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ABSTRACT: The room-temperature reactions of the diruthenium μ-allenyl
complex [Ru2Cp2(CO)2(NCMe){μ-η1:η2-CHCCMe2}]BF4, 3-NCMe,
with a series of alkenes, RCHCH2, afforded the complexes
[Ru2Cp2(CO)2{μ-η

3:η2-CH(R)CHC(Me)C(Me)CH2}]BF4 (RPh, 4; 4-
C6H4Me, 5; Me, 6; nBu, 7; CO2Me, 8; and H, 9), containing an uncommon
pentacarbon alkenyl-allyl ligand. Cross experiments with deuterated reagents,
i.e., [Ru2Cp2(CO)2(NCMe){μ-η1:η2-CDCCMe2}]BF4 (3b-NCMe) and
CD2CD(C6H5) (styrene-d3), revealed that the formation of 4−9 is initiated
by an attack of the alkene to the central carbon of the allenyl moiety, triggering
two distinct C−H activation processes. Compounds 4−9 were characterized by
analytical and spectroscopic methods and by single-crystal X-ray diffraction in
the cases of 4, 7, and 8. Reported here is the clean coupling on a metallic
scaffold between two C2 and C3 functions invoked in Fischer−Tropsch mechanistic models.

■ INTRODUCTION
The Fischer−Tropsch synthesis has been established to be a
strategic industrial reaction converting carbon monoxide and
dihydrogen into useful hydrocarbons with variable chain
lengths, in search for alternatives to petroleum.1 This process
is viable on cobalt, iron, and ruthenium surfaces, and among
different mechanistic proposals, a plausible pathway has
emerged consisting in the preliminary CO deoxygenation to
surface carbide, which is then hydrogenated to give {CH},
{CH2}, and {CH3} units.2 One or more of these C1 species
combine together to form an initiating group that, in turn,
undergoes sequential coupling with {CH2} to grow homolo-
gous linear chains. In principle, the full elucidation of the
mechanistic details is crucial to providing catalyst improvement
aimed to optimize the selectivity of the reaction;3 therefore
studies in this regard have aroused a huge interest.4 Maitlis and
co-workers gained useful information by investigating the
heterogeneous reaction of CO with H2 over rhodium/ceria/
silica catalysts in the presence of a range of alkenyl probe
molecules, and they detected the C2 probes as incorporated
into the hydrocarbon products (no C2 to C1 cleavage
occurred).5 As simplified models of the catalyst surface,
dinuclear metal complexes with bridging unsaturated hydro-
carbyl ligands have been intensively investigated for their
reactivity since the last century, with a particular focus on
individual C−C coupling events.6 More specifically, Casey et
al. described the feasible interconversion of {CH}, {CH2}, and
{CH3} bridging ligands on the [Fe2Cp2(CO)3] core,

7 and also
the assembly of small unsaturated C2 and C1 fragments.8 Later
on, the work by Knox et al. on analogous diruthenium
complexes highlighted the straightforward formation of C2 to

C4 bridging ligands from selective C−C coupling reactions
involving alkylidene9 and alkenyl precursors.10 Very recently,
Matsuzaka and co-workers used a convenient diruthenium bis-
pentamethylcyclopentadienide platform to elegantly show that
the construction of a C6 chain proceeds via stepwise addition
of {CH2} blocks to the growing alkenyl function.11 An allenyl
fragment was found to form along this sequence, and the
successive chain elongation required H2 hydrogenation of such
C3 group to go further. The hypothesis that intermediate {C
CC} species may be implicated in the Fischer−Tropsch
mechanism seems reasonable also based on their formation
within relevant diiron,12 dimolybdenum,13 diruthenium,14 and
diiridium model systems.15

Despite the possible key roles played by alkenyl and allenyl
functions during the Fischer-−Tropsch synthesis and the
numerous related studies on model bimetallic complexes, to
the best of our knowledge, their direct coupling has never been
reported. We moved to explore a chance for this reaction, and
thus we selected a diruthenium carbonyl cyclopentadienyl
complex bearing a 3,3-dimethyl-allenyl ligand coordinated in
the {μ-η1:η2} fashion.16 Our choice was suggested by the
former evidence that such kind of bridging coordination, in
dimetal complexes, favors the activation of the allenyl toward a
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range of addition reactions.17−19 Here, we describe the
straightforward alkenylation of the allenyl ligand by a range
of vinyl molecules and ethylene.

■ RESULTS AND DISCUSSION
The diruthenium complex [Ru2Cp2(CO)3{μ-η

1:η2-CHC
CMe2}]BF4, 3 , was synthesized from commercial
[Ru2Cp2(CO)4] using an optimized literature procedure (see
the Supporting Information for details).18−20 Then, carbonyl
displacement was achieved in the presence of acetonitrile using
the TMNO strategy;21 the freshly prepared nitrile adduct
[Ru2Cp2(CO)2(NCMe){μ-η1:η2-CHCCMe2}]BF4, 3-
NCMe, was allowed to react with monosubstituted alkenes
in dichloromethane at room temperature leading to com-
pounds 4−8, which were isolated as microcrystalline solids in
73−89% yields and fully characterized (Scheme 1). The
reaction with ethylene affording 9 was accompanied by the
formation of a side product; therefore, 9 was characterized in
solution only.
The structures of 4, 7, and 8 were elucidated by single-

=crystal X-ray diffraction. Views of the structures are shown in
Figures 1−3 with relevant bond lengths and angles in Table 1.

The cationic complexes 4, 7, and 8 display very similar
structures composed of a trans-{Ru2Cp2(CO)2} core bonded
to a {μ-η2-η3-H2CC(Me)−C(Me)···C(H)···C(H)(R)}
bridging ligand. The Ru−Ru distances [2.9514(10),
2.9718(3), and 2.9767(7) Å for 4, 7, and 8, respectively] are
sensibly elongated compared to other diruthenium complexes
containing the {Ru2Cp2(CO)2} core22 but in keeping with

Ru−Ru bonding contacts not supported by μ-CO ligands as
found in dinuclear complexes and polymetallic clusters.23 The
reported covalent radius of Ru is 1.46 Å,24 which corresponds
to a Ru−Ru bonding distance of 2.92 Å. Here, the observed
elongation might be attributed to the steric requirement of the
open-chain pentacarbon ligand.
The {H2CC(Me)−C(Me)···C(H)···C(H)(R)} ligand is

η2 bonded to Ru(1) via C(1) and C(2), and η3 coordinated to
Ru(2) through C(3), C(4), and C(5). The Ru(1)···C(3)
contact [2.758(6), 2.746(5), and 2.710(3) Å for 4, 7, and 8,
respectively] is essentially non-bonding. The C(1)-C(2)
[1.417(9), 1.408(8), and 1.417(4) Å for 4, 7, and 8,
respectively], C(3)-C(4) [1.428(9), 1.417(8), and 1.422(4)
Å], and C(4)-C(5) bonds [1.391(9), 1.386(8), and 1.412(4)
Å] display a marked π-character, in agreement with an alkene

Scheme 1. Allenyl-Alkene Coupling Reaction in a Diruthenium Complex via Preliminary CO-Acetonitrile Replacement

Figure 1. View of the molecular structure of the cation of 4.
Displacement ellipsoids are at the 30% probability level.

Figure 2. View of the molecular structure of the cation of 7.
Displacement ellipsoids are at the 30% probability level.

Figure 3. View of the molecular structure of the cation of 8.
Displacement ellipsoids are at the 30% probability level.
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and allyl nature for C(1)-C(2) and C(3)-C(4)-C(5),
respectively. In contrast, the C(2)-C(3) length [1.454(10),
1.427(8), and 1.460(4) Å for 4, 7, and 8, respectively] is
significantly longer and only slightly shorter than C(5)-C(8)
[1.487(9), 1.472(8), and 1.486(4) Å]. It is noteworthy that the
shortest C(2)-C(3) bond is observed in 7 [1.427(8) Å],
displaying an sp3 hybridization of the C(8) substituent bonded
to C(5), whereas C(8) is sp2 hybridized in 4 and 8.
The IR and NMR spectra of 4−9 are in accordance with the

main X-ray features shown by 4, 7, and 8. Thus, the IR spectra
of 4−7 (in CH2Cl2 solution) display two bands related to the
terminal carbonyl ligands at ca. 1990 (symmetric stretching)
and 1960 cm−1 (asymmetric stretching). Due to the decreasing
electron donor property of R (decreasing Ru to CO back-
donation), the carbonyl absorptions occur at 1998 and 1965
cm−1 in 9 (RH) and at 2024 and 1974 cm−1 in 8 (R
CO2Me). The 1H and 13C NMR spectra (CD2Cl2 solution) of
4−9 consist of a single set of resonances. In the 1H NMR
spectra, the Cp ligands are seen at ca. 5.6 and 5.4 ppm, in
accordance with the trans geometry,9b which has also been
recognized in the solid-state structures; since 3 prevalently
exists as a cis isomer, the formation of 4−9 takes place with cis
to trans rearrangement. The allylic C5−H and C4−H
hydrogens resonate within the ranges 5.70−4.44 and 4.24−
3.34 ppm,25 respectively, and the C1H2 group gives rise to two
distinct signals at significantly different chemical shifts (e.g., at
4.08 and 2.64 ppm in the case of 4). Salient 13C NMR features
are provided by the two terminal carbonyl ligands (197−204
ppm) and the five carbons directly involved in metal
coordination [e.g., in the case of 4: δ/ppm = 39.2 (C1), 70.9
(C2), 73.7 (C3), 76.0 (C4), and 67.8 (C5)]. This set of data
supports the best description of the pentacarbon ligand as
alkenyl-allyl.25b,26,27

With the aim of elucidating the allenyl-alkene coupling, we
repeated the reaction leading to 4 by using deuterated
reagents. First, we prepared the deuterated analogue of 3
(complex 3b, see the Experimental Sectio for details). The
subsequent reaction of the nitrile adduct 3b-NCMe with
styrene revealed that alkenyl addition occurs at the central

Table 1. Selected Bond Lengths (Å) and Angles (°) for 4, 7,
and 8

complexes 4 7 8

Ru(1)-Ru(2) 2.9767(7) 2.9514(10) 2.9718(3)
Ru(1)-Cpav 2.232(16) 2.221(13) 2.232(7)
Ru(2)-Cpav 2.248(15) 2.238(11) 2.246(7)
Ru(1)-C(1) 2.200(7) 2.185(5) 2.204(2)
Ru(1)-C(2) 2.191(6) 2.170(5) 2.188(2)
Ru(1)···C(3) 2.758(6) 2.746(5) 2.710(3)
Ru(2)-C(3) 2.375(6) 2.377(5) 2.431(3)
Ru(2)-C(4) 2.194(6) 2.187(5) 2.189(2)
Ru(2)-C(5) 2.246(6) 2.212(5) 2.182(3)
Ru(1)-C(21) 1.860(7) 1.860(6) 1.863(3)
Ru(2)-C(22) 1.844(6) 1.852(6) 1.874(3)
C(1)-C(2) 1.417(9) 1.408(8) 1.417(4)
C(2)-C(3) 1.454(10) 1.427(8) 1.460(4)
C(3)-C(4) 1.428(9) 1.417(8) 1.422(4)
C(4)-C(5) 1.391(9) 1.386(8) 1.412(4)
C(2)-C(6) 1.523(10) 1.525(8) 1.517(4)
C(3)-C(7) 1.522(10) 1.526(8) 1.521(4)
C(5)-C(8) 1.487(9) 1.472(8) 1.486(4)
C(21)-O(21) 1.141(8) 1.135(7) 1.147(3)
C(22)-O(22) 1.149(8) 1.141(7) 1.139(3)
C(1)-C(2)-C(3) 120.2(7) 121.2(5) 120.1(2)
C(2)-C(3)-C(4) 118.2(6) 119.2(5) 117.1(2)
C(3)-C(4)-C(5) 123.9(6) 126.6(5) 123.6(2)
C(4)-C(5)-C(8) 124.4(6) 122.5(5) 117.8(2)
C(1)-C(2)-C(6) 118.3(7) 118.5(5) 118.4(2)
C(3)-C(2)-C(6) 120.2(6) 118.8(5) 120.2(2)
C(2)-C(3)-C(7) 118.6(6) 118.5(5) 118.6(2)
C(4)-C(3)-C(7) 118.9(6) 118.6(5) 120.6(2)
sum at C(2) 358.7(12) 358.5(9) 358.7(3)
sum at C(3) 355.7(10) 356.3(9) 356.3(3)
Ru(1)-C(21)-O(21) 172.3(6) 173.8(5) 174.0(2)
Ru(2)-C(22)-O(22) 173.3(6) 176.0(5) 171.6(2)
mean deviation from the C(1),
C(2), C(3), C(4), C(5), C(6),
C(7), and C(8) least-squares
planes

0.1650 0.1781 0.1935

Scheme 2. Cross Reactions with Deuterated Reagents: (A) Reaction of the Allenyl-d1 Complex (3b-NCMe) with Styrene, (B)
Reaction of the Allenyl Complex (3-NCMe) with Styrene-d3; Inset: Carbon Atom Numbering for the Final η5-ligand (see also
Scheme 1)
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carbon (Cβ) of the allenyl moiety (Scheme 2A). The resulting
complex 4b was characterized by 1H and 2H NMR spectros-
copies, which agreed in showing the Cα allenyl carbon
converted into a methyl group, i.e., C3-Me in the final ligand.
As C3-Me resonates at 0.72 ppm in the 1H NMR spectrum of
4, one multiplet was observed at 0.72 ppm in the 1H and 2H
NMR spectra of 4b. On the other side, the treatment of 3-
NCMe with styrene-d3 allowed one to locate the hydrogen
atom arising from alkene activation (Scheme 2B). As a matter
of fact, the 2H NMR spectrum of 4c exhibited two signals at
5.75 and 4.27 ppm, accounting for two deuterium nuclei in the
allyl moiety and one signal at 0.72 ppm, resembling that
recognized in the 2H spectrum of 4b. The merged information
provided by the deuterium-labeled experiments indicate that
one Cγ-methyl belonging to the starting allenyl ligand
undergoes loss of one hydrogen, migrating to Cα.
Combined, the NMR study hints at the following sequence

of reaction stages (Scheme 3). First, η2-alkene coordination to
the ruthenium is enabled by substitution of the labile
acetonitrile ligand of 3-NCMe. This is a needed preliminary
step for the subsequent alkene interaction with the bridging
allenyl, in alignment with that previously proposed for a
number of coupling reactions between various hydrocarbyl
ligands, bridging coordination in dimetal complexes, and
alkenes28 or alkynes.9b,29 Indeed, complex 3 was unreactive
toward styrene even under high-temperature conditions.
Accordingly, it was demonstrated that hydride addition to a
complex closely related to 3-NCMe proceeds with the initial
formation of a metal-hydride species followed by hydride
migration to the allenyl Cα-carbon.

19 In the present case, the
alkene should migrate from the terminal coordination site to
attack the Cβ

30 with its non-substituted carbon; although
mechanistic details cannot be provided at the present level, this
migration appears to be accompanied by Csp2−H activation
and consequent transfer of the hydrogen to the adjacent Cα.
Note that in 4−9, ruthenium centers maintain the +II
oxidation state as in 1; therefore, oxidative steps appear
unlikely. Attempts to extend the reaction scope to
disubstituted alkenes, both internal [e.g., cis- and trans-
(CO2Me)CHCH(CO2Me), cyclohexene] and terminal

ones [e.g., CH2C(Me)CO2Me, CH2C(Me)Ph], did not
result in any reaction, thus confirming the importance of steric
factors in driving the C−C coupling. Finally, an intramolecular
hydrogen migration from one Cγ-methyl to Cα finalizes the
formation of the {μ-η3:η2} ligand. During this overall pathway,
the mutual geometry of the Cp rings (cis or trans) and the
coordination of the CO ligands (terminal or bridging) are
expected to interconvert according to the Adams−Cotton
mechanism, which is pivoted on rotation around the metal−
metal axis and is responsible for cis-trans isomerizations in
related diruthenium and diiron complexes.31

■ CONCLUSIONS

Diruthenium complexes with bridging unsaturated hydrocarbyl
ligands constitute ideal platforms to model possible key steps
involved in the Fischer−Tropsch heterogeneous reaction,
which still arouses a huge interest for its strategic implications.
A great amount of work has been done in this field, evidencing
that the C−C bond coupling of small molecular blocks is
feasible under mild conditions. It is generally accepted that
alkenyl groups play a fundamental role in the growing chain
process; instead, the intermediate formation of allenyl moieties
has been supported even by very recent findings, but their
direct engagement in the FT remains obscure. Here, we
demonstrate that an allenyl ligand, bridging coordinated in a
diruthenium carbonyl cyclopentadienyl complex, undergoes
facile C−C coupling with a variety of mono-substituted alkenes
and ethylene once a metal coordination vacancy is generated.
This rare reaction proceeds with alkene attack to the central
carbon of the allenyl chain followed by multiple hydrogen
migration providing access to an uncommon example of a
pentacarbon allyl-alkenyl ligand. Our result contributes to the
understanding of the multifaceted Fischer−Tropsch process,
disclosing the possibility of a single reaction event (i.e., allenyl-
alkene coupling) that has received scarce attention heretofore.
This may represent a possible pathway for the formation of
minor branched hydrocarbons in the FT products, at variance
with the predominant formation of linear hydrocarbon chains.

Scheme 3. Proposed Steps for Allenyl-Alkene Coupling, Cationic Charge and Counteranion have been Omitted for Clarity
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■ EXPERIMENTAL SECTION
Materials and Methods. Reactants and solvents were purchased

from Alfa Aesar, Merck, Strem, or TCI Chemicals and were of the
highest purity available. Complexes 120 and 318,19 were prepared by a
slight modification of the literature procedure (see the Supporting
Information). Reactions were conducted under a N2 atmosphere
using standard Schlenk techniques. Products were stored in air once
isolated. Dichloromethane and diethyl ether were dried using the
solvent purification system mBraun MB SPS5, while acetonitrile was
distilled from CaH2. The IR spectra of solutions were recorded using
a CaF2 liquid transmission cell (2300−1500 cm−1) on a Perkin Elmer
Spectrum 100 FT-IR spectrometer. The IR spectra were processed
with Spectragryph software.32,33 The 1H, 13C, and 2H NMR spectra
were recorded at 298 K on a Jeol JNM-ECZ500R instrument
equipped with a Royal HFX Broadband probe. Chemical shifts
(expressed in parts per million) are referenced to the residual solvent
peaks.34 The NMR spectra were assigned with the assistance of
1H-13C (gs-HSQC and gs-HMBC) correlation experiments.35

Elemental analyses were performed on a Vario MICRO cube
instrument (Elementar).
Synthesis of Complexes 4−9. General Procedure. Complex 3

(ca. 0.180 mmol) was dissolved in CH2Cl2 (25 mL) and treated with
1.0 equiv Me3NO in MeCN solution (0.10 M). The mixture was
stirred for 15 min; then, the formation of the acetonitrile adduct 3-
NCMe was checked by IR spectroscopy [IR (CH2Cl2): υ̃/cm

−1 =
2003s (CO), 1853br-m (μ-CO)].19 Volatiles were removed under
vacuum to give a brown residue, which was dissolved in CH2Cl2 (25
mL), and the selected alkene (5−10 equiv) was added to this
solution. The resulting mixture was stirred overnight at room
temperature; then, the solvent was removed under reduced pressure.
The obtained residue was washed with Et2O (3 × 15 mL) and dried
under vacuum.
[Ru2Cp2(CO)2{μ-η

3:η2-CH(Ph)CHC(Me)C(Me)CH2}]BF4, 4 (Figure
4). From 3 (106 mg, 0.186 mmol), Me3NO (14.0 mg, 0.186

mmol), and styrene (0.20 mL, 1.7 mmol). Orange solid, yield 103 mg
(86%). Anal. calcd. for C25H25BF4O2Ru2: C, 46.45; H, 3.90. Found:
C, 46.49; H, 3.98. IR (CH2Cl2): υ̃/cm

−1 = 2000w-sh (CO), 1962vs
(CO). 1H NMR (CD2Cl2): δ/ppm = 7.59−7.40 (m, 5 H, Ph); 5.70
(d, 3JHH = 11.7 Hz, 1 H, C5H); 5.51, 5.44 (s, 10 H, Cp); 4.24 (d, 3JHH
= 11.7 Hz, 1 H, C4H); 4.08 (d, 2JHH = 2.3 Hz, 1 H, C1H); 2.64 (d,
2JHH = 2.0 Hz, 1 H, C1H); 1.80 (s, 3 H, C2Me); 0.72 (s, 3 H, C3Me).
13C{1H} NMR (CD2Cl2): δ/ppm = 203.9, 200.5 (CO); 138.8 (ipso-
Ph); 130.0, 129.6, 127.2 (Ph); 91.7, 88.7 (Cp); 76.0 (C4); 73.7 (C3);
70.9 (C2); 67.8 (C5); 39.2 (C1); 25.2 (C2Me); 18.9 (C3Me). Crystals
suitable for X-ray analysis were collected by slow diffusion of diethyl
ether into a dichloromethane solution of 4 at room temperature.
[Ru2Cp2(CO)2{μ-η

3:η2-CH(4-MeC6H4)CHC(Me)C(Me)CH2}]BF4, 5
(Figure 5). From 3 (100 mg, 0.175 mmol), Me3NO (13.2 mg,
0.176 mmol), and 4-methylstyrene (0.20 mL, 1.52 mmol). Yellow
solid, yield 84 mg (73%). Anal. calcd. for C26H27BF4O2Ru2: C, 47.28;
H, 4.12. Found: C, 47.35; H, 4.24. IR (CH2Cl2): υ̃/cm

−1 = 1995w-sh
(CO), 1962vs (CO). 1H NMR (CD2Cl2): δ/ppm = 7.48−7.27 (m, 4
H, C6H4); 5.70 (d, 3JHH = 11.7 Hz, 1 H, C5H); 5.49, 5.42 (s, 10 H,
Cp); 4.23 (d, 3JHH = 11.7 Hz, 1 H, C4H); 4.06 (d, 2JHH = 2.3 Hz, 1 H,
C1H); 2.65 (d, 2JHH = 2.0 Hz, 1 H, C1H); 2.40 (s, 3 H, C6H4Me);
1.80 (s, 3H, C2Me); 0.72 (s, 3H, C3Me). 13C{1H} NMR (CD2Cl2):
δ/ppm = 204.1, 200.8 (CO); 140.1, 135.9, 130.7, 127.2 (C6H4); 91.7,

88.7 (Cp); 75.5 (C4); 73.5 (C3); 70.8 (C2); 68.8 (C5); 39.1 (C1);
25.2 (C2Me); 21.5 (C6H4Me); 18.9 (C3Me).

[Ru2Cp2(CO)2{μ-η
3:η2-CH(Me)CHC(Me)C(Me)CH2}]BF4, 6 (Figure

6). From 3 (103 mg, 0.181 mmol), Me3NO (13.6 mg, 0.181

mmol), and excess of propene bubbled into the reaction solution.
Pale-brown solid, yield 94 mg (89%). Anal. calcd. for
C20H23BF4O2Ru2: C, 41.11; H, 3.97. Found: C, 41.15; H, 3.94. IR
(CH2Cl2): υ̃/cm−1 = 1992w (CO), 1963vs (CO). 1H NMR
(CD2Cl2): δ/ppm = 5.62, 5.41 (s, 10 H, Cp); 4.87 (m, 1 H, C5H);
4.08 (d, 2JHH = 2.3 Hz, 1 H, C1H); 3.42 (d, 3JHH = 11.4 Hz, 1 H,
C4H); 2.57 (d, 2JHH = 2.3 Hz, 1 H, C1H); 2.26 (d, 3JHH = 6.0 Hz, 3 H,
C5Me); 1.67 (s, 3 H, C2Me); 0.54 (s, 3 H, C3Me). 13C{1H} NMR
(CD2Cl2): δ/ppm = 204.1, 200.4 (CO); 90.9, 88.6 (Cp); 80.5 (C4);
73.3 (C3); 72.1 (C2); 65.7 (C5); 39.1 (C1); 25.0 (C2Me); 23.2
(C5Me); 18.8 (C3Me).

[Ru2Cp2(CO)2{μ-η
3:η2-CH(CH2CH2CH2CH3)CHC(Me)C(Me)CH2}]-

BF4, 7 (Figure 7). From 3 (108 mg, 0.189 mmol), Me3NO (14.2 mg,

0.189 mmol), and 1-hexene (0.16 mL, 1.32 mmol). Brown solid, yield
95 mg (84%). Anal. calcd. for C23H29BF4O2Ru2: C, 44.10; H, 4.67.
Found: C, 44.15; H, 4.72. IR (CH2Cl2): υ̃/cm

−1 = 1992w-sh (CO),
1961vs (CO). 1H NMR (CD2Cl2): δ/ppm = 5.63, 5.42 (s, 10 H, Cp);
4.78 (m, 1 H, C5H); 4.05 (d, 2JHH = 2.3 Hz, 1 H, C1H); 3.34 (d, 3JHH
= 11.5 Hz, 1 H, C4H); 2.63, 2.04−1.97 (m, 2 H, C5CH2); 2.56 (d,
2JHH = 2.0 Hz, 1 H, C1H); 1.91−1.81, 1.74−1.68, 1.66 (m, 5 H,
C5CH2CH2 + C2Me); 1.59−1.51 (m, 2 H, CH2CH3); 1.02 (t, 3JHH =
7.4 Hz, 3 H, CH2CH3); 0.54 (s, 3 H, C3Me). 13C{1H} NMR
(CD2Cl2): δ/ppm = 204.0, 200.4 (CO); 90.5, 88.6 (Cp); 79.7 (C4);
73.5 (C3); 72.3 (C2); 70.5 (C5); 39.3 (C1); 38.2 (C5CH2); 35.2
(C5CH2CH2); 25.1 (C2Me); 22.9 (CH2CH3); 19.0 (C3Me); 14.0
(CH2CH3). Crystals suitable for X-ray analysis were collected by slow
diffusion of diethyl ether into a dichloromethane solution of 7 at
room temperature.

[Ru2Cp2(CO)2{μ-η
3:η2-CH(CO2Me)CHC(Me)C(Me)CH2}]BF4, 8 (Fig-

ure 8). From 3 (100 mg, 0.175 mmol), Me3NO (13.2 mg, 0.176
mmol), and methyl acrylate (0.10 mL, 1.10 mmol). Red solid, yield
88 mg (80%). Anal. calcd. for C21H23BF4O4Ru2: C, 40.14; H, 3.69.

Figure 4. Structure of the cation of 4.

Figure 5. Structure of the cation of 5.

Figure 6. Structure of the cation of 6.

Figure 7. Structure of the cation of 7.
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Found: C, 40.18; H, 3.73. IR (CH2Cl2): υ̃/cm
−1 = 2024w (CO),

1974vs (CO), 1726s (COO). 1H NMR (CD2Cl2): δ/ppm = 5.70,
5.49 (s, 10 H, Cp); 4.44 (d, 3JHH = 10.4 Hz, 1 H, C5H); 4.24 (d, 2JHH
= 2.4 Hz, 1 H, C1H); 4.00 (d, 3JHH = 10.6 Hz, 1 H, C4H); 3.92 (s, 3
H, OMe); 2.28 (d, 2JHH = 2.3 Hz, 1 H, C1H); 1.80 (s, 3 H, C2Me);
0.72 (s, 3 H, C3Me). 13C{1H} NMR (CD2Cl2): δ/ppm = 202.7, 197.4
(CO); 172.5 (OCO); 91.0, 89.0 (Cp); 79.7 (C4); 75.4 (C3); 75.3
(C2); 53.2 (OMe); 47.1 (C5); 41.0 (C1); 24.7 (C2Me); 18.9 (C3Me).
Crystals suitable for X-ray analysis were collected by slow diffusion of
heptane into a dichloromethane solution of 8 at room temperature.
[Ru2Cp2(CO)2{μ-η

3:η2-CH2CHC(Me)C(Me)CH2}]BF4, 9 (Figure 9).
From 3 (106 mg, 0.186 mmol), Me3NO (14.0 mg, 0.186 mmol), and

excess of ethylene bubbled into the reaction solution. Brown solid,
yield 100 mg (52% estimated according to 1H NMR). IR (CH2Cl2):
υ̃/cm−1 = 1998w (CO), 1965s (CO). 1H NMR (acetone-d6): δ/ppm
= 5.54, 5.43 (s, 10 H, Cp); 4.54 (dd, 3JHH = 7.2 Hz, 2JHH = 1.4 Hz, 1
H, C5H); 4.31 (d, 2JHH = 1.9 Hz, 1 H, C1H); 4.13 (dd, 3JHH = 12.0
Hz, 2JHH = 1.4 Hz, 1 H, C5H); 3.72 (dd, 3JHH = 7.3 Hz, 1 H, C4H);
2.69 (d, 2JHH = 1.9 Hz, 1 H, C1H); 1.78 (s, 3 H, C2Me); 0.61 (s, 3 H,
C3Me). 13C{1H} NMR (acetone-d6): δ/ppm = 204.0, 199.3 (CO);
90.1, 88.6 (Cp); 78.3 (C4); 75.9 (C2); 74.0 (C3); 54.8 (C5); 38.7
(C1); 24.7 (C2Me); 16.8 (C3Me). An inseparable, unidentified by-
product (9′) was detected in an admixture with 9. IR (CH2Cl2): υ̃/
cm−1 = 1830 (CO). 1H NMR (acetone-d6): δ/ppm = 5.98, 5.73 (s,
Cp); 3.49, 2.96 (dd); 2.27, 1.43 (s). 13C{1H} NMR (acetone-d6):
226.4, 207.7 (CO); 94.3, 93.2 (Cp); 25.9, 23.9 (Me). 9/9′ ratio =
55:45.
Synthesis of 2-Methylbut-3-yn-4-d-2-ol-d (Figure 10). A 2.5

M hexane solution of butyllithium (9.0 mL, 23 mmol) was added

dropwise to an ice-cooled, stirred solution of 2-methylbut-3-yn-2-ol
(1.00 mL, 10.3 mmol) in diethyl ether (40 mL). Then, the ice bath
was removed, and the solution was stirred for further 90 min at room
temperature. The final mixture was quenched with D2O (5.0 mL);
thus, the organic phase was separated and dried under reduced
pressure. Colorless liquid, yield 506 mg (57%). 1H NMR (CDCl3): δ/
ppm = 1.53 (s, 6 H, Me).

Synthesis of [Ru2Cp2(CO)2(μ-CO){μ-η
1:η2-CDCC(Me)-

(Me)}]BF4, 3b (Figure 11). A solution of 1 (60.0 mg, 0.101
mmol) in toluene (20 mL) was treated with 2-methylbut-3-yn-4-d-2-
ol-d (90 mg, 1.04 mmol). The resulting mixture was stirred at reflux
temperature for 1 h, during which time the consumption of 1 and the
formation of 2b were checked by IR spectroscopy [IR (CH2Cl2): υ̃/
cm−1 = 1978vs (CO), 1803s (μ-CO), 1734br-m (CO)]. The final
solution was allowed to cool to room temperature, and the solvent
was removed under reduced pressure at 50 °C. The red solid residue
was washed with pentane (2 × 15 mL); then, it was dissolved in
CH2Cl2 (15 mL), and HBF4·Et2O (14.0 μL, 0.103 mmol) was added
dropwise to this solution. Stirring was maintained for 15 min at room
temperature. The final solution was added with D2O (5 mL) and the
mixture was vigorously shaken. The organic phase was separated, and
volatiles were removed under reduced pressure. The solid was
dissolved in the minimum volume of CH2Cl2 (ca. 2 mL), and
precipitation with diethyl ether (30 mL) afforded 3b as a yellow solid,
which was washed with diethyl ether (3 × 15 mL) and dried under
vacuum. Yield 38 mg, 66%. IR (CH2Cl2): υ̃/cm

−1 = 2040vs (CO),
2020 m (CO), 1873 m-w (μ-CO).

Synthesis of [Ru2Cp2(CO)2{μ-η
3:η2-CH(Ph)CHC(CH2D)C(Me)-

CH2}]BF4, 4b, from 3b and Styrene (Figure 12). The title
compound was obtained by the same procedure as that described for
the syntheses of 4−8, from 3b (46 mg, 0.080 mmol), Me3NO (6.0
mg, 0.080 mmol), and styrene (0.10 mL, 0.87 mmol). The
preliminary formation of the acetonitrile adduct 3b-NCMe was
checked by IR spectroscopy [IR (CH2Cl2): υ̃/cm

−1 = 2003s (CO),
1853br-m (μ-CO)]. Brown solid, yield 39 mg (75%). IR (CH2Cl2):
υ̃/cm−1 = 1996w-sh (CO), 1963vs (CO). 1H NMR (CD2Cl2): δ/
ppm = 7.59−7.57, 7.48−7.42 (m, 5 H, Ph); 5.67 (d, 3JHH = 11.7 Hz, 1
H, C5H); 5.51, 5.43 (s, 10 H, Cp); 4.24 (d, 3JHH = 11.7 Hz, 1 H,
C4H); 4.08, 2.65 (m, 2 H, C1H); 1.80 (s, 3 H, C2Me); 0.72 (m, 2 H,
CH2D).

2H NMR (CH2Cl2): δ/ppm = 0.72 (br, 1 D, CH2D).
Synthesis of [Ru2Cp2(CO)2{μ-η

3:η2-CD(Ph)CDC(CH2D)C(Me)-
CH2}]BF4, 4c, from 3 and Styrene-d3 (Figure 13). This reaction
was conducted using the same procedure as that described for the
syntheses of 4−8, from 3 (98.0 mg, 0.172 mmol), Me3NO (12.9 mg,
0.172 mmol), and styrene-d3 (0.10 mL, 0.87 mmol). Dark-orange
solid, yield 93 mg (83%). IR (CH2Cl2): υ̃/cm

−1 = 1993w-sh (CO),
1962vs (CO). 1H NMR (CD2Cl2): δ/ppm = 7.59−7.57, 7.49−7.42
(m, 5 H, Ph); 5.51, 5.43 (s, 10 H, Cp); 4.08 (d, 2JHH = 2.3 Hz, 1 H,
C1H); 2.64 (d, 2JHH = 2.0 Hz, 1 H, C1H); 1.80 (s, 3 H, C2Me); 0.72
(m, 2 H, CH2D).

2H NMR (CH2Cl2): δ/ppm = 5.75 (s, 1 D, C5D);
4.27 (s, 1 D, C4D); 0.72 (br, 1 D, CH2D).

X-ray Crystallography. Crystal data and collection details for 4,
7, and 8 are reported in Table 2. Data were recorded on a Bruker
APEX II diffractometer equipped with a PHOTON2 detector using
Mo−Kα radiation. The structures were solved by direct methods and
refined by full-matrix least-squares based on all data using F2.36

Hydrogen atoms were fixed at calculated positions and refined using a
riding model.37

Figure 8. Structure of the cation of 8.

Figure 9. Structure of the cation of 9.

Figure 10. Preparation of 2-methylbut-3-yn-4-d-2-ol-d.

Figure 11. Synthesis of 3b.
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Figure 12. Synthesis of 4b.

Figure 13. Synthesis of 4c.

Table 2. Crystal Data and Measurement Details for 4, 7, and 8

parameters 4 7 8

formula C25H25BF4O2Ru2 C23H29BF4O2Ru2 C21H23BF4O4Ru2
FW 646.40 626.41 628.34
T, K 100(2) 100(2) 100(2)
λ, Å 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/c P21/c
a, Å 16.1742(14) 8.916(4) 8.4966(3)
b, Å 12.8053(10) 13.845(6) 15.9386(6)
c, Å 12.0272(10) 18.320(8) 15.7274(6)
β, ° 111.574(2) 90.016(16) 90.3800(10)
cell volume, Å3 2316.5(3) 2261.3(17) 2129.82(14)
Z 4 4 4
Dc, g·cm−3 1.853 1.840 1.960
μ, mm−1 1.357 1.387 1.480
F(000) 1280 1248 1240
crystal size, mm 0.20 × 0.14 × 0.08 0.21 × 0.19 × 0.13 0.21 × 0.18 × 0.14
θ limits, ° 2.089−26.999 1.844−25.0410 1.819−27.000
reflections collected 32,838 24,628 31,189
independent reflections 5017 [Rint = 0.0473] 4008 [Rint = 0.0585] 4638 [Rint = 0.0322]
data/restraints/parameters 50,176/106/322 4008/212/329 4638/0/292
goodness on fit on F2 1.414 1.126 1.223
R1 (I > 2σ(I)) 0.0589 0.0450 0.0253
wR2 (all data) 0.1254 0.1059 0.0531
largest diff. peak and hole, e Å−3 1.573/−1.078 1.050/−1.301 0.906/−0.551
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