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Abstract The iron tricarbonyl complex of octa-

fluorocyclooctatetraene was synthesized by Hughes and

co-workers and shown by X-ray crystallography to have a

trihapto–monohapto structure (g3,1-C8F8)Fe(CO)3 in con-

trast to the tetrahapto structure (g4-C8H8)Fe(CO)3 formed by

the non-fluorinated cyclooctatetraene. This difference has

stimulated a comprehensive density functional theoretical

study of the octafluorocyclooctatetraene metal carbonyl

complexes (C8F8)M(CO)n (n = 4, 3, 2, 1 for M = Ti, V, Cr,

Mn, and Fe; n = 3, 2, 1 for M = Co, Ni) for comparison with

their hydrogen analogues (C8H8)M(CO)n. In most such

systems, the substitution of fluorine for hydrogen leads to

relatively small changes in the preferred structures. How-

ever, for the iron carbonyl derivatives (C8X8)Fe(CO)3

(X = H, F), the difference observed experimentally has

been confirmed by theory with (g3,1-C8F8)Fe(CO)3 and

(g4-C8H8)Fe(CO)3 being the lowest energy structures by 4

and 14 kcal/mol, respectively. The ligand exchange reac-

tions C8H8 ? (C8F8)M(CO)n ? C8F8 ? (C8H8)M(CO)n

are predicted to be exothermic for almost all of the systems

considered, with the (g3,1-C8X8)Fe(CO)3 system being the

main exception. This suggests that the C8F8 ligand generally

bonds more weakly to transition metals than the C8H8 ligand

in accord with the electron-withdrawing effect of the ligand

fluorine atoms.

Introduction

Cyclooctatetraene (COT) [1, 2] has occupied a prominent

place in the historical development of organometallic

chemistry in view of its flexible hapticity in bonding to

transition metals, lanthanides and actinides [3]. In this

connection, the first metal carbonyl complexes of cyclo-

octatetraene to be synthesized were the three very stable

iron carbonyl complexes (g4-C8H8)Fe(CO)3, trans-(g4,

g4-C8H8)Fe2(CO)6, and cis-(g5,g5-C8H8)Fe2(CO)5, first

reported in 1959 as products from reaction of iron penta-

carbonyl with cyclooctatetraene [4–7].

Fluorocarbon organometallics were recognized early to

be frequently more stable thermally and to exhibit different

bonding modes from their hydrocarbon analogues [8]. In

this connection, a variety of fluoroolefins have been shown

to be useful ligands for the synthesis of a variety of tran-

sition metal derivatives [9, 10]. One of the more interesting

fluoroolefin ligands in metal carbonyl chemistry is octa-

fluorocyclooctatetraene (OFCOT), which can be synthe-

sized on a multigram scale [11]. Reactions of OFCOT with

metal carbonyl derivatives provide a variety of interest-

ing complexes such as (g5-Me5C5)Co(g4-C8F8) [12] and

(g5-C5H5)Mn(g6-C8F8) [13]. Of particular interest is the

reaction of OFCOT with Fe2(CO)9 in refluxing hexane,

which gives an air-stable sublimable complex of stoichi-

ometry (C8F8)Fe(CO)3 [2]. X-ray crystallography shows
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this complex not to have an (g4-C8F8)Fe(CO)3 structure

similar to its hydrocarbon analogue (Fig. 1) but instead an

(g3,1-C8F8)Fe(CO)3 structure in which three adjacent car-

bons of the C8F8 ring bond to the Fe(CO)3 group as a

trihapto allylic ligand and a fourth isolated carbon of the

C8F8 ring forms an Fe–C r bond (Fig. 2). A dihapto iron

tetracarbonyl intermediate (g2-C8F8)Fe(CO)4 was isolated

by carrying out the reaction of Fe2(CO)9 with OFCOT

in hexane at room temperature. Mild heating converts

(g2-C8F8)Fe(CO)4 into (g3,1-C8F8)Fe(CO)3 with loss of

one of the CO groups.

The different structures of the preferred mononuclear

reaction products of iron carbonyls with cyclooctatetraene

and with octafluorocyclooctatetraene (Figs. 1, 2) suggest

that other metal carbonyls might also give complexes with

octafluorocyclooctatetraene that differ from their complexes

with cyclooctatetraene. For the first-row transition metals

other than iron, the only example of a mononuclear cyclo-

octatetraene metal carbonyl complex is the chromium

derivative (g6-C8H8)Cr(CO)3 [14, 15], which is signifi-

cantly less stable than the iron complex (g4-C8H8)Fe(CO)3.

The fluorinated analogue of this chromium complex,

namely (C8F8)Cr(CO)3, is currently unknown. Thus, the

experimental chemistry of (C8X8)M(CO)n derivatives

(X = H, F) is very limited outside of iron. However, the

preferred structures and energetics of the entire series

of first-row transition metal carbonyl derivatives of

cyclooctatetraene, namely C8H8M(CO)n (M = Ti, V, Cr,

Mn, Fe, Co, Ni; n = 4, 3, 2, 1), have been investigated using

density functional theory [16]. This paper reports the use of

the same density functional theory methods to investigate

the structures and energetics of the perfluorinated analogues

of such derivatives, namely (C8F8)M(CO)n.

Theoretical methods

Electron correlation effects were included by employing

density functional theory (DFT), which has evolved as a

practical and effective computational tool, especially for

organometallic compounds [17–23]. Two DFT methods

were used in this study. The first method uses the hybrid

B3LYP functional, which incorporates Becke’s three-

parameter exchange functional (B3) with the Lee, Yang,

and Parr (LYP) correlation functional [24, 25]. The second

approach uses the BP86 method, which combines Becke’s

1988 exchange functional (B) with Perdew’s 1986 corre-

lation functional [26, 27]. The BP86 method has been

observed to be somewhat more reliable than the B3LYP

method for the type of organometallic systems considered

in this paper [28–30]. In the present paper, the B3LYP and

BP86 methods agree with each other fairly well in pre-

dicting the structural characteristics of the (C8F8)M(CO)n

(M = Ti, V, Cr, Mn, Fe, Co, Ni) derivatives of interest.

For comparison with our previous research, the same

double-f plus polarization (DZP) basis sets were adopted in

the present study. Thus, for carbon and fluorine, the dou-

ble-f plus polarization (DZP) basis set used here adds one

set of pure spherical harmonic d functions with orbital

exponents ad(C) = 0.75 and ad(F) = 0.90 to the Huzina-

ga–Dunning standard contracted DZ sets, and is designated

(9s5p1d/4s2p1d) [31, 32]. For the first-row transition

metals, in our loosely contracted DZP basis set, the

Wachters’ primitive sets were used, but augmented by two

Fig. 1 The products from the

reaction of Fe(CO)5 with

cyclooctatetraene

FF

Fe(CO)4
FF

FFF
F

-CO 

(η2-C8F8)Fe(CO)4 (η3,1-C8F8)Fe(CO)3

Fig. 2 The products from the reaction of Fe2(CO)9 with OFCOT
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sets of p functions and one set of d functions, and con-

tracted following Hood et al., and designated (14s11p6d/

10s8p3d) [33, 34]. The optimized geometries from these

computations are depicted in Figs. 3, 4, 5, 6, 7, 8, 9, 10,

11, 12, and 13 with all bond distances given in

Ångstroms.

The geometries of all of the structures were fully opti-

mized using both the DZP B3LYP and DZP BP86 methods.

The harmonic vibrational frequencies were determined at the

same levels by evaluating analytically the second derivatives

of the energy with respect to the nuclear coordinates. The

corresponding infrared intensities were evaluated analyti-

cally as well. All of the computations were carried out with

the Gaussian 09 program package in which the fine grid (75

302) is the default for evaluating integrals numerically and

the tight (10-8 hartree) designation is the default for the

energy convergence [35]. The S2
� �

values are 0, 0.75, 2, and

3.75 for singlet, doublet, triplet, and quartet spin state

  Ti4-S Ti4-1T Ti4-2T
 (η6-C8F8)Ti(CO)4 (η4-C8F8)Ti(CO)4 (η2,2-C8F8)Ti(CO)4 

Fig. 3 The optimized

(C8F8)Ti(CO)4 structures. In

Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11,

12, and 13, the upper distances

were obtained by the B3LYP

method and the lower distances

by the BP86 method

Ti3-S (η8-C8F8)Ti(CO)3 Ti2-S (η8-C8F8)Ti(CO)2 Ti1-S (η8-C8F8)Ti(CO)

Fig. 4 The optimized

(C8F8)Ti(CO)n (n = 3, 2, 1)

structures

V4-D (η5-C8F8)V(CO)4 

V3-D (η6-C8F8)V(CO)3 V2-D (η8-C8F8)V(CO)2 V1-D (η 8-C8F8)V(CO)

Fig. 5 The optimized

(C8F8)V(CO)n (n = 4, 3, 2, 1)

structures
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structures, respectively, corresponding to S2
� �

= S(S ? 1),

where S is the total spin number, e.g., 0 for singlets, 1/2 for

doublets, 1 for triplets, and 3/2 for quartets.

Results and discussion

Molecular structures

Titanium complexes

For (C8F8)Ti(CO)4, three stationary points with g6, g4, and

g2,2 coordination of the C8F8 ring have been optimized

(Fig. 3; Table 1). The global minimum is the hexahapto

singlet structure (g6-C8F8)Ti(CO)4 (Ti4-S), which is anal-

ogous to the lowest energy hydrocarbon (g6-C8H8)Ti(CO)4

structure [16] with an 18-electron titanium configuration.

The isomeric tetrahapto triplet structure (g4-C8F8)Ti(CO)4

(Ti4-1T) lies 10.7 kcal/mol (B3LYP) or 16.8 kcal/mol

(BP86) above Ti4-S. The bis(dihapto) triplet structure

(g2,2-C8F8)Ti(CO)4 (Ti4-2T) is a still higher energy struc-

ture, lying 12.9 kcal/mol (B3LYP) or 19.3 kcal/mol (BP86)

above Ti4-S. In both Ti4-1T and Ti4-2T, the titanium atom

has only a 16-electron configuration, accounting for the

triplet spin state.

Successive removal of carbonyl groups from the

(C8F8)Ti(CO)4 global minimum structure leads to stationary

points for (C8F8)Ti(CO)3 (Ti3-S), (C8F8)Ti(CO)2 (Ti2-S),

and (C8F8)Ti(CO) (Ti1-S) (Fig. 4; Table 2). All of these

structures have octahapto g8-C8F8 rings, which leads to the

favored 18-electron configuration for (g8-C8F8)Ti(CO)3.

The predicted dissociation energy of one CO group from

(C8F8)Ti(CO)4 (Ti4-S) to form (C8F8)Ti(CO)3 (Ti3-S) is

19.9 kcal/mol (B3LYP) or 26.0 kcal/mol (BP86). Dissoci-

ation of the next CO group from (C8F8)Ti(CO)3 (Ti3-S) is

predicted to require a significantly higher energy of

26.0 kcal/mol (B3LYP) or 33.0 kcal/mol (BP86). The dis-

sociation of CO groups from the dicarbonyl (C8F8)Ti(CO)2

(Ti2-S) is predicted to require still higher energies, indicat-

ing that (C8F8)Ti(CO)2 is reasonably stable toward further

carbonyl loss.

Vanadium complexes

A stable doublet structure (g5-C8F8)V(CO)4 (V4-D) was

found to be a genuine minimum without any imaginary

vibrational frequencies. Structure V4-D with a pentahapto

g5-C8F8 ring is analogous to the hydrocarbon (g5-C8H8)

V(CO)4 structure found in the previous DFT study (Fig. 5;

Table 3) [16]. The structures V3-D, V2-D, and V1-D are

analogous to the corresponding hydrocarbon structures

(g6-C8H8)V(CO)3, (g8-C8H8)V(CO)2, and (g8-C8H8)V(CO).

The loss of one CO group from (g5-C8F8)V(CO)4

(V4-D) gives the hexahapto structure (g6-C8F8)V(CO)3

(V3-D) with a 17-electron vanadium configuration (Fig. 5;

Table 3). The predicted energy for this CO dissociation

process of 9.0 kcal/mol (B3LYP) and 16.3 kcal/mol

(BP86) is significantly lower than the CO dissociation from

Cr4-S (η2,2-C8F8)Cr(CO)4 Cr3-S (η6-C8F8)Cr(CO)3 

Fig. 6 The optimized (C8F8)Cr(CO)n (n = 4, 3) structures

Cr2-1S (η6-C8F8)Cr(CO)2 Cr2-2S (η8-C8F8)Cr(CO)2 Cr1-S (η8-C8F8)Cr(CO)

Fig. 7 The optimized

(C8F8)Cr(CO)n (n = 2, 1)

structures

Fig. 8 The new (g6-C8H8)Cr(CO)2 structure not found in the

previous study [16]
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(C8F8)Ti(CO)4 discussed above. Further dissociation of a

CO group from (g6-C8F8)V(CO)3 to give the octahapto

structure (g8-C8F8)V(CO)2 requires a relatively high

energy of 37.6 kcal/mol (B3LYP) or 42.4 kcal/mol (BP86).

The next CO dissociation process, namely the dissociation

of (g8-C8F8)V(CO)2 to (g8-C8F8)V(CO) ? CO, requires a

similar energy of 34.6 kcal/mol (B3LYP) or 41.1 kcal/mol

(BP86).

Chromium complexes

A stable bis(dihapto) structure (g2,2-C8F8)Cr(CO)4 (Cr4-S),

analogous to the hydrocarbon (g2,2-C8H8)Cr(CO)4 struc-

ture, was found as a genuine minimum without any

imaginary vibrational frequencies (Fig. 6; Table 4). The

chromium atom in Cr4-S is approximately octahedral with

the favored 18-electron configuration. The hexahapto

structure Cr3-S and the octahapto structures Cr2-2S and

Cr1-S are analogous to the corresponding hydrocarbon

structures (g6-C8H8)Cr(CO)3, (g8-C8H8)Cr(CO)2, and

(g8-C8H8)Cr(CO) found in the previous DFT study [16]

(Figs. 6, 7). However, a hydrocarbon analogue of the

hexahapto (g6-C8F8)Cr(CO)2 structure Cr2-1S was not

found in the previous work. Such a hydrocarbon analogue

was obtained by replacement of fluorine with hydrogen

followed by reoptimization to give a new (g6-C8H8)Cr(CO)2

structure not found in the previous study (Fig. 8). This

hexahapto structure (g6-C8H8)Cr(CO)2 lies 1.7 kcal/mol

(B3LYP) or 4.0 kcal/mol (BP86) in energy above the pre-

viously found isomeric octahapto structure (g8-C8H8)Cr(CO)2.

Successive loss of carbonyl groups from the bis(dihapto)

structure (g2,2-C8F8)Cr(CO)4 (Cr4-S) gives first the hexahapto

structure (g6-C8F8)Cr(CO)3 (Cr3-S), the two structures

(g6-C8F8)Cr(CO)2 (Cr2-1S) and (g8-C8F8)Cr(CO)2 (Cr2-2S),

and finally the octahapto structure (g8-C8F8)Cr(CO) (Cr1-S).

The octahapto structure (g8-C8F8)Cr(CO)2 (Cr2-2S) with the

favored 18-electron configuration for the central chromium

atom lies 19.9 kcal/mol (B3LYP) or 14.4 kcal/mol (BP86)

above the hexahapto structure (g6-C8F8)Cr(CO)2 (Cr2-1S)

with only a 16-electron configuration for the chromium

atom. The predicted energies required for this CO loss are

15.2 kcal/mol (B3LYP) or 18.6 kcal/mol (BP86) for the con-

version of (g2,2-C8F8)Cr(CO)4 (Cr4-S) to (g6-C8F8)Cr(CO)3

(Cr3-S) where the increased hapticity of the C8F8 ring in the

(η2-C8F8)Mn(CO)4 Mn3-D (η5-C8F8)Mn(CO)3 Mn4-D

Mn2-D  (η6-C8F8)Mn(CO)2 Mn1-D (η8-C8F8)Mn(CO) 

Fig. 9 The optimized

(C8F8)Mn(CO)n (n = 4, 3, 2, 1)

structures
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product retains the favored 18-electron configuration upon CO

loss. However, the conversion of the 18-electron complex

(g6-C8F8)Cr(CO)3 (Cr3-S) to the 16-electron complex

(g6-C8F8)Cr(CO)2 (Cr2-1S) by further CO loss requires

the much larger energy of 39.1 kcal/mol (B3LYP) or

47.5 kcal/mol (BP86). Further CO dissociation from (g6-C8F8)

Cr(CO)2 (Cr2-1S) to give (g8-C8F8)Cr(CO) (Cr1-S) requires

the very highenergy of 58.8 kcal/mol (B3LYP) or60.8 kcal/mol

(BP86).

Manganese complexes

A stable dihapto doublet spin state structure

(g2-C8F8)Mn(CO)4 (Mn4-D) was found as a genuine mini-

mum without any imaginary vibrational frequencies (Fig. 9;

Table 5). The manganese atom in Mn4-D is approximately

square pyramidal with a 17-electron configuration.

Loss of a carbonyl group from (g2-C8F8)Mn(CO)4

(Mn4-D) gives the pentahapto structure (g5-C8F8)Mn(CO)3

(Mn3-D) with a local 18-electron environment for the man-

ganese atom analogous to the long known [36, 37] (g5-C5H5)

Mn(CO)3. Further CO loss from Mn3-D gives the hexahapto

complex (g6-C8F8)Mn(CO)2 (Mn2-D) and then the oc-

tahapto complex (g8-C8F8)Mn(CO) (Mn1-D). Both Mn2-D

and Mn1-D have the expected 17-electron manganese con-

figuration for doublet spin state structures. The CO loss from

(g2-C8F8)Mn(CO)4 (Mn4-D) to give (g5-C8F8)Mn(CO)3

(Mn3-D) requires the relatively small energy of 13.6 kcal/mol

(B3LYP) or 10.8 kcal/mol (BP86), presumably because the

pentahapto g5-C8F8 ligand in Mn3-D provides a favorable

manganese environment. Further loss of a carbonyl group

from (g5-C8F8)Mn(CO)3 (Mn3-D) requires a significantly

higher energy of 26.2 kcal/mol (B3LYP) or 31.4 kcal/mol

(BP86) and leads to a hexahapto complex (g6-C8F8)

Mn(CO)2 (Mn2-D in Fig. 9) with a 17-electron configura-

tion. The next CO dissociation process, namely that of the

hexahapto complex (g6-C8F8)Mn(CO)2 (Mn2-D) to the

octahapto complex (g8-C8F8)Mn(CO) (Mn1-D in Fig. 9 and

Table 5), requires the much higher energy of 64.6 kcal/mol

(B3LYP) or 66.0 kcal/mol (BP86). The conversion of a

hexahapto g6-C8F8 ligand in Mn2-D into an octahapto

g8-C8F8 ligand in Mn1-D balances the carbonyl loss so that

the 17-electron manganese configuration is retained in

Mn1-D. The fluorocarbon complex (g8-C8F8)Mn(CO) is

Fe4-S (η2-C8F8)Fe(CO)4 

Fe3-1S (η3,1-C8F8)Fe(CO)3 Fe3-2S (η4-C8F8)Fe(CO)3  Fe3-3S (η2,2-C8F8)Fe(CO)3

(η3,1-C8H8)Fe(CO)3

Fig. 10 The optimized

(C8F8)Fe(CO)n (n = 4, 3) and

(C8H8)Fe(CO)3 structures
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analogous to the corresponding hydrocarbon complex

(g8-C8H8)Mn(CO) found in the previous DFT study.

Iron complexes

A singlet dihapto (g2-C8F8)Fe(CO)4 structure (Fe4-S in

Fig. 10; Table 6) is found without any imaginary vibra-

tional frequencies analogous to (g2-C8F8)Mn(CO)4.

Structure Fe4-S has the favored 18-electron configuration.

The structure of the (C8F8)Fe(CO)4 product from the

reaction of Fe2(CO)9 with octafluorocyclooctatetraene at

room temperature appears to be Fe4-S on the basis of its

infrared spectrum. However, this has not yet been con-

firmed by X-ray crystallography [2].

Three energetically low-lying structures were found for

(C8F8)Fe(CO)3 (Fig. 10; Table 6). All three structures are

genuine minima with no imaginary vibrational frequencies.

The global minimum is the trihapto-monohapto structure

(g3,1-C8F8)Fe(CO)3 Fe3-1S, which has been synthesized by

the reaction of Fe2(CO)9 with octafluorocyclooctatetraene

and structurally characterized by X-ray crystallography [2].

An analogous (g3,1-C8H8)Fe(CO)3 was not found in the

previously reported DFT study on the analogous hydrocar-

bon system [16]. Replacing fluorine with hydrogen in

Fe3-1S and reoptimizing gives a new (g3,1-C8H8)Fe(CO)3

structure (Fig. 10) [16]. However, this (g3,1-C8H8)Fe(CO)3

structure lies 14.8 kcal/mol (B3LYP) or 16.2 kcal/mol

(BP86) above the experimentally known (g4-C8H8)Fe(CO)3

structure (Table 7). The tetrahapto structure (g4-C8F8)

Fe(CO)3 (Fe3-2S) lies 4.2 kcal/mol (B3LYP) or 3.9 kcal/mol

(BP86) above Fe3-1S. The bis(dihapto) isomer (g2,2-C8F8)

Fe(CO)3 (Fe3-3S) is a still higher energy structure, lying

9.3 kcal/mol (B3LYP) or 6.6 kcal/mol (BP86) above

Fe3-1S. The (C8F8)Fe(CO)3 structures Fe3-2S and Fe3-3S

are analogous to the experimentally known hydrocarbon

structure (g4-C8H8)Fe(CO)3 [4–6] and the (g2,2-C8H8)

Fe(CO)3 structure found in the previous theoretical study

[16], respectively. All three (C8F8)Fe(CO)3 structures have

the favored 18-electron iron configuration.

A singlet hexahapto structure (g6-C8F8)Fe(CO)2 Fe2-S

with the favored 18-electron iron configuration is predicted

to be the lowest energy (C8F8)Fe(CO)2 structure (Fig. 11;

Table 8). A higher energy triplet bis(dihapto) structure

(g2,2-C8F8)Fe(CO)2 (Fe2-T) with a 16-electron iron con-

figuration lies 3.9 kcal/mol (B3LYP) or 21.9 kcal/mol

 (η6-C8F8)Fe(CO)2  Fe2-T (η2,2-C8F8)Fe(CO)2Fe2-S

Fe1-T  (η6-C8F8)Fe(CO)    Fe1-S (η8-C8F8)Fe(CO)  

Fig. 11 The optimized

(C8F8)Fe(CO)n (n = 2, 1)

structures
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(BP86) above Fe2-S. The discrepancy between the singlet–

triplet splitting for (C8F8)Fe(CO)2 predicted by the B3LYP

and BP86 methods is not surprising since Reiher and collab-

orators have shown that the B3LYP method favors higher spin

structures relative to the BP86 method [38, 39]. Both Fe2-S

and Fe2-T are analogous to the corresponding hydrocarbon

structures (g6-C8H8)Fe(CO)2 and (g2,2-C8H8)Fe(CO)2 opti-

mized in the previous theoretical study [16].

The dissociation energy DEdiss for loss of a carbonyl

group from (g2-C8F8)Fe(CO)4 (Fe4-S) to give (g3,1-C8F8)

Fe(CO)3 (Fe3-1S) is 15.6 kcal/mol (B3LYP) or 17.9 kcal/mol

(BP86). The dissociation energy DEdiss for loss of a carbonyl

group from (g3,1-C8F8)Fe(CO)3 (Fe3-1S) to give the hexa-

hapto complex (g6-C8F8)Fe(CO)2 (Fe2-S) is significantly

higher at 31.6 kcal/mol (B3LYP) or 29.7 kcal/mol (BP86),

consistent with the experimental stability of (C8F8)Fe(CO)3

derivatives. Further carbonyl loss from (g6-C8F8)Fe(CO)2

(Fe2-S) requires the rather high energy of 75.8 kcal/mol

(B3LYP) or 75.2 kcal/mol (BP86) to give the singlet

octahapto complex (g8-C8F8)Fe(CO) (Fe1-S), which has the

favored 18-electron iron configuration. However, the singlet

structure Fe1-S complex is a relatively high-energy struc-

ture, lying 48.4 kcal/mol (B3LYP) or 24.5 kcal/mol above

the isomeric triplet hexahapto structure (g6-C8F8)Fe(CO)

(Fe1-T). A hydrocarbon analogue of the triplet hexahapto

structure Fe1-T was found in the previous theoretical study

[16]. However, a singlet octahapto structure (g8-C8H8)

Fe(CO) was not found in the previous theoretical study. This

may relate to the relatively high energy of the singlet

octahapto (g8-C8F8)Fe(CO) structure relative to the

triplet hexahapto (g6-C8F8)Fe(CO) in the hydrocarbon

system.

Cobalt complexes

A doublet trihapto structure (g3-C8F8)Co(CO)3 (Co3-D in

Fig. 12 and Table 9) is found for the tricarbonyl. The analo-

gous hydrocarbon structure (g3-C8H8)Co(CO)3 was found in

the previous theoretical study [16]. A bis(dihapto) structure

(g2,2-C8F8)Co(CO)2 (Co2-D) was found for the dicarbonyl.

The cobalt atom in Co2-D can be considered to be tetrahe-

drally coordinated to the two C8F8 double bonds and two

Co3-D (η3-C8F8)Co(CO)3 Co2-D (η2,2-C8F8)Co(CO)2 

Co1-D (η6-C8F8)Co(CO)            Co1-Q  (η2,2-C8F8)Co(CO)  

Fig. 12 The optimized

(C8F8)Co(CO)n (n = 3, 2, 1)

structures
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carbonyl groups and has the 17-electron configuration

expected for a doublet structure.

Two structures for the monocarbonyl (C8F8)Co(CO)

were optimized. The lowest energy structure (g6-C8F8)

Co(CO) (Co1-D in Fig. 12) is a doublet hexahapto struc-

ture with a 17-electron configuration for the cobalt atom.

A quartet structure (g2,2-C8F8)Co(CO) (Co1-Q), lying

14.1 kcal/mol (B3LYP) or 37.1 kcal/mol in energy above

Co1-D, has the C8F8 ligand bonded to the cobalt atom as a

bis(dihapto) ligand similar to that in the doublet dicarbonyl

(g2,2-C8F8)Co(CO)2 (Co2-D). The cobalt atom in (g2,2-

C8F8)Co(CO) (Co1-Q) has a 15-electron configuration

consistent with the quartet spin state.

The energy DEdiss required for carbonyl dissociation

from (g3-C8F8)Co(CO)3 (Co3-D) to give (g2,2-C8F8)

Co(CO)2 (Co2-D) is 3.5 kcal/mol (B3LYP) or 20.3 kcal/mol

(BP86). Further dissociation of a carbonyl group from

Co2-D to give Co1-D requires the considerably higher

Ni3-S (η2-C8F8)Ni(CO)3 

Ni2-S  (η2,2-C8F8)Ni(CO)2 Ni1-S (η6-C8F8)Ni(CO)

Fig. 13 The optimized

(C8F8)Ni(CO)n (n = 3, 2, 1)

structures

Table 1 Bond distances (in Å), total energies (E in Hartree), and relative energies (DE in kcal/mol) for the three (C8F8)Ti(CO)4 structures

Ti4-S (Cs) Ti4-1T (C1) Ti4-2T (C1)

B3LYP BP86 B3LYP BP86 B3LYP BP86

Ti-C8F8 (ave.) 2.603 2.610 2.907 2.883 2.879 2.766

–Energy 2,406.61,905 2,406.78532 2406.60195 2,406.75850 2,406.59843 2,406.75454

DE 0.0 0.0 10.7 16.8 12.9 19.3

S2
� �

0.00 0.00 2.03 2.01 2.01 2.01

None of these structures has any imaginary vibrational frequencies
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energy of 31.0 kcal/mol (B3LYP) or 28.9 kcal/mol

(BP86).

Nickel complexes

The dihapto structure (g2-C8F8)Ni(CO)3 (Ni3-S in Fig. 13

and Table 10) is predicted for the tricarbonyl. The nickel

atom in Ni3-S is tetracoordinate similar to the well-known

Ni(CO)4. Loss of a carbonyl group from Ni3-S requires

15.1 kcal/mol (B3LYP) or 15.4 kcal/mol (BP86) to give

the bis(dihapto) derivative (g2,2-C8F8)Ni(CO)2 (Ni2-S in

Fig. 13 and Table 10). Further dissociation of a carbonyl

group from (g2,2-C8F8)Ni(CO)2 (Ni2-S in Fig. 13) requires

26.8 kcal/mol (B3LYP) or 29.6 kcal/mol (BP86) to give

the hexahapto derivative (g6-C8F8)Ni(CO) (Ni1-S in

Fig. 13). The nickel atoms in Ni3-S, Ni2-S, and Ni1-S all

have the favored 18-electron configuration.

Table 2 Bond distances (in Å), total energies (E in Hartree), CO dissociation energies (DEdiss in kcal/mol), and imaginary frequencies (in cm-1)

for the (C8F8)Ti(CO)n (n = 3, 2, 1) structures

Ti3-S (C1) Ti2-S (Cs) Ti1-S (Cs)

B3LYP BP86 B3LYP BP86 B3LYP BP86

Ti–C8F8 (ave.) 2.426 2.424 2.399 2.392 2.365 2.359

–Energy 2,293.25867 2,293.41658 2,179.88862 2,180.03677 2,066.51442 2,066.65670

DEdiss 26.0 33.0 28.6 33.2 – –

Imaginary frequencies 1.7i None None None None None

S2
� �

0.00 0.00 0.00 0.00 0.00 0.00

Table 3 Bond distances (in Å), total energies (E in Hartree), and CO

dissociation energies (DEdiss in kcal/mol) for the (C8F8)V(CO)n

(n = 4, 3, 2, 1) structures

V4-D (C1) V3-D (B3

Cs/B8 C1)

V2-D (C1) V1-D (C1)

V–C8F8 (ave.)

B3LYP 2.820 2.496 2.340 2.307

BP86 2.777 2.491 2.334 2.298

–Energy

B3LYP 2,501.15677 2,387.81374 2,274.42523 2,161.04150

BP86 2,501.35633 2,388.00321 2,274.60834 2,161.21568

DEdiss

B3LYP 9.0 37.6 34.6 –

BP86 16.3 42.4 41.1 –

S2
� �

B3LYP 0.78 0.77 0.78 0.79

BP86 0.76 0.76 0.77 0.78

None of these structures has any imaginary vibrational frequencies

Table 4 Bond distances (in Å),

total energies (E in Hartree),

and CO dissociation energies

(DEdiss in kcal/mol) for the

(C8F8)Cr(CO)n (n = 4, 3, 2, 1)

structures

None of these structures has any

imaginary vibrational

frequencies

Cr4-S (C2v) Cr3-S (Cs) Cr2-1S (C1) Cr2-2S (C1) Cr1-S (C4v)

Cr–C8F8 (ave.)

B3LYP 2.659 2.450 2.404 2.283 2.154

BP86 2.648 2.446 2.400 2.278 2.136

–Energy

B3LYP 2,601.65510 2,488.30221 2,374.91131 2,374.87958 2,261.48890

BP86 2,601.88284 2,488.52604 2,375.12310 2,375.10014 2,261.69901

DEdiss

B3LYP 15.2 39.1 58.8 – –

BP86 18.6 47.5 60.8 – –

Table 5 Bond distances (in Å), total energies (E in Hartree), and CO

dissociation energies (DEdiss in kcal/mol) for the (C8F8)Mn(CO)n

(n = 4, 3, 2, 1) structures

Mn4-D (Cs) Mn3-D (Cs) Mn2-D (C1) Mn1-D (C8v)

Mn–C8F8 (ave.)

B3LYP 3.627 2.619 2.364 2.177

BP86 3.636 2.615 2.358 2.156

–Energy

B3LYP 2,708.16718 2,594.81688 2,481.44656 2,368.01499

BP86 2,708.40477 2,595.06030 2,481.68301 2,368.25058

DEdiss

B3LYP 13.6 26.2 64.6 –

BP86 10.8 31.4 66.0 –

S2
� �

B3LYP 0.77 0.78 0.79 0.86

BP86 0.76 0.76 0.76 0.77

None of these structures has any imaginary vibrational frequencies
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Thermochemistry

The carbonyl dissociation energies (DEdiss) of the fluoro-

carbon derivatives by the process C8F8M(CO)n ?
C8F8M(CO)n-1 ? CO are compared to those of the

corresponding hydrocarbon derivatives [16], i.e., C8H8M

(CO)n ? C8H8M(CO)n-1 ? CO (n = 4 for M = Ti, V,

Cr, Mn, Fe; n = 3 for Co, Ni) considering the lowest

energy structures (Table 11). For the vanadium, chromium,

and nickel systems, the dissociation energies for the anal-

ogous fluorocarbon and hydrocarbon derivatives are very

similar. For the hexahapto titanium systems (g6-C8X8)

Ti(CO)4 (X = F, H), carbonyl dissociation to give the

corresponding octahapto derivatives (g8-C8X8)Ti(CO)3 is

*22 kcal/mol more endothermic for the fluorocarbon

derivatives than for the hydrocarbon derivatives. This

suggests that octahapto g8-C8X8 coordination is less

favorable for the hydrocarbon derivatives than for the

corresponding fluorocarbon derivatives. For the manganese

systems, the CO dissociation from (g2-C8X8)Mn(CO)4 to

give (g5-C8H8)Mn(CO)3 involves conversion of a dihapto

g2-C8X8 ligand to a pentahapto g5-C8X8 ligand. This

process is *8 kcal/mol more endothermic for the fluoro-

carbon derivatives than for the corresponding hydrocarbon

derivatives. Again this increase in hapticity of the C8X8

Table 6 Bond distances (in Å), total energies (E in Hartree), relative

energies (DE in kcal/mol), and CO dissociation energies (DEdiss in

kcal/mol) for the (C8F8)Fe(CO)n (n = 4, 3) structures

Fe4-S (Cs) Fe3-1S (C1) Fe3-2S (C1) Fe3-3S (C1)

Fe–C8F8(ave.)

B3LYP 3.561 2.510 2.790 2.556

BP86 3.573 2.514 2.800 2.534

–Energy

B3LYP 2,820.91241 2,707.55882 2,707.55215 2,707.54392

BP86 2,821.17626 2,707.82045 2,707.81428 2,707.80989

DE

B3LYP 0.0 0.0 4.2 9.3

BP86 0.0 0.0 3.9 6.6

DEdiss

B3LYP 15.6 31.6 – –

BP86 17.9 29.7 – –

None of these structures has any imaginary vibrational frequencies

Table 7 Bond distances (in Å), total energies (E in Hartree), and

relative energies (DE in kcal/mol) for three (C8H8)Fe(CO)3 structures

(g4-C8H8)

Fe(CO)3

(g2,2-C8H8)

Fe(CO)3

(g3,1-C8H8)

Fe(CO)3

Fe–C8H8 (ave.)

B3LYP 2.841 2.629 2.567

BP86 2.862 2.598 2.572

–Energy

B3LYP 1,913.49619 1,913.47381 1,913.47256

BP86 1,913.74339 1,913.71875 1,913.71760

DE

B3LYP 0.0 14.0 14.8

BP86 0.0 15.5 16.2

Table 8 Bond distances (in Å), total energies (E in Hartree), relative

energies (DE in kcal/mol), and CO dissociation energies (DEdiss in

kcal/mol) for the (C8F8)Fe(CO)n (n = 2, 1) structures

Fe2-S (C1) Fe2-T (C1) Fe1-T (C1) Fe1-S (C4v)

Fe–C8F8 (ave.)

B3LYP 2.319 2.504 2.368 2.170

BP86 2.317 2.476 2.338 2.170

–Energy

B3LYP 2,594.17988 2,594.17368 2,480.80749 2,480.73035

BP86 2,594.44589 2,594.41100 2,481.03799 2,480.99893

DE

B3LYP 0.0 3.9 0.0 48.4

BP86 0.0 21.9 0.0 24.5

DEdiss

B3LYP 75.8 – – –

BP86 75.2 – – –

S2
� �

B3LYP 0.00 2.11 2.17 0.00

BP86 0.00 2.03 2.05 0.00

None of these structures has any imaginary vibrational frequencies

Table 9 Bond distances (in Å), total energies (E in Hartree), relative

energies (DE in kcal/mol), and CO dissociation energies (DEdiss in

kcal/mol) for the (C8F8)Co(CO)n (n = 3, 2, 1) structures

Co3-D

B3(Cs)/

B8(C1)

Co2-D

B3(Cs)/

B8(C1)

Co1-D

(C1)

Co1-Q

(C1)

Co–C8F8 (ave.)

B3LYP 3.060 2.606 2.312 2.667

BP86 3.075 2.409 2.293 2.399

–Energy

B3LYP 2,826.58,680 2,713.25252 2,599.87449 2,599.85198

BP86 2,826.86413 2,713.50459 2,600.13133 2,600.07226

DE

B3LYP 0.0 0.0 0.0 14.1

BP86 0.0 0.0 0.0 37.1

DEdiss

B3LYP 3.5 31.0 – –

BP86 20.3 28.9 – –

S2
� �

B3LYP 0.82 0.79 0.81 3.81

BP86 0.76 0.76 0.76 3.77

None of these structures has any imaginary vibrational frequencies
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ligand is more favorable for the fluorocarbon derivatives

than for the hydrocarbon derivatives.

The thermochemistry of carbonyl dissociation from the

fluorocarbon and hydrocarbon iron carbonyl systems

(C8X8)Fe(CO)4 (X = F, H) is not directly comparable

since the lowest energy hydrocarbon derivative is a tet-

rahapto structure (g4-C8H8)Fe(CO)3 whereas the lowest

energy fluorocarbon derivative is a trihapto–monohapto

structure (g3,1-C8F8)Fe(CO)3. This suggests a preference of

carbon atoms in a fluorocarbon ligand to bond to a metal in

odd-numbered groups of one or three relative to carbon

atoms in the corresponding hydrocarbon ligands. In terms

of the thermochemistry, carbonyl dissociation from (g2-C8F8)

Fe(CO)4 (Fe4-S in Fig. 10) to give (g3,1-C8F8)Fe(CO)3
(Fe3-1S) is *8 kcal/mol more endothermic than carbonyl

dissociation from (g2-C8H8)Fe(CO)4 to give (g4-C8H8)

Fe(CO)3. The CO dissociation of (g2-C8F8)Fe(CO)4 to give

(g3,1-C8F8)Fe(CO)3 (Fe3-1S) has been observed experi-

mentally [2].

Cobalt is the only one of the seven first-row transition

metals for which carbonyl dissociation of the fluorocarbon

derivative (C8F8)Co(CO)3 requires less energy than the

corresponding hydrocarbon derivative. This dissociation

involves the conversion of trihapto derivatives (g3-C8X8)

Co(CO)3 to bis(dihapto) derivatives (g2,2-C8X8)Co(CO)2

for both the fluorocarbon and hydrocarbon systems. In this

case, carbonyl dissociation from the fluorocarbon deriva-

tive is *11 kcal/mol less endothermic than that from the

hydrocarbon derivative.

Table 12 reports the reaction energies of the following

ligand exchange reactions using the absolute energies for the

(C8H8)M(CO)n complexes obtained in the previous paper [16]:

C8H8 þ C8F8ð ÞM COð Þn! C8F8 þ C8H8ð ÞM COð Þn
M ¼ Ti;V;Cr;Mn; Fe;Co;Nið Þ ð16Þ

Almost all of these reactions are predicted to be exother-

mic, indicating that the C8H8 rings are more strongly

bonded to the transition metals than the C8F8 rings. This is

consistent with the high electronegativity of fluorine. This

makes C8F8 rings weaker electron donors to metal atoms

than C8H8 rings in otherwise equivalent metal complexes.

The conspicuous anomaly is the endothermic reaction of

C8H8 with (g3,1-C8F8)Fe(CO)3 to give C8F8 ? g3,1-C8H8

Fe(CO)3. This can be related to the relatively high energy

Table 10 Bond distances (in Å), total energies (E in Hartree), and CO dissociation energies (DEdiss in kcal/mol) for the (C8F8)Ni(CO)n (n = 3,

2, 1) structures

Ni3-S (Cs) Ni2-S B3(C2v)/B8(Cs) Ni1-S (C1)

B3LYP BP86 B3LYP BP86 B3LYP BP86

Ni–C8F8 (ave.) 3.518 3.520 2.493 2.474 2.357 2.319

–Energy 2,952.16683 2,952.43845 2,838.81408 2,839.08669 2,725.44271 2,725.71229

DEdiss 15.1 15.4 26.8 29.6 – –

S2
� �

0.00 0.00 0.00 0.00 0.00 0.00

None of these structures has any imaginary vibrational frequencies

Table 11 Comparison of

carbonyl dissociation energies

(DEdiss in kcal/mol) for

C8X8M(CO)n derivatives

(X = F, H; n = 4 for M = Ti,

V, Cr, Mn, Fe; n = 3 for Co,

Ni)

These results are based on the

global minimum for each

structure

B3LYP BP86

C8F8Ti(CO)4 (Ti4-S) ? C8F8Ti(CO)3 (Ti3-S) ? CO 19.9 26.0

C8H8Ti(CO)4 ? C8H8Ti(CO)3 ?CO –1.7 4.0

C8F8V(CO)4 (V4-D) ? C8F8V(CO)3 (V3-D) ? CO 9.0 16.3

C8H8V(CO)4 ? C8H8V(CO)3 ?CO 9.6 17.5

C8F8Cr(CO)4 (Cr4-S) ? C8F8Cr(CO)3 (Cr3-S) ? CO 15.2 18.6

C8H8Cr(CO)4 ? C8H8Cr(CO)3 ?CO 16.2 18.8

C8F8Mn(CO)4 (Mn4-D) ? C8F8Mn(CO)3 (Mn3-D) ? CO 13.6 10.8

C8H8Mn(CO)4 ? C8H8Mn(CO)3 ? CO 4.8 3.9

C8F8Fe(CO)4 (Fe4-S) ? C8F8Fe(CO)3 (Fe3-1S) ? CO 15.6 17.9

C8H8Fe(CO)4 ? C8H8Fe(CO)3 ? CO 8.4 8.8

C8F8Co(CO)3 (Co3-D) ? C8F8Co(CO)2 (Co2-D) ? CO 3.5 20.3

C8H8Co(CO)3 ? C8H8Co(CO)2 ? CO 15.6 30.8

C8F8Ni(CO)3 (Ni3-S) ? C8F8Ni(CO)2 (Ni2-S) ? CO 15.1 15.4

C8H8Ni(CO)3 ? C8H8Ni(CO)2 ? CO 13.7 16.0
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of (g3,1-C8H8)Fe(CO)3 relative to isomeric (C8H8)Fe(CO)3

structures (Table 7) as contrasted with the low energy of

the fluorocarbon analogue (g3,1-C8F8)Fe(CO)3 relative to

its isomers. A previous study on (C8F8)2M complexes of

the first-row transition metals also predicted the displace-

ment of the fluorinated C8F8 ligands with the correspond-

ing hydrocarbon C8H8 to be exothermic [40].

Mulliken atomic spin densities

A significant number of the (C8F8)M(CO)n structures have

one or more unpaired electrons. Thus, all of the (C8F8)M(CO)n

structures of the transition metals of odd atomic number

(V, Mn, Co) are necessarily at least doublet spin states with a

single unpaired electron. Also a few of the (C8F8)M(CO)n

structures of the transition metals of even atomic number

(Ti, Fe) are triplet spin states with two unpaired electrons. No

low-energy triplet state structures were found for the Cr and Ni

(C8F8)M(CO)n derivatives. The Mulliken atomic spin densi-

ties on the metal atoms in all of the doublet, triplet, and quartet

spin state (C8F8)M(CO)n structures are listed in Table 13.

The doublet spin state (C8F8)M(CO)n structures of V,

Mn, and Co should have a Mulliken spin density of nearly

unity on the metal atom if the metal atom has a formal

17-electron configuration. This is the case for all of the

doublet spin state structures except for Mn3-D with a

pentahapto g5-C8F8 ring and some of the cobalt structures

including particularly Co3-D with a trihapto g3-C8F8

ring. In these structures with an odd number of carbon

atoms of the C8F8 ring within bonding distance of the

central metal atom, the central metal approaches a formal

18-electron configuration with the spin largely on the

uncomplexed ligand carbon atoms.

The atomic spin densities in the triplet (C8F8)M(CO)n

structures can be interpreted in a similar manner. If the

triplet spin state arises from a 16-electron configuration of

the central metal atom with two unpaired electrons, then

the Mulliken spin density on the metal atom should

approach 2. This is clearly the case with the triplet spin

state (C8F8)Fe(CO)n complexes Fe1-T and Fe2-T. How-

ever, the triplet state (C8F8)Ti(CO)4 complexes Ti4-1T and

Ti4-2T with tetrahapto or bis(dihapto) C8F8 ligands have a

Table 12 Thermochemistry of the ligand displacement reactions C8H8 ? C8F8M(CO)n ? C8F8 ? C8H8M(CO)n (energies in kcal/mol)

B3LYP BP86

C8H8 ? g6-C8F8Ti(CO)4(Ti4-S) ? C8F8 ? g6-C8H8Ti(CO)4(Ti4-1) – 9.0 – 9.9

C8H8 ? g8-C8F8Ti(CO)3(Ti3-S) ? C8F8 ? g8-C8H8Ti(CO)3(Ti3) –30.7 –32.0

C8H8 ? g8-C8F8Ti(CO)2(Ti2-S) ? C8F8 ? g8-C8H8Ti(CO)2(Ti2) –33.7 –37.0

C8H8 ? g8-C8F8Ti(CO) (Ti1-S) ? C8F8 ? g8-C8H8Ti(CO) (Ti1) –33.9 –

C8H8 ? g5-C8F8V(CO)4(V4-D) ? C8F8 ? g5-C8H8V(CO)4(V4-1) –13.9 –15.9

C8H8 ? g6-C8F8V(CO)3(V3-D) ? C8F8 ? g6-C8H8V(CO)3(V3) –13.4 –14.6

C8H8 ? g8-C8F8V(CO)2(V2-D) ? C8F8 ? g8-C8H8V(CO)2(V2) –30.8 –30.7

C8H8 ? g8-C8F8V(CO) (V1-D) ? C8F8 ? g8-C8H8V(CO) (V1) –35.4 –33.0

C8H8 ? g2,2-C8F8Cr(CO)4(Cr4-S) ? C8F8 ? g2,2-C8H8Cr(CO)4(Cr4) – 6.8 –6.3

C8H8 ? g6-C8F8Cr(CO)3(Cr3-S) ? C8F8 ? g6-C8H8Cr(CO)3(Cr3) – 5.8 –6.1

C8H8 ? g8-C8F8Cr(CO)2(Cr2-2S) ? C8F8 ? g8-C8H8Cr(CO)2(Cr2) –30.2 –28.2

C8H8 ? g8-C8F8Cr(CO) (Cr1-S) ? C8F8 ? g8-C8H8Cr(CO) (Cr1) –36.2 –30.6

C8H8 ? g2-C8F8Mn(CO)4(Mn4-D) ? C8F8 ? g2-C8H8Mn(CO)4(Mn4-1) –2.3 –6.3

C8H8 ? g5-C8F8Mn(CO)3(Mn3-D) ? C8F8 ? g5-C8H8Mn(CO)3(Mn3-1) –11.1 –13.2

C8H8 ? g6-C8F8Mn(CO)2(Mn2-D) ? C8F8 ? g6-C8H8Mn(CO)2(Mn2) –6.2 –5.9

C8H8 ? g8-C8F8Mn(CO) (Mn1-D) ? C8F8 ? g8-C8H8Mn(CO) (Mn1) –27.8 –19.5

C8H8 ? g2-C8F8Fe(CO)4(Fe4-S) ? C8F8 ? g2-C8H8Fe(CO)4(Fe4) 0.4 –3.2

C8H8 ? g3,1-C8F8Fe(CO)3(Fe3-1S) ? C8F8 ? g3,1-C8H8Fe(CO)3 8.0 3.9

C8H8 ? g6-C8F8Fe(CO)2(Fe2-S) ? C8F8 ? g6-C8H8Fe(CO)2(Fe2-1) –0.1 –0.3

C8H8 ? g6-C8F8Fe(CO) (Fe1-T) ? C8F8 ? g6-C8H8Fe(CO) (Fe1) 7.5 –8.3

C8H8 ? g3-C8F8Co(CO)3(Co3-D) ? C8F8 ? g3-C8H8Co(CO)3(Co3) –15.2 –16.9

C8H8 ? g2,2-C8F8Co(CO)2(Co2-D) ? C8F8 ? g2,2-C8H8Co(CO)2(Co2-1) –3.2 –6.4

C8H8 ? g2,2-C8F8Co(CO) (Co1-Q) ? C8F8 ? g2,2-C8H8Co(CO) (Co1-1) –14.0 –31.3

C8H8 ? g2-C8F8Ni(CO)3(Ni3-S) ? C8F8 ? g2-C8H8Ni(CO)3(Ni3) –3.3 –4.2

C8H8 ? g2,2-C8F8Ni(CO)2(Ni2-S) ? C8F8 ? g2,2-C8H8Ni(CO)2(Ni2-1) –4.8 –3.6

C8H8 ? g6-C8F8Ni(CO) (Ni1-S) ? C8F8 ? g2,2-C8H8Ni(CO) (Ni1) –0.7 2.4
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spin density of approximately unity on the titanium atom

leaving one unpaired electron for the C8F8 ligand.

Conclusion

The octafluorocyclooctatetraene metal carbonyl complexes

(C8F8)M(CO)n (n = 4, 3, 2, 1 for M = Ti, V, Cr, Mn, Fe;

n = 3, 2, 1 for M = Co, Ni) have been investigated by

density functional theory for comparison with their

hydrogen analogues (C8H8)M(CO)n. In most such systems,

the substitution of fluorine for hydrogen leads to relatively

small changes in the preferred structures. However, for the

iron carbonyl derivatives (C8X8)Fe(CO)3 (X = H, F), the

substitution of fluorine for hydrogen has a major effect,

now demonstrated by both experiment and theory. Thus for

(C8H8)Fe(CO)3, the experimentally observed tetrahapto

structure (Fig. 1) lies more than 14 kcal/mol below the

isomeric bis(dihapto) and trihaptomonohapto structures.

However, for the corresponding perfluorinated derivative

(C8F8)Fe(CO)3, the experimentally observed trihapto–

monohapto structure lies *4 kcal/mol below the isomeric

tetrahapto structure and *9 kcal/mol below the bis(diha-

pto) structure.

Thermochemical studies predict the ligand exchange

reactions C8H8 ? (C8F8)M(CO)n ? C8F8 ? (C8H8)M(CO)n

to be exothermic for almost all of the systems considered,

with the (g3,1-C8X8)Fe(CO)3 system being the main

exception. This indicates that the C8F8 ligand bonds more

weakly to transition metals than the C8H8 ligand. This can

be related to the high electronegativity of fluorine relative

to hydrogen.
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