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ABSTRACT: A series of ruthenium metathesis catalysts bearing fluorinated imidazo[1,5-a]pyridin-3-ylidene carbenes (F-
ImPy) were developed for ethenolysis (cross metathesis with ethylene) of methyl oleate. X-ray crystal structure analysis shows
Ru−F interaction, and this fluorine substitution appears to be pivotal to have stable ImPy-Ru precatalysts. Ligand structure was
varied for high catalyst activity and cross metathesis selectivity in ethenolysis reaction. F-ImPy-Ru catalysts showed high
selectivity in ethenolysis of methyl oleate and thermal robustness under an ethylene atmosphere.

■ INTRODUCTION

Catalytic olefin metathesis reactions1 are now broadly used to
make carbon−carbon double bonds in the synthesis of
pharmaceuticals, petrochemicals, fine chemicals, and poly-
mers.2 Catalyst design has played a crucial role in the
development of synthetically useful metathesis reactions by
improving catalytic performance and broadening the substrate
scope. Recent research efforts have focused on highly
stereoselective metathesis reactions, including Z-3 or E-4

selective and enantioselective metathesis.5 Mostly, the meta-
thesis reactions are used to construct more complex molecules
by stitching two olefin fragments together. Nevertheless, cross
metathesis reaction can be applied to break down large
molecules into smaller parts. Cross metathesis with ethylene,
known as ethenolysis,6 has attracted much attention lately
owing to the application in biomass conversion to value-added
chemicals: synthesis of terminal olefins from renewable seed oil
feedstocks.7 The terminal olefins (1 and 2 in Figure 1) are
important building blocks8 (e.g., for poly α-olefins), and the

ethenolysis process can allow production of linear α-olefins
from naturally occurring seed oils containing fatty acid methyl
esters (FAMEs).
In the ethenolysis, catalytic activity (turnover number) and

selectivity for the desired terminal alkene over the self-
metathesis and secondary metathesis byproducts (3 and 4) are
the major issues (Figure 1).6,9,10 The use of 1,3-bis(2,4,6-
trimethylphenyl)-4,5-dihydroimidazol-2-ylidene (SIMes, G2)
and the chelating 2-isopropoxybenzylidene ligand (HG2) by
Grubbs and co-workers11 and Hoveyda and co-workers,12

respectively, led to a significant increase in the activity and
stability of metathesis catalysts. Highly σ-donating N-
heterocyclic carbenes (NHC)13 are usually the ligand of
choice for ruthenium-catalyzed stereoselective olefin meta-
thesis reactions.1,14 It is also important to note that sterically
unsymmetrical substitution patterns on NHCs turned out to
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be important for highly α-olefin selective ethenolysis.15 Lack of
steric interaction on one side can favor a “non-productive”
metathesis16 event of the methylidene intermediates with
terminal olefin products to regenerate the same methylidene
intermediate, thus minimizing the formation of a different
alkylidene intermediate which would lead to the formation of
internal olefin byproducts. Note that the ruthenium catalyst
(Ru1)18 with a cyclic alkyl amino carbene (CAAC) ligand17

which is highly σ-donating and unsymmetrically substituted,
constitutes one of the current best catalysts for ethenolysis,
showing up to 340 000 turnover number (TON) at low
catalyst loading (1 ppm) with highly pure ethylene
(99.995%).19

Although the steric profiles of NHC ligands can be easily
modulated by substitution of N-aryl or -alkyl groups, lack of
steric interaction on one side can induce dimerization through
the Wanzlick equilibrium and undermine the stability of the
complexes.20 Imidazo[1,5-a]pyridin-3-ylidene carbene (ImPy),
first reported in 2005 independently by J. M. Lassaletta21 and
F. Glorius,22 has an intrinsically unsymmetrical structure with
unique steric hindrance on one side23 and is also known to be
strongly σ-donating owing to the extended π-fused system.24

Substituents (R1) on the C5-position of ImPy can be
positioned near a metal center, consequently, possibly
generating a metal−substituent interaction (Figure 2). Owing
to this feature, several highly sterically demanding ImPy
ligands have been developed for various organometallic
complexes and reactions.23,24 However, ethenolysis reaction
would require less sterically demanding ImPy ligands because
the ethenolysis reaction uses sterically hindered substrates as
the starting materials and high cross-metathesis selectivity is
expected for unsymmetrical frameworks of ImPy ligands
leaving one side relatively open (Figure 2). Thus, we
envisioned that fluorine substituted ImPy ligands could be an
ideal unsymmetrically substituted NHC ligand because
fluorine is not sterically demanding and a possible Ru−F
interaction can help to stabilize the Ru alkylidene intermediate.
To the best of our knowledge, the ruthenium complexes with
fluorinated ImPy ligands (F-ImPy-Ru, Ru5 in Figure 2) have
not been reported.
In the previously reported fluorine-containing NHC-

ruthenium catalysts, fluorine groups can be placed at the N-

substituents on the NHC ligands (Ru2 and Ru3 in Figure
2).9b,25 In those cases, Ru−F distance is expected to be short
enough to consider Ru−F interaction.9b,25e The fluorinated
aryl or alkyl groups on the ligand structures also improve the π-
back-donation from the metal.9a,26 Interestingly, these
fluorinated NHC-ruthenium metathesis catalysts, which was
proposed to reduce the energy barrier of phosphine
dissociation by Ru−F interaction, showed enhanced activity
in ring-closing metathesis25e and improved selectivity in
alternating copolymerization and ethenolysis.9a,b Recently,
Grubbs4d,e and Hoveyda25a independently reported that
stereoretentive metathesis reaction and highly Z-selective
metathesis of electron-deficient alkenes could be carried out
by the dithiolate-ligated ruthenium complexes (Ru4) bearing
fluorine atoms on NHCs.
Herein we describe the synthesis of highly stable ruthenium

complexes bearing fluorinated unsymmetrical ImPy ligands
with various substituents on both backbone and nitrogen atom
of the ligands. To elucidate the electronic properties of F-ImPy
ligands, a Tolman Electronic Parameters (TEP) study was
conducted using iridium carbonyl carbene complexes [Ir-
(CO)2(ImPy)Cl]. The 77Se NMR study on the selenium
adducts [ImPySe] revealed that the π-accepting properties

Figure 1. Ethenolysis of methyl oleate and selected ruthenium catalysts.

Figure 2. Fluorinated NHC-Ru complexes.
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of F-ImPy ligands were enhanced while holding the σ-donacity.
In the selective ethenolysis of methyl oleate, cis-cyclooctene,
and squalene, F-ImPy-Ru catalysts show high selectivity for the
formation of terminal olefins and high thermal stability under
an ethylene atmosphere.

■ RESULTS AND DISCUSSION
Synthesis of Ruthenium Catalysts. The F-ImPy-Ru

complexes with various N-aryl groups (Ru5a−Ru5e) and
variously substituted pyridine backbones (Ru5f−Ru5h) were
prepared by the following procedures (Schemes 1 and 2). The

fluoropyridine derivatives (6) were synthesized by selective
fluorination with AgF2 in CH3CN according to a report by the
Hartwig group.27 The fluoropyridine carboxaldehydes (7a, 7f,
7g, and 7h) were obtained by either DIBAL-H reduction of the
fluorinated pyridine carboxylate (for 6a, 6g, and 6h) or
lithiation of 2-bromopyridine (for 6f) followed by the reaction
with DMF, in reasonable isolated yields. Then, imine
formation (8) with anilines followed by cyclization with
AgOTf and chloromethyl pivalate according to a reported
procedure by the Glorius group,22 provided the F-ImPy ligands
(9a−9h) in good overall isolated yields. R1-substituted ligands
in 12, 14, and 16 were then synthesized by either Glorius’s
method22 or by Aron’s method28 (Scheme 3). ImPy-Ru
complexes were synthesized as follows: in situ deprotonation of
imidazopyridinium salts using potassium hexamethyldisilazide
(KHMDS), followed by the reaction with RuCl2(PCy3)(
CH-o-O-i-PrC6H4) (HG1) to afford Hoveyda-type Ru
complexes as brown-green solid (Ru5a−Ru5h) and as green
solid (Ru6, Ru7) in reasonable isolated yields (Schemes 1, 2,
and 3). These chelated benzylidene complexes are stable under
ambient conditions (air and moisture). However, the stability
of complex Ru8 was much lower than that of other complexes,
resulting in decomposition. The complex might be decom-
posed by the C−H activation pathway of the proton of the C5-

position.29 It is important to note that substituents at the C5-
position play an important role to stabilize the ruthenium
complexes. The complexes were characterized by NMR,
elemental analysis, high resolution mass spectrometry (HR-
MS), and X-ray crystallography analysis.

X-ray Crystallographic Studies. Single crystals suitable
for X-ray crystallography analysis were grown by slow diffusion
of hexane through the solution of catalysts in dichloromethane

Scheme 1. Synthesis of Ruthenium Complexes (Ru5a−
Ru5e)a

aReaction conditions: (a) AgF2, CH3CN, rt, 1 h; (b) DIBAL-H,
DCM, −55 °C, 3 h; (c) anilines, EtOH, reflux, 12 h; (d) AgOTf,
ClCH2OPiv, DCM, 40 °C, 12 h; (e) KHMDS, THF, HG1, 2 h.

Scheme 2. Synthesis of Ruthenium Complexes (Ru5f−
Ru5h)a

aReaction conditions: (a) AgF2, CH3CN, rt, 1 h; (b) n-BuLi, THF,
−78 °C then DMF; (c) DIBAL-H, DCM, −55 °C, 3 h; (d) 2-tert-
butyl aniline, EtOH, reflux, 12 h; (e) AgOTf, ClCH2OPiv, DCM, 40
°C, 12 h; (f) KHMDS, THF, HG1, 2 h.

Scheme 3. Synthesis of Ruthenium Complexes (Ru6, 7a, b)a

aReaction conditions: (a) 2-tert-butyl aniline, EtOH, reflux, 12 h; (b)
AgOTf, ClCH2OPiv, DCM, 40 °C, 12 h; (c) anilines, formalin, HCl,
EtOH, rt, 12 h, (d) KHMDS, THF, HG1, 2 h.
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at 25 °C. The % buried volume (%VBur)
30 and topographic

steric maps were calculated to compare steric properties of new
ligands by the SambVca 2.31 The solid-state structures showed
that the complexes exhibit distorted square pyramidal
geometries and the N-aryl groups are located above the O-
chelated benzylidene (Figure 3). Although the ImPy−Ru
catalysts are structurally similar to ruthenium catalysts bearing
imidazolium ligands, the Ru−CNHC bonds (1.956(5) Å to
1.972(5) Å) in Ru5s are shorter than the bond (1.980(4) Å) in
HG212 bearing SIMes. This result is consistent with increasing
electron density at the carbene center via the π-fused
system.24c

The R1 substituents are constantly placed next to the
ruthenium metal center. Ru−F interaction could be proposed
since the Ru−F distances are shorter than 3.52 Å, the sum of
the van der Waals radii of ruthenium and fluorine,25f as shown
in Table 1 [Ru5a (Ru−F1 = 2.688(3) Å), Ru5d (Ru−F1 =
2.679(2) Å), and Ru5f (Ru−F1 = 2.700(3) Å)]. Chloride also
could be proposed to interact with ruthenium, judged by the
Ru−Cl distance in Ru6 (Ru−Cl3 = 2.7194(8) Å). Since a
methyl group is sterically larger than the fluorine atom, the
Ru−C8 distance in Me−ImPy (Ru7b) is considerably longer
(Ru−C8 = 2.925(3) Å) than those of F-ImPy (Ru5a, d, and f).
The topographic steric maps in Figure 3 showed the

quadrantal %VBur values to consider the steric hindrance. The
highly sterically demanding ligands are Cl-ImPy (Ru6) and

Me-ImPy (Ru7b), and their %VBur of west side values (41.8%
and 37.0%, respectively) are higher than those of F-ImPy
ligands (Ru5a, 34.05%; Ru5d, 34%; Ru5f, 33.9%). The
variation of N-aryl groups (2,6-diisopropylphenyl (DIPP) in
Ru5a, 2-isopropylphenyl (IPP) in Ru5d, and 2-tert-butylphen-
yl (TBP) in Ru5f) significantly influences the %VBur of the
southeast side (Ru5a, 32.5%; Ru5d, 28.2%; Ru5f, 29.3%). The
%VBur values have a correlation with activity and selectivity,
which will be discussed later.

Electronic Properties of ImPy Ligands by IR and NMR.
The Tolman electronic parameter (TEP) is the most widely
used method to evaluate the electronic properties of the
ligands.32 The carbonyl vibrations of iridium carbonyl
complexes bearing NHC ligands are measured by FT-IR
spectroscopy. Iridium complexes [Ir(CO)2(ImPy)Cl] were
synthesized by the reactions between R1-substituted ImPy
ligands (F-, Cl-, and Me-) and [Ir(COD)Cl]2 and were
subsequently treated with carbon monoxide at room temper-
ature in CH2Cl2 (Scheme 4). The TEP values were calculated
from the average CO stretching vibration obtained in CH2Cl2
solution (Table 2). It is interesting to note that the TEP values
of [Ir(CO)2(R

1-ImPy)Cl] complexes are between 2049 and
2053 cm−1, which are slightly stronger than those of the
original ImPy ligands (2053 to 2057 cm−1).21,24a We expected
higher TEP values because of the electron-withdrawing
substituents on the ImPy ligands. Although TEP parameters

Figure 3. X-ray structures of imidazopyridine carbene−ruthenium complexes. a%VBur values and
btopographic steric maps are calculated using X-ray

crystallographic data.

Table 1. Selective Bond Lengths [Å] and Angles [deg] for Ru5a, Ru5d, Ru5f, Ru6, and Ru7b

Bond length [Å] Ru5a Ru5d Ru5f Ru6 Ru7b

Ru−C1NHC 1.956(5) 1.961(2) 1.972(5) 1.967(3) 1.972(4)
RuCcarbene 1.822(5) 1.826(2) 1.803(5) 1.840(3) 1.831(3)
Ru−R1 2.688(3) 2.679(2) 2.700(3) 2.7194(8) 2.925(3)
Ru−O 2.282(3) 2.258(2) 2.274(3) 2.294(2) 2.300(3)

Bond angle [deg] Ru5a Ru5d Ru5f Ru6 Ru7b

N−C1NHC−N 101.8(3) 102.2(2) 102.4(4) 102.0(2) 101.4(3)
N−C1NHC−Ru 120.8(3) 120.8(2) 120.5(3) 122.1(2) 124.3(2)
Cl−Ru−Cl 154.13(5) 160.03(3) 155.13(6) 165.43(3) 162.32(4)
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indicate the combined properties of σ-donor and π-acceptor,
R1-substituted ImPy ligands turn out to be as electron-
donating as the original ImPy.
To further investigate the π-accepting ability of the ligands,

77Se NMR studies were conducted on [ImPySe] adducts
(Scheme 5, Table 2).33 Interestingly, the 77Se-NMR chemical

shifts (entries 1−4) of the F-ImPy and Cl-ImPy appeared
downfield (175 to 210 ppm). This observation shows that the
electronegative halide substituents increased the π-accepting
ability of the ImPy. Me-ImPy (Se5, entry 5) reveals
unexpectedly good π-accepting character for unclear reasons.
Table 2 shows that R1-substituted ImPy ligands are more π-
accepting than the unsubstituted ImPy as their 77Se-NMR
values are more downfield shifted compared to −12 ppm of
Se6 and those24a of the unsubstituted ImPy (−10 to 20 ppm).
Thus, substituents at C5 of ImPy ligands seem to increase the

π-accepting character without significantly lowering the σ-
donating ability.

Computational Study. To theoretically study the
electronic structure of ImPy ligands and rationalize the
preceding experimental observations, the molecular orbitals
of the R1-ImPy ligands (9, 12, and 14) were calculated by
density functional theory (DFT). Calculation of unsubstituted
H-ImPy ligands (16′) reported in 2017 by F. Shibahara and T.
Murai showed that substituents on the C1-position of
imidazopyridine lowered the energy levels of the lowest
unoccupied molecular orbitals (LUMOs).24a The R1-ImPy
ligands were calculated and the geometries of these free
carbenes in their ground state were optimized at the B3LYP/6-
31G(d,p) level. The methyl group was used instead of N-aryl
groups for simplicity.
Figure 4 shows the HOMOs and LUMOs of free carbene

structures in the substituted ImPy’s. HOMO−1s and HOMOs
act as σ-orbital of carbene carbon and π-donor orbitals,
respectively, and LUMO+1s and LUMOs act as π-accepting
orbitals for ImPy (9′, 12′, 14′, and 16′). Fluorine and chlorine
lower HOMOs and LUMOs, and methyl group increases those
levels. This result is consistent with the fact that ImPy is a
strong donor ligand. The electron density at the carbene center
of ImPy’s increased probably because of the π-fused system.
However, energy levels are not considerably changed by the
electronegative atom and electron-donating group and not
significantly correlated with TEP and 77Se-NMR spectral
results.

Ethenolysis of Methyl Oleate. The catalytic performance
of prepared F-ImPy-Ru complexes was evaluated in the
ethenolysis of methyl oleate (MO) (Scheme 6, Table 3).
The results of 86% selectivity, for terminal alkene products (1
and 2) over self- and secondary-metathesis products (3 and 4)
with Ru5a (entry 1) showed that structurally unsymmetrical
features of ImPy ligand resulted in high α-olefin selectivity,
compared to the lower selectivity (33%)9d shown by other
Hoveyda−Grubbs Ru catalysts bearing symmetrical SIMes
(HG2). To investigate the steric effects of ImPy ligands, a
range of F-ImPy-Ru complexes (Ru5b−5e) were tested for
ethenolysis of methyl oleate using 100 ppm catalyst and 150
psi of ethylene at 60 °C. The complexes Ru5b and Ru5c
exhibited higher conversion (20% and 14%) and turnover
number (TON, 1500 and 1000) than Ru5a (5% and 550
TON) but lower selectivity presumably due to the decreased
steric hindrance on the east side N-aryl groups (entries 2 and
3). The use of a mono-ortho-substituted N-aryl group (Ru5d
and Ru5e) enhanced the TONs to 2200 and 3400 while
maintaining high selectivity of 82% and 79% (entries 4 and 5).
As long as it is a monosubstituted aryl (R4 = H), a bulkier ortho
substituent seems to be better for overall catalyst efficiency (R3

= t-Bu for Ru5e vs i-Pr for Ru5d). According to the steric map
of %VBur (Figure 3b), the southeast side %VBur of Ru5d is
slightly diminished (28.2%) compared to that of Ru5a
(32.5%). Modulation of steric bulk of the east side resulted
in higher selectivity in ethenolysis.
Table 4 summarizes the effects of backbone substitution of

F-ImPy-Ru catalysts. Complex Ru5f containing a σ-donating t-
Bu group on the backbone enhances catalytic activity with 51%
conversion and TON of 3900, compared to complex Ru5e
(entry 1 vs entry 5 in Table 3). However, catalysts Ru5g and
Ru5h provided lower conversions compared to Ru5e (entries
2 and 3 vs entry 5 in Table 3). π-Donating groups in
complexes Ru5g and Ru5h seem ineffective as they exhibit

Scheme 4. Synthesis of [Ir(CO)2(R
1-ImPy)Cl]a

aReaction conditions: (a) KHMDS, THF, [Ir(COD)Cl]2; (b) CO (1
atm), CH2Cl2, rt.

Table 2. Tolman Electronic Parameters (TEP) and 77Se
NMR Shifts of Selected ImPy

[Ir] νav(CO)
a [Ir] TEPa 77Seb

entry L (R1, R2, R3) [cm−1] [cm−1] δ [ppm]

1 9e (F, H, t-Bu) 2024 2051 175.92
2 9f (F, t-Bu, t-Bu) 2023 2051 166.74
3 9h (F, Cl, t-Bu) 2025 2053 192.04
4 12 (Cl, H, t-Bu) 2021 2049 210.72
5 14a (Me, H, i-Pr) 2022 2050 154.75

aThe IR spectra of complexes were measured in CH2Cl2, and TEP
values were calculated from the symmetric and antisymmetric CO
stretching frequencies of the corresponding [Ir(CO)2(ImPy)Cl]
complexes, using the equation TEP = 0.8475 × νav(CO) + 336.2
cm−1. b77Se-NMR spectra in CDCl3.

Scheme 5. Synthesis of [ImPySe]a

aReaction conditions: (a) KHMDS, THF, Se.
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lower TONs. As a control experiment probing the fluorine
atom effect, the Cl-ImPy ruthenium complex (Ru6) was
prepared (Scheme 3) and tested for ethenolysis, but the Ru6
did not show catalytic activity (entry 4). The chlorinated ImPy
is highly sterically demanding as chlorine atom is coordinated
to the metal, and %VBur of the west side of Ru6 in Figure 3 is

41.8%, which is higher than that of other F-ImPy-Ru (Ru5d,
34.0%). High selectivity of 91% was obtained with Me-ImPy-
Ru (Ru7), but TON was lower presumably because of the
increased steric hindrance of the methyl group (entry 5). The
%VBur of the west side of Ru7 in Figure 3 is 37.0%, which is

Figure 4. HOMO and LUMO energy levels (eV) of free carbenes of ImPy ligand, F-ImPy (9′), Cl-ImPy (12′), Me-ImPy (14′) and H-ImPy (16′)
at the B3LYP/6-31G(d,p) level.

Scheme 6. Ethenolysis of Methyl Oleate with F-ImPy-Ru Complexes

Table 3. Ethenolysis with Catalysts Bearing Sterically
Different Aryl Substituents (Ru5a−5e)a

entry cat R3 R4
conv.
(%)b

selectivity
(%)c

yield
(%)d TONe

1 Ru5a i-Pr i-Pr 6 86 5 550
2 Ru5b Et Et 20 78 15 1500
3 Ru5c Et Me 14 74 10 1000
4 Ru5d i-Pr H 26 82 22 2200
5 Ru5e t-Bu H 44 79 34 3400

aReaction conditions: catalyst (100 ppm), C2H4 (150 psi, 99.95%
purity), 60 °C, 3 h; Conversion, selectivity were determined by GC
using tridecane as an internal standard. bConversion = 100 − [(final
moles MO) × 100/(initial moles MO)]. cSelectivity = 100 × (moles
1 + 2)/[(moles 1 + 2) + (2 × moles of 3 + 4)]. dYield = Conversion
× Selectivity/100. eTON = Yield × (initial moles MO/moles
catalyst)/100.

Table 4. Ethenolysis with Catalysts Bearing Electronic and
Steric Substituents on ImPy (9f−9h, 12, and 14)a

entry cat. R1 R2
conv.
(%)b

selectivity
(%)c

yield
(%)d TONe

1 Ru5f F t-Bu 51 77 39 3900
2 Ru5g F OMe 34 81 27 2700
3 Ru5h F Cl 27 83 23 2300
4 Ru6 Cl H <1
5 Ru7a Me H 7 91 6 600

aReaction conditions: catalyst (100 ppm), C2H4 (150 psi, 99.95%
purity), 60 °C, 3 h; Conversion, selectivity were determined by GC
using tridecane as an internal standard. bConversion = 100 − [(final
moles MO) × 100/(initial moles MO)]. cSelectivity = 100 × (moles
1 + 2)/[(moles 1 + 2) + (2 × moles of 3 + 4)]. dYield = Conversion
× Selectivity/100. eTON = Yield × (initial moles MO/moles
catalyst)/100.
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higher than other F-ImPy-Ru (Ru5a, 34.05%; Ru5d, 34%;
Ru5f, 33.9%).
Table 5 summarizes further optimization of reaction

conditions in terms of catalyst loading, reaction temperature,
and ethylene pressure. Lowering the catalyst loading to 20 ppm
showed a slight loss of the selectivity but was still efficient in
ethenolysis reaction (entry 2). Raising the catalyst loading to
200 and 500 ppm led to the improved yield (54% and 58%)
and selectivity (79% and 84%, entries 3 and 4). Note that the
selectivity data shown by Ru5f (entries 1 and 4) are similar to
those shown by the CAAC-Ru catalyst Ru1a15a,c (entries 10
and 11). At 60 °C, Ru5f showed the selectivity of 77% (50
ppm, entry 1) and 84% (500 ppm, entry 4), and unsymmetrical
CAAC-Ru catalyst Ru1a showed 76% (50 ppm, entry 10)15a

and 82% (500 ppm, entry 11)15c at 50 °C. These results

indicate that the structurally unsymmetrical feature of ImPy
ligand gave high selectivity as the structurally related Ru1a
catalysts (bearing unsymmetrical CAAC) showed similarly
high selectivity under similar conditions. At high pressure (300
psi), the selectivity (83%) increased due to the increased
ethylene solubility in methyl oleate (entry 5). Ethenolysis
reactions were conducted at 40, 60, 80, and 100 °C with
catalyst Ru5f. Notably, similar TON and slightly lower
selectivity were obtained at high temperatures, even at 100
°C (entries 7 and 8). The conversion of 74%, the selectivity of
82% and yield of 60% were obtained with 500 ppm catalyst at
80 °C (entry 9) whereas similar conversion of 69% and slightly
increased selectivity of 76% and yield of 42% were obtained
with 500 ppm catalyst at 60 °C (entry 4). We also examined
the influence of methyl oleate purity (96%). Recently, Grela

Table 5. Different Catalysts Loadings, Temperature, and Ethylene Pressure Effects on Ethenolysisa

entry cat. loading (ppm) temp. (°C) pressure (psi) conversion (%)b selectivity (%)c yield (%)d TONe

1 Ru5f 50 60 150 32 77 25 5100
2 Ru5f 20 60 150 19 71 13 6700
3 Ru5f 200 60 150 68 79 54 2700
4 Ru5f 500 60 150 69 84 58 1200
5 Ru5f 200 60 300 62 83 52 2600
6f Ru5f 100 40 150 25 77 19 1900
7 Ru5f 100 80 150 55 76 42 4200
8 Ru5f 100 100 150 57 72 40 4000
9 Ru5f 500 80 150 74 82 60 1200
10g Ru1a 50 50 200 89 76 67 13500
11h Ru1a 500 50 150 86 82 70 1400
12i Ru5f 500 60 150 55 82 45 900
13i Ru5f 100 60 150 14 84 12 1200

aReaction conditions: catalyst (ppm), temperature (°C), C2H4 (psi, 99.95% purity), 3 h; Conversion, selectivity were determined by GC using
tridecane as an internal standard. bConversion = 100 − [(final molesMO) × 100/[initial molesMO)]. cSelectivity = 100 × (moles 1 + 2)/[(moles
1 + 2) + (2 × moles of 3 + 4)]. dYield = Conversion × Selectivity/100. eTON = Yield × (initial moles MO/moles catalyst)/100. fReaction for 12
h. gReference 15a. hReference 15c. iReaction with MO (96%).

Table 6. Ethenolysis of cis-Cyclooctenea

entry loading (ppm) pressure (psi) conv. (%)b selectivity (%)c yield (%)d

1 100 150 70 22 15
2 200 150 69 25 17
3 500 150 70 48 33
4 1000 150 73 47 34
5e 500 150 91 15 14
6 500 200 68 48 33
7 500 300 60 56 34

aReaction conditions: catalyst (ppm), temperature (60 °C), C2H4 (psi, 99.95% purity), 5 h; Conversion, selectivity were determined by GC using
tridecane as an internal standard. bConversion = 100 × (1 − final moles 17/initial moles 17). cSelectivity = 100 × (final moles 18)/(initial moles
17 − final moles 17). dYield = 100 × final moles 18/initial moles 17. eReaction at 100 °C.
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and co-workers reported that the robust ruthenium catalysts
bearing unsymmetrical NHCs could be operative with less
pure reagents under the practical conditions.15b At 500 ppm
catalyst loading, Ru5f catalyst was still efficient in ethenolysis
reaction when the less pure methyl oleate (96% purity) was
used after filtering through activated alumina (entry 12).
However, with 100 ppm of Ru5f, the conversion is significantly
reduced, while ruthenium catalysts bearing unsymmetrical
NHCs reported in the literature15b still showed remarkable
efficiencies with less pure reagents. Only a few ruthenium
catalysts showed high thermal stability under an ethylene
atmosphere at high temperature.15c,34 Typically, activity and
selectivity were reduced, and also the isomerization products
were obtained owing to the decomposed, ruthenium hydride
species.35 Interestingly, the current results suggest the
formation of highly stable ruthenium intermediate at high
reaction temperatures without catalyst decomposition. It is
worth noting that the development of the thermally robust
catalysts under ethylene is important for the ethenolysis of tri-
or tetrasubstituted olefins.6a

Ethenolysis of cis-Cyclooctene. The cyclic alkenes are
challenging substrates because of the highly competitive ring-
opening metathesis polymerization reaction (ROMP). Re-
cently, ethenolysis of cis-cyclooctene was carried out by Ru-
based catalysts (Togni and co-workers)9a and Mo-based
catalysts (Schrock, Hoveyda, and co-workers).10b The
ethenolysis of methyl oleate results with F-ImPy-Ru catalysts
led us to investigate the ethenolysis of cis-cyclooctene using the
catalyst Ru5e (Table 6). Table 6 summarizes optimization of
reaction conditions in terms of catalyst loading, temperature,
and ethylene pressure. Ru5e bearing a structurally unsym-
metrical ImPy ligand slightly improved selectivity (22%),
compared to the lower selectivity (12%) shown by Grubbs Ru
catalysts bearing symmetrical NHCs (G2).9a Raising the
catalyst loading to 500 ppm led to the improved yield (17%
to 33%) and selectivity (25% to 48%, entry 2 and 3).
Analogously, the ethenolysis conversion of 73%, the selectivity
of 47%, and a yield of 34% were obtained with 1000 ppm
catalyst loading (entry 4). Unfortunately, the increased
temperature led to mainly ROMP and secondary metathesis
products (entry 5). Although the selectivity of 18 decreased,
the activity of Ru5e was still efficient at 100 °C. This result is
consistent with highly thermally stable Ru5f under the
ethenolysis conditions. At high pressure (200 and 300 psi),
the selectivity was retained or increased but conversion was
reduced (entries 5 and 6) probably because of the decomposed
catalysts. It turns out that 500 ppm catalyst loading, 60 °C, and
150 psi gave the optimal catalytic performance (70%

conversions, 47% selectivity, and 33% yield). The results also
show that Ru5e is useful for another type of ethenolysis.

Ethenolysis of Squalene. We expected that the thermally
stable F-ImPy-Ru catalysts could be efficient in ethenolysis of
trisubstituted olefins, which typically requires high reaction
temperature (Scheme 7). Previously, the Plenio group
demonstrated the ethenolysis of squalene (containing six
trisubstituted olefins), natural rubbers,34a and end-of-life
tire.34b Ru5e catalyst (100 ppm per double bond) was tested
in the ethenolysis of squalene at 120 °C with 100 psi ethylene
pressure. To our delight, the F-ImPy-Ru catalyst Ru5e gave
56% conversion. It is worth noting that highly selective and
thermally robust catalysts under ethylene can be effective for
the ethenolysis of trisubstituted olefins.

■ CONCLUSION
Herein we report the synthesis of novel ruthenium catalysts
with unsymmetrical F-ImPy ligands and their application in
catalytic ethenolysis of methyl oleate, cis-cyclooctene, and
squalene containing trisubstituted olefins. Effects of ligand
structure variations on catalyst activity, selectivity, and thermal
stability were studied. Ru−F interaction has been identified in
the solid state from X-ray analysis, and the F−Ru interaction
might help to stabilize the ruthenium complexes. F-ImPy-Ru
catalyst Ru5f with an ortho-tert-butyl-phenyl substituent on
nitrogen and a σ-donating t-Bu group on the pyridine
backbone resulted in high TON (up to 6700) and high
selectivity (up to 86%) for the formation of terminal olefins in
ethenolysis of methyl oleate. F-ImPy-Ru catalyst Ru5f was
stable at high temperature, even 100 °C. We also observed that
the F-ImPy-Ru catalyst Ru5e is effective in more challenging
ethenolysis reactions, giving 70% conversions, 48% selectivity,
and 33% yield for the ethenolysis of cis-cyclooctene at 60 °C,
and 56% conversion for the ethenolysis of squalene at 120 °C.
Currently, further development of more reactive catalysts is in
progress in our laboratory.
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