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The structure of Ru(C5Me5)(C5F5) has been determined by gas-phase electron diffraction
and density functional theory. Comparison structures of the known compounds Ru(C5H5)2

and Ru(C5F5)(C5H5), as well as the unknown compound Ru(C5F5)2, have also been determined
by density functional theory.

Introduction

The effects of fluorination on the structure, bonding,
and chemical reactivity of ligands bound to transition
metal centers have been of considerable interest for
several years.1 While the σ-electron-withdrawing and
π-electron-donating substituent effects of fluorine in
simple organic molecules have been thoroughly studied
and reviewed,2 the corresponding effects on organome-
tallic systems are less well understood, and far fewer
examples of direct hydrocarbon and fluorocarbon ana-
logues are available for comparison. The first reported
example of a compound containing a fluorinated cyclo-
pentadienyl ligand, [Mn(η5-C5H4F)(CO)3], appeared in
1965,3 but the compound was poorly characterized.
Monofluoroferrocene, first reported by Hedberg and
Rosenberg4 and later by Popov et al.,5 was prepared by
a direct introduction of fluorine onto an already coor-
dinated cyclopentadienyl ring, a method not generally
applicable to the synthesis of perfluorinated systems.
Attempts to prepare perfluorinated cyclopentadienyl
rings in a manner analogous to that used to make
perchlorinated analogues have not been successful,6-8

and while the C5F5
- anion is known,9 attempts to use

it as a precursor to transition metal complexes also
proved to be frustratingly unrewarding.10

The successful synthetic approach to the perfluoro-
cyclopentadienyl ligand involved use of substrates in

which all necessary carbon-fluorine bonds were in place
before complexation of the ligand and utilized a flash
vacuum thermolysis induced decarbonylation of η5-
pentafluorophenoxide complexes to give the correspond-
ing pentafluorocyclopentadienyl compounds [Ru(C5Me5)-
(C5F5)] and [Ru(C5H5)(C5F5)].11,12 Subsequently, the
complete set of isomeric partially fluorinated cyclopen-
tadienyl ligands were prepared in a similar fashion.13

The effects of fluorination on the electronic properties
of the cyclopentadienyl ligand and its ruthenium com-
plexes were evaluated in two ways. The gas-phase
ionization free energy of [Ru(C5Me5)(C5F5)] was shown
to be 18.5 kcal/mol higher than that of [Ru(C5Me5)-
(C5H5)], confirming that perfluorination of a Cp ligand
does increase its electron-withdrawing ability, although
the effects of σ-electron withdrawal are strongly attenu-
ated by π-donation from the fluorines.14 Effects of added
fluorines were also shown to be approximately addi-
tive.15 Comparisons of the photoelectron spectra of [Ru-
(C5Me5)(C5F5)] and its analogues [Ru(C5Me5)(C5H5)] and
[Ru(C5Me5)(C5Cl5)] resulted in similar conclusions.16

While various physical techniques have been applied
successfully to evaluate the substituent effects of fluo-
rination in these ruthenocene derivatives, only one
compound, [Ru(C5H5)(C5F5)], yielded metric parameters
via X-ray crystallographic studies.12 Unfortunately crys-
tals of the pentamethylcyclopentadienyl analogue ex-
hibited a ring for ring disorder that made a resolution
of the solid state structural parameters impossible. Due
to the volatility of this compound, we turned to a gas-
phase structural study using electron diffraction tech-
niques.
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Sandwich compounds, such as ferrocene and ru-
thenocene, are ideal subjects for study by gas-phase
electron diffraction. Heavy metal atom distances, such
as Fe-C and Ru-C, are well defined by the data and
can be refined very accurately. The C-C ring distances
are also well defined, although data on the longer C‚‚‚
C inter-ring distances may be lost to an extent among
the intense background atomic scattering from the
metal center (particularly in the case of ruthenocene).17

As a result, conformational analysis can be difficult. We
anticipated that the compound Ru(C5F5)(C5Me5) would
benefit from the substitution of ring hydrogens by
heavier fluorine and methyl groups, which contribute
significantly more to the molecular scattering and
should allow determination of substituent tilting out of
the plane of the cyclopentadienyl rings.

Here we report the structure of Ru(C5F5)(C5Me5)
determined by gas-phase electron diffraction and den-
sity functional theory (DFT), along with results of DFT
calculations for Ru(C5H5)2, Ru(C5F5)(C5H5), and Ru-
(C5F5)2.

Experimental Section

Synthesis. Samples of Ru(C5F5)(C5Me5) (3) were prepared
as previously described.11,13

Theoretical Methods. All calculations were performed on
a Dec Alpha 1000 4/200 workstation using the Gaussian 98
program.18 An extensive search of the potential energy surfaces
of ruthenocene, ruthenium(cyclopentadienyl)(pentafluorocyclo-
pentadienyl), and bis(perfluorocyclopentadienyl)ruthenium
was undertaken at the B3PW9119-24/LanL2DZ25-27 level in
order to locate all minima. The B3PW91 DFT method was
chosen for the calculations in light of the failings of the
Hartree-Fock (HF) and Møller-Plesset (MP) methods for
predicting the structures of sandwich compounds.28,29 For Ru-
(C5H5)2 and Ru(C5F5)2 the eclipsed conformation (D5h sym-
metry) was the potential minimum, and there was a transition
state of D5d symmetry at the staggered conformation. For Ru-
(C5F5)(C5H5) the eclipsed conformation was again the mini-
mum, although both this and the staggered transition state

have C5v symmetry. A similar search of the potential energy
surface of Ru(C5F5)(C5Me5) was undertaken at the B3PW91/
SDD level in order to locate all minima. In this case, the larger
Stuttgart basis set30 was used in conjunction with a pseudo-
potential on the ruthenium atom. The change in basis set was
required in order to achieve convergence on an energy mini-
mum, as calculations on this compound using the LanL2DZ
basis set were found to run indefinitely despite efforts to
tighten the convergence criteria within Gaussian 98. Ru-
(C5F5)(C5Me5) was found to adopt a C5 structure very close to
an eclipsed C5v structure. Vibrational frequencies, from all
calculations carried out, were used to determine the nature
of the stationary points and to provide estimates of amplitudes
of vibration (u) for use in the gas-phase electron diffraction
(GED) refinements. The structures and numbering schemes
of the compounds Ru(C5H5)2, Ru(C5F5)(C5H5), Ru(C5F5)2, and
Ru(C5F5)(C5Me5) are shown in Figures 1-4, and the potential
energy curves are shown in Figure 5.

Gas-Phase Electron Diffraction. Data were collected for
Ru(C5F5)(C5Me5) using the Edinburgh gas diffraction ap-
paratus.31 An accelerating voltage of 40 kV (electron wave-
length ca. 6.0 pm) was used, with sample and nozzle temper-
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Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
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Soc., Dalton Trans. 1980, 954.

Figure 1. DFT calculated structures of ruthenocene in (a)
D5h and (b) D5d symmetry.
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atures of 404 and 454 K, respectively. Scattering intensities
were recorded at nozzle-to-plate distances of 89.17 and 261.51
mm on Kodak electron image plates. The weighting points for
the off-diagonal weight matrixes, correlation parameters, and
scale factors for the two camera distances are given in Table
1, together with electron wavelengths, which were determined
from the scattering patterns of benzene vapor recorded im-
mediately after the patterns of Ru(C5F5)(C5Me5) and analyzed
in exactly the same way, to minimize systematic errors in
wavelengths and camera distances. A PDS densitometer at
the Institute of Astronomy in Cambridge was used to convert
the intensity patterns into digital form using a scanning
program described elsewhere.32 Data reduction and least-
squares refinements were carried out using the new ‘ed@ed’
program,33 employing the scattering factors of Ross et al.34

Results

Density Functional Theory Calculations. Molec-
ular orbital calculations were carried out with the DFT
hybrid functional B3PW91 method in light of the success
this had predicting the iron to cyclopentadienyl ring
distance in ferrocene.35 In this study it was found that
the Hartree-Fock method overestimates the iron-to-

(32) Lewis, J. R.; Brain, P. T.; Rankin, D. W. H. Spectrum 1997,
15, 7.

(33) Johnston, B. F.; Rankin, D. W. H.; Turner, A. Unpublished
work.

(34) Ross, A. W.; Fink, M.; Hilderbrandt, R. International Tables
for Crystallography; Wilson, A. J. C., Ed.; Kluwer Academic Publish-
ers: Dordrecht, 1992; Vol. C, p 245.

(35) Morrison, C. A.; Bone, S. F.; Rankin, D. W. H.; Robertson, H.
E.; Parsons, S.; Coxall, R.; Fraser, S. Organometallics 2001, 20, 2309.

Figure 2. DFT calculated structure of Ru(C5F5)(C5H5).
The structure has C5v symmetry.

Figure 3. DFT calculated structures of Ru(C5F5)2 in (a)
D5h and (b) D5d symmetry.

Figure 4. DFT calculated structure of Ru(C5F5)(C5Me5).
The structure has C5 symmetry as a result of the two rings
being very slightly twisted from an eclipsed conformation.

Figure 5. Torsional potential energies for Ru(C5H5)2, Ru-
(C5F5)(C5H5), Ru(C5F5)2, and Ru(C5F5)(C5Me5).

Table 1. Nozzle-to-Plate Distances (mm),
Weighting Functions (nm-1), Correlation
Parameters, Scale Factors, and Electron

Wavelengths (pm) Used in the Electron-Diffraction
Study of Ru(C5F5)(C5Me5)

nozzle-to-plate distancea 89.17 261.51
∆s 4 2
smin 80 20
sw1 100 40
sw2 304 128
smax 356 150
correlation parameter 0.450 0.415
scale factorb 0.902(37) 0.974(13)
electron wavelength 6.016 6.016

a Determined by reference to the scattering pattern of benzene
vapor. b Values in parentheses are the estimated standard devia-
tions.

4842 Organometallics, Vol. 21, No. 22, 2002 Johnston et al.
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ring distance by as much as 20 pm as a result of
neglecting the important electron correlation. On the
other hand, the second-order Møller-Plesset (MP2)
calculations overestimated the effects of electron cor-
relation and predicted metal-to-ring distances short by
20 pm.36 Success has been achieved predicting this
distance at the CCSD(T) level with a large basis set.37

However, such calculations are particularly computa-
tionally demanding and are, currently, beyond the
capabilities of most research groups,35 particularly for
the much more demanding metal atom and ligands in
the present study.

The LanL2DZ basis set was chosen for the calcula-
tions, as it provides a pseudo-potential for the ruthe-
nium atom (considering relativistic effects become im-
portant with heavier atoms) and reduces the time
required for the calculation (as the number of electrons
that need to be considered is reduced).

A selection of the molecular geometries from the DFT
calculations can be found in Tables 2-5.

Gas-Phase Electron Diffraction Study. On the
basis of the DFT calculations described above, a model
with C5 symmetry was written for Ru(C5F5)(C5Me5). The

only other assumption made in the model was that the
C-methyl groups had local C3v symmetry. In total, 12
geometric parameters were required to model Ru-
(C5F5)(C5Me5). Seven parameters, two average bond
lengths, two differences between distances within the
averages, and three unique bond lengths were required
to describe the bonds in the molecule. These were the
average Ru-C(cyclopentadienyl), p1, the difference between
the two Ru-Ccyclopentadienyl distances (Me minus F), p2,
the average C-C ring distance, p3, the difference
between the C-C ring distances (Me minus F), p4, and
the C-Cmethyl, C-H, and C-F bond lengths, p5, p6, and
p7. Three angle parameters were required: the C-C-H
angle, p8, the bend of the C-F bond out of the plane of
the cyclopentadienyl ring, p9, and the corresponding
bend of the C-Cmethyl bonds out of the cyclopentadienyl
ring plane, p10. These were defined as being positive for
displacement away from the ruthenium atom. Two
torsional parameters were required: clockwise twisting
of the two cyclopentadienyl rings from a position in
which they are eclipsed, p11, and a clockwise methyl
twist from a position in which one of the methyl
hydrogen atoms points directly upward (away from the
ruthenium atom), p12. Figure 6 shows the out-of-plane
angle parameters, p9 and p10, and the methyl twist, p12.

Starting values for the ra refinement were taken from
the theoretical geometry calculated by DFT (see Table
5). An rR refinement was not undertaken because the
low-lying, ring-twisting torsional vibration modes result
in large and unreliable perpendicular correction terms.
Amplitudes of vibration were obtained from an internal
coordinate analysis of the theoretical Cartesian force
constants using the program ASYM40, which has been
modified to work on molecules containing more than 40
atoms.38 All geometric parameters were subsequently
refined.

In total 12 geometric parameters and 21 vibrational
amplitudes were refined. Flexible restraints were em-
ployed, using the SARACEN method,39 for four of the
geometrical parameters and 10 of the vibrational am-

(36) Klopper, W.; Lüthi, H. P. Chem. Phys. Lett. 1996, 26, 35.
(37) Koch, H.; Jørgensen, P. J. Chem. Phys. 1996, 104, 9528.

(38) Hedberg, L.; Mills, I. M. ASYM40, Program for Force Constants
and Coordinate Analysis, Version 3.0. See also: Hedberg, L.; Mills, I.
M. J. Mol. Spectrosc. 1993, 160, 117.

(39) Blake, A. J.; Brain, P. T.; McNab, H.; Miller, J.; Morrison, C.
A.; Parsons, S.; Rankin, D. W. H.; Robertson, H. E.; Smart, B. A. J.
Phys. Chem. 1996, 100, 12280. Brain, P. T.; Morrison, C. A.; Parsons,
S.; Rankin, D. W. H. J. Chem. Soc., Dalton Trans. 1996, 4589.

Table 2. Calculated Geometric Parameters for
Ruthenocene (distances in pm, angles in deg)

from the B3PW91/LanL2DZ DFT Study
eclipsed (D5h) staggered (D5d)

Ru-ring center 183.7 183.2
Ru-C 220.4 220.0
C-C 143.1 143.1
C-H 108.2 108.2
C-C-H 126.0 126.0
H out-of-plane benda 0.2 0.2
energy difference +2.14 kJ mol-1

a Positive tilt angles indicate that the ring substituent is
pointing away from the Ru center.

Table 3. Calculated Geometric Parameters for
Ru(C5F5)(C5H5) (C5v Symmetry) (distances in pm,
angles in deg) from the B3PW91/LanL2DZ DFT

Study
fluorine ring

(X ) F)
hydrogen ring

(X ) H)

Ru-ring center 179.5 186.2
Ru-C 216.9 222.4
C-C 143.2 143.0
C-X 133.3 108.2
C-C-X 125.8 126.0
X out-of-plane benda 6.1 0.6
a Positive tilt angles indicate that the ring substituent is

pointing away from the Ru center.

Table 4. Calculated Geometric Parameters for
Ru(C5F5)2 (distances in pm, angles in deg) from the

B3PW91/LanL2DZ DFT Study
eclipsed (D5h) staggered (D5d)

Ru-ring center 183.0 183.2
Ru-C 219.8 220.0
C-C 143.1 143.1
C-F 132.7 132.7
C-C-F 125.8 125.8
F out-of-plane benda 5.6 5.6
energy difference +0.31 kJ mol-1

a Positive tilt angles indicate that the ring substituent is
pointing away from the Ru center.

Figure 6. Diagrammatic representation of the out-of-
plane bending parameters p9 and p10. Positive values
signify bending away from the ruthenium atom. The
methyl twist parameter, p12, is also included and in this
instance is shown with a value of 30°.
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plitudes. Six vibrational amplitude constraints were also
used. All of these can be found in Tables 5 and 6.

The success of the final refinement, for which RG )
0.097 (RD ) 0.066), can be assessed on the basis of the
radial distribution curve (Figure 7) and the molecular
scattering intensity curves (Figure 8).

Final refined parameters are listed in Table 5, the
least-squares correlation matrix is shown in Table 7,
and interatomic distances and the corresponding am-
plitudes of vibration are given in Table 6. In the
SARACEN analysis, because all parameters are refin-
ing, the error estimates are realistic. We therefore quote

Table 5. Refined and Calculated Geometric Parameters for Ru(C5F5)(C5Me5) (distances in pm, angles in
deg) from the GED Studya

no. parameter GED (ra) B3PW91/SDD restraint

p1 (Ru-Cmethyl ring + Ru-Cfluorine ring)/2 217.8(2) 217.0
p2 Ru-Cmethyl ring - Ru-Cfluorine ring 5.3(8) 5.0 5.0(10)
p3 (C-Cmethyl ring + C-Cfluorine ring)/2 142.9(3) 143.6
p4 C-Cmethyl ring - C-Cfluorine ring 1.2(6) 0.9 1.0(10)
p5 C-Cmethyl gp. 149.0(8) 149.8
p6 C-H 109.6(4) 109.6 109.6(5)
p7 C-F 132.9(3) 133.8
p8 C-C-H 111.3(4) 111.3 111.3(5)
p9 C-F/ring plane tiltb 4.2(6) 6.3
p10 C-CMe/ring plane tiltb 2.1(11) 3.4
p11 ring twist -1.7(63) 0.7
p12 methyl twist -32(13) 0.0

a Figures in parentheses are the estimated standard deviations of the last digits. See text for parameter definitions. b Positive tilt
angles indicate that the ring substituent is pointing away from the Ru center.

Table 6. Interatomic Distances (r/pm) and
Amplitudes of Vibration (u/pm) for the Restrained

GED Structure of Ru(C5F5)(C5Me5)a

no. atom pair ra/pm u/pmb restraintc

u1 H(17)-C(12) 109.6(4) 7.6(fixed)
u2 F(32)-C(3) 132.9(3) 4.2(3) 4.4(4)
u3 C(5)-C(3) 142.2(3) 4.1(6)
u4 C(4)-C(2) 143.6(5) 4.1(tied to u7)
u5 C(12)-C(2) 149.1(8) 4.6(4) 4.9(5)
u6 C(3)-Ru(1) 215.3(4) 6.4(5)
u7 C(2)-Ru(1) 220.6(4) 6.2(tied to u2)
u8 C(7)‚‚‚C(3) 230.2(5) 6.1(4) 5.5(6)
u9 C(6)‚‚‚C(2) 232.4(8) 6.0(4)
u10 F(32)‚‚‚C(5) 245.1(2) 7.0(6)
u11 F(32)‚‚‚C(11) 245.1(2) 7.0(tied to u10)
u12 C(12)‚‚‚C(4) 260.8(4) 7.4(5) 7.0(7)
u13 C(12)‚‚‚C(10) 260.8(4) 7.4(tied to u18)
u14 F(33)‚‚‚F(32) 298.1(3) 11.8(8) 11.8(12)
u15 F(32)‚‚‚Ru(1) 315.7(6) 10.1(8)
u16 C(13)‚‚‚C(12) 318.8(6) 12.0(fixed)
u17 C(12)‚‚‚Ru(1) 329.8(15) 10.0(7) 10.2(10)
u18 H(17)‚‚‚Ru(1) 344.4(77) 27.1(fixed)
u19 F(32)‚‚‚C(7) 358.7(3) 6.6(4)
u20 F(32)‚‚‚C(9) 358.7(3) 6.6(tied to u15)
u201 H(27)‚‚‚Ru(1) 361.3(120) 27.4(tied to u17)
u22 C(3)‚‚‚C(2) 363.4(9) 13.5(fixed)
u23 C(12)‚‚‚C(6) 377.0(5) 6.5(fixed)
u24 C(12)‚‚‚C(8) 377.0(5) 6.5(fixed)
u25 C(4)‚‚‚C(3) 378.9(23) 24.3(fixed)
u26 F(32)‚‚‚C(12) 383.6(36) 36.1(23) 31.8(32)
u27 F(32)‚‚‚C(2) 397.5(17) 21.8(15) 21.1(21)
u28 C(12)‚‚‚C(3) 398.8(26) 22.1(fixed)
u29 C(5)‚‚‚C(2) 399.7(26) 23.4(fixed)
u30 C(6)‚‚‚C(3) 422.3(20) 14.6(fixed)
u31 H(22)‚‚‚Ru(1) 423.0(15) 11.5(fixed)
u32 F(32)‚‚‚C(4) 426.7(45) 42.9(fixed)
u33 C(12)‚‚‚C(11) 429.6(55) 44.6(fixed)
u34 C(7)‚‚‚C(2) 434.0(9) 15.1(fixed)
u35 F(32)‚‚‚C(13) 447.9(97) 80.6(fixed)
u36 F(32)‚‚‚C(10) 464.7(45) 39.5(fixed)
u37 C(12)‚‚‚C(5) 469.5(47) 42.7(fixed)
u38 F(34)‚‚‚F(32) 482.3(4) 7.9(4) 7.3(7)
u39 F(32)‚‚‚C(6) 504.9(36) 24.1(fixed)
u40 C(14)‚‚‚C(12) 515.9(9) 8.1(fixed)
u41 F(32)‚‚‚C(16) 525.2(86) 78.2(fixed)
u42 F(32)‚‚‚C(8) 525.2(15) 23.1(fixed)
u43 C(12)‚‚‚C(7) 532.8(20) 25.3(fixed)
u44 F(32)‚‚‚C(14) 601.9(70) 38.1(fixed)
u45 F(32)‚‚‚C(15) 639.3(25) 39.5(fixed)

a Estimated standard deviations, obtained in the least-squares
refinement, are given in parentheses. b Amplitudes not refined
were fixed at the values obtained using the B3PW91/SDD force
field. c A restraint was also applied to the ratio u13/u14 [1.020(21)].
Uncertainties are 5% of the amplitude ratios or 10% of absolute
values of amplitudes.

Figure 7. Experimental and difference (experimental -
theoretical) radial-distribution curve, P(r)/r, for Ru(C5F5)(C5-
Me5). Before Fourier inversion the data were multiplied
by s exp(-0.00002s2)/[(ZRu - fRu)/(ZF - fF)].

Figure 8. Experimental and final weighted difference
(experimental - theoretical) molecular-scattering intensi-
ties for Ru(C5F5)(C5Me5) at camera distances 262 mm (a)
and 89 mm (b).
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the estimated standard deviations and do not need to
add any further allowance for fixed parameters. Figure
9 shows a perspective view of Ru(C5F5)(C5Me5) in the
optimum refinement of the GED data.

Discussion

For all compounds discussed here, measurements,
unless stated otherwise, are for the conformer calculated
as being the global minimum structure. Convergence
of the DFT calculations, particularly for the compound
Ru(C5F5)(C5Me5), proved tricky, and tightening of the
default Gaussian 98 convergence criteria was required
in all cases. For all four compounds the barriers to
rotation were calculated to be 2.2 kJ mol-1 or less (see
Figure 5), so rotation of the rings relative to one another
would be more or less free.

Looking first at features common to all of the com-
pounds studied, it can be seen that the ruthenium-to-
ring distance is significantly affected by the nature of
the ring substituents. In simple unsubstituted ru-
thenocene this distance is 183.7 pm. If one of the
cyclopentadienyl rings is replaced by a perfluorocyclo-
pentadienyl ring [Ru(C5F5)(C5H5)], then variations in
the ruthenium-to-ring distances are seen. The ruthenium-
to-perfluorocyclopentadienyl ring distance shortens by
4.2 pm to 179.5 pm, and the ruthenium-to-cyclopenta-
dienyl ring distance lengthens by 2.5 pm to 186.2 pm.
If both of the cyclopentadienyl rings are replaced with
perfluorocyclopentadienyl rings [Ru(C5F5)2], then the
ruthenium-to-ring distance is found to be shorter by 0.7
pm (183.0 pm) than in the ruthenocene case. Fluorine
substituents, while σ-electron withdrawing in nature,
donate to the ring’s π-system, resulting in shorter
ruthenium-to-ring distances. A gas-phase free energy
ionization study of Ru(C5Me5)(C5H5) and Ru(C5Me5)-
(C5F5) found the electron-withdrawing nature of the ring
to increase on perfluorination.14 As a result, less electron

density will be available for bonding between the
ruthenium and the cyclopentadienyl or pentamethylcy-
clopentadienyl ligand, and the calculated increase in
this ruthenium-to-ring distance is seen. Curiously, the
X-ray diffraction study12 found no significant change in
the ruthenium-to-cyclopentadienyl ring distance within
the family of compounds Ru(C5H5)(C5X5) for X ) Me and
F. A similar effect is observed in the compound Ru-
(C5F5)(C5Me5). The ruthenium-to-perfluorocyclopenta-
dienyl ring distance is, again, shorter (176.6 pm) than
in ruthenocene, and the ruthenium-to-permethylcyclo-
pentadienyl ring distance is also slightly shorter (182.2
pm). Direct comparisons between the distances calcu-
lated using DFT for this particular compound and the
others would be invalid, as the basis sets used are
different. Nonetheless the general differences from the
experiment can be considered as valid. The methyl
group and fluorine substituents therefore both act to
strengthen the bonding between the ruthenium atom
and the C5 ring. The GED analysis of Ru(C5F5)(C5Me5)
supports the trends predicted by DFT with ruthenium-
to-perfluorocyclopentadienyl ring distances and ruthe-
nium-to-permethylcyclopentadienyl ring distances of
177.9(2) and 183.6(2) pm, respectively. It should also
be noted that although the difference between the two
ruthenium-to-ring distances has been restrained in the
GED analysis, the associated esd is smaller than the
uncertainty placed on the value of the difference (see
Table 5). This would suggest that there is real informa-
tion about the different distances in the GED data.

The DFT calculated C-C ring distances are, in
comparison to the Ru-Cp distance, insensitive to the
type of substituent on the ring. For ruthenocene, the
C-C distance is 143.1 pm (cf. 144.1(9) pm in the X-ray
diffraction study12) and for Ru(C5F5)(C5H5) it is 143.2
and 143.0 pm for the perfluoro and Cp rings, respec-
tively (cf. 139.9(10) and 138.0(10) pm in the X-ray
diffraction study12). In Ru(C5F5)2 the C-C distance is
found to be 143.1 pm and for Ru(C5F5)(C5Me5) it is 143.1
and 144.0 pm for the perfluoro and permethyl rings,
respectively. The GED study provides values of 142.3-
(9) and 143.5(9) pm for the respective C-C distances.

DFT calculations show the substituents on the rings
to bend away from the ruthenium atom in all cases. For
ruthenocene the hydrogen atoms bend out of the ring
plane by 0.2°, and for Ru(C5F5)(C5H5) they bend by 0.6°.
Fluorine atoms in the compound Ru(C5F5)(C5H5) bend
by 6.1° and by 5.7° in Ru(C5F5)2. In the compound Ru-
(C5F5)(C5Me5) they bend by 6.3° and the methyl groups
bend by 3.4°.

C-F distances, calculated by DFT, in the compounds
Ru(C5F5)(C5H5), Ru(C5F5)2, and Ru(C5F5)(C5Me5) are
found to be 133.3, 132.7, and 133.8 pm, respectively. The
GED refinement value for Ru(C5F5)(C5Me5) is 132.9(3)
pm, almost 1 pm shorter than the theoretical value,
even though an experimental ra distance will be slightly
longer than the re distance.

The C-C(Me) bond length is calculated by DFT as
149.8 pm and refines to 149.0(8) pm in the GED
analysis.

The GED refinement was unable to determine ac-
curately the conformation of the two rings relative to
one another, suggesting that the rings are indeed

Table 7. Least-Squares Correlation Matrix (×100)
for Ru(C5F5)(C5Me5)a

p5 p9 p12 u1 u4 u7 u14

p3 -60
p4 -74 54
p5 -50
p8 -60 58
p9 -78
p11 -55
u13 84

a Only elements with absolute values g 50% are shown.

Figure 9. GED refined structure of Ru(C5F5)(C5Me5).
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rotating more or less freely in the experiment. However,
the two rings did tend to favor a more eclipsed geometry
throughout the refinement process, and the unre-
strained final refined torsion value of 1.7(63)° would
appear to support a more eclipsed conformation over a
staggered one (in which case the torsion would be in
the region of 32°) despite a relatively large esd of 6.3°.

It would appear that the theoretical B3PW91 calcula-
tions have provided fairly reliable geometries once
again. The tricky ruthenium-to-ring distances were
found to be within 1.5 pm of the values determined by
GED, a good result given the unreliability of Hartree-
Fock and Møller-Plesset theory in related compounds
(20 pm errors for this distance in ferrocene). The relative
tilting of the fluorine and methyl group substituents also
seems to have been reliably calculated by DFT with tilt
values of 6.3° and 3.4° for the fluorine and methyl
substituents respectively (cf. 4.2(6)° and 2.1(11)° in the
unrestrained GED refinement of these parameters).
Theoretical C-C ring distances have been shown to be

particularly good, with values lying within one esd of
the experimental GED values. Perhaps the only slightly
disappointing DFT value is that of the C-F distance.
GED predicts this to be around 1 pm shorter than
theory (although the DFT value lies within three esd’s
of the GED value). A larger basis set for the fluorine
atoms (perhaps with more diffuse and polarization
functions) would probably reduce this discrepancy greatly.
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