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ABSTRACT: When studying the activation of 3-arylpropiolates
by [TpRu(picolyl-RI)Cl]/NaBArF4 (picolyl-MeI = 3-methyl-1-(2-
picolyl)imidazol-2-ylidene (1); picolyl-MeBI = 3-methyl-1-(2-
picolyl)benzoimidazol-2-ylidene (2)) a migratory insertion of
the NHC into a ruthenium−carbon bond and an unprecedented
C−N bond activation of the chelating picolyl-NHC ligand take
place to give the new ruthenium metallacycles [TpRu(κ3-C,N,N′-
C(Ph)C(CH2Py)(CO2Me)(MeI)][BArF4] 3a and 4a and
[TpRu(κ3-C,N,N′-C(4-CF3Ph)C(CH2Py)(CO2Me)(MeI)]-
[BArF4] 3b and 4b. X-ray crystal structures of 3a and 3b are reported, and a mechanistic pathway is proposed. In contrast,
activation of internal alkynones by a mixture of [TpRu(picolyl-MeI)Cl] complex (1) and NaBArF4 led to isolation and
characterization of the corresponding disubstituted vinylidene complexes. Also, structures of [TpRu(picolyl-MeI)(
CC(COR)(Ph)][BArF4] (R = Me (6a); Ph (6b)) are reported.

■ INTRODUCTION

NHCs have been termed the most important ancillary ligands
after cyclopentadienyls and extensively explored phosphines.1

They have participated in the design of numerous improved
catalysts, particularly because they are easily electronically and
sterically tunable, and act as powerful σ donors. Until recently,
they were referred as noninterfering supporting ligands;2

however, their behavior is not always inert, being susceptible
to reductive elimination,3 C−H and C−C bond activation
reactions within the N-wingtip substituents,4 and rarely C−N
bond activation.5 To overcome these potential issues, when
attempting the synthesis of new homogeneous catalysts,
functionalized NHCs with an additional donor group have
appeared, giving the resulting NHC complexes more stability
via an inflexible chelating coordination.6 Also, the potential
hemilability of the additional donor group has attracted much
attention. Our group has recently reported the synthesis of
several ruthenium complexes bearing picolyl-NHC ligands,
particularly [TpRu(picolyl-NHC)Cl]7 and [Cp*Ru(picolyl-
NHC)(CH3CN)][PF6].

8

Although, Crabtree and co-workers described the possibility
that C2-bound imidazoles could exist in equilibrium with their
N-bound tautomer,9 recently the first example of C- to N-
bound tautomerism in which an NHC was directly involved
was reported by Whittlesey and co-workers. The C-bound
[RuHCl(PPh3)2(CO)(1-isopropyl-4,5-dimethylimidazol-2-yli-
dene)] complex obtained after C−N activation of the NHC is
subsequently converted into the N-1-bound product.10 In
addition, Wang et al. reported the C- to N-bound
tautomerization of an NHC induced by iridium.5 In both

cases aforementioned the C- to N-bound tautomerization is
completed with a monodentate N-heterocyclic carbene.
In this work, we report that upon studying the reactivity of

internal alkynpropiolates with [TpRu(picolyl-NHCs)]+ an
unprecedented ruthenium-induced C−N bond activation and
migratory insertion of an NHC into a ruthenium−carbon bond
was completed, illustrating a new carbene degradation pathway
even when a chelating NHC is used as ligand.
The activation process of 1-alkynes via formation of

vinilydene metal complexes is well known.11 However,
conversion of internal alkynes to disubstituted vinylidenes via
1,2-migration (RCCR′ → :CCRR′) is an undeveloped
process.11a Heteroatom-substituted internal alkynes as silane-
alkynes,12 tin alkynes,12d,13 1-halide-alkynes,12f,14 and mercap-
toacetylene15 were reported to participate in vinylidene
formation via the 1,2-R shift. Recently, migration of carbon
substituents has emerged as a promising route for synthesis of
new vinylidene complexes. Our group reported the rearrange-
ment of internal alkynes and alkynones to the corresponding
vinylidenes using TpRu fragments with mono- and bidentate
phosphine ligands.16 Shaw et al. reported the use of
CpRu(PPh3)2Cl for η1-vinylidene formation from internal
alkynones.17 Additionally, Ishii and co-workers reported direct
formation of general disubstituted vinylidenes from aryl-, alkyl-,
and carboxy-substituted internal alkynes using ruthenium and
iron complexes and the reversibility of the process.18 Finally,
during preparation of this work, Otsuka et al. reported a DFT
study of internal alkyne to disubstituted vinylidene isomer-
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ization in [CpRu(PhCCC6H4R-p)(dppe)]
+ (R = OMe,

CO2Et, and Cl) demonstrating, using donor−acceptor analysis,
that the aryl 1,2-shift is a nucleophilic reaction.19

The influence of transition-metal ligands in the activation of
internal alkynes is key in assessing the scope of this
transformation. This paper aims to provide new insights in
the internal alkyne activation process using metal complexes
bearing picolyl-NHCs and describe a new decomposition
pathway for functionalized NHCs.

■ RESULTS AND DISCUSSION
Synthesis of C−N Activation and Migratory Insertion

Products 3a, 3b, 4a, and 4b. Treatment of [TpRu-
(picolyl-MeI)Cl] (1) and [TpRu(picolyl-MeBI)Cl] (2) in the
presence of NaBArF4 (ArF = 3,5-bis(trifluoromethyl)phenyl)
with a slight excess of internal alkyne RCCR′ (R, R′ = Ph,
COOMe; R, R′ = 4-CF3C6H4, COOMe) resulted in
unexpected formation of [TpRu(κ3-C,N,N′-C(R)C-
(COOMe)(CH2Py)(

MeI))]BArF4 (3a and 3b) and [TpRu(κ3-
C,N,N′-C(R)C(COOMe)(CH2Py)(

MeBI))] (4a and 4b)
as deep green or brown solids, respectively, in high yields of ca.
79−88% (Scheme 1).

These compounds were air stable in the solid state and
characterized by 1H, 13C{1H} NMR, and IR spectroscopies as
well as elemental analysis. Selected 13C{1H} NMR data of
compounds 3a, 3b, 4a, and 4b are listed in Table 1. Carbon
assignments were completed using 1H−13C 2D NMR
correlation experiments, HMQC, and HMBC. Noteworthy,
the low-field resonances of the new ruthenium carbene carbons

(Cα) at 329.3, 326.9, 331.1, and 329.2, respectively, which in
addition to the presence of new quaternary carbons, Cβ, that
appeared at 75.7, 76.3, 78.0, and 78.7, depending on the case,
are the main spectroscopic characteristics of the migratory
insertion and C−N activation completion. Also, the C2−NHC
carbon resonances shifted their positions to higher fields in
comparison to the starting products, 1 and 2, as a direct
consequence of the discoordination from the metal center. In
none of the cases was there evidence for formation of the
expected disubstituted vinylidene products. The need of higher
temperature and longer reaction time to complete the
transformation when 2 is used as starting complex may be
justified by the different donor properties of the picolyl-
benzoimidazolydene ligand when compared to its analog, 1.7

Crystals of 3a and 3b suitable for X-ray diffraction studies
were obtained after recrystallization from CH2Cl2/petroleum
ether (1/2). An ORTEP diagram of 3a is displayed in Figure 1,
along with selected interatomic distances and angles. Also, the
X-ray crystal structure of 3b is provided in the Supporting
Information.

We are not aware of any previous reported structure of a
RuCR2 carbene moiety containing a quaternary Cβ carbon
atom. When the search is extended to any metal a few results
appear, but in most of these complexes a tBu group is bonded
to the carbenic carbon. The in-situ-formed ligand-κ3 C,N,N′
coordinates facial opposite to the Tp ligand. The ruthenium
coordination sphere is essentially octahedral with angles formed
by cis donor atoms ranging from N(1)−Ru(1)−N(3)
82.39(18)° to N(3)−Ru(1)−N(7) 96.07(18)°. As expected,
the bond length enlarged in the opposite direction shows that
the carbenic C exerts a more intense trans influence than the
imidazolyl or pyridyl N donor atoms. On the other hand, the
ester group adopts a trigonal planar geometry with a sp2-
hybridized C(18) atom and an essentially localized CO
double bond.
Several examples of the noninnocent behavior of NHC

ligands have been documented. The work done by Kirchner

Scheme 1

Table 1. Selected 13C{1H} NMR Data for Compounds 3a,
3b, 4a, and 4b

13C{1H}

compd RuC (Cα) CO C2-NHC Cβ

3a 329.3 171.4 147.7 75.7
3b 326.9 170.7 147.1 76.3
4a 331.1 172.1 155.7 78.0
4b 329.2 171.5 154.1 78.7

Figure 1. ORTEP view of the cation of [TpRu(κ3-C,N,N′-1-(1-phenyl-
2-(1-methyl-1H-imidazol-2-yl)-3-pyridyl-prop-1-ylidene-2-carboxylic
acid methyl ester)][BArF4] (3a).Selected bond lengths (Angstroms)
and angles (degrees): Ru(1)−C(10) 1.873(6), Ru(1)−N(1) 2.060(5),
Ru(1)−N(3) 2.196(5), Ru(1)−N(5) 2.059(4), Ru(1)−N(7)
2.059(4), Ru(1)−N(9) 2.103(5), O(1)−C(18) 1.329(8), O(1)−
C(19) 1.451(8), O(2)−C(18) 1.202(8); N(1)−Ru(1)−N(9)
175.3(2), N(3)−Ru(1)−C(10) 177.3(2), N(5)−Ru(1)−N(7)
177.8(2), O(1)−C(18)−O(2) 124.9(6).
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and co-workers studying insertion of NHCs in ruthenium−
carbon double bonds as well as migration of acetylene in NHC
complexes of ruthenium is particularly interesting.20 Also,
Fantasia et al. reported insertion of NHCs into a platinum
olefin bond.21 However, only a few examples of tautomerization
of C- to N-bound NHCs have been reported.5,10 Thus, this is a
remarkable example of C- to N-bound tautomerism with a
functionalized NHC which implies C−N bond activation.
Considering the chelating nature of the picolyl-NHC ligand,
the process is very rare.
On the basis of our experimental findings and previous

experiences working with TpRu phosphine complexes, we
proposed a reaction mechanism (Scheme 2) to explain this

unusual reaction. The reasonable starting point is formation of
a π-alkyne intermediate A upon completion of halide
abstraction in the presence of the internal alkyne. A can
undergo intramolecular attack of the coordinated NHC ligand
at a nearby CC bond, resulting in formation of a 1-
metallacyclopropene complex B. In fact, Becker et al. suggested
using DFT/B3LYP calculations for formation of a similar
intermediate while studying the migratory insertion of
acetylene in NHC complexes of ruthenium.20 Rearrangement
of B is expected considering the presence of two very restrained
metallacycles with 7- and 3-membered rings. The most stable
configuration is achieved after C−N activation of the picolyl-
NHC ligand and the concerted C−C coupling reaction leading
to 3a and 3b or 4a and 4b depending on the case. These
structures contain 5- and 6-membered ring metallacycles.
In order to gain more insight into the reaction mechanism

and possible intermediates, we conducted the NMR-scale
reaction of the dinitrogen-bridged complex [{TpRu-
(picolyl-MeI)}2(μ-N2)][BAr

F
4]2, 5,7 and a slight excess of

CF3C6H4CCCO2Me to give 3b in nitromethane-d3 (Scheme
3).
Quantitative kinetic measurements have been obtained by

monitoring the evolution of the 19F NMR signals of compound
3b and methyl 3-(4-trifluoromethylphenyl)propiolate within an

appropriate temperature range in nitromethane-d3. The singlet
signal of the free internal alkyne (−64.2 ppm) decreases with
time, while a new signal corresponding to 3b that increases
exponentially with time appears (−64.4 ppm). In all cases, the
reaction obeys a first-order rate law. Thus, the rate constants at
different temperatures have been obtained, and the correspond-
ing Eyring plot (Figure 2) provides the activation parameters.
Integral vs time plots and a table with the rate constants at each
temperature can be found in the Supporting Information.

We were not able to detect formation of any intermediate in
the reaction mixture in terms of new peaks in the 19F NMR
spectrum to support our mechanism proposal. Thus, any
intermediate must react quickly. The activation parameters
point to an associative process. The negative activation entropy
may be understood as a decrease of translational, rotational, and
vibrational degrees of freedom on route to the transition state,
suggesting a concerted C−N activation and C−C coupling
reaction as proposed in Scheme 2 intermediate B. Also, the
first-order kinetics implies that formation of intermediate A is
not the rate-limiting step.

Synthesis and Characterization of Disubstituted Keto
Vinylidene Complexes 6a and 6b. In order to assess the
scope of the reaction of [TpRu(picolyl-NHC)]+ species toward
internal alkynes, we tested the reactivity of 1 with a series of
disubstituted alkynes RCCR′ (R, R′ = Ph, COMe; Ph,
COPh; Ph, Ph; Ph, Me; CO2Et, CO2Et). Activation of
alkynones by 1 yielded the corresponding disubstituted
vinylidenes. When a fluorobenzene solution of [TpRu-
(picolyl-MeI)Cl] was allowed to react with PhCCOR (R =
Me; Ph) in the presence of NaBArF4 at room temperature
(Scheme 4) disappearance of the initial yellow-red color and
formation of a brown suspension was observed. In both cases,

Scheme 2. Proposed Mechanism for Formation of 3a, 3b, 4a,
and 4b

Scheme 3

Figure 2. Eyring plot and activation parameters for reaction of 5 with
CF3C6H4CCCO2Me to yield 3b.

Scheme 4

Inorganic Chemistry Article

dx.doi.org/10.1021/ic400433z | Inorg. Chem. 2013, 52, 6502−65096504



6a and 6b were obtained in high yields of up to 82% as red
crystals. Crystals were characterized by IR, NMR, and
elemental analysis.
In contrast to our previous work regarding preparation of

keto vinylidene complexes from [TpRu(κ2-P,N-PyCH2P
iPr2)-

Cl], the reaction did not require heating and no differences in
reactivity were observed between the ketone substituents.16 In
addition, we were not able to isolate the η1-O-ketoalkyne
complexes, intermediates in the isomerization to secondary
vinylidenes, as was the case when the starting products bore
picolyl-phosphine ligands.16 Several attempts with shorter
reaction times and lower reaction temperatures were
completed, but in all cases, the crude reaction mixtures showed
an uncharacterizable mixture of products that did not allow
isolation of any intermediates of neither the π-alkyne nor the
η1-O-ketoalkyne complexes. The summary of the main
spectroscopic 13C{1H} NMR data for compounds 6a and 6b
and the picolyl-phosphine analogues are shown in Table 2. The

presence of the vinylidene carbon (Cα) is revealed by
characteristic low-field resonances at 354.7 and 353.1 ppm for
compounds 6a and 6b, respectively, fully comparable with
those reported for the picolyl-phosphine analogues.16 Also,
coordination of the NHC is confirmed by the characteristic
carbene carbon (C2) resonances at 172.3 and 172.6 ppm for 6a
and 6b, respectively.
In addition to the spectroscopic data, compounds 6a and 6b

have been characterized by X-ray diffraction analysis of
monocrystals, grown from slow diffusion of petroleum ether
into concentrated dichloromethane solutions of the complexes.
Figure 3 shows an ORTEP view of the cation in 6a along with
selected bond lengths and angles. Also, the X-ray crystal
structure of 6b is provided in the Supporting Information.
The X-ray structure of [TpRu{CC(COMe)Ph}(κ2-C,N-

picolyl-MeI)]+ shows distorted octahedral coordination around
the ruthenium center with three facial coordination sites
occupied by the N atoms of the Tp ligand, two other positions
by the C and N atoms of the picolyl-NHC ligand, and the sixth
position by a closely linear vinylidene chain Ru(1)−C(20)−
C(21), 174.9(2)°. This ligand exhibits a short Ru(1)−C(20)
distance of 1.805(2) Å, which reflects the strong back-bonding
from the metal characteristic of the vinylidene ligands. These
data are comparable to those found for the closely related
vinylidene complex [TpRu{CC(COMe)Ph}(κ2-P,N-
PiPr2SPy)][BAr

F
4].

16a Examination of the bond distances in
the coordination sphere of ruthenium reveals that the strongest
trans influences are carried out by the C atoms of the vinylidene
and NHC ligands.

According to several reported theoretical studies,16,18,19,22 it
is reasonable to assume that a π-alkyne intermediate is required
in order to complete the isomerization process. The reaction
mechanism must proceed via a direct 1,2-acyl shift from a
nondetected π-alkyne complex.
The reaction of 1 with other disubstituted alkynes RCCR′

(R, R′ = Ph, Ph; Ph, Me; CO2Et, CO2Et) did not lead to
isolation of clean products. Several reaction conditions (i.e.,
temperature, time, and solvents) were attempted, but in all
cases an uncharacterizable mixture of products was obtained.
It is interesting to note the differences in reactivity observed

whether methyl 3-arylpropiolates or alkynones are used as
substrates. One plausible explanation might be found in the
stability of the reaction intermediates. In our previous work,
while studying the activation of internal alkynes with [TpRu(κ2-
P,N-PyCH2P

iPr2)Cl] it was evident that the presence of a
ketone group in the alkyne increased the secondary vinylidene
formation rate (−COMe ≫ −COOMe).16a Thus, formation of
the disubtituted vinylidene might be less favored when methyl
3-arylpropiolates are used as substrates. Furthermore, given the
experimental findings, it is plausible to assume that when
[TpRu(κ2-C,N-picolyl-RI)Cl] 1 and 2 are used as starting
complexes the energy difference between the reaction
intermediates that generate the secondary vinylidenes increases,
leading to a new reaction pathway for activation of methyl 3-
arylpropiolates. Also, intermediate B proposed in the reaction
mechanism (Scheme 2) and its subsequent rearrangement is
favored by the presence of the more electron donating
−COOMe group instead of the −COMe group. Also, it is
important to consider that the electronic effects might not be
the only ones ruling this unusual transformation. Therefore, it is
possible that the intermediate from reaction with methyl 3-
arylpropiolates adopts a conformation where the NHC carbon
orbitals are angled toward the alkyne orbitals, which will lead to
an effective overlap and following nucleophilic attack.

■ CONCLUSIONS
The increasing importance of the field of internal alkynes
activation and its application in several catalytic transformations
has attracted our attention16−18 and led us to study the
activation of these substrates with mononuclear ruthenium−

Table 2. Selected 13C{1H} NMR Data for Compounds 6a
and 6b, [TpRu{CC(COMe)Ph}(κ2-P,N-
PyCH2

iPr2P)][BAr
F
4]
16a and [TpRu{CC(COPh)Ph}(κ2-

P,N-PyCH2
iPr2P)][BAr

F
4]
16a

13C{1H}

compd
RuC
(Cα)

RuCC
(Cβ) CO

C2-
NHC

6a 354.7 124.7 194.6 172.3
6b 353.1 126.4 189.2 172.6
[TpRu{CC(COMe)Ph}
(PyCH2P

iPr2)][BAr
F
4]
16a

357.3 131.8 196.6

[TpRu{CC(COPh)Ph}
(PyCH2P

iPr2)][BAr
F
4]
16a

356.5 131.5 189.9

Figure 3. ORTEP view of the cation of [TpRu{CC(COMe)-
Ph}(κ2-C,N-picolyl-MeI)][BArF4] (6a). Selected bond lengths (Ang-
stroms) and angles (degrees): Ru(1)−N(1) 2.082(2), Ru(1)−N(3)
2.141(2), Ru(1)−N(5) 2.183(2), Ru(1)−N(9) 2.113(2), Ru(1)−
C(10) 2.034(3), Ru(1)−C(20) 1.818(3), C(20)−C(21) 1.335(4),
O(1)−C(22) 1.219(4); N(1)−Ru(1)−N(9) 174.01(8), N(3)−
Ru(1)−C(10) 171.33(9), N(5)−Ru(1)−C(20) 175.61(10), Ru(1)−
C(20)−C(21) 174.9(2), O(1)−C(22)−C(23) 121.4(3).
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NHC complexes. In this work, we analyzed how different
modifications affect this transformation, namely, (a) the picolyl-
NHC ligand instead of the widely used phosphines and (b) the
alkyne substituents with and without ketone groups.
Here, we reported an unprecedented C−N bond activation

of a chelating NHC and migratory insertion of an NHC into a
ruthenium−carbon bond. Our experimental findings revealed
that under mild conditions a rare process of Ru−CNHC bond
cleavage and further attack into a feasible π-alkyne intermediate
takes place, leading to C−N activation and tautomerization of a
chelating NHC upon rearrangement of the reaction inter-
mediate. The process is particularly interesting given the nature
of the picolyl-NHC ligand, because the other tautomerization
processes documented have been observed with monodentate
NHCs.5,9,10 This is another example of the noninnocent
behavior of NHC ligands.
It is particularly, interesting that this unusual reaction takes

place with methyl 3-arylpropiolates, possibly because the
intermediates needed for generation of the disubstituted
vinylidenes are less favored and a new reaction pathway is
preferred that enables nuclephilic attack of the NHC on the
Ru−C bond. However, we cannot exclude the involvement of
conformational factors in this transformation.
Furthermore, we reported that keto alkynes undergo an

activation process to generate the corresponding secondary
vinylidenes when the TpRu picolyl-NHC complexes are
involved.
In summary, study of the activation of internal alkynes by

picolyl-NHC ruthenium complexes revealed that significant
differences are observed in comparison with the phosphine
analogues.16 Particularly, use of methyl 3-arylpropiolates as
substrates led to an unprecedented reaction that gives more
insights into the nonspectator behavior of NHCs. A better
overall understanding of the decomposition pathways of NHCs
and the factors controlling the internal alkyne activation
process should improve the design of metal complexes for
catalytic transformations of these substrates.

■ EXPERIMENTAL SECTION
Unless otherwise stated, all manipulations were carried out under dry
nitrogen or argon using conventional Schlenk techniques. Petroleum
ether (boiling point range 40−60 °C) and diethyl ether were obtained
oxygen and water free from an Innovative Technology Inc. solvent
purification apparatus. Fluorobenzene was of anhydrous quality and
used as received. All solvents were degassed immediately prior to use.
TpRu(κ2-C,N-3-(methyl)-1-(2-picolyl)imidazol-2-ylidene)Cl (1),
TpRu(κ2-C,N-3-(methyl)-1-(2-picolyl)benzoimidazol-2-ylidene)Cl
(2), and [{TpRu(κ2-C,N-3-(methyl)-1-(2-picolyl)imidazol-2-yli-
dene)}2(μ-N2)][BAr

F
4]2 (5) were prepared according to previously

published methods.7 NaBArF4
23 and methyl 3-(4-trifluorophenyl)-

propiolate24 were prepared using slightly modified versions of the
published procedures. All other reagents were purchased from
commercial sources and used without further purification.
NMR spectra were recorded using a Varian INOVA 400 MHz,

Agilent 400 MHz, or Varian Inova 600 MHz spectrometer. Chemical
shifts are reported relative to tetramethylsilane, Si(CH3)4, for

1H and
13C{1H} and CFCl3 for

19F. Assignments of 1H and 13C{1H} NMR
spectra were made on the basis of 2D NMR experiments.
Microanalyses were performed with a LECO CHNS-932 elemental
analyzer by Servicios Centrales de Ciencia y Tecnologiá, Universidad
de Cad́iz.
[TpRu(κ3-C,N,N′-1-phenyl-2-(1-methyl-1H-imidazol-2-yl)-3-

pyridyl-prop-1-ylidene-2-carboxylic Acid Methyl Ester)]BArF4
(3a). [TpRu(picolyl-MeI)Cl] (130.6 mg, 0.25 mmol), methyl 3-
phenylpropiolate (39 μL, 0.26 mmol), and NaBArF4 (221.5 mg, 0.25

mmol) were suspended in 10 mL of fluorobenzene. An immediate
color change to from red to green was observed. The solution was
stirred at room temperature for 3 h, and the resulting green suspension
was filtered through a pad of Celite to remove NaCl. Solvent was
removed under vacuum; the residue was washed with petroleum ether
(2 × 10 mL) and dried to yield a green solid. Solid was recrystallized
by layering from CH2Cl2/pentane. Yield: 305.7 mg, 81%. 1H NMR
(CD2Cl2, 600 MHz): δ 8.21 (d, 3JHH = 2.09 Hz, 1H, HTp), 8.02 (d,
3JHH = 2.26 Hz, 1H, HTp), 7.90 (d,

3JHH = 2.26 Hz, 1H, HTp), 7.81 (br
s, 8H, BArF4), 7.77 (d, 3JHH = 1.75 Hz, 1H, HTp), 7.62 (br s, 4H,
BArF4), 7.52 (m, 3H, HPh + 2Hpyridine), 7.21 (d, 3JHH = 5.93 Hz, 1H,
Hpyridine), 7.05 (t, 3JHH = 7.76 Hz, 2H, HPh), 6.93 (d, 3JHH = 8.02 Hz,
2H, HPh), 6.87 (s, 1H, Himid), 6.81 (m, 1H, Hpyridine), 6.62 (vt, 3JHH =
1.83 Hz, 1H, HTp), 6.51 (d, 3JHH = 0.70 Hz, 1H, Himid), 6.13 (vt, 3JHH
= 2.09 Hz, 1H, HTp), 6.08 (d,

3JHH = 1.74 Hz, 1H, HTp), 5.83 (vt,
3JHH

= 2.18 Hz, 1H, HTp), 5.48 (d,
3JHH = 1.74 Hz, 1H, HTp), 4.86 (d,

2JHH
= 18.82 Hz, 1H, Hbridge), 4.31 (d, 2JHH = 19.00 Hz, 1H, Hbridge), 3.86
(s, 3H, NCH3), 3.72 (s, 3H, OCH3).

13C{1H} NMR (CD2Cl2, 150
MHz): δ 329.3 (RuC), 171.4 (CO), 162.3 (q, 1JB−C = 49.76 Hz,
BArF4), 158.1 (Cpy), 154.0 (Ph), 153.8 (Cpy), 147.7 (Cimid), 143.7
(Tp), 143.8 (Tp), 143.0 (Tp), 137.6 (Tp), 137.5 (Cpy), 137.5 (Tp),
136.8 (Tp), 135.3 (BArF4), 131.5 (Ph), 129.4 (q, 2JC−F = 31.47 Hz,
BArF4), 128.9 (Ph), 127.3 (Cimid), 127.1 (Cpy), 125.2 (Cimid), 125.1 (q,
1JC−F = 272.21 Hz, BArF4), 123.6 (Ph), 123.4 (Cpy), 118.0 (BArF4),
108.0 (Tp), 107.2 (Tp), 106.7 (Tp), 75.7 (Cq), 54.0 (OCH3), 41.4
(CH2), 34.8 (NCH3). Anal. Calcd for C61H41B2F24N9O2Ru: C, 48.50;
H, 2.74; N, 8.34. Found: C, 48.46; H, 2.80; N, 8.32.

[TpRu(κ3-C,N,N′-1-(4-trifluoromethylphenyl)-2-(1-methyl-
1H-imidazol-2-yl)-3-pyridyl-prop-1-ylidene-2-carboxylic Acid
Methyl Ester)]BArF4 (3b). [TpRu(picolyl-MeI)Cl] (130.6 mg, 0.25
mmol), methyl 3-(4-trifluoromethylphenyl)propiolate (59.3 mg, 0.26
mmol), and NaBArF4 (221.5 mg, 0.25 mmol) were suspended in 10
mL of fluorobenzene. An immediate color change to from red to green
was observed. The solution was stirred at room temperature for 3 h,
and the resulting green suspension was filtered through a pad of Celite
to remove NaCl. Solvent was removed under vacuum; the residue was
washed with petroleum ether (2 × 10 mL) and dried to yield a green
solid. The solid was recrystallized by layering from CH2Cl2/pentane.
Yield: 347.5 mg, 88%. 1H NMR (CD2Cl2, 400 MHz): δ 8.18 (d, 3JHH =
1.96 Hz, 1H, HTp), 7.99 (d,

3JHH = 2.44 Hz, 1H, HTp), 7.87 (d,
3JHH =

2.45 Hz, 1H, HTp), 7.72 (br s, 9H, BArF4 + HTp), 7.56 (br s, 4H,
BArF4), 7.54 (d,

3JHH = 7.11 Hz, 1H, Hpyridine), 7.51 (t,
3JHH = 8.00 Hz,

1H, Hpyridine), 7.26 (d, 3JHH = 8.32 Hz, 2H, HPh), 7.01 (d, 3JHH = 5.92
Hz, 1H, Hpyridine), 6.97 (d, 3JHH = 8.31 Hz, 2H, HPh), 6.87 (d, 3JHH =
1.46 Hz, 1H, Himid), 6.81 (t, 3JHH = 6.60 Hz, 1H, Hpyridine), 6.60 (vt,
3JHH = 1.96 Hz, 1H, HTp), 6.43 (d,

3JHH = 1.96 Hz, 1H, Himid), 6.11 (vt,
3JHH = 1.96 Hz, 1H, HTp), 5.98 (d,

3JHH = 1.95 Hz, 1H, HTp), 5.80 (vt,
3JHH = 2.45 Hz, 1H, HTp), 5.36 (d,

3JHH = 1.47 Hz, 1H, HTp), 4.80 (d,
2JHH = 19.07 Hz, 1H, Hbridge), 4.24 (d, 2JHH = 18.58 Hz, 1H, Hbridge),
3.83 (s, 3H, NCH3), 3.67 (s, 3H, OCH3).

13C{1H} NMR (CD2Cl2,
100 MHz): δ 326.9 (RuC), 170.7 (CO), 162.1 (q, 1JB−C = 49.59
Hz, BArF4), 157.7 (Cpy), 155.7 (Ph), 153.7 (Cpy), 147.1 (Cimid), 143.6
(Tp), 143.4 (Tp), 142.7 (Tp), 137.8 (Tp), 137.8 (Cpy), 137.6 (Tp),
137.1 (Tp), 135.2 (BArF4), 133.5 (q, 2JC−F = 33.10 Hz, Ph), 129.2 (q,
2JC−F = 31.19 Hz, BArF4), 127.2 (Cpy), 127.1 (Cimid), 125.9 (Ph), 125.8
(Cimid), 124.9 (q, 1JC−F = 272.75 Hz, BArF4), 123.6 (Cpy), 123.0 (Ph),
117.8 (BArF4), 108.2 (Tp), 107.3 (Tp), 106.9 (Tp), 76.3 (Cq), 54.3
(OCH3), 41.0 (CH2), 34.9 (NCH3).

19F NMR (CD2Cl2, 376 MHz,
CFCl3): δ −62.87 (BArF4), −63.97 (PhCF3). Anal. Calcd for
C62H40B2F27N9O2Ru: C, 47.17; H, 2.55; N, 7.99. Found: C, 47.20;
H, 2.59; N, 7.96.

[TpRu(κ3-C,N,N′-1-phenyl-2-(1-methyl-1H-benzoimidazol-2-
yl)-3-pyridyl-prop-1-ylidene-2-carboxylic Acid Methyl Ester)]-
BArF4 (4a). [TpRu(picolyl-MeBI)Cl] (143.2 mg, 0.25 mmol), methyl
3-phenylpropiolate (39 μL, 0.26 mmol), and NaBArF4 (221.5 mg, 0.25
mmol) were suspended in 10 mL of fluorobenzene. An immediate
color change from red to brown was observed. The solution was
stirred overnight at 40 °C, and the resulting brown suspension was
filtered through a pad of Celite to remove NaCl. Solvent was removed
under vacuum; the residue was washed with petroleum ether (2 × 10
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mL) and dried to yield a brown solid. Solid was recrystallized by
layering from CH2Cl2/pentane. Yield: 308.2 mg, 79%. 1H NMR
(CD3NO2, 400 MHz): δ 8.34 (d, 3JHH = 1.95 Hz, 1H, HTp), 8.13 (d,
3JHH = 1.47 Hz, 1H, HTp), 7.95 (d,

3JHH = 1.96 Hz, 1H, HTp), 7.93 (d,
3JHH = 1.47 Hz, 1H, HTp), 7.87 (br s, 8H, BAr

F
4), 7.67 (br s, 5H, BAr

F
4

+ Hpyridine), 7.62 (m, 2H, Hpyridine + Hbenzoimid), 7.50 (t,
3JHH = 7.09 Hz,

1H, HPh), 7.32 (m, 1H, Hbenzoimid), 7.26 (d, 3JHH = 5.37, 1H, Hpyridine),
7.03 (m, 5H, HPh + Hbenzoimid), 6.86 (t, 3JHH = 6.48 Hz, 1H, Hpyridine),
6.66 (d, 3JHH = 2.07 Hz, 1H, HTp), 6.64 (d, 3JHH = 8.05 Hz, 1H,
Cbenzoimid), 6.10 (m, 2H, HTp), 5.82 (vt,

3JHH = 1.96 Hz, 1H, HTp), 5.66
(d, 3JHH = 1.46 Hz, 1H, HTp), 5.14 (d, 2JHH = 19.08 Hz, 1H, Hbridge),
4.69 (d, 2JHH = 19.08 Hz, 1H, Hbridge), 4.15 (s, 3H, NCH3), 3.72 (s,
3H, OCH3).

13C{1H} NMR (CD3NO2, 100 MHz): δ 331.1 (RuC),
172.1 (CO), 163.1 (q, 1JB−C = 49.85 Hz, BArF4), 159.7 (Cpy), 155.7
(Cbenzoimid), 154.8 (Cpy), 154.5 (Ph), 146.8 (Tp), 144.8 (Tp), 144.0
(Tp), 140.6 (Cbenzoimid), 138.7 (Tp), 138.5 (Cpy), 138.4 (Tp), 137.8
(Cbenzoimid), 137.6 (Tp), 136.2 (BArF4), 131.9 (Ph), 130.3 (q, 2JC−F =
31.15 Hz, BArF4), 129.5 (Ph), 128.1 (Cpy), 126.0 (q, 1JC−F = 271.51
Hz, BArF4), 125.6 (Cbenzoimid), 124.7 (Cpy), 124.2 (Ph), 118.9 (BArF4),
117.9 (Cbenzoimid), 112.8 (Cbenzoimid), 108.2 (Tp), 108.0 (Tp), 107.4
(Tp), 78.0 (Cq), 54.6 (OCH3), 41.7 (CH2), 32.2 (NCH3). Anal. Calcd
for C65H43B2F24N9O2Ru: C, 50.27; H, 3.00; N, 7.99. Found: C, 50.19;
H, 3.05; N, 8.07.
[TpRu(κ3-C,N,N′-1-(4-trifluoromethylphenyl)-2-(1-methyl-

1H-benzoimidazol-2-yl)-3-pyridyl-prop-1-ylidene-2-carboxylic
Acid Methyl Ester)]BArF4 (4b). [TpRu(picolyl-

MeBI)Cl] (143.2 mg,
0.25 mmol), methyl 3-(4-trifluoromethylphenyl)propiolate (59.3 mg,
0.26 mmol), and NaBArF4 (221.5 mg, 0.25 mmol) were suspended in
10 mL of fluorobenzene. An immediate color change to from red to
brown was observed. The solution was stirred overnight at 40 °C, and
the resulting green-brown suspension was filtered through a pad of
Celite to remove NaCl. Solvent was removed under vacuum; the
residue was washed with petroleum ether (2 × 10 mL) and dried to
yield a brown solid. Solid was recrystallized by layering from CH2Cl2/
pentane. Yield: 346.1 mg, 85%. 1H NMR (CD3NO2, 400 MHz): δ
8.37 (d, 3JHH = 2.11 Hz, 1H, HTp), 8.17 (d,

3JHH = 2.03 Hz, 1H, HTp),
7.96 (d, 3JHH = 2.62 Hz, 1H, HTp), 7.94 (d,

3JHH = 2.73 Hz, 1H, HTp),
7.85 (br s, 8H, BArF4), 7.67 (br s, 4H, BAr

F
4), 7.64 (m, 2H, Hpyridine +

Hbenzoimid), 7.36 (m, 4H, Hpyridine + Hbenzoimid + HPh), 7.22 (d, 3JHH =
5.74 Hz, 1H, Hpyridine), 7.15 (d,

3JHH = 8.14 Hz, 2H, HPh), 7.07 (t,
3JHH

= 7.50 Hz, 1H, Hbenzoimid), 6.92 (t, 3JHH = 6.47 Hz, 1H, Hpyridine), 6.69
(vt, 3JHH = 2.11 Hz, 1H, Tp), 6.63 (d, 3JHH = 8.29 Hz, 1H, Hbenzoimid),
6.13 (vt, 3JHH = 2.22 Hz, 1H, HTp), 6.09 (d,

3JHH = 1.50 Hz, 1H, HTp),
5.83 (vt, 3JHH = 2.24 Hz, 1H, HTp), 5.66 (d,

3JHH = 2.00 Hz, 1H, HTp),
5.17 (d, 2JHH = 19.11 Hz, 1H, Hbridge), 4.68 (d, 2JHH = 19.14 Hz, 1H,
Hbridge), 4.16 (s, 3H, NCH3), 3.71 (s, 3H, OCH3).

13C{1H} NMR
(CD3NO2, 100 MHz): δ 329.2 (RuC), 171.5 (CO), 163.2 (q,
1JB−C = 50.23 Hz, BArF4), 159.6 (Cpy), 158.4 (Ph), 154.7 (Cpy), 154.1
(Cbenzoimid), 146.9 (Tp), 144.7 (Tp), 143.9 (Tp), 140.5 (Cbenzoimid),
138.9 (Tp), 138.8 (Cpy), 138.5 (Tp), 137.8 (Tp), 137.8 (Cbenzoimid),
136.2 (BArF4), 131.6 (q,

2JC−F = 32.93 Hz, Ph), 130.2 (q, 2JC−F = 31.57
Hz, BArF4), 128.2 (Cpy), 127.0 (Ph), 126.5 (Cbenzoimid), 126.4 (Ph),
126.0 (q, 1JC−F = 271.89 Hz, BArF4), 125.7 (Ph), 124.8 (Cbenzoimid),
124.4 (Cpy), 123.6 (Ph), 119.0 (BArF4), 117.8 (Cbenzoimid), 112.9
(Cbenzoimid), 108.3 (Tp), 108.1 (Tp), 107.5 (Tp), 78.7 (Cq), 54.8
(OCH3), 41.6 (CH2), 32.3 (NCH3).

19F NMR (CD3NO2, 376 MHz,
CFCl3): δ −63.52 (BArF4), −64.38 (PhCF3). Anal. Calcd for
C66H42B2F27N9O2Ru: C, 48.67; H, 2.60; N, 7.74. Found: C, 47.20;
H, 2.59; N, 7.96.
[TpRu(κ2-C,N-3-(methyl)-1-(2-picolyl)imidazol-2-ylidene){

CC(COMe)Ph}]BArF4 (6a). [TpRu(picolyl-MeI)Cl] (105.5 mg, 0.2
mmol) and NaBArF4 (177.2 mg, 0.2 mmol) were suspended in 6 mL
of fluorobenzene. After these reagents were completely dissolved
(∼1−2 min), 4-phenyl-3-butynone (34 μL, 0.26 mmol) was added,
causing an immediate color change from red to brown. The solution
was stirred overnight at room temperature. The resulting solution was
filtered through a pad of Celite to remove NaCl. Solvent was removed
under vacuum; the residue was washed with petroleum ether (2 × 10
mL) and dried to yield a red-brown solid. Solid was recrystallized by
layering from CH2Cl2/pentane. Yield: 251.2 mg, 84%. 1H NMR

(CD2Cl2, 400 MHz): δ 7.95 (d, 3JHH = 2.31 Hz, 1H, HTp), 7.90 (t,
3JHH = 7.39 Hz, 1H, Hpyridine), 7.88 (d,

3JHH = 2.44 Hz, 1H, HTp), 7.85
(d, 3JHH = 2.43 Hz, 1H, HTp), 7.72 (br s, 8H, BArF4), 7.63 (d, 3JHH =
7.95 Hz, 1H, Hpyridine), 7.55 (br s, 5H, BArF4 + Hpyridine), 7.32 (d, 3JHH
= 2.05 Hz, 1H, HTp), 7.31 (d,

3JHH = 2.05 Hz, 1H, Himid), 7.26 (m, 1H,
HPh), 7.22 (m, 2H, HPh), 7.14 (t, 3JHH = 6.54 Hz, 1H, Hpyridine), 6.96
(d, 3JHH = 2.05 Hz, 1H, Himid), 6.93 (d,

3JHH = 2.05 Hz, 1H, HTp), 6.71
(m, 2H, HPh), 6.41 (d,

3JHH = 1.79 Hz, 1H, HTp), 6.26 (vt,
3JHH = 2.30

Hz, 1H, HTp), 6.22 (vt,
3JHH = 2.31 Hz, 1H, HTp), 6.20 (vt,

3JHH = 2.18
Hz, 1H, HTp), 6.15 (d, 2JHH = 15.64 Hz, 1H, Hbridge), 5.19 (d, 2JHH =
15.64 Hz, 1H, Hbridge), 2.38 (s, 3H, NCH3), 1.95 (s, 3H, CH3).
13C{1H} NMR (CD2Cl2, 100 MHz): δ 354.7 (RuC), 194.6 (C
O), 172.3 (CimidRu), 161.1 (q, 1JB−C = 49.72 Hz, BArF4), 156.2 (Cpy),
155.6 (Cpy), 146.4 (Tp), 144.2 (Tp), 142.0 (Tp), 140.2 (Cpy), 137.8
(Tp), 137.2 (Tp), 137.0 (Tp), 135.4 (Ph), 135.2 (BArF4), 130.8 (Ph),
129.4 (Ph), 129.2 (q, 2JC−F = 31.60 Hz, BArF4), 128.6 (Ph), 125.7
(Cpy), 125.6 (Cpy), 124.7 (q, 1JC−F = 272.24 Hz, BArF4), 124.7 (Ru
CC), 122.7 (Cimid), 117.9 (BArF4), 107.8 (Tp), 107.6 (Tp), 107.5
(Tp), 56.5 (CH2), 36.1 (NCH3), 30.4 (CH3). Anal. Calcd for
C61H41B2F24N9ORu: C, 49.02; H, 2.76; N, 8.43. Found: C, 49.05; H,
2.81; N, 8.38.

[TpRu(κ2-C,N-3-(methyl)-1-(2-picolyl)imidazol-2-ylidene){
CC(COPh)Ph}]BArF4 (6b). [TpRu(picolyl-

MeI)Cl] (130.6 mg, 0.25
mmol), 1,3-diphenylprop-2-yn-1-one (67.1 mg, 0.32 mmol), and
NaBArF4 (221.5 mg, 0.25 mmol) were suspended in 10 mL of
fluorobenzene. An immediate color change from red to brown was
observed. The solution was stirred overnight at room temperature, and
the resulting brown suspension was filtered through a pad of Celite to
remove NaCl. Solvent was removed under vacuum; the residue was
washed with petroleum ether (2 × 10 mL) and dried to yield a brown
solid. Solid was recrystallized by layering from CH2Cl2/pentane. Yield:
299.8 mg, 77%. 1H NMR (CD2Cl2, 600 MHz): δ 7.94 (t, 3JHH = 7.67
Hz, 1H, Hpyridine), 7.89 (d, 3JHH = 2.30 Hz, 1H, HTp), 7.84 (d, 3JHH =
2.49 Hz, 1H, HTp), 7.76 (d, 3JHH = 2.49 Hz, 1H, HTp), 7.73 (br s, 9H,
BArF4 + Hpyridine), 7.56 (br s, 4H, BAr

F
4), 7.47 (d,

3JHH = 7.48 Hz, 2H,
HPh), 7.41 (d, 3JHH = 1.92 Hz, 1H, Himid), 7.37 (m, 2H, HPh +
Hpyridine), 7.22 (m, 3H, HPh), 7.12 (t, 3JHH = 7.10 Hz, 1H, Hpyridine),
7.00 (m, 5H, HPh + Himid), 6.70 (vt,

3JHH = 2.59 Hz, 1H, HTp), 6.42 (d,
2JHH = 15.73 Hz, 1H, Hbridge), 6.35 (d, 3JHH = 2.11 Hz, 1H, HTp), 6.19
(vt, 3JHH = 2.21 Hz, 1H, HTp), 6.15 (vt,

3JHH = 2.48 Hz, 1H, HTp), 6.00
(vt, 3JHH = 2.21 Hz, 1H, HTp), 5.94 (vt,

3JHH = 2.31 Hz, 1H, HTp), 5.40
(d, 2JHH = 15.54 Hz, 1H, Hbridge), 2.27 (s, 3H, NCH3).

13C{1H} NMR
(CD2Cl2, 150 MHz): δ 353.1 (RuC), 189.2 (CO), 172.6
(CimidRu), 162.2 (q, 1JB−C = 49.92 Hz, BArF4), 156.4 (Cpy), 155.7
(Cpy), 146.5 (Tp), 144.0 (Tp), 142.2 (Ph), 142.1 (Tp), 140.3 (Cpy),
137.8 (Tp), 137.1 (Tp), 136.7 (Tp), 135.2 (BArF4), 133.3 (Ph), 132.9
(Ph), 129.6 (Ph), 129.4 (Ph), 129.3 (q, 2JC−F = 31.97 Hz, BArF4),
128.5 (Ph), 128.4 (Ph), 128.3 (Ph), 126.4 (RuCC), 126.0 (Cpy),
125.7 (Cpy), 125.4 (q, 1JC−F = 272.58 Hz, BArF4), 124.9 (Cimid), 123.0
(Cimid), 117.9 (BArF4), 107.8 (Tp), 107.5 (Tp), 107.4 (Tp), 56.5
(CH2), 36.0 (NCH3). Anal. Calcd for C66H43B2F24N9ORu: C, 50.92;
H, 2.78; N, 8.10. Found: C, 50.97; H, 2.82; N, 8.07.

Crystal Structure Analysis. Crystals of 3a, 3b, 6a, and 6b suitable
for X-ray structural determination were mounted on glass fibers and
then transferred to the cold nitrogen gas stream of a Bruker Smart
APEX CCD three-circle diffractometer (T = 100 K) with a sealed-tube
source and graphite-monochromated Mo Kα radiation (α = 0.710 73
Å) at the Servicio Central de Ciencia y Tecnologiá de la Universidad
de Cad́iz. Four sets of frames were recorded over a hemisphere of the
reciprocal space by ω scans with δ(ω) = 0.30 and an exposure of 10 s
per frame. No significant decay was observed over the course of data
collection. Intensity data were corrected for Lorentz and polarization
effects and absorption corrections applied using SADABS.25 Structures
were solved by direct methods and refined on F2 by full-matrix least-
squares (SHELX97) using all unique data.26 All non-hydrogen atoms
were refined anisotropically with hydrogen atoms included in
calculated positions (riding model). Some disordered CF3 groups in
the (BArF4)

− anion for 3a, 3b, 6a, and 6b, the CH2Cl2 solvate for 6a
and NHC, and partly vinylidene ligands for 6b were refined split in
two complementary orientations using displacement parameter
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restraints. The program ORTEP-3 was used for plotting.27 In the
Supporting Information, Table S1 summarizes the crystal data and
data collection and refinement details for 3a, 3b, 6a, and 6b.

■ ASSOCIATED CONTENT
*S Supporting Information
Kinetic data (integral vs time plots), rate constants table, and
CIF files giving crystallographic data for compounds 3a, 3b, 6a,
and 6b. This material is available free of charge via the Internet
at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: pedro.valerga@uca.es (P.V.); carmen.puerta@uca.es
(M.d.C.P.).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the Spanish MICINN (Project CTQ2010-15390)
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(8) Fernańdez, F. E.; Puerta, M. C.; Valerga, P. Organometallics 2011,
30, 5793−5802.
(9) (a) Sini, G.; Eisenstein, O.; Crabtree, R. H. Inorg. Chem. 2002, 41,
602−604. (b) Chianese, A. R.; Crabtree, R. H. In Activation and
Functionalization of C-H Bonds; Goldberg, K. I., Goldman, A. S., Eds.;
ACS Symposium Series 885; American Chemical Society: Washington,
DC, 2004; pp 169−184.
(10) (a) Hal̈ler, L. J. L.; Page, M. J.; Erhardt, S.; Macgregor, S. A.;
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