
Additivity of Fluorine Substituent Effects in
Ruthenocene Ionization Energetics

David E. Richardson,* Lisa Lang, John R. Eyler, and Sandra R. Kircus

Department of Chemistry, University of Florida, Gainesville, Florida 32611-7200

Xiaoming Zheng, Christopher A. Morse, and Russell P. Hughes*

Department of Chemistry, Dartmouth College, Hanover, New Hampshire 03755

Received September 3, 1996X

Summary: Free energies of ionization (∆Gi°) in the gas
phase have been determined for the seven fluorine-
substituted ruthenocenes with formulas (η5-C5Me5)(η5-
C5H5-nFn)Ru (n ) 1-5) and (η5-C5H5)(η5-C5F5)Ru. In
(η5-C5Me5)(η5-C5H5-n Fn)Ru (n ) 1-5), each additional
fluorine was found to increase the ionization free energy
by 3.7 ( 0.5 kcal mol-1, and the ∆Gi° difference between
the two possible isomers for n ) 2 and n ) 3 was found
to be e 1 kcal mol-1. Therefore, the intrinsic effect of
each fluorine substituent on ionization energy is ap-
proximately additive.

The syntheses of the fluorine-substituted ruthenocenes
(η5-C5Me5)(η5-C5F5)Ru (1)1 and (η5-C5H5)(η5-C5F5)Ru (2)2
were recently published by Hughes and co-workers.
Relatively little is known about the nature of fluorine
substituent effects in metallocene chemistry since 1 and
2 were the first two η5-C5F5 complexes to be reported.
The electrochemistry and gas-phase ionization free
energy (∆Gi°) of 1 were investigated,3 and it was
concluded that fluorine is not an unusual substituent
compared to the other halogens. A γ parameter value4,5
of 1.5 was obtained for the η5-C5F5 ligand, indicating
that five fluorine substituents raised the ionization free
energy compared to η5-C5H5 (Cp).
The effect of individual fluorine Cp substituents on

oxidation energetics is not known, and it is not known
if the effects for multiple fluorine substitution are
additive. Because the net effect of a fluorine substi-
tutent is an unusual combination of strong σ withdraw-
ing effect and significant π donation to the ring,6 we felt
that substituent additivity could not necessarily be
assumed. Furthermore, it is not known if ligand
additivity can be assumed for η5-C5F5 and any Cp
derivative L in (η5-C5F5)(L)M0/+ metallocene ionization
energetics, as has proven to be the case for a few other
ruthenocenes LL′Ru0/+ (errors in predicted values e 3
kcal mol-1).4

In the present work, the free energies of ionization
(∆Gi°) in the gas phase have been determined for the
seven fluorine-substituted ruthenocenes with formulas
(η5-C5Me5)(η5-C5H5-nFn)Ru (n ) 1-5) and (η5-C5H5)(η5-
C5F5)Ru. The results address the questions of ligand
and substituent additivity for these novel metallocenes.

Experimental Section

The preparation of the compounds of general formula (η5-
C5Me5)(η5-C5H5-nFn)Ru (n ) 1-4) will be reported elsewhere.7
The synthetic method used closely follows that used to prepare
(η5-C5Me5)(η5-C5F5)Ru (1) and (η5-C5H5)(η5-C5F5)Ru (2).8
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Figure 1. Free energy ladder. Reference compounds are
on the left. ∆Get° and ∆Gi° values at 350 K are shown in
kcal mol-1.
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Fourier transform mass spectrometry9 was used to inves-
tigate the thermal electron-transfer equilibrium, ETE,10 reac-
tions of compounds 1-8 (compound abbreviations in Figure
1) with several organic reference compounds. The general
reaction of eq 1 was studied, and equilibrium constants and

reaction free energies, ∆Get°, were determined at 350 K as
previously described for various reference compounds R.
Previously reported ∆Hi° values and estimates of ∆Si° for the
reference compounds have been used to derive ∆Gi,350°(R)
values at 350 K. Pressures for neutrals were obtained directly
from the N2-calibrated ion-gauge reading and are likely to be
low for both the metallocenes and the reference compounds.
However, the assumption was made that the reference com-
pounds and the metallocenes have similar ion gauge sensitivi-
ties and system factors so the equilibrium constants, which
depend on the pressure ratios, could be obtained with accept-
able accuracy. Previous pressure calibration studies in our
laboratory have shown that the assumption is approximately
true for the reference compounds and nonfluorinated metal-
locenes if the pumping speed in the main chamber is reduced
substantially, as we did in this work. Thus, the relative
ionization free energies are estimated to be accurate within
(0.5 kcal mol-1. Due to the pressure errors, we estimate that
the absolute errors are (1.5 kcal mol-1. Note that an
unusually large pressure ratio error of 5/1 would lead to an
error of (1.1 kcal mol-1 in ∆Get° at 350 K.

Results and Discussion

The measured ∆Get° values for the ETE reactions of
1-8 with various reference compounds are shown in
Figure 1 as a free energy ladder. The derived values of
∆Gi,350° are shown next to the compounds in the ladder.
The value obtained in this work for 1 agrees within (0.1
kcal mol-1 with that reported earlier.3
A plot of ∆Gi,350° vs the number of fluorines, n, in (η5-

C5Me5)(η5-C5H5-nFn)Ru (n ) 0-5) is shown in Figure
2. The points form a good straight line with slope )
3.7 ( 0.5 kcal mol-1 n-1 (95% confidence interval) and
r2 ) 0.96. We conclude that fluorine substituent effects
are essentially additive, with each additional fluorine
raising the ionization energy by ∼3.7 kcal mol-1.
Equation 2 can be used to derive the γ parameters

for Cp derivatives in ruthenocenes by setting γ(C5Me5)

) -1.0 and using the derived values for ∆Gi° (1, 3-8)
in Figure 1. The senstivity factor of 13.0 kcal mol-1 is
the previously determined4 value for M ) Ru, while
164.6 kcal mol-1 is the ∆Gi° value for L ) L′ ) Cp (for
which γ is defined as zero). Derived γ values for the
fluorinated Cp derivatives are given in Table 1 along
with Cp for comparison. Although the overall trend is
clearly additive with respect to F substituent effects,
we do note some small but reproducible deviations from
additivity. For n ) 2 and 3, two structural isomers are
available and appear to have significantly different ∆Gi°
values. No particular trend is noted with respect to the
isomer structures. In addition, the jump from n ) 4 to
5 (5.7 kcal mol-1) is larger than the rest but is just inside
the 95% confidence interval (see Figure 2). This larger
jump may represent a “perfluoro” effect,11 but the effect
is small and may be accounted for by experimental
error.
From the data for 2, eq 2 with γ(Cp) ) 0 yields γ(η5-

C5F5) ) 1.9 for η5-C5F5 with Cp rather than C5Me5 as
the other ligand (which leads to γ(η5-C5F5) ) 1.5). It is
tempting to suggest that ligand effects are not additive
and that the electron-rich C5Me5 ligand may reduce the
ionization energy-raising effect of η5-C5F5 more ef-
fectively than Cp itself. However, the number of
systematically studied compounds with respect to ligand
additivity is small, and the poorest additivity observed4
previously (L ) indenyl) also has a large range on its
value of γ (-0.4 ( 0.2). Therefore, we simply suggest a
range of γ(C5F5) ) 1.7 ( 0.2 based on the two η5-C5F5
metallocenes studied to date and do not conclude that
η5-C5F5 is unusual with respect to additivity.
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Figure 2. Plot of ∆Gi,350° vs number of fluorines. The solid
line is the linear regression, and dotted lines are 95%
confidence intervals.

Table 1. Free Energies of Ionization and Derived
γ(L) Values

ligand
∆Gi°(L(C5Me5)Ru)/

kcal mol-1 γ(L)

η5-C5H5 152.3 0 (defined)
η5-C5H4F 154.6 0.23
η5-1,3-C5H3F2 157.6 0.46
η5-1,2-C5H3F2 158.6 0.54
η5-1,2,3-C5H2F3 161.5 0.76
η5-1,2,4-C5H2F3 162.5 0.84
η5-C5HF4 165.2 1.0
η5-C5F5 170.8 1.5 (1.7 ( 0.2)a

a See text.

LL′Ru + R+ ) R + LL′Ru+ (1)

∆Gi°(LL′Ru) ) [13.0(γ(L) + γ(L′)) +

164.6] kcal mol-1 (2)
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