i2 and tetrafluoroethylene. Instead
isomeric (perfluoroolefin)Fe(CO)4 structures derived from perfluoro-2-butene, perfluoro-
1-butene, and perfluoro-2-methylpropene are significantly lower energy structures by up
to ~17 kcal/mol. However, the activation energies for the required fluorine shifts from
one carbon to an adjacent carbon atom to form these (perfluoroolefin)Fe(CO)s complexes
from tetrafluoroethylene are very high (e.g., ~70 kcal/mol). Therefore the
ferracyclopentane isomer (CF.CF,CF>CF2)Fe(CO)4, which does not require a fluorine
shift to form from Fe3(CO)12 and tetrafluoroethylene, is the kinetically favored product.
The lowest energy structures of the binuclear (C4Fs)Fex(CO), (n =7, 6) derivatives have

bridging perfluorocarbene ligands and terminal perfluoroolefin ligands.

Keywords: Octafluorobutene, Metallacycles, Fluorinated Carbenes, Olefin Complexes,

Iron carbonyls, Density functional theory
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1. Introduction

The ability of perfluorination to stabilize transition metal alkyl derivatives was
first recognized in the early 1960s shortly after the first syntheses of fluorocarbon
transition metal derivatives using reagents such as perfluoroalkyl iodides and
tetrafluoroethylene to introduce the fluorocarbon moiety. The most dramatic early
example of such stabilization was found in the alkylcobalt carbonyl derivatives
CX3Co(CO)s (X = H, F). Thus CH3Co(CO)s decomposes at —40°C whereas its
perfluorinated analogue CF3Co(CO)s is a yellow liquid that can be distilled at
atmospheric pressure around 100°C.'2

The ability of perfluorination to stabilize transition metal alkyls can be related to
the high electronegativity of perfluoroalkyl groups. This can lead to dn—c* back
donation of electrons from filled transition metal d orbitals into C—F antibonding orbitals
on the a-carbon atom adjacent to the transition metal (Figure 1). This is closely related
to the better known?® dn—pn* back donation into C-O antibonding orbitals in metal
carbonyls. The stabilization of metal-carbon bonds to fluorocarbon ligands by such back
donation has led to the extensive development of fluorocarbon transition metal

chemistry.*>¢

[M-C=0:* =~— [M]=C=0: < [M]'=C—0O:"
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Figure 1. Resonance structures generated by back donation of electrons from filled metal
d orbitals into antibonding orbitals of carbonyl and perfluoroalkyl ligands showing the
“no-bond” resonance labilizing the fluorine atoms in the latter systems.

The dn—pn* back donation in metal carbonyl chemistry into antibonding orbitals
of the C-O multiple bonds of the carbonyl ligands reduces their effective bond order as
typically reflected in lowering of the v(CO) frequencies upon metal complexation of free
carbon monoxide (Figure 1). However, since the C=0 bond in free carbon monoxide is
already a formal triple bond, such lowering of the effective bond order is not normally
sufficient to break the C-O bond. The reduction of the C—F bond order through analogous
dn—oc* back donation into antibonding C-F orbitals similarly reduces the effective C—F
bond order. This leads formally to a type of “no bond” resonance involving polarized
canonical structures with zero bond order of the C-F “bonds” to the a-carbon atom

adjacent to the transition metal. This weakening of these C—F bonds to the a-carbon
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atom of fluoroalkyl transition metal derivatives activates such fluorine atoms thereby
making them susceptible for migration to other atoms.’

Fluorine migration from o-carbon atoms in perfluoroalkyl transition metal
derivatives was first observed in the study of Co2(CO)s with tetrafluoroethylene (Figure
2).8%  Under mild conditions the initial product is a yellow solid formulated as
(OC)4CoCF2CF2Co(CO)4 in which each tetrafluoroethylene carbon atom forms a c-bond
to the cobalt atom of a Co(CO)4 unit. This initial product is a binuclear relative of
CF;Co(CO)s and has a similar yellow color. However, this yellow octacarbonyl
reversibly loses CO under mild conditions to give the red heptacarbonyl
(u-CF3CF)Co2(CO)s(n-CO) in which fluorine migration has occurred to convert the
bridging CF,CF; unit in the initial yellow product to a trifluoromethyl carbene ligand
CF;CF. This loss of a carbonyl group from the initial (OC)4CF2CF2Co(CO)4
concurrently results in the formation of a direct Co—Co bond that is bridged by the CF;CF
ligand. This trifluoromethyl carbene complex is relatively stable. However, upon
reaction with excess Co(CO)s the lone fluorine atom bonded to the a-carbon atom is lost
leading to the dark purple cluster CF3CCo3(CO)o. Presumably the fluorine on the
a-carbon atom in (u-CF3CF)Cox(CO)s(u-CO) migrates from carbon to cobalt. This
would be expected to lead ultimately to CoF», owing to the instability of cobalt carbonyl

fluorides towards loss of the carbonyl groups.

CF;
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o
(OC)4CoCF,CF,Co(CO);  (u-CF5CF)Co5(CO)g(n-CO) CF3CC04(CO)s

Figure 2. The cobalt carbonyl derivatives obtained from reactions of Cox(CO)s with
tetrafluoroethylene.

The reaction of tetrafluoroethylene with iron carbonyls was found in very early
work of Wilkinson et al. to follow a different course.'®'!!2 Thus reaction of Fe3(CO)2
with tetrafluoroethylene under more vigorous conditions than required for the formation
of CF3CCo3(CO)y from tetrafluoroethylene and Cox(CO)s results in dimerization of CaF4
on the iron site to give the perfluorinated ferracyclopentane metallacycle C4FsFe(CO)4
(Figure 3). No evidence was observed for a single fluorine shift to give the isomeric
fluorinated carbene complexes (CF3)(CF;CF2)C=Fe(CO)4 or (CF3CF2CF»)C(F)=Fe(CO)4
or for a double fluorine shift to give the isomeric perfluoroolefin complexes
(n?-CF3CF=CFCF3)Fe(CO)s or (n>-CF;CF,CF=CF,)Fe(CO)s (Figure 3), despite the

severity of the reaction conditions.
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Figure 3. Isomeric perfluorinated carbene and perfluoroolefin iron carbonyl complexes
derived from the known perfluorinated ferracyclopentane CsFsFe(CO)s by fluorine
migration. The fluorine shift reactions are hypothetical and have not been observed.

The central iron atom in the metallacycle C4FsFe(CO)s is octahedrally
coordinated to six strong back bonding ligands, namely the four carbonyl groups and the
two terminal CF> groups forming the C4Fs chain within the ferracyclopentane ring. In
this way this iron atom resembles the central chromium atom in Cr(CO)s, which is
octahedrally coordinated to six carbonyl groups. Both C4FsFe(CO)s and Cr(CO)s are
volatile air-stable white solids, consistent with the favorable 18-electron configuration of
the central metal atom. Because of the similarity of the mononuclear derivatives
C4FsFe(CO)s and Cr(CO)s, the corresponding binuclear derivatives (CsFg)2Fea(CO), (n =
7, 6) and Cr2(CO),+4 might be expected to be similar.

The binary binuclear chromium carbonyls Cr2(CO)1;1 and Cr2(CO)ip are not
known experimentally as stable species. This is consistent with theoretical studies!>'
showing them to be disfavored relative to dissociation into mononuclear derivatives
including the very stable Cr(CO)s. Thus the lowest energy Cra(CO)i1 structure has a
relatively long Cr-Cr single bond (3.15 A) consistent with its predicted exothermic
dissociation into Cr(CO)s + Cr(CO)s.'> Low-energy structures for the formally
unsaturated Cr2(CO);o include a singlet with two four-electron donor bridging n2-u-CO
groups and no formal metal-metal bonding and a triplet state with exclusively terminal

CO groups and a formal Cr=Cr double bond similar to the O=0 bond in triplet O>.'*
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We now report the use of density functional theory to explore the geometry and
energetics of the C4FsFe(CO)4, (C4F35)2Fex(CO)7, and (CsFg)2Fea(CO)s systems analogous
to the Cr(CO)s, Cr2(CO)11, and Cr2(CO)1o systems. The experimental ferracyclopentane
structure for C4FgFe(CO)4 obtained from Fe3(CO)i2 and tetrafluoroethylene is found to be
a higher energy structure than isomeric perfluorobutene structures requiring fluorine
migration for their formation. However, the initial step of the required fluorine migration
step is found to have a high activation energy around ~70 kcal/mol. thereby accounting
for the experimental observation of the kinetically favored ferracyclopentane isomer. In
the binuclear systems (C4Fs)2Fex(CO), (n = 7, 6) fluorine migration is predicted to occur
to give isomers with bridging perfluorocarbene ligands rather than perfluoroolefin iso-
mers as the lowest energy structures. This suggests that the Fe—Fe bond in the binuclear
derivatives plays a critical role by providing a bridging site for a perfluorocarbene ligand

generated by fluorine migration from a perfluorinated ferracyclopentane ring.

2. Theoretical Methods

Electron correlation effects have been included to some degree in density
functional theory (DFT) methods, which have evolved as a practical and effective compu-
tational tool, especially for organometallic compounds.!3-?! In this research, the newer
generation M06-L method was employed. The MO06-L method using a meta-GGA
functional proposed by Zhao and Truhlar?? was found to be suitable for applications in
transition metal chemistry.>>?* The basis sets used herein were the correlation-consistent
polarized valence triple-C (cc-pVTZ) variety. The cc-pVTZ basis sets for carbon, oxygen,
and fluorine atoms are given by Dunning,?® while those for iron come from Balabanov
and Peterson.?®  Other popular DFT methods, such as B3LYP,?”-?® BP86,2°-3" and
BPW91,2%3! were found to be useful for bare iron clusters and those interacting with CO

molecules.32:33

In the present study, we have also tested these functionals for the
C4FsFe(CO)s system (Table S1 in the Supporting Information). We found the results
using these other functionals to be similar to those from the M06-L method.

The C4FsFe(CO)s, (CsFs)2Fex(CO)7, and (CsFg)2Fea(CO)s structures were fully
optimized using the M06-L/cc-pVTZ method. Both singlet and triplet spin states were
considered. However, all of the triplet structures were found to have higher energies than
the corresponding singlet structures and thus are not discussed in this paper. Harmonic
vibrational frequency analyses were also carried out at the same level of theory. All the
computations were carried out with the Gaussian 09 program,** with an ultrafine grid (99,

590) for numerical integration. The convergence criterion for the SCF energy was
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10 Ej, and a tight (10 a.u.) convergence criterion was for optimization. A given
(C4F3)nFen(CO), structure is designated as mn-dS where m is the number of iron atoms
and C4Fg groups, n is the number of CO groups, d orders the structures according to their
relative energies, and S refers to the singlet spin state. Thus the lowest energy singlet
(C4F3)2Fex(CO)s structure 1s designated 27-1S. The relative energies (AE) in the text are
based on the total electronic energies without ZPE (zero point energy) corrections. The
relative energies with ZPE correction are shown in Table S2 in the Supporting

Information.

3. Results and Discussion
3.1 Mononuclear derivatives

The C4Fg ligand can exhibit nine different types of isomeric structures, i.e.
CF;-CF-CF=CF,  (perfluoro-1-butene), = CF3-CF=CF-CF3 (perfluoro-2-butene),
CF3-C(CF3)=CF» (perfluoro-2-methylpropene), -CF>-CF>-CF>-CFo»- (perfluoro-
tetramethylene), -CF(CF3)-CF2-CF2- (perfluoro-1-methyltrimethylene), -CF»-CF(CF3)-CF»-
(perfluoro-2-methyltrimethylene), CF3-CF>-CF>-CF= (perfluorobutylidene), CF3-CF>-C(CF3)=
(perfluoro-1-methylpropylidene), and CF3-CF(CF3)-CF= (perfluoro-2-methylpropylidene).
The singlet CF3-C(CF3)=CF; structure has the lowest energy. The relative energies of the
structures with CF5-CF=CF-CF; (singlet), CF;-CF»-CF=CF; (singlet),
CF3-CF(CF5)-CF=  (singlet),  CF3-CF>-C(CF3)=  (triplet), = CF3-CF2-CF,-CF=
(singlet), -CF(CF3)-CF2-CF»- (triplet), -CF>-CF(CF3)-CF»- (triplet),
and -CF;-CF2-CF>-CF»- (triplet) units are 12.3, 19.2, 70.3, 71.1, 77.8, 78.2, 80.5, and
86.8 kcal/mol, respectively, at the M06-L/cc-pVTZ level of theory. Coordinating these
isomeric C4Fg ligands to an Fe(CO)4 unit leads to nine different kinds of CsFsFe(CO)4
structures, designated as 14-1S to 14-9S in Figure 4.

The three perfluoroolefin complex structures 14-1S, 14-2S, and 14-3S have the
lowest energies. Among these three isomers, the perfluoro-2-methylpropene complex
[M?-CF3-C(CF3)=CF2]Fe(CO)4 (14-1S) has the lowest energy. The perfluoro-2-butene
complex (1?-CF3-CF=CF-CF3)Fe(CO)s (14-2S) and the perfluoro-1-butene complex
(?-CF3-CF2-CF=CF2)Fe(CO)4 (14-3S) lie 4.7 and 14.8 kcal/mol, respectively, in energy
above 14-1S. In 14-18, 14-28S, and 14-3S, the C=C double bond lengths are ~1.44 A,
which are ~0.07 A shorter than the C-C bond lengths. Next in energy comes the
experimentally known perfluorinated metallacyclopentane complex
(?-CF2-CF2-CF2-CF2)Fe(CO)s  (14-4S), lying 16.8 kcal/mol above 14-1S. The
perfluorinated ferracyclobutane structures [n?-CF,-CF,-CF(CF3)-]Fe(CO)4 (14-5S) and
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[?-CF2-CF(CF3)-CF2-]Fe(CO)4 (14-6S), lie 17.2 and 21.1 kcal/mol, respectively, in
energy above 14-1S. The three perfluorinated carbene complex structures, namely the
perfluoro-2-methylpropylidene complex CF3-CF(CF3)-C(F)=Fe(CO)s (14-7S), the
perfluoro-1-methylpropylidene complex CF3-CF>-C(CF3)=Fe(CO)s (14-8S) and the
perfluorobutylidene complex CF3-CF,-CF,-C(F)=Fe(CO)4, have the highest energies, at
more than 22 kcal/mol above 14-1S. The Fe-C bond distances in the n?-C4Fs structures
(14-18 to 14-6S) range from 2.007 to 2.085 A, corresponding to Fe-C single bonds.
However, the Fe=C bond distances in all of the carbene n'-C4Fs structures (14-7S to
14-9S) are ~0.2 A shorter than the Fe-C single bond distances, ranging from 1.832 to
1.860 A and thus can correspond to Fe=C double bonds. Thus, in all of the C4FsFe(CO)4
complexes the C4Fg ligands are two-electron donors, thereby giving each iron atom in
these structures the favored 18-electron configuration.

The very stable experimentally known metallacyclopentane structure 14-4S is the
only C4FgFe(CO)4 isomer that can be formed from tetrafluoroethylene and iron carbonyls
without fluorine migration. However, the three perfluoroolefin complexes 14-1S, 14-28S,
and 14-3S all lie at significantly lower energies than 14-4S. Thus 14-4S is the kinetically
favored product from Fe3(CO)12 and tetrafluoroethylene whereas the lowest energy
isomer with a straight C4 chain, namely 14-28, lies ~12 kcal/mol in energy below 14-4S.
However, investigation of the relevant portion of the potential energy surface of the
C4FsFe(CO)s system (Figure 5) predicts a high activation energy of 70.5 kcal/mol (= 87.3
— 16.8 kcal/mol) for the first fluorine shift in the conversion of 14-4S to 14-2S. This can
account for the formation of the very stable ferracyclopentane 14-4S as the kinetic
product from Fe3(CO)i2 and tetrafluoroethylene. The C4FsFe(CO)s global minimum
14-18, lying 4.7 kcal/mol in energy below 14-2S, has a branched C3(C) chain and thus
requires rupture of a C—C bond for formation from 14-2S. In view of the kinetic stability
of C—C bonds, it is not unreasonable to suppose that conversion of a straight C4 chain,
such as that in 14-28, to a branched C3(C) chain, such as that in 14-1S, would require a
significantly higher activation energy than rupture of a C—F bond in the conversion of
14-4S to 14-28S.
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14-4S (C,, 'A) 16.8 14-5S (C4, 'A) 17.2

14-7S (C;, 'A) 221 14-8S (C;, 'A)25.6  14-9S (C,, 'A) 28.3

Figure 4. Optimized C4FsFe(CO)s structures. In Figures 4 to 9, the bond distances (in A)
and relative energies (in kcal/mol, under each structure) were obtained at the
MO06-L/cc-pVTZ level of theory.
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30 Figure 5. Energy profile for the conversion of the kinetically favored
31 metallacyclopentane product 14-4S from Fe3(CO)12 and tetrafluoroethylene to the lowest
32 energy isomer with a Cy4 straight chain, namely 14-2S. Each transition state (TS) was
optimized starting from a reasonable initial structure based on the two minima it connects.
35 The optimized TS structures were confirmed with the intrinsic reaction coordinate (IRC)
36 analysis. 333637

39 3.2 Binuclear derivatives

41 3.2.1 (C4Fs):Fex(CO),

42 Twenty-three singlet (C4Fs)2Fe2(CO)s structures are found within ~20 kcal/mol of
44 the lowest energy structure 27-1S. These 23 structures can be divided into three types:
45 singly C4Fs-bridged structures, triply Cs4Fs- and CO-bridged structures and singly CO-
47 bridged structures. These structures are discussed below according to their structure type.

48 Singly  C4Fs-bridged structures. Ten low-energy singly CsFg-bridged
50 (C4Fg)2Fex(CO)7 structures are found with one C4Fs group bonded to two iron atoms as a
51 bridge and the other C4Fs group coordinated with only one iron atom as a terminal group,
53 namely 27-1S, 27-4S, 27-6S, 27-10S, 27-12S, 27-14S, 27-15S, 27-17S, 27-218, and
>4 27-22S (Figure 6). In these singly-C4Fs bridged Fex(u-CsFg)(C4Fs)(CO); structures, the
56 bridging Ca4Fg group is either a perfluoro-1-methylpropylidene, a perfluoro-2-methyl-
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propylidene, or a perfluorobutylidene group, while the terminal C4Fg group is a perfluoro-
2-methylpropene, a perfluoro-2-butene, or a perfluoro-1-butene ligand. Thus, bridging
C4Fs groups prefer carbene structures while terminal C4Fg groups prefer olefin structures.
The lowest energy (CasFg)2Feo(CO); structure 27-1S has a bridging perfluoro-1-
methylpropylidene and a terminal perfluoro-2-methylpropene group. Structure 27-48S,
lying only 2.4 kcal/mol in energy above 27-1S, also has a bridging perfluoro-1-
methylpropylidene group, but its terminal C4Fg ligand is a perfluoro-2-butene group.
Replacing the bridging perfluoro-1-methylpropylidene group in 27-1S with a perfluoro-2-
methylpropylidene or a perfluorobutylidene group, gives 27-6S or 27-10S, respectively,
lying 5.3 and 5.9 kcal/mol, respectively, in energy above 27-1S. Similarly, replacing the
bridging perfluoro-1-methylpropylidene group in 27-4S with a perfluoro-2-
methylpropylidene or a perfluorobutylidene group gives 27-128 or 27-148S, lying 5.5 and
6.8 kcal/mol in energy, respectively, above 27-4S. Structures 27-15S, 27-21S, and
27-228, lying 12.3, 19.4, and 19.9 kcal/mol, respectively, in energy above 27-18, all have
terminal perfluorobutylidene groups and differ only by different bridging C4Fs groups.
Structure 27-17S, with a terminal perfluoro-2-methylpropylidene and a bridging
perfluoro-1-methylpropylidene group, lying 14.3 kcal/mol in energy above 27-18, is the
only Fex(u-CaFg)(CsFg)(CO)7 structure in which the terminal C4Fg ligand is not an olefin.
The Fe-Fe distances of 2.60 to 2.69 A in these ten singly CsFs-bridged
Fex(u-CaFs)(C4Fs)(CO)7 structures suggest formal single bonds. Considering all of the
C4Fs ligands as two-electron donors give each iron atom in these structures the favored

18-electron configuration.
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39 27-15S (C4, 'A) 12.3 27-21S (C4, 'A) 19.4

49 27-22S (C4, 1A) 19.9

51 Figure 6. The ten low-energy singly CsFs-bridged (CsFs)2Fex(CO)7 structures, with all
52 fluorine atoms omitted for the sake of clarity.
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Triply C4Fs- and CO-bridged structures. Nine low-energy triply bridged
(C4Fg)2Fex(CO)7 structures are found with two bridging C4Fs groups and one bridging CO
group connecting the two iron atoms, i.e. 27-2S, 27-5S, 27-7S, 27-8S, 27-9S, 27-11S,
27-198, 27-208, and 27-23S (Figure 7). As with the singly bridged structures discussed
above, bridging Cs4Fs groups prefer carbene structures, namely perfluoro-1-
methylpropylidene, perfluoro-2-methylpropylidene, or perfluorobutylidene. The six low-
energy triply bridged Fex(u-CsFg)2(nu-CO)(CO)s structures 27-2S, 27-5S, 27-7S, 27-8S,
27-9S and 27-118, with two bridging C4Fs carbene groups and one bridging carbonyl
group, exemplify different ways of combining the three types of C4Fs perfluorocarbene
bridges. Thus, 27-2S has one perfluoro-1-methylpropylidene bridge and perfluoro-
butylidene bridge. Structure 27-5S has one perfluoro-1-methylpropylidene bridge and one
perfluoro-2-methylpropylidene bridge. Structure 27-7S has two bridging perfluoro-2-
methylpropylidene groups. Structure 27-8S has one perfluorobutylidene bridge and one
perfluoro-2-methylpropylidene bridge. Structure 27-9S has two bridging perfluoro-1-
methylpropylidene groups whereas structure 27-11S has two bridging perfluoro-
butylidene groups. Energetically, structures 27-2S, 27-5S, 27-7S, 27-8S, 27-9S and
27-118S lie 1.5, 3.0, 5.4, 5.5, 5.9, and 6.1 kcal/mol, respectively, above 27-1S. The Fe-Fe
distances in 27-28, 27-58, 27-7S, 27-8S, 27-9S and 27-11S range from 2.46 to 2.49 A,
which is ~0.20 A shorter than the Fe-Fe distances in the singly C4Fs bridged
Fex(u-CaFs)(C4Fs)(CO)7 structures discussed above. This Fe—Fe bond shortening effect
in these six structures appears to be a consequence of the three bridging groups.
Interpreting the Fe—Fe bonds in these six structures are formal single bonds gives each
iron atom the favored 18-electron configuration.

We also found some Fex(u-CsF3)2(u-CO)(CO)s triply bridged structures in which
one bridging CsFg group is not a carbene but an olefin. Thus the three
Fex(u-CaFg)2(u-CO)(CO)s structures 27-19S, 27-20S, and 27-23S, each have only one
bridging carbene C4Fs group, with the other bridging CsFg group being an olefin.
However, these three structures are much less energetically favorable, lying at least

18 kcal/mol in energy above 27-18S.
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27-19S (C,, 'A) 18.4 27-20S (C4, 'A) 18.9 27-23S (C4, 'A) 20.6

Figure 7. Optimized low-energy triply C4Fs- and CO-bridged (CsFg)2Fex(CO);
structures ,with all fluorine atoms omitted for the sake of clarity.

Singly  CO-bridged  structures. Four low-energy singly CO-bridged
(C4Fg)2Fex(CO)7 structures are found, namely 27-3S, 27-13S, 27-16S, and 27-18S, in
which all of the terminal C4Fg groups are the perfluoroolefins perfluoro-2-methylpropene,
perfluoro-2-butene, or perfluoro-1-butene (Figure 8). This again indicates the preference
of terminal C4Fs groups for olefin structures. The lowest-energy singly-CO bridged
Fex(u-CO)(C4F3)2(CO)s structure 27-3S, lying only 1.7 kcal/mol in energy above 27-18,
has two terminal perfluoro-2-methylpropene ligands. Replacing one terminal perfluoro-
2-methylpropene ligand in 27-3S with a perfluoro-2-butene ligand and with a perfluoro-
1-butene ligand gives 27-13S and 27-18S, respectively, lying 6.5 and 13.5 kcal/mol,
respectively, in energy above 27-3S. Structure 27-16S, lying 13.3 kcal/mol in energy

above 27-18, has two terminal perfluoro-2-butene ligands. The Fe—Fe distances of 2.80
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to 2.87 A in these four singly CO-bridged Fe»(u-CO)(CaFs)2(CO)s structures are ~0.20 A
longer than those in the singly Cs4Fs-bridged Fex(u-CsFs)(CsFs)(CO) structures discussed
above. However, they still suggest formal single bonds, thereby giving each iron atom in

the favored 18-electron configuration.

27-3S (C4, 'A) 1.7

27-18S (C4, 'A) 15.2

Figure 8. Optimized low-energy singly CO-bridged (CsFg):Fe>(CO); structures, with all
fluorine atoms omitted for the sake of clarity.

3.2.2 (C4Fs)2Fe2(CO)s

Removing a CO group from the (CsFg):Fex(CO); structures above leads to a
variety of (C4Fg)2Fex(CO)s structures. Since many such (C4Fg)Fex(CO)s structures are
very similar, only the lowest energy (CsFg).Fex(CO)s structure derived from each
(C4F3)2Fex(CO)s structure 1s discussed. Eleven (CsFg)2Fea(CO)g structures, namely 26-1S
to 26-118, are found within ~20 kcal/mol of the lowest energy structure 26-1S (Figure 9).
The dissociation energy for the loss of a CO group from the lowest energy
(C4F3)2Fex(CO); structure 27-1S to give the lowest energy (CsFg)2Feo(CO)s structure
26-1S is 13.1 kcal/mol.

All of these (C4Fs)2Fex(CO)s structures are singlet spin state structures. Similar to
the (C4F3)2Fe2(CO)s structures, these (C4Fs)2Fe2(CO)s structures can be divided into three
types: singly C4Fs-bridged structures, triply C4Fs- and CO-bridged structures, and singly
CO-bridged structures.

Page 14 of 23
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Fe-Fe: 2.472
1.822

) 42.185

26-9S (C4, 'A) 18.6

41 26-10S (C4, 'A) 18.6 26-11S (C4, 1A) 20.4

43 Figure 9. Eleven optimized low-energy (CsFs)Fe2(CO)s structures, with all fluorine
44 atoms omitted for the sake of clarity.

The singly C4Fs-bridged (CsFsg)2Fe2(CO)s structures 26-1S, 26-2S, 26-3S, 26-5S,
48 and 26-9S can be derived from the singly CsFg-bridged (C4Fs)2Fe2(CO); structures 27-18,
27448, 27-108, 27-6S, and 27-158, respectively, by removing a terminal CO group. Thus,
51 26-18S, 26-28S, and 26-9S all have a bridging perfluoro-1-methylpropylidene group, while
26-3S and 26-5S have a bridging perfluorobutylidene group and a bridging perfluoro-2-
54 methylpropylidene group, respectively. Structures 26-1S, 26-3S, and 26-5S all have

terminal perfluoro-2-methylpropene groups, while 26-2S and 26-9S have a terminal
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perfluoro-2-butene group and a terminal perfluoro-1-butene group, respectively.
Structure 26-1S appears to be a favorable structure, since it lies 6.3 kcal/mol below the
next lowest energy (CsFg)2Fex(CO)s structure 26-2S. Structures 26-3S, 26-5S, and 26-9S
lie at the even higher energies of 11.3, 13.2, and 18.6 kcal/mol above 26-18S, respectively.
The Fe-Fe distances of 2.59 to 2.63 A in these five singly CsFs-bridged
Fex(u-CaFs)(C4Fs)(CO)s structures suggest formal Fe-Fe bonds. Thus, the iron of the
Fe(CO)s group has the favored 18-electron configuration whereas the iron of the
Fe(C4F3)(CO)2 group has only a 16-electron configuration.

The triply C4Fs- and CO-bridged (C4Fs)2Fea(CO)s structures 26-6S, 26-7S, 26-8S,
and 26-11S can be derived from the triply C4Fs- and CO-bridged (CasFg)2Fex(CO);
structures 27-2S, 27-9S, 27-5S, and 27-7S, respectively, by removing a terminal CO
group (Figure 9). Thus, 26-6S has a bridging perfluoro-1-methylpropylidene group and a
bridging perfluorobutylidene group whereas 26-7S has two bridging perfluoro-1-methyl-
propylidene groups. Structure 26-8S has a bridging perfluoro-1-methylpropylidene group
and a bridging perfluoro-2-methylpropylidene group, while 27-11S has two bridging
perfluoro-2-methylpropylidene groups. Unlike the Fex(u-CsFg)2(n-CO)(CO)s triply
bridged structures, all of the Fex(u-C4Fs)2(nu-CO)(CO)s triply bridged structures have
much higher energies. Thus the relative energies of 26-6S, 26-7S, 26-8S, and 26-11S are
14.5, 14.5, 15.1, and 20.4 kcal/mol, respectively, above 26-1S. The Fe—Fe distances of
2.45 to 2.50 A in these four triply bridged Fe»(u-C4Fs)2(u-CO)(CO)s structures suggest
formal single Fe-Fe bonds, thereby giving one iron the favored 18-electron configuration
and the other iron only a 16-electron configuration.

The singly CO-bridged (CsFsg)2Fe2(CO)s structures 26-4S and 26-10S can be
derived from the singly CO-bridged (Ca4Fs)2Fex(CO); structures 27-3S and 27-13S,
respectively, by removing a terminal CO group (Figure 9). Thus, 26-4S has two terminal
perfluoro-2-methylpropene ligands, whereas 26-10S has one terminal perfluoro-2-
methylpropene ligand and one perfluoro-2-butene ligand. Structures 26-4S and 26-10S
lie 12.4 and 18.6 kcal/mol, respectively, in energy above 26-1S. Again, interpreting the
Fe-Fe distances of 2.782 and 2.687 A in 26-4S and 26-10S, respectively, as formal single
bonds gives one iron the favored 18-electron configuration but the other iron only a

16-electron configuration.

3.3 The Fe-Fe Wiberg bond indices given by natural bond orbital analysis
Wiberg bond indices (WBIs) for the iron-iron interactions in the optimized
(C4Fg)2Fex(CO), (n=7, 6) structures were determined using Weinhold’s NBO analysis

(Table 1). For metal-metal bonds involving d-block transition metals, the WBI values are
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only 10 to 30% of the formal bond order in singlet structures. For example, the WBI for
the triply bridged formal Fe-Fe single bond in Fe»(CO)9 was found to be only 0.11.%% The
WBI values for the analogous formal Fe—Fe single bonds in the (C4Fs)2Fex(CO), (n = 7,
6) structures were found to have similar values as Fez(CO)o, ranging from 0.07 to 0.19.
Generally, the WBI values are consistent with the bond orders assigned based on the

iron-iron distances.

Table 1. The Wiberg bond indices (WBIs) of the Fe-Fe bonds by natural bond orbital
(NBO) analysis for optimized low-lying (CsFg).Fe>(CO), (n=7, 6) structures.

Fe-Fe Formal WBI Fe-Fe Formal WBI
Structure (A) bond order (Fe-Fe)  Structure (A) bond order (Fe-Fe)

27-18S 2.654 1 0.13 27-18S 2.837 1 0.10
27-28 2.487 1 0.08 27-19S 2.604 1 0.08
27-3S 2.867 1 0.09 27-208 2.658 1 0.08
27-4S 2.664 1 0.15 27-218 2.686 1 0.14
27-5S 2.478 1 0.08 27-228 2.681 1 0.13
27-6S 2.665 1 0.14 27-23S 2.658 1 0.08
27-7S 2.459 1 0.07 26-1S 2.597 1 0.19
27-8S 2.469 1 0.07 26-2S 2.628 1 0.18
27-9S 2.483 1 0.08 26-3S 2.600 1 0.17
27-10S 2.670 1 0.14 26-4S 2.782 1 0.12
27-118S 2.478 1 0.07 26-5S 2.593 1 0.17
27-128 2.678 1 0.13 26-6S 2.472 1 0.09
27-13S 2.797 1 0.12 26-7S 2.499 1 0.09
27-14S 2.678 1 0.14 26-8S 2.446 1 0.10
27-15S 2.658 1 0.14 26-9S 2.599 1 0.19
27-16S 2.808 1 0.11 26-10S 2.687 1 0.13
27-17S 2.598 1 0.12 26-11S 2.452 1 0.09

3.4 v(CO) vibrational frequencies

Table 2 lists the v(CO) harmonic vibrational frequencies for the (C4Fg)2Fex(CO),
(n=7,6) and C4FsFe(CO)s complexes obtained by the M06-L method. All of the terminal
v(CO) frequencies for (CsFg)2Fea(CO), (n = 7,6) and C4FsFe(CO)4 structures fall in the
range from 2049 to 2193 cm™!. The bridging v(CO) frequencies are somewhat lower than
the terminal v(CO) frequencies, ranging from 1963 to 2047 cm!, which is typical for
metal carbonyl derivatives. The highest bridging v(CO) frequencies are for the semi-
bridging CO groups in structures 26-7S, 27-20S, and 27-23S with significantly different

Fe—C distances to each of the iron atoms of the Fe; unit.
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Table 2. The v(CO) vibrational frequencies (in cm™) and infrared intensities (in km/mol,
given in parentheses) of the optimized low-energy (C4Fs).Fex(CO), (n=7, 6) structures
obtained by the M06-L method. Bridging v(CO) frequencies are in italics whereas
semibridging v(CO) frequencies are in underlined italics.

Structure v(CO)
2718 2052(243), 2075(371), 2100(715), 2114(383), 2124(648), 2139(1341), 2172(138)
27-28 1990(396), 2104(35), 2108(869), 2114(205), 2121(1100), 2145(1582), 2171(18)
27-3S 2009(443), 2071(182), 2079(125), 2106(715), 2113(950), 2133(574), 2172(191)
27-48 2085(21), 2098(499), 2105(809), 2113(391), 2123(695), 2141(1254), 2176(93)
27-58 1986(372), 2101(124), 2107(792), 2111(385), 2123(905), 2144(1511), 2170(52)
27-68 2084(2), 2093(584), 2104(379), 2111(712), 2115(869), 2135(1243), 2174(91)
27-78 1967(361), 2097(1), 2101(966), 2110(73), 2117(1287), 2140(1471), 2167(25)
27-8S 1976(375), 2098(52), 2103(980), 2110(304), 2120(1064), 2142(1433), 2169(30)
27-9S 2005(433), 2106(218), 2113(367), 2115(553), 2124(898), 2146(1648), 2172(41)
27-10S 2080(32), 2094(556), 2102(716), 2109(493), 2116(800), 2135(1193), 2173(98)
27-118 1981(394),2100(2), 2104(1062), 2113(134), 2120(1231), 2144(1470), 2171(3)
27-128 2079(49), 2095(633), 2104(399), 2112(206), 2114(1385), 2139(1064), 2176(81)
27-13S 1969(408), 2077(39), 2088(215), 2103(905), 2118(770), 2137(645), 2172(107)
27-14S 2080(37), 2095(554), 2104(771), 2111(313), 2117(965), 2138(1139), 2175(77)
27-158 2074(99), 2093(447), 2099(789), 2112(459), 2124(588), 2139(1348), 2174(103)
27-16S 1973(424), 2082(38), 2086(90), 2109(954), 2114(862), 2140(629), 2174(105)
27-17S 2049(287), 2059(293), 2091(742), 2107(110), 2110(1151), 2132(1387), 2164(121)
27-18S 1983(454), 2075(191), 2079(128), 2109(659), 2112(945), 2137(702), 2174(92)
27-19S 1981(377), 2100(7), 2107(829), 2126(79), 2129(1102), 2153(1521), 2176(67)
27-208 2039(212), 2090(250), 2104(658), 2112(558), 2136(778), 2145(1165), 2178(255)
27-218 2085(9), 2093(633), 2106(548), 2112(322), 2118(1261), 2139(1022), 2177(77)
27-228 2080(46), 2094(653), 2105(472), 2110(283), 2116(1288), 2138(1050), 2176(84)
27-23S 2030(254), 2093(277), 2106(644), 2115(544), 2136(700), 2146(1285), 2178(227)
26-1S 2071(105), 2093(756), 2109(737), 2111(562), 2128(1019), 2168(306)
26-2S 2059(150), 2095(747), 2105(796), 2110(314), 2119(1095), 2166(413)
26-3S 2066(145), 2091(755), 2109(517), 2113(946), 2126(917), 2170(230)
26-4S 1976(469), 2072(42), 2081(299), 2098(1026), 2111(719), 2157(422)
26-5S 2066(130), 2090(656), 2108(614), 2112(951), 2126(941), 2168(249)
26-6S 2012(396), 2082(646), 2109(572), 2115(1446), 2125(505), 2167(345)
26-7S 2047(270), 2080(822), 2114(1326), 2120(491), 2135(482), 2174(410)
26-8S 1997(407), 2085(586), 2107(596), 2118(1477), 2122(547), 2163(291)
26-9S 2069(109), 2092(769), 2107(763), 2109(479), 2122(1075), 2167(348)
26-10S 1963(423), 2077(63), 2093(540), 2100(617), 2123(1140), 2162(76)
26-11S 1970(409), 2085(585), 2097(576), 2111(1278), 2119(915), 2159(261)
14-1S 2087(837), 2112(997), 2115(403), 2176(236)
14-28 2090(949), 2113(245), 2120(1083), 2179(197)
14-3S 2089(924), 2111(408), 2117(1000), 2178(172)
14-4S 2114(681), 2133(372), 2135(1019), 2193(152)
14-5S 2108(741), 2127(979), 2129(381), 2187(202)
14-6S 2105(777), 2123(590), 2127(843), 2185(184)
14-7S 2076(995), 2096(395), 2103(1109), 2165(255)
14-8S 2086(932), 2107(272), 2112(1060), 2172(316)
14-9S 2077(1001), 2097(401), 2104(1111), 2166(239)
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4.Conclusions

The lowest energy Cs4FsFe(CO)s structure is not the very stable experimentally
known ferracyclopentane isomer (CF.CF,CF>CF>)Fe(CO)4 obtained from Fe(CO)i2 and
tetrafluoroethylene. Instead isomeric (perfluoroolefin)Fe(CO)s structures derived from
perfluoro-2-butene, perfluoro-1-butene, and perfluoro-2-methylpropene are significantly
lower energy structures by up to ~17 kcal/mol. However, the activation energies for the
required fluorine shifts from one carbon to an adjacent carbon atom to form these
(perfluoroolefin)Fe(CO)s complexes are very high (e.g., ~70 kcal/mol). Therefore the
ferracyclopentane isomer (CF.CF,CF2CF2)Fe(CO)4, which does not require a fluorine
shift to form from Fe3(CO):» and tetrafluoroethylene, is the kinetically favored product.

Perfluorocarbene ligands, which do not appear in the lowest energy structures of
the mononuclear C4FsFe(CO)4 system, appear as bridging ligands in the lowest energy
structures of the binuclear (C4Fg):Fex(CO).(n = 7, 6) derivatives. The terminal CsFs

ligands in the lowest energy (CsFg)2Feo(CO), structures are perfluoroolefins.
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