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Summary: [Cp2RuCl]PF6 reacts with benzylruthenocene
in acetonitrile with a 1:1 stoichiometry to produce
Cp2Ru and phenylruthenocenyl methylium cation. Simi-
lar hydride abstraction reactivity has also been observed
with diruthenocenylmethane, ethylruthenocene, and ben-
zylferrocene. The complexes [Cp2MX]+ (M ) Ru, Os; X
) Cl, Br, I) also react with leuco crystal violet and leuco
malachite green to give the corresponding carbenium
ions but do not exhibit any detectable reactivity with
triphenylmethane, cycloheptatriene, or xanthene. On the
basis of these observations, the pKR

+ values for the
[Cp2MX]+ species are estimated to be between +4.7 and
+6.9.

High oxidation state metal oxo complexes have been
employed as versatile and convenient electron acceptors
for many organic and inorganic oxidations.1 The wide
range of formal redox potentials and variety of mecha-
nistic pathways available to such complexes provide a
basis for their broad reactivity. Three distinct mecha-
nistic possibilities have been identified for the initial
step of oxidations by metal oxo complexes resulting in
net oxygen transfer:2,3 direct oxygen atom transfer,
hydride abstraction followed by hydroxide transfer,
and hydrogen atom abstraction followed by hydroxyl
transfer. High-valent metal halide species, while com-
monly employed as outer-sphere oxidants, have not been
as extensively investigated as metal oxo species. In
particular, the possibility of multiple reactivity path-
ways paralleling those of metal oxo complexes has not
been fully established. The halometallocenium species
[Cp2MX]+ (M ) Ru, Os; X ) Cl, Br, I) have been shown
to undergo self-exchange or net chemical reactions with
metallocenes4-7 as shown in eq 1:

Equation 1 corresponds to the net transfer of X+, a
species that is isoelectronic with oxygen atom.

We8 and others9 have noted the ability of haloru-
thenoceniums to abstract hydride from the electron-rich
methylene C-H bond in diruthenocenylmethane, eq 2,

or from ferrocenylruthenocenylmethane.10 These re-
sults suggest that multiple mechanistic pathways par-
alleling those observed for metal oxo complexes may be
available to high-valent metal halides as well.
We report herein the ability of the complexes

[Cp2MX]+ (M ) Ru, Os; X ) Cl, Br, I) to abstract hydride
from a variety electron-rich C-H bonds. We have
further characterized the hydride abstraction reactivity
in these systems by determining the approximate pKR

+

values for the halometalloceniums.

Experimental Section

Synthesis. All materials were obtained from commercial
sources and used as received unless otherwise indicated.
[Cp2MX]PF6 (M ) Ru, Os; X ) Cl, Br, I),4 [CpRu(C5H4)COOH],11
and [CpRu(C5H4CH2Ph)]12 were prepared according to litera-
ture methods.
[CpRu(C5H4)CO(C5H4)RuCp]. Diruthenocenyl ketone was

previously prepared by the reaction of lithioruthenocene with
N,N-dimethylcarbamoyl chloride.9 In an alternative synthetic
approach, the compound was prepared by Friedel-Crafts
acylation of ruthenocene by ruthenocenyl chloride. PCl5 (0.93
g) was added to 1.0638 g of CpRu(C5H4)COOH in 15 mL of
distilled toluene under an atmosphere of nitrogen. The
solution was shaken for 15 min, during which it turned from
yellow to red. The solvent was then removed under vacuum
and 1.0010 g of ruthenocene in 50 mL of dichloromethane was
added. The resulting solution was added dropwise over 30
min to 0.53 g of AlCl3 in 50 mL of dichloromethane under
nitrogen. After addition was complete, the mixture was heated
at reflux for 30 min then quenched with deoxygenated water.
The organic layer was separated and dried over anhydrous
sodium sulfate, and the solvent was removed on a rotary
evaporator. The light brown residue was applied to an
alumina column and was eluted under pressure with 30%
ethyl acetate/hexanes; 0.5214 g of yellow crystals was obtained
(55% based on CpRu(C5H4COOH)). Anal. Calcd for C21H18-
ORu2: C, 51.63; H, 3.71; Found: C, 51.22; H, 3.71. The 1H
NMR in CD3CN exhibits slightly different chemical shifts from
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[Cp2MX]+ + Cp2M′ f Cp2M + [Cp2M′X]+ (1)

[Cp2RuX]
+ + CpRu(C5H4)CH2(C5H4)RuCp f

Cp2Ru + [CpRu(C5H4)CH(C5H4)RuCp]
+ + H+ + X-

(2)
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those obtained previously9 in CDCl3: δ 4.52 (s, 10H); 4.66 (s,
4H); 5.19 (s, 4H). The CO stretching frequency in KBr was at
1625 cm-1.
The synthesis of diruthenocenylmethane from dirutheno-

cenylketone paralleled the previously published procedure.9
CpRu(C5H4)CO(C5H4)RuCp (0.4010 g) was added to 100 mL
of ether under a nitrogen atmosphere. The solution was cooled
in an ice bath and 0.11 g of AlCl3 was added, followed by 0.2
g of LiAlH4. The system was then stirred at room temperature
for 2.5 h and at reflux for an additional 3.75 h. The reaction
was quenched with ice/water and the organic layer dried over
MgSO4. Rotary evaporation of the solution gave 0.1083 g
(28%) of white diruthenocenylmethane. 1H NMR in CD3CN:
δ 3.08 (s, 2H); 4.39 (t, 4H); 4.45 (s, 10H); 4.50 (t, 4H). The 1H
and 13C NMR assignments in CDCl3 have been previously
reported and all other properties of our sample agree with the
published values.9

Reactions. All 1H NMR spectra were acquired using a
Varian Gemini 300 MHz spectrometer. Chemical shifts were
referenced to the solvent (CD3CN, δ ) 1.93 ppm). Hydride
abstraction reactions were performed by placing weighed
amounts of [Cp2MX]PF6 and the reductant into a standard
NMR tube. CD3CN (0.75 mL) was added, and the contents
were thoroughly mixed. The NMR spectrum of each mixture
was monitored periodically until no further change was
detected (2-20 min, depending on the reactants). Integrations
of the 1H NMR peaks were used to estimate the relative
concentrations of the species present at equilibrium.

Results

Hydride Abstraction from Alkyl Metallocenes.
In Figure 1 are shown 1H NMR spectra of the reaction
of [Cp2RuCl]PF6 with benzylruthenocene at 25 °C.
Figure 1 (top) gives the spectrum of benzylruthenocene12
in CD3CN. Of particular note is the methylene reso-
nance which occurs at 3.49 ppm (2H). Also clearly
apparent are the resonances for the unsubstituted Cp
ring (4.45 ppm, 5H) and for the benzyl-substituted Cp

ring (4.41 ppm, 2H; 4.50 ppm, 2H). The phenyl reso-
nances appear as a multiplet centered at 7.22 ppm (5H).
On addition of a 2-fold excess of [Cp2RuCl]PF6, the
spectrum shown in Figure 1 (bottom) appears within
minutes and after 20 min remains unchanged for at
least 12 h. The spectrum is dominated by the reso-
nances for [Cp2RuCl]+ (5.95 ppm) and Cp2Ru (4.52
ppm). All resonances due to benzylruthenocene are
absent but have been replaced by a new set. These
resonances are identical to those obtained by treating
benzylruthenocene with trityl cation and have been
assigned to the phenylruthenocenyl methylium cation,
[CpRu(C5H4CHPh)]+. The peak at 7.28 ppm corre-
sponds to the carbenium proton, and the chemical shift
is consistent with those of similar previously reported
carbeniums.9,13 The resonance for the unsubstituted Cp
ring occurs at 5.19 ppm and those of the substituted
ring at 5.12, 5.85, 6.14, and 6.25 ppm. The phenyl
resonances comprise the multiplet with two main
features centered at 7.45 and 7.63 ppm.
The net reaction which the NMR results suggest is

This reaction corresponds to the net abstraction of H-

from the methylene group of benzylruthenocene ulti-
mately yielding the net two-electron reduction of [Cp2-
RuCl]+ to give the indicated products. The NMR
spectral results in Figure 1 give direct evidence for each
of the ruthenium-containing products and the stoichi-
ometry, as determined from NMR integrations, is 1:1
[CpRu(C5H4CHPh)]+: [Cp2RuCl]+, consistent with eq 3.
The hydride abstraction reaction seems to be fairly

general for electron-rich C-H bonds and has also been
observed for other alkylmetallocenes, including ru-
thenocenylferrocenylmethane,10 ethylruthenocene, and
benzylferrocene,14 as well as for some wholly organic
hydride donors as described below. Metallocene stabi-
lized carbenium ions are known,15 and metallocenyl
substituents are generally recognized as good electron-
donating groups.16 For example, the Hammett σp value
for ferrocenyl is estimated to be -0.18.17 It seems
reasonable that reaction 3 and related reactions are
driven by the thermodynamic stability of the product
carbenium.
Hydride Abstraction from Triphenylmethanes.

In order to more fully characterize the hydride-abstract-
ing reactivity of the metalloceniums, we have examined
their reactions with a variety of organic hydride donors,
particularly with derivatives of triphenylmethane. It
is known18 that the relative stabilities of the product
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374. (c) Yanovsky, A. I.; Struchkov, Y. T.; Kreindlin, A. Z.; Rybinskaya,
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Figure 1. 1H NMR spectra of (top) benzylruthenocene and
(bottom) a mixture of benzylruthenocene with 2.0 equiv of
[Cp2RuCl]+ after 20 min at 25 °C.

CpRu(C5H4CH2Ph) + [Cp2RuCl]
+ f

[CpRu(C5H4CHPh)]
+ + Cp2Ru + H+ + X- (3)
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carbeniums are related to the quantity pKR
+, defined

by eq 4. The pKR
+ of a species has been shown to be

proportional to the heterolytic gas phase dissociation
energy of RH to R+ and H- and is thus a measure of
hydride-donating ability.19

In Figure 2 is shown the reaction of excess leuco
crystal violet, HC(C6H4N(CH3)2)3, with [Cp2RuCl]+ at 25
°C. Figure 2 (top) gives the spectrum of leuco crystal
violet in CD3CN.20 Addition of a substoichiometric
amount21 of [Cp2RuCl]PF6 leads to an immediate change
from colorless to deep violet, characteristic of the crystal
violet carbenium ion, [C(C6H4N(CH3)2)3]+. The 1H NMR
spectrum of the mixture is shown in Figure 2 (bottom),
in which no [Cp2RuCl]+ resonance is evident, only that
from Cp2Ru. In addition, new resonances that cor-
respond to those of an authentic sample of crystal violet
carbenium are evident.22 The results in Figure 2 clearly
indicate that [Cp2RuCl]+ is thermodynamically capable
of reaction with leuco crystal violet to give net hydride
abstraction.23

In Table 1 are listed several commercially available
organic hydride donors and their measured pKR

+ values.
All of the halometalloceniums examined ([Cp2MX]+; M
) Ru, Os; X ) Cl, Br, I) yield carbenium ions with leuco
crystal violet and leuco malachite green. With cyclo-
heptatriene, xanthene, and triphenylmethane, however,
none of the corresponding carbenium ions were detected
by 1H NMR after 12 h, nor was any ruthenocene or
osmocene detected. On the basis of these results, we
have placed the halometalloceniums on the scale as
shown, with pKR

+ values between +4.7 and +6.9.
Although all the halometalloceniums seem to be

thermodynamically similar in their hydride-abstracting
ability, we have noted qualitatively that reactions of
chlorometalloceniums seem to reach completion faster
than those of the corresponding iodometalloceniums,
with bromometallocenium intermediate. Furthermore,
the ruthenoceniums react faster than the corresponding
osmoceniums. All reactions are, however, complete
within 20 min. The ruthenoceniums are better two-
electron oxidants than the corresponding osmoceniums.4
The results described above provide evidence for a

general oxidative reactivity pathway for [Cp2MX]+
complexes, in addition to the previously reported coupled
two-electron/atom transfer pathway.4-7 The thermo-
dynamic results indicate that [Cp2MX]+ is relatively
weak hydride abstractor. It is not yet clear whether
hydride abstraction occurs via direct attack by the
halide or by the formation of a metal hydride, followed
by reductive elimination of HX. Studies are currently
underway to address these details more fully.
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Figure 2. 1H NMR spectra of (top) leuco crystal violet and
(bottom) a mixture of leuco crystal violet with 0.04 equiv
of [Cp2RuCl]+ after 15 min at 25 °C.

ROH + H+ h R+ + H2O pKR
+ ) -log Keq (4)

Table 1. pKR
+ Values for Hydride Abstractors, R+,
and Halometalloceniumsa

R+ pKR
+

crystal violet +9.36
malachite green +6.92
[Cp2MX]+ (M ) Ru, Os; X ) Cl, Br, I) ∼6
tropylium cation +4.7
xanthenyl cation -0.85
trityl cation -6.6

a pKR
+ values for the organic species are from refs 24 and 25.
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