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Abstract 
 Fluorocarbons have been shown experimentally by Baker and coworkers to 
combine with the cyclopentadienylcobalt (CpCo) moiety to form fluoroolefin and 
fluorocarbene complexes as well as fluorinated cobaltacyclic rings. In this connection 
density functional theory (DFT) studies on the cyclopentadienylcobalt fluorocarbon 
complexes CpCo(L)(CnF2n) (L = CO, PMe3; n = 3, 4) indicate structures with 
perfluoroolefin ligands to be the lowest energy structures followed by perfluoro-
metallacycle structures and finally by structures with perfluorocarbene ligands.  Thus, for 
the CpCo(L)(C3F6) (L = CO, PMe3) complexes, the perfluoropropene structure has the 
lowest energy, followed by the perfluorocobaltacyclobutane structure and the perfluoro-
isopropylidene structure less stable by 8 to 11 kcal/mol, and the highest energy 
perfluoropropylidene structure less stable by more than 12 kcal/mol.  For the two metal 
carbene structures Cp(L)Co=C(CF3)2 and Cp(L)Co=CF(C2F5), the former is more stable 
than the latter, even though the latter has Fischer carbene character.  For the CpCo(L)(C4F8) 
(L = CO, PMe3) complexes, the perfluoroolefin complex structures have the lowest 
energies, followed by the perfluorometallacycle structures at 10 to 20 kcal/mol, and the 
structures with perfluorocarbene ligands at yet higher energies more than 20 kcal/mol above 
the lowest energy structure.  This is consistent with the experimentally observed 
isomerization of the perfluorinated cobaltacyclobutane complexes CpCo(PPh2Me)(–CFR–
CF2–CF2–) (R = F, CF3) to the perfluoroolefin complexes CpCo(PPh2Me)(RCF=CF2) in the 
presence of catalytic quantities of HN(SO2CF3)2.  Further refinement of the relative 
energies by the state-of-the-art DLPNO-CCSD(T) method gives results essentially 
consistent with the DFT results summarized above. 
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1. Introduction 

 An important feature of transition metal coordination chemistry is the stabilization 
of low formal metal oxidation states by transfer of metal electron density into ligand 
antibonding orbitals through strong back-bonding.1 Carbon monoxide is the classical strong 
back-bonding ligand leading, for example, to stable homoleptic derivatives of most of the 
central transition metals, as exemplified by Cr(CO)6, Mn2(CO)10, Fe(CO)5, Co2(CO)8, and 
Ni(CO)4 in the first-row transition metal series.  Unsaturated fluorocarbons would appear to 
provide other examples of strong back-bonding ligands attracting electron density from a 
transition metal into ligand π*-antibonding orbitals, because of the high electronegativity of 
fluorine.  Such considerations led to early investigations of reactions of tetrafluoroethylene 
with metal carbonyls in the 1960s, when X-ray determinations of molecular structures were 
far from routine.  The stable white crystalline product of stoichiometry C4F8Fe(CO)4 from 
tetrafluoroethylene and Fe3(CO)12 was initially believed to be such a perfluoroolefin 
complex (C2F4)2Fe(CO)3 considered to be a substitution product of Fe(CO)5 with two 
carbonyl groups replaced by tetrafluoroethylene ligands.2  However, it was soon shown to 
be a perfluorinated ferracyclopentane metallacycle (Figure 1).3,4  The stabilization of the 
two Fe–C s-bonds of the FeC4 metallocycle ring by Fe®C back bonding into the 
π*-antibonding orbitals of the C–F bond labilizes the fluorine atoms on the carbon atoms 
directly bonded to the iron atom through “no-bond” resonance structures (Figure 2).  On the 
other hand, as pointed out by Grushin et al. in their review article, more recent studies have 
reported rather weak π-acceptor properties of CF3 ligands so that back-bonding into the C-F 
σ-anti-bonding orbitals is suggested to play a minor role compared to electrostatic effects.5 

The reaction of tetrafluoroethylene with Co2(CO)8 was also found not to give a 
fluoroolefin complex.6,7  Instead an adduct (OC)4CoCF2CF2Co(CO)4 was formed in which 
a tetrafluoroethylene unit adds across the Co–Co bond of Co2(CO)8 by the formation of two 
Co–C s-bonds (Figure 1). This dicobalt derivative is thus related to the trifluoromethyl 
derivative CF3Co(CO)4, which is a stable liquid distillable at ~100°C in contrast to the 
unstable hydrocarbon analogue CH3Co(CO)4. 8  Under mild conditions 
(OC)4CoCF2CF2Co(CO)4 loses CO with concurrent fluorine migration to give 
(µ-CF3CF)Co2(CO)6(µ-CO), which under further heating undergoes a more drastic 
transformation to give the trinuclear (µ3-CF3C)Co3(CO)9 with a trifluoromethylcarbyne 
ligand bridging a Co3 triangle. 
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Figure 1.  Iron and cobalt carbonyl derivatives obtained from tetrafluoroethylene. 
 

 
 

Figure 2.  Strengthening of the metal-carbon bond and weakening of the carbon-fluorine 
bond through a “no-bond” resonance structure with a metal-carbon double bond. 

 
 The cyclopentadienylcobalt unit CpCo (Cp = h5-C5H5) is isoelectronic with the 
Fe(CO)3 unit, suggesting a certain analogy between cyclopentadienylcobalt derivatives and 
iron carbonyls.  In this connection CpCo(CO)2 was reported in 1961 to react with 
tetrafluoroethylene to give the cobaltacycle CpCo(CO)(C4F8) (Figure 1). 9   This work 
remained rather dormant until Baker and co-workers 10  synthesized the related carbene 
complexes CpCo(L)=C(F)Rf (L = PPh2Me; Rf = perfluoroalkyl) by sodium amalgam 
reduction of the corresponding perfluoroalkylcobalt iodides CpCo(L)(I)Rf (Figure 3).  
Furthermore, tetrafluoroethylene addition to the Co=C carbene double bond provided a 
route to the four-membered ring perfluorinated cobaltacycles CpCo(L)(CF2CF2CFRf).  
These underwent rearrangement by a fluorine shift to give isomeric perfluoroolefin 
complexes CpCo(L)(CF3C=CF2Rf) in the presence of catalytic quantities of HN(SO2CF3)2.  
This rearrangement suggests that the metal perfluoroolefin complex is a lower energy 
structure than the isomeric perfluorinated metallacycle.  This is consistent with our recent 
theoretical studies on the octafluoroferracyclopentane C4F8Fe(CO)4 and its isomers.11 
 Substitution of an Fe(CO)3 unit in C4F8Fe(CO)4 with a CpCo unit containing the 
more weakly back-bonding Cp ligand relative to three CO groups to give CpCo(CO)C4F8 
necessarily increases the negative charge on the metal atom.  Furthermore, in the CpCo 
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fluorocarbon chemistry reported by Baker and co-workers,10,12,13 replacing the remaining 
carbonyl ligand in CpCo(CO)C4F8 with a more weakly back-bonding phosphine ligand 
increases the negative charge on the metal atom even further.  We now report the use of 
density functional theory methods to assess the energies of the CpCo(L)(CnF2n) (L = CO, 
PMe3; n = 3, 4) perfluorinated cobaltacycles relative to their isomers with perfluoroolefin 
and perfluorocarbene ligands. The rearrangement of the cobaltacycle 
CpCo(PR3)(CF2CF2CF2) to the isomeric perfluoropropene complex 
CpCo(PR3)(CF3CF=CF2) by a fluorine shift catalyzed by HN(SO2CF3)2 is shown to be an 
energetically favored process in terms of the relative energies of the starting material and 
rearranged product. 

 
Figure 3.  Examples of cyclopentadienylcobalt fluorocarbon derivatives synthesized by 
Baker and coworkers (L = PPh2Me).10 

 
2. Theoretical Methods 

Density functional theory (DFT) methods have evolved as a practical and effective 
computational tool for organometallic compounds.14,15,16,17,18,19,20,21  A newer generation 
density functional method, M06-L, was used in this work.  The M06-L functional, which is 
based on a meta-GGA functional proposed by Zhao and Truhlar,22 has been reported to give 
better overall performance for organometallic compounds than the first-generation 
functionals.23 , 24   In conjunction with the M06-L method, all-electron double zeta plus 
polarization (DZP) basis sets and correlation-consistent polarized valence triple-z 
(cc-pVTZ) basis sets were used.  For the carbon, oxygen, fluorine, and phosphorus atoms 
the Huzinaga-Dunning-Hay 25 , 26 , 27  contracted double-z Gaussian basis sets were used 
augmented by a set of pure spherical harmonic d-like polarization functions.  For the 
hydrogen atoms, a set of p polarization functions was added to the Huzinaga-Dunning DZ 
set.  The DZP basis set for cobalt begins with the Wachters’ primitive set28 and adds two 
sets of p functions and one set of d functions followed by contractions according to Hood et 
al. 29   The cc-pVTZ basis sets used for the hydrogen, carbon, oxygen, fluorine, and 
phosphorus atoms are given by Dunning,30,31 while those used for the cobalt atom come 
from Balabanov and Peterson.32 
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Conceivable CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) structures were 
fully optimized using first the M06-L/DZP method and then the M06-L/cc-pVTZ method.  
Harmonic vibrational frequency analyses were also carried out at the same levels of theory.  
Only singlet spin state structures were involved in this work. All of the M06-L 
computations were performed utilizing the Gaussian 09 program,33 with the ultrafine grid 
for numerical integration.  Both the M06-L/DZP and M06-L/cc-pVTZ computations predict 
similar results in the present work, so the M06-L/cc-pVTZ results are mainly used in the 
following discussion.  A given CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) 
structure is designated as L-X-n, where L refers to the CO or PMe3 ligand, X is C3F6 or 
C4F8, and n orders the structures according to their relative M06-L energies.  For example, 
the lowest-energy structure of CpCo(CO)(C3F6) is designated as CO-C3F6-1.  

Based on the M06-L/cc-pVTZ geometries, we also computed the single point 
energies of the lowest energy CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) 
structures using the state-of-the-art DLPNO-CCSD(T) method, based on domain-based 
local pair natural orbital coupled-cluster theory with single and double excitations and 
including a perturbative triples correction.34,35   The loss of correlation energy due to the 
additional approximations in DEPNO-CCSD(T) was claimed to be very small (<0.05%) but 
the computation cost is dramatically reduced compared with the canonical CCSD(T) 
method.34  Both cc-pVTZ and augmented cc-pVTZ (aug-cc-pVTZ) basis sets32,36 were used 
in the DLPNO-CCSD(T) single point calculations. All of the DLPNO-CCSD(T) 
computations were performed using the ORCA program package (versions 4.1.2).37 

 
3. Results and Discussion 

3.1 CpCo(L)(C3F6) (L = CO, PMe3)  
The C3F6 ligand can coordinate with a CpCo(L) unit four different ways, namely, 

CF2=CF–CF3 (perfluoropropene), –CF2–CF2–CF2– (perfluorotrimethylene), =CF–CF2–CF3 
(perfluoropropylidene), and =C(CF3)2 (perfluoroisopropylidene), to form isomeric 
structures (Scheme 1). 

  
perfluoropropene   perfluorotrimethylene   perfluoroisopropylidene    perfluoropropylidene 
 
Scheme 1. Four CpCo(L)(C3F6) (L = CO, PMe3) isomeric structures with different C3F6 
ligands. 
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3.1.1 CpCo(CO)(C3F6) 
We predict isomeric CpCo(CO)(C3F6) structures with four different types of C3F6 

ligands (Figure 4). The lowest energy such structure is the perfluoropropene complex 
CpCo(CO)(1,2-h2-CF2=CF–CF3) (CO-C3F6-1) with bonding Co–CF2 and Co–CF distances 
of 1.931 and 1.959 Å, respectively.  The complexed C=C double bond distance of 1.441 Å 
in CO-C3F6-1 is ~0.11 Å longer than the C=C double bond distance of 1.329 Å in 
uncomplexed perfluoropropene as determined by gas phase electron diffraction.38  This 
indicates considerable back donation of cobalt d-electrons from the CpCo(CO) unit into the 
s* antibonding orbitals of the perfluoropropene ligand upon complexation.  However, the 
complexed C=C distance in CO-C3F6-1  is still ~0.07 Å shorter than the C–C single bond 
distance of 1.513 Å in uncomplexed perfluoropropene from the gas phase electron 
diffraction structure.  

  
Figure 4. Optimized CpCo(CO)(C3F6) structures with  Cp hydrogen atoms omitted for clarity.  
In Figures 4, 5, 7 and 8, all bond distances are in Å, and the M06-L/cc-pVTZ relative 
energies (in kcal/mol) are in parentheses under each structure. 
 

For further evaluation of the bonding situation in CO-C3F6-1, the QTAIM (quantum 
theory of atom in molecules) analysis39 was carried out using the Multiwfn software.40  In 
QTAIM analysis, the electron density (rr) and the Laplacian of the electron density (Ñ2rr) 
at the bond critical points (BCPs) are commonly used as criteria to distinguish different 
types of interactions.  In transition metal complexes, 41  a small rr value is generally 
observed and Ñ2rr also has a small positive value for a covalent interaction.  The local 
electronic energy density (Hr), which is the sum of local kinetic (Gr) and potential (Vr) 
energy densities, can also be used to ascertain the nature of bonding in transition metal 
complexes.42,43  Our QTAIM analyses obtain small values of rr, small positive values of 
Ñ2rr, and the small negative values of Hr at the BCPs between the central cobalt atom and 
the carbon atoms in C3F6 (Table S5 in the Supporting Information), indicating covalent 
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interactions between the cobalt atom and the carbon atoms. The location of the bond paths 
and critical points are shown in Figure S1 in the Supporting Information.  

The next higher energy CpCo(CO)(C3F6) structure is an isomer with a perfluorinated 
carbene ligand, namely the perfluoroisopropylidene CpCo(CO)[=C(CF3)2] complex 
CO-C3F6-2, lying 8.4 kcal/mol in energy above CO-C3F6-1. The third isomer CO-C3F6-3, 
which exhibits the perfluorocobaltacyclobutane CpCo(CO)(1,3-h2-CF2–CF2–CF2–) 
structure, lies 10.6 kcal/mol in energy above CO-C3F6-1 and is generated by connecting 
each terminal carbon atom of a perfluorotrimethylene ligand to the central cobalt, thereby 
giving a four-membered CoC3 ring. The highest energy of the four isomers is the perfluoro-
propylidene CpCo(CO)(=CF–CF2–CF3) complex CO-C3F6-4 lying 12.7 kcal/mol higher 
than CO-C3F6-1.  It should be noted that the Cp(CO)Co=C(CF3)2 metal carbene is more 
stable than the isomeric Cp(CO)Co=CF(C2F5)  metal carbene even though the latter has 
Fischer carbene character.  

 
3.1.2 CpCo(PMe3)(C3F6) 

The same four kinds of isomeric structures are also found for the CpCo(PMe3)(C3F6) 
complex (Figure 5), although the energy ordering of these isomers is somewhat different.  
The perfluoropropene CpCo(PMe3)(1,2-h2-CF2=CF–CF3) complex PMe3-C3F6-1 has the 
lowest energy, similar to the CpCo(CO)(C3F6) system.  The bonding Co–CF2 distance of 
1.894 Å in PMe3-C3F6-1 is slightly shorter than the corresponding distance in CO-C3F6-1 
(1.931 Å), as is also the Co–CF distance.  This reflects increasing back-donation from the 
cobalt atom into the perfluoroolefin π* orbitals.  Again, the complexed C=C double bond 
length (1.447 Å) in the perfluoropropene ligand of PMe3-C3F6-1 is shorter than the C–C 
single bond length (1.503 Å).  The QTAIM analysis reveals the covalent interaction 
between the central cobalt atom and the carbon atoms of C3F6 ligand for PMe3-C3F6-1.  
The locations of the bond paths between the cobalt atom and the carbon atoms are shown in  
Figure S1 in the Supporting Information, and the negative values of Hr at the BCPs are 
listed in Table S5 in the Supporting Information.  The perfluorocobaltacyclobutane 
CpCo(PMe3)(1,3-h2-CF2–CF2–CF2–) structure PMe3-C3F6-2 and the perfluoro-
isopropylidene CpCo(PMe3)[=C(CF3)2] structure PMe3-C3F6-3 lie 9.8 and 10.9 kcal/mol, 
respectively, in energy above PMe3-C3F6-1. Thus, the relative energies of the perfluoro-
cobaltacyclobutane and perfluoroisopropylidene isomers in the CpCo(PMe3)(C3F6) system 
are reversed from those in the CpCo(CO)(C3F6) system. The Co–CF2 bond distance of 
1.954 Å in PMe3-C3F6-2 is slightly shorter than the corresponding distance in CO-C3F6-3 
(1.981 Å), again reflecting increased back-donation in PMe3-C3F6-2 relative to CO-C3F6-3.  
However, the Co=C(CF3)2 bond distance of 1.800 Å in PMe3-C3F6-3 is slightly longer than 

Page 7 of 20 Physical Chemistry Chemical Physics



 8 

the corresponding distance in CO-C3F6-2 (1.793 Å). The perfluoropropylidene 
CpCo(PMe3)(=CF–CF2–CF3) isomer PMe3-C3F6-4 has the highest energy of the four 
structures, as in the CpCo(CO)(C3F6) system.  Again, the metal carbene structure 
Cp(PMe3)Co=C(CF3)2 is more stable than the isomeric Cp(PMe3)Co=CF(C2F5) structure 
even though the latter has Fischer carbene character.  Our results are consistent with those 
demonstrated by Baker and coworkers in that the metallacycles are more stable than the 
metal carbenes for the CoCp(PPh2Me)(C3F6) complex.44 

In the experimentally known10 CpCo(PPh2Me)(h2-CF2–CF2–CF2–) complex, which 
has the same structure type as PMe3-C3F6-2, the bond lengths and bond angles are R(Co–P) 
= 2.209 Å, R(Co–CF2) = 1.949/1.952 Å, R(CF2–CF2) = 1.516/1.527 Å, ÐC-Co-C = 73°, 
ÐCo-C-C = 94° and ÐC-C-C = 99°.10  Our predicted bond lengths and angles in 
PMe3-C3F6-2 are close to these experimental values (Figure 6). 

Figure 5. Optimized CpCo(PMe3)(C3F6) structures with all Cp hydrogen atoms omitted for 
clarity. 

 
Figure 6. Comparison of the bond lengths (in Å) and bond angles (in degrees) between the 
experimentally known10 perfluorocobaltacyclobutane complex CpCo(PPh2Me)(h2-CF2–
CF2–CF2–) (right) with those predicted in our work for PMe3-C3F6-2 (left). 
 

 In all of the structures with dihapto h2-C3F6 ligands, including the perfluoroolefin 
complexes CO-C3F6-1 and PMe3-C3F6-1 and the perfluorocobaltacyclobutanes CO-C3F6-3 
and PMe3-C3F6-2, the Co–C distances range from 1.89 to 1.98 Å, corresponding to formal 
single bonds. However, in all of the h1-C3F6 structures CO-C3F6-2, CO-C3F6-4, 
PMe3-C3F6-3, and PMe3-C3F6-4 with perfluorocarbene ligands, the Co=C distances are 
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shortened to 1.75 to 1.80 Å suggesting formal Co=C double bonds. In all of these 
CpCo(L)(C3F6) (L = CO, PMe3) complexes the C3F6 ligands are two-electron donors, 
thereby giving their cobalt atoms the favored 18-electron configuration. 
 
 

3.2 CpCo(L)(C4F8) (L = CO, PMe3) 
Adding one more CF2 group to the C3F6 ligand gives the C4F8 ligand, which can have 

nine different arrangements, namely CF2=CF–CF2–CF3 (perfluoro-1-butene),  
CF3–CF=CF–CF3 (perfluoro-2-butene), CF2=C(CF3)–CF3 (perfluoro-2-methylpropene), –
CF2–CF2–CF2–CF2– (perfluorotetramethylene), –CF(CF3)–CF2–CF2– (perfluoro-1-
methyltrimethylene), –CF2–CF(CF3)–CF2– (perfluoro-2-methyltrimethylene),  
=CF–CF2–CF2–CF3 (perfluorobutylidene), =C(CF3)–CF2–CF3 (perfluoro-1-methylpropyli-
dene), =CF–CF(CF3)–CF3 (perfluoro-2-methylpropylidene). Consequently, there are nine 
corresponding isomeric CpCo(CO)(C4F8) complexes (Schemes 2 to 4).  The optimized 
geometries of these isomers are shown in Figure 7.   

 
         CO-C4F8-1        CO-C4F8-2        CO-C4F8-3 
Scheme 2. Three CpCo(CO)(C4F8) isomeric structures with different arrangements of the 
perfluoroolefin C4F8 ligand. 

 
        CO-C4F8-4       CO-C4F8-5       CO-C4F8-6 
Scheme 3. Three CpCo(CO)(C4F8) isomeric perfluorinated metallacycle complexes with 
different arrangements of the C4F8 ligand. 
 

 
      CO-C4F8-7     CO-C4F8-8          CO-C4F8-9 
Scheme 4. Three CpCo(CO)(C4F8) isomeric complexes with the C4F8 carbene ligand. 
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3.2.1 CpCo(CO)(C4F8) 
In the three lowest energy CpCo(CO)(C4F8) complexes CO-C4F8-1, CO-C4F8-2, and 

CO-C4F8-3 the C4F8 ligand is a perfluoroolefin forming a dative bond from the olefinic 
C=C π bond to the cobalt atom (Scheme 2).  The perfluoro-2-methylpropene complex 
CpCo(CO)[1,2-h2-CF2=C(CF3)–CF3] (CO-C4F8-1) is the lowest energy structure followed 
by the perfluoro-2-butene complex CpCo(CO)(2,3-h2-CF3–CF=CF–CF3) (CO-C4F8-2) and 
the perfluoro-1-butene complex CpCo(CO)(1,2-h2-CF2=CF–CF2–CF3) (CO-C4F8-3) at 5.2 
and 14.5 kcal/mol, respectively, in energy above CO-C4F8-1 (Figure 7).  The Co–C 
distances between the cobalt atom and the carbon atoms of the C=C bonds range from 1.93 
to 2.01 Å. The complexed C=C double bond distances in these three structures are ~1.44 Å, 
which is ~0.07 Å shorter than the C–C single bond (~1.51 Å).  

 

 
Figure 7. The nine optimized CpCo(CO)(C4F8) structures with all Cp hydrogen atoms 
omitted for clarity. 
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The QTAIM analysis also reveals the covalent interaction between the central cobalt 
atom and the carbon atoms of C4F8 ligand.  The bond paths, critical points, and the negative 
values of Hr at the BCPs are shown in Figure S1 and Table S5 in Supporting Information.    

The next higher energy CpCo(CO)(C4F8) structures are the three perfluorinated 
cobaltacycles (Scheme 3 and Figure 7). These include the perfluorinated 1-methyl-
cobaltacyclobutane complex CpCo(CO)[1,3-h2-CF(CF3)–CF2–CF2–] (CO-C4F8-4), the 
perfluorinated cobaltacyclopentane complex CpCo(CO)(1,4-h2-CF2–CF2–CF2–CF2–) 
(CO-C4F8-5), and the perfluorinated 2-methyl-cobaltacyclobutane complex 
CpCo(CO)[1,3-h2-CF2–CF(CF3)–CF2–] (CO-C4F8-6) lying 16.8, 19.5, and 20.8 kcal/mol, 
respectively, in energy above CO-C4F8-1.  The Co–C distances in these structures range 
from 1.975 to 2.010 Å. 

The three CpCo(CO)(C4F8) isomers with perfluorinated carbene ligands, namely the 
perfluoro-2-methylpropylidene complex CpCo(CO)[=CF–CF(CF3)–CF3] (CO-C4F8-7), the 
perfluoro-1-methylpropylidene complex CpCo(CO)[=C(CF3)–CF2–CF3] (CO-C4F8-8) and 
the perfluorobutylidene complex CpCo(CO)(=CF–CF2–CF2–CF3) (CO-C4F8-9) are still 
higher energy structures, lying at least 22 kcal/mol above CO-C4F8-1 (Scheme 4 and Figure 
7).  The Co=C distances in these structures with perfluorocarbene ligands, ranging from 
1.762 to 1.800 Å, are significantly shorter than those in the perfluoroolefin complexes and 
perfluorocobaltacycles.  This indicates the expected Co=C double bonds rather than Co–C 
single bonds in the perfluorocarbene complexes. 
 
3.2.2 CpCo(PMe3)(C4F8) 

Nine isomers of CpCo(PMe3)(C4F8) were found similar to CpCo(CO)(C4F8).  The 
lowest energy of these nine isomers are the three perfluoroolefin complexes PMe3-C4F8-1, 
PMe3-C4F8-2, and PMe3-C4F8-3 (Figure 8).  In each of these three complexes the C=C 
double bond is coordinated to the cobalt atom.  The perfluoro-2-methylpropene complex 
CpCo(PMe3)[1,2-h2-CF2=C(CF3)–CF3] (PMe3-C4F8-1) is the lowest energy structure.  The 
perfluoro-2-butene complex CpCo(PMe3)(2,3-h2-CF3–CF=CF–CF3) (PMe3-C4F8-2) and 
the perfluoro-1-butene complex CpCo(PMe3)(1,2-h2-CF2=CF–CF2–CF3) (PMe3-C4F8-3) 
are higher energy structures, lying 1.5 and 10.2 kcal/mol, respectively, above PMe3-C4F8-1.  
The Co–C distances in the three structures range from 1.89 to 2.01 Å and the C=C complexed 
double bond lengths are 1.45 to 1.47 Å, again ~0.05 Å shorter than the C–C single bonds. 
Again, the QTAIM analysis reveals the covalent interaction between the central cobalt 
atom and the carbon atoms of C4F8 ligand.  The bond paths, critical points, and the negative 
values of Hr at the BCPs are shown in Figure S1 or Table S5 in Supporting Information. 
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.  
Figure 8. Optimized CpCo(PMe3)(C4F8) structures with all Cp hydrogen atoms omitted for 
clarity. 
 

The three cobaltacycle CpCo(PMe3)(C4F8) isomers are higher energy structures, lying 
11.2, 12.0, and 15.1 kcal/mol, respectively, above PMe3-C4F8-1.  These structures are the 
perfluorinated cobaltacyclopentane complex CpCo(PMe3)(h2-CF2–CF2–CF2–CF2–) 
(PMe3-C4F8-4), the perfluorinated 1-methyl-cobaltacyclobutane complex 
CpCo(PMe3)[h2-CF(CF3)–CF2–CF2–] (PMe3-C4F8-5), and the perfluorinated 2-methyl-
cobaltacyclobutane complex CpCo(PMe3)[h2-CF2–CF(CF3)–CF2–] (PMe3-C4F8-6).  Note 
that for CpCo(PMe3)(C4F8), the relative energies of the perfluorinated cobaltacyclopentane 
and 1-methyl-cobaltacyclobutane complexes are reversed. 

Our optimized CpCo(PMe3)[h2-CF(CF3)–CF2–CF2–] (PMe3-C4F8-5) geometry is 
close to that of the experimental CpCo(PPh2Me)(h2-CF(CF3)–CF2–CF2–) structure (Figure 
9).10  The Co–P, Co–CF, Co–CF2, FC–CF2, F2C–CF2 distances for the CpCo(PMe3)[h2-
CF(CF3)–CF2–CF2–] (PMe3-C4F8-5) complex are 2.219, 1.994, 1.948, 1.540, and 1.536 Å, 
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respectively, which are very similar to the corresponding experimental bond distances of 
2.226, 1.986, 1.938, 1.537, and 1.518 Å.  Our predicted FC–Co–CF2, Co–CF–CF2, Co–
CF2–CF2, and FC–CF2–CF2 bond angles of 73.1º, 92.6º, 94.5º, and 99.6º, respectively, are 
also close to the experimental bond angles of 73º, 93º, 95º, and 99º. 
 

 
Figure 9. Optimized bond lengths (in Å) and bond angles (in degrees) for the 
CpCo(PMe3)[h2-CF(CF3)–CF2–CF2–] (PMe3-C4F8-5S) complex (left) and their comparison 
with the experimental values from the CpCo(PPh2Me)[h2-CF(CF3)–CF2–CF2–] complex 
(right).10 

 
The three perfluorinated carbene complex structures have even higher energies of 

~20 kcal/mol above PMe3-C4F8-1.  These structures are similar to their CpCo(CO)(C4F8) 
analogues, including the perfluoro-2-methylpropylidene complex  
CpCo(PMe3)[=CF–CF(CF3)–CF3] (PMe3-C4F8-7), the perfluoro-1-methylpropylidene 
complex CpCo(PMe3)[=C(CF3)–CF2–CF3] (PMe3-C4F8-8) and the perfluorobutylidene 
complex CpCo(PMe3)(=CF–CF2–CF2–CF3) (PMe3-C4F8-9).  The Co=C bond distances in 
all of the h1-C4F8 carbene complexes PMe3-C4F8-7, PMe3-C4F8-8, and PMe3-C4F8-9 range 
from 1.75 to 1.80 Å, which is ~0.2 Å shorter than the Co–C single bond distances in the 
other isomers, indicating Co=C double bonds in the perfluorinated carbene complexes.  

The C4F8 ligands in these eighteen CpCo(L)(C4F8) (L = CO, PMe3) structures are all 
two-electron donors thereby giving the cobalt atoms the favored 18-electron configuration 

 
3.3 DLPNO-CCSD(T) energies 

Table 1 shows the relative energies of various CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = 
CO, PMe3) structures based on the DLPNO-CCSD(T)/cc-pVTZ// M06-L/cc-pVTZ and 
DLPNO-CCSD(T)/aug-cc-pVTZ//M06-L/cc-pVTZ computations.  From Table 1 we can 
see that this DLPNO-CCSD(T) method predicts the same energy orders for the lowest-
energy structures as those predicted by the DFT method.  According to the DLPNO-
CCSD(T)/aug-cc-pVTZ//M06-L/cc-pVTZ results for the CpCo(CO)(C3F6) complex, the 
perfluoropropene structure CO-C3F6-1 still has the lowest energy, with the perfluoro-
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isopropylidene structure CO-C3F6-2, the perfluorocobaltacyclobutane structure CO-C3F6-3, 
and the perfluoropropylidene structure CO-C3F6-4 energetically higher than CO-C3F6-1 by 
3.6, 11.0, and 8.6 kcal/mol, respectively.  For the CpCo(PMe3)(C3F6) complex, the 
perfluoropropene structure PMe3-C3F6-1 still has the lowest energy, with the perfluoro-
cobaltacyclobutane structure PMe3-C3F6-2, the perfluoroisopropylidene structure 
PMe3-C3F6-3, and the perfluoropropylidene structure PMe3-C3F6-4 energetically higher 
than PMe3-C3F6-1 by 8.7, 7.4, and 11.6 kcal/mol, respectively.  For the CpCo(CO)(C4F8) 
complex, the perfluoro-2-methylpropene structure CO-C4F8-1 still has the lowest energy, 
with the other two perfluoroolefin structures CO-C4F8-2 and CO-C4F8-3, the three 
perfluorometallacycle structures CO-C4F8-4, CO-C4F8-5 and CO-C4F8-6, and the three 
perfluorocarbene structures CO-C4F8-7, CO-C4F8-8 and CO-C4F8-9 less stable than 
CO-C3F6-1 by 5.3, 16.7, 17.6, 19.3, 22.7, 19.9, 20.8, and 27.1 kcal/mol, respectively.  For 
the CpCo(PMe3)(C4F8) complex, the perfluoro-2-methylpropene structure PMe3-C4F8-1 
still has the lowest energy, with the other two perfluoroolefin structures PMe3-C4F8-2 and 
PMe3-C4F8-3, the three perfluorometallacycle structures PMe3-C4F8-4, PMe3C4F8-5 and 
PMe3-C4F8-6, and the three perfluorocarbene structures PMe3-C4F8-7, PMe3-C4F8-8 and 
PMe3-C4F8-9 energetically higher than PMe3-C3F6-1 by 1.7, 11.7, 9.6, 11.3, 15.8, 17.3, 
22.0, and 24.2 kcal/mol, respectively. Thus, in general, the DLPNO-CCSD(T)/aug-cc-
pVTZ//M06-L/cc-pVTZ energies are essentially consistent with the M06-L/cc-pVTZ 
results. 

 
5. Summary 

  Density functional theory on the cyclopentadienylcobalt fluorocarbon complexes 
CpCo(L)(CnF2n) (Cp = h5-C5H5; L = CO, PMe3; n = 3, 4) indicate structures with 
perfluoroolefin ligands to be the lowest energy structures followed by perfluoro-
cobaltacycle structures and finally by structures with perfluorocarbene ligands.  This is 
consistent with the experimentally observed10 isomerization of perfluorinated cobaltacyclo-
butane complexes CpCo(PPh2Me)(–CFR–CF2–CF2–) (R = F, CF3) to the perfluoroolefin 
complexes CpCo(PPh2Me)(RCF=CF2) in the presence of catalytic quantities of 
HN(SO2CF3)2. Further refinement of the relative energies by the state-of-the-art 
DLPNO-CCSD(T) method gives results essentially consistent with the DFT results 
summarized above.  The fundamental results from this theoretical study involving the 
relative stability of fluorocarbon metal complexes of different types are potentially useful in 
the design of catalytic systems for fluorocarbon rearrangements. 
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Table 1. Relative energies (in kcal/mol) for optimized low-energy structures of the 
CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) complexes at the DLPNO-
CCSD(T)/cc-pVTZ//M06-L/cc-pVTZ and DLPNO-CCSD(T)/aug-cc-pVTZ//M06-L/cc-
pVTZ levels of theory.  The M06-L/cc-pVTZ relative energies are also shown for 
comparison. 

Complex Structure M06-L/cc-pVTZ 
DLPNO-CCSD(T) 

/cc-pVTZ 
//M06-L/cc-pVTZ 

DLPNO-CCSD(T) 
/aug-cc-pVTZ 

//M06-L/cc-pVTZ 

CpCo(CO)(C3F6) 

CO-C3F6-1 0.0 0.0 0.0 
CO-C3F6-2 8.4 2.9 3.6 
CO-C3F6-3 10.6 12.1 11.0 
CO-C3F6-4 12.7 8.0 8.6 

CpCo(CO)(C4F8) 

CO-C4F8-1 0.0 0.0 0.0 
CO-C4F8-2 5.2 5.4 5.3 
CO-C4F8-3 14.5 17.0 16.7 
CO-C4F8-4 16.8 18.7 17.6 
CO-C4F8-5 19.5 21.2 19.3 
CO-C4F8-6 20.8 23.6 22.7 
CO-C4F8-7 22.7 19.1 19.9 
CO-C4F8-8 23.8 20.5 20.8 
CO-C4F8-9 28.6 26.8 27.1 

CpCo(PMe3)(C3F6) 

PMe3-C3F6-1 0.0 0.0 0.0 
PMe3-C3F6-2 9.8 9.6 8.7 
PMe3-C3F6-3 10.9 5.9 7.4 
PMe3-C3F6-4 16.0 10.4 11.6 

CpCo(PMe3)(C4F8) 

PMe3-C4F8-1 0.0 0.0 0.0 
PMe3-C4F8-2 1.5 1.7 1.7 
PMe3-C4F8-3 10.2 11.5 11.7 
PMe3-C4F8-4 11.2 11.1 9.6 
PMe3-C4F8-5 12.0 12.2 11.3 
PMe3-C4F8-6 15.1 16.4 15.8 
PMe3-C4F8-7 20.7 16.1 17.3 
PMe3-C4F8-8 23.9 21.0 22.0 
PMe3-C4F8-9 27.0 23.3 24.2 
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Table S1: Total energies and relative energies for optimized low-energy structures of 

the CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) complexes at the M06-L/cc-pVTZ 
level; Table S2. Total energies and relative energies for optimized low-energy structures of 
the CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) complexes at the DLPNO-
CCSD(T)/cc-pVTZ//M06-L/cc-pVTZ and DLPNO-CCSD(T)/aug-cc-pVTZ//M06-L/cc-
pVTZ levels of theory; Table S3: Vibrational frequencies and infrared intensities for 
optimized low-energy structures of the CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) 
complexes at the M06-L/cc-pVTZ level; Table S4: Cartesian coordinates for optimized 
low-energy structures of the CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) 
complexes at the M06-L/cc-pVTZ level.  Table S5: Topological data at the bond critical 
points for the interactions between the cobalt atom and the C=C double bond in optimized 
lowest-energy structures of the CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) 
complexes at the M06-L/cc-pVTZ level of theory.  Figure S1: Bond paths for optimized 
lowest-energy structures of the CpCo(L)(C3F6) and CpCo(L)(C4F8) (L = CO, PMe3) 
complexes at the M06-L/cc-pVTZ level of theory.  Complete Gaussian 09 reference. 
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