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Novel Hoveyda-type Ru-carbene complexes 7a,b and 8a,b tethering imidazolium tags at chelating iso-
propoxy group have been synthesized, and investigated their catalytic activities and recyclabilities in
ring-closing metathesis (RCM) and cross metathesis (CM) in ionic liquids. They showed excellent cata-
lytic activities for RCM of various dienes in [bmim][PFg]/CH,Cl, (1/1, v/v). The recyclability of these
catalysts is largely dependent on the tether length and the structures of imidazolium tag and ionic liquid,

as well as the composition of the ionic solvent system. A combination of the 2-methylated imidazolium
ion-tagged Ru-complex 7b with a mixture of [bdmim][PFg]/toluene (1/3, v/v) allowed several times
recycling without significant loss of catalytic activity in RCM, however low recyclabilities were observed

in CMs.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Olefin metathesis has become one of the simplest and effective
synthetic methods for the construction of carbon-carbon double
bonds, and is widely employed in a variety of fields of chemistry
including natural products, pharmaceuticals, and polymer chem-
istry.! The spectacular recent success of olefin metathesis stems
largely from the availability of several, well-defined Ru-catalysts
such as Grubbs’ Ru-benzylidenes 1 and Hoveyda’s Ru-complexes 2,
which are easy to handle and tolerant toward different kinds of
functional groups (Fig. 1).

Despite the widespread use of Ru-catalyzed metathesis, a major
disadvantage is difficulty in the recovery and reuse of the expensive
catalysts, as well as the product contamination caused by metal
leaching. Hence, from an economic and environmental point of
view, development of immobilization technology for recycling of
the catalyst is of great importance.? In this context, the recently
emerged room-temperature ionic liquids (RTILs) hold great po-
tential. Given for characteristic properties of non-volatility, tunable
immiscibility with organic solvents, and ability to dissolve organ-
ometallic compounds, RTILs have been utilized in many different
kinds of reactions for catalyst recycling.? However, the recovered
Ru-catalysts immobilized in ionic liquid layer rapidly lose their
activity in subsequent runs, which has been ascribed largely to the
leaching of the catalyst into the organic solvent used for product
extraction.* An elegant solution to solve this leaching problem is
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the use of imidazolium ion-tagged catalyst, which could retain in
ionic liquid layer more effectively. Numbers of different imidazo-
lium ion-tagged Hoveyda-type Ru-complexes such as 3-6 have
been designed and synthesized for olefin metathesis in ionic liquids
(Fig. 2).>77 It has been observed that the catalytic activity and
recyclability of the imidazolium ion-tagged Ru-complexes were
largely dependent on the positions of imidazolium tag. For exam-
ples, both catalysts 3 and 4 tagging the imidazolium moiety para-
position of chelating isopropoxy showed excellent recyclability
with moderate activity.>® However, much lower activity and
recyclability have been observed with the catalyst 5 when the
imidazolium tag anchored onto the chelating ortho oxygen atom.
On changing the tagging position of imidazolium tag to the meta-
position of the styrenylidene ligand, the activity was increased, but
the recyclability was decreased.”

During our ongoing studies on the development of recyclable
olefin metathesis catalysts,® we have interest to evaluate other
possibilities of anchoring imidazolium ionic tags onto the che-
lating isopropoxy group. In order to investigate the effects of
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Figure 1. Grubbs and Hoveyda’s Ru-complexes for olefin metathesis.
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Figure 2. Imidazolium-tagged Ru-complexes.

structure and tagging position of imidazolium moiety on catalytic
activity, two different types of Ru-complexes 7a,b and 8a,b have
been designed. Herein, we report the synthesis of imidazolium
ion-tagged Ru-carbene complexes 7a,b and 8a,b and their cata-
lytic activities for olefin metathesis in ionic liquid-based solvent
systems.

2. Results and discussion

2.1. Synthesis of imidazolium ion-tagged Ru-complexes 7a,b
and 8a,b

The Ru-complexes 7a,b and 8ab could be synthesized effi-
ciently in seven steps starting from the commercially available
(E|Z)-2-propenylphenol and methyl 2-bromopropionate (Scheme
1). The Ru-complexes 7a and 7b were synthesized first. Reaction
of (E/Z)-2-propenylphenol with methyl 2-bromopropionate affor-
ded the ester-functionalized olefin 9 in 93% yield.? The ester was
reduced with LAH to give alcohol 10 in 98%, which has been used
as key intermediate for the synthesis of both 7 and 8. The alcohol
10 was reacted with 1-bromo-4-chlorobutane to afford the chlo-
rinated ether 11 in 90% yield. To introduce the imidazolium

S.-W. Chen et al. / Tetrahedron 65 (2009) 3397-3403

moiety, the chloride 11 was reacted with an excess amount
(2 equiv) of 1-methylimidazole for 12a and 1,2-dimethylimidazole
for 12b in CH3CN for 36 h at 70°C to afford the corresponding
imidazolium chlorides 12a and 12b in 91% and 93%, respectively.
The chloride anion was exchanged with NaPFg to give the
1-methylimidazolium and 1,2-dimethylimidazolium hexa-
fluorophosphate-tagged styrenyl 13a and 13b in almost quanti-
tative yield. Compounds 13a and 13b were then reacted with
Grubbs 2nd-generation catalyst 1b in the presence of CuCl, and
purified by silica column chromatography followed by solidifying
with a mixture of CH,Cly/pentane (1/1, v/v) to provide the pure
imidazolium ion-tagged Ru-complexes 7a (72%) and 7b (78%) as
air-stable, greenish powder. In order to investigate the effects of
tether length on the activity and recyclability, the Ru-complexes
8a,b tethering imidazolium tag onto chelating isopropoxy group
directly were synthesized. For the synthesis of 8a and 8b, the
hydroxy group of 10 was converted to the bromide 14 through the
mesylation followed by nucleophilic substitution with LiBr in two
steps 85% yield. The remaining synthetic steps are the same as
those followed for the synthesis of 7a,b. Thus, starting from the
bromide 14, both the ionic complex 8a and 8b were prepared in
three steps with overall yields of 77% and 78%. In NMR analyses,
the characteristic Ru=CH resonance signals were observed at
16.62 ppm for 7a, 16.57 ppm for 7b, 16.64 ppm for 8a, 16.57 ppm
for 8b in 'H NMR and 296.4 ppm for 7a, 296.6 ppm for 7b,
297.4 ppm for 8a, 296.6 ppm for 8b in '3C NMR spectra. In HRMS
analyses, the parent peaks, m/z=924.2074 for 7a and
m/z=938.2231 for 7b, were also detected indicating clearly for-
mation of the desired Ru-complexes.

2.2. Olefin metathesis in ionic liquids using imidazolium ion-
tagged Ru-complexes 7a,b and 8a,b

First, we investigated the effects of counter anion of ionic liquid
on the catalytic activity using 7a. Thus, the RCM reactions of the
benchmark substrate, N,N-bisallyl-p-toluenesulfonamide 17a were
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Scheme 1. Synthesis of imidazolium ion-tagged Ru-complexes 7a,b and 8a,b.
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carried out in monophasic ionic solvent systems composed of
[bmim][NTf,]/CH,Clp, [bmim][SbFg]/CH,Cl,, and [bmim][PFg]/
CH,Cl; (1/1, v/v) (bmim=1-butyl-3-methylimidazolium) at room
temperature in the presence of 1.0 mol % of 7a.

The reactions were monitored by TLC and the final conversion
was determined by GC and NMR analyses. As observed by Dixneuf
et al. in RCM with ruthenium allenylidene salts in ionic liquids,*
the catalytic activity was significantly dependent on the nature of
counter anion of ionic liquid. The reactions in [bmim|[NTf,]/CHCl,
(entry 1, Table 1) and [bmim][SbFg]/CH,Cl, (entry 2, Table 1)
showed 74% and 51% conversions, respectively, for 2 h, whereas the
reaction in [bmim][PFg]/CH,Cl, (entry 3, Table 1) was completed
within 10 min to provide ring-closed product 18a in over 98%
conversion. Based on these results, we investigated the catalytic
activity of 7b, 8a, and 8b in [bmim|[PFg]/CHCl; solvent. It has been
found that all of the imidazolium ion-tagged Ru-complexes showed
extremely high catalytic activities, and complete conversions ach-
ieved within 10-15 min at room temperature (entries 4-6, Table 1).
For comparison, the RCM reaction with original Hoveyda catalyst
2b was conducted under the same condition completing in 45 min
(entry 7, Table 1) indicating that anchoring imidazolium tag onto
chelating isopropoxy group increased the catalytic activity.

To evaluate the substrate scope of imidazolium-tagged Ru-
complexes, RCM reactions of various dienes 17b-17h with 7a and
8a were conducted in [bmim][PFg]/CH2Cl, at room temperature,
and the results are summarized in Table 2.

Both 7a and 8a showed excellent catalytic activity for all sterically
less demanding dienes 17b-17f, and thus, the reactions were com-
pleted within 10 min to give the corresponding ring-closed products
18b-18f in almost quantitative conversions (entries 1-5, Table 2). The
RCM of olefin 17g affording trisubstituted cyclic olefin 18g was also
completed at room temperature with prolonged reaction time (entry
6, Table 2). Moreover, the sterically more demanding diene 17h,
known to be a difficult substrate for RCM, can be cyclized smoothly,
but required high temperature (40 °C) (entry 7, Table 2).

We next investigated the recyclability of the imidazolium ion-
tagged catalysts. To recover the catalyst immobilized in ionic liquid,
volatile CH,Cl, was evaporated and the product was extracted with
diethyl ether (2.0 mLx5). The recovered catalyst/ionic liquid was
reused for next run. Disappointingly, the catalytic activity of the
recovered 7a, immobilized in [bmim][PFg], was dramatically de-
creased in the 2nd cycle (entry 1, Table 3).

A recent report by Maudit and Guillemin indicated that a bi-
phasic [bmim][PFg]/toluene is to be effective recyclable solvent
system in RCM reactions by using the imidazolium ion-tagged
Ru-complex 4.°° Thus, the ionic solvent system was changed to

Table 1
RCM of 17a with catalysts 7a,b and 8a,b in ionic liquids®
catalyst
\L J/ (1.0 mol%) -

ionic I|qU|d/CH2CI2 N
(11, v),c=05M Ts

173 room temp. time 182
Entry Catalyst Ionic liquid TimeP Conv* (%)
1 7a [bmim][NTf;] 2h 74
2 7a [bmim][SbFs] 2h 51
3 7a [bmim][PFs] 10 min >98
4 7b [bmim][PFs] 10 min >98
5 8a [bmim][PFs] 10 min >98
6 8b [bmim][PFg] 15 min >98
7 2b [bmim][PFs] 45 min >98

2 Reactions were carried out at room temperature using 1.0 mol %
ionic liquid/CH,Cl; (1/1, v/v, c=0.5 M).

b Time for completion.

¢ Determined by GC and 'H NMR analyses.

of catalyst in

Table 2
RCMs of various dienes with 7a and 8a in [bmim][PFg]/CH,Cl>*
Entry 17 18 7a 8a
Time® Conv® (%) Time® Conv® (%)
Ts Ts
J )
1 10 min >98 10 min >98
17b e
Ts T:
N Ns
2 H/ \H Q 10 min >98 10 min >98
| 17¢c | 18¢c

EtO,C. COzEt Et0,C_ CO,Et
3 é 10 min >98 10 min >98
= X

17d 18d

EtO,C_ CO,Et EtO,C_ CO,Et

4 10 min >98 10 min >98
))1 @
17e | 18e
EtOC_ COEt pio.c  co,Et
5 (l)ﬂﬁ @ 10 min >98 10 min >98
17f L)
Ts
N
6 /]//\ k — 25h >98 2h >98
18g
Ts
/J'\/-'(l N
74 k — 36h 72 36h 86
18h

¢ Reactions were carried out at room temperature using 1.0 mol % of catalyst in
[bmim][PFg]/CHxCl; (1/1, v/v, c=0.5 M).

° Time for completion.

¢ Determined by "H NMR analysis.

d Reaction was conducted at 40 °C.

a biphasic [bmim][PFg]/toluene (1/3, v/v) resulted in improved
recyclability, allowing two iterations of recycling with diminished
reactivity (entry 2, Table 3). Compared to reaction in [bmim][PFg]/
CH,Cl,, the reaction rate was relatively decreased in [bmim][PFg]/
toluene solvent system, which could be ascribed to its biphasic
nature. The level of recyclability of 7a was improved further as the
ionic liquid was changed from [bmim]|[PFs] to [bdmim][PFs]
(bdmim=1-butyl-2,3-dimethylimidazolium) (entry 3, Table 3). To
our delight, in contrast to 7a, the use of 1,2-dimethylimidazolium
ion-tagged 7b dramatically increased recyclability, thus, the re-
covered 7b/[bdmim|[PF;s] could be reused for several times without
any loss of catalytic activity (entry 4, Table 3). These results clearly
indicated that the structures of imidazolium tag and ionic liquid
used have a pronounced effect on recyclability. Comparisons of the
levels of Ru residue in toluene layer from 1st run with 7a in
[bmim][PFs]/toluene (entry 2, Table 3), 7a in [bdmim]|[PFs]/[tolu-
ene] (entry 3, Table 3), and 7b in [bdmim][PFg]/toluene (entry 4,
Table 3) also supported the structural effects of imidazolium moiety
on catalyst stability. Combination of 2-methylated imidazolium-
tagged 7b with [bdmim][PFg]/toluene minimized Ru leaching. In-
terestingly, the Ru-complexes 8a and 8b, in which the imidazolium
moieties are in the proximity of reaction metal center, showed
higher conversion rate compared with the 7a and 7b in a biphasic
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Table 3
Recycling of catalysts 7a,b and 8a,b for RCM of 17a in ionic liquid

1S

catalyst

(1.0 mol%) /_5

solvent c=05M N

room temp. time Ts
17a 18a
Entry Cat. Solvent Cycle Time Conv?® (%)
1 7a [bmim][PFg]/MC 1 10 min >98
2 1h 20
2 7a [bmim][PFs]/toluene 1 1.5h >98
Ru residue: 89 ppm® 2 4h >98
3 12h 46
3 7a [bdmim][PFg]/toluene 1 1h >98
Ru residue: 87 ppm® 2 3h >98
3 12h 80
4 7b [bdmim][PFg]/toluene 1 1h >98
Ru residue: 21 ppm® 2 1h >98
3 1h >98
4 1h >98
5 1h >98
6 2h >98
7 6h >98
8 6h 77
5 8a [bdmim][PFg]/toluene 1 30 min >98
2 30 min 97
3 30 min 11
6 8b [bdmim][PFg]/toluene 1 30 min >98
2 30 min 93
3 30 min 27

3 Determined by GC and "H NMR analyses.
b Ru contents in toluene layer after 1st run and determined by ICP-AES.

solvent system. Thus, the RCM reactions with 8a (entry 5, Table 3)
and 8b (entry 6, Table 3) in [bdmim][PFg]/toluene were completed
within 30 min. However, the catalytic activities of the recovered
catalysts were dramatically decreased in 3rd runs. Taken all to-
gether, it can be concluded that the structure of the imidazolium
tag and ionic liquid, as well as the choice of the anchoring position
of the imidazolium tag, and composition of ionic solvent system are
important for the development of highly reactive and recyclable
Ru-catalysts for RCMs in ionic liquids.

Finally, we investigated catalytic activity and recyclability of the
imidazolium ion-tagged Ru-complexes for cross metathesis (CM) in
ionic liquids (Scheme 2).

0}
Ph)J\o/\/\/ P N7
19
1) cat. (1.0 mol%)
\)J\ [bdmim][PFg)/
OMe| toluene (1/3)
o c=0.5,RT,4h
M M
Phﬂ\o/\/\/\[( oMe PR ove
21 O 22 O
with catalyst 7b with catalyst 7b

1t run: 90% (E/Z = 20:1)
2" run: 10% (E/Z = 21:1)

15t run: 92% (E/Z = 18:1)
2" run: 12% (E/Z = 15:1)

with catalyst 8b
15t run: 89% (E/Z = 19:1)
2" run:12% (E/Z = 20:1)

with catalyst 8b
18t run: 90% (E/Z = 15:1)
2" run:14% (E/Z = 15:1)

Scheme 2. Cross metatheses with 7b and 8b in [bdmim][PFg]/toluene.

Based on the results from ring-closing metathesis described
above, the Ru-complexes 7b and 8b anchoring 2-methylated imi-
dazolium ion tag and [bdmim][PFs]/toluene solvent system were
selected for CMs of 5-pentenylbenzoate 19 and 3-phenyl-1-pro-
pene 20 with a standard electron demanding substrate, methyl

acrylate. Both 7b and 8b showed excellent catalytic activities in the
first runs, and thus the cross metathesis products 21 and 22 were
formed in over 90% with E-isomer selectivity. However, the cata-
lytic activities of the recovered catalysts immobilized in ionic liquid
layer were dramatically decreased in 2nd runs, which could be
ascribed to the remained methyl acrylate. To avoid the self-cross
metathesis, at least 2 equiv methyl acrylate was used, and the
remained methyl acrylate provokes a competitive metathesis re-
action against the styrenyl ether inhibiting the return process of the
catalytically active Ru-catalyst.

3. Conclusion

A new-type of Hoveyda-type Ru-complexes 7a,b and 8a,b an-
choring imidazolium ion onto the chelating isopropoxy group has
been designed and synthesized to perform olefin metathesis in
ionic liquid. These catalysts exhibited excellent catalytic activities
for ring-closing metathesis and cross metathesis. The present work
highlights the fact that changing the location of the tagging and the
structures of imidazolium tag and ionic liquid as well as the com-
position of ionic solvent can dramatically improve the catalyst/ionic
liquid and minimized residual Ru levels in the RCM products. Thus,
combination of 2-methylated imidazolium ion-tagged Ru-complex
7b with a biphasic [bdmim][PFs]/toluene medium increased dra-
matically the recycling of the catalyst and low residual Ru levels
were detected by ICP-AES in the product. Excellent activities were
also observed in first runs of cross metathesis, however, the recy-
clability was very low. Further studies on the development of
a more effective recyclable catalytic system for cross metathesis in
ionic liquids are currently underway.

4. Experimental
4.1. General

Nuclear magnetic resonance (NMR) spectra were recorded on
a Varian Mercury VX250 NMR spectrometer (250 MHz) in given
solvent. Chemical shifts were expressed in parts per million with
TMS as an internal standard (6=0ppm) for 'H NMR, coupling
constants (J) are in hertz. The anhydrous toluene was distilled from
sodium benzophenone ketyl. The DMF and methylene chloride
were freshly distilled from calcium hydride. The purchased re-
agents are used as-received without further purification. All ma-
nipulations involving air and moisture-sensitive compounds and
reactions were carried out using standard Schlenk technique under
nitrogen atmosphere.

4.2. Synthesis

4.2.1. 2-(2-Propenylphenoxy)propionic acid methyl ester (9)

To a solution of E/Z mixture of 2-propenylphenol (3.03¢g,
22.58 mmol) and methyl 2-bromopropionate (5.63 g, 33.70 mmol)
in anhydrous DMF (30 mL) were added Cs;CO3 (1.47 g, 4.52 mmol)
and K»COs3 (4.66 g, 33.70 mmol). After stirring for 10 h at room
temperature, the reaction mixture was poured into water (100 mL)
and extracted with EtOAc (3x50 mL). The combined organic layer
was washed with brine, dried (Na;SO4), and concentrated under
vacuum. Purification by silica gel chromatography (EtOAc/
hexane=1/9 v/v) afforded the desired product 9 as a colorless oil
(4.65 g, 93.6%). Spectral data for major isomer: 'H NMR (250 MHz,
CDCl3) 6 7.41 (dd, J=7.7,1.7 Hz, 1H), 7.18-7.06 (m, 1H), 6.94-6.88 (m

H), 6.78 (dq, J=15.9, 1.8 Hz, 1H), 6.69 (dq, J=8.2, 1.0 Hz, 1H), 6.23
(dq,J=15.9, 6.6 Hz, 1H), 4.73 (q, J=6.8 Hz, 1H), 3.72 (s, 3H), 1.90 (dd,
J=6.6, 1.8 Hz, 3H), 1.63 (d, J=6.8 Hz, 3H) ppm; >C NMR (62.5 MHz,
CDCl3) 6 172.7, 154.2, 130.5, 127.9, 127.6, 126.6, 125.4, 121.7, 113.0,
73.3,52.2,18.9, 18.6 ppm.
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4.2.2. 2-(2-Propenylphenoxy )propan-1-ol (10)

To a stirred solution of 9 (6.0 g, 27.24 mmol) in anhydrous THF
(100 mL) was added LiAlH4 (32.7 mL, 1M in THF) dropwise at
0°C. After stirring for 1h at 0°C, the excess of LiAlH; was
destroyed by addition of saturated aqueous Na,SO4 dropwise. The
appeared white precipitate was filtered and the residue was
washed with THF several times. The THF filtrate was dried with
anhydrous Na;SO4, and the THF was evaporated to afford 10
(512 g, 97.7%) as a slightly yellow oil, which was used for next
reaction without further purification. The spectral data of major
isomer: 'H NMR (250 MHz, CDCl3) ¢ 7.39 (dd, J=8.0, 1.6 Hz, 1H),
7.16-7.09 (m, 1H), 6.93-6.86 (m, 2H), 6.71 (dq, J=15.9, 1.6 Hz, 1H),
6.19 (dq, J=15.9, 6.6 Hz, 1H), 4.47-4.40 (m, 1H), 3.74-3.68 (m, 2H),
2.52 (br s, 1H), 1.88 (dd, J=6.6, 1.6 Hz, 3H), 1.22 (d, J=6.2 Hz, 3H)
ppm; C NMR (62.5 MHz, CD,Cl,) 6 154.8, 130.7, 128.7, 128.3,
127.2,125.9, 121.6, 114.9, 76.3, 66.5, 19.0, 16.2 ppm. IR: 3591, 3374,
3038, 2985, 2940, 2090, 1594, 1484, 1447, 1241, 1148, 1041, 914,
742 cm™ !,

4.2.3. 1-[2-(4-Chlorobutoxy)-1-methylethoxy]-2-propenyl-
benzene (11)

To a solution of 10 (4.6 g, 23.93 mmol) in anhydrous DMF
(50 mL) was added NaH (1.44 g, 35.89 mmol) at 0 °C. After stir-
ring for 10min at 0°C, 1-bromo-4-chlorobutane (8.21g,
47.86 mmol) was added. The resulting mixture was stirred for
48 h at room temperature and the reaction mixture was
quenched with water (50 mL), and extracted with ethyl acetate
(3x25 mL). The combined organic layer was dried with Na;SO4
and concentrated by vacuum. The residue was purified by flash
column chromatography on silica gel (EtOAc/hexane 1/5) to give
the product 11 (6.1 g, 90.0%) as a colorless oil. The spectral data
of major isomer: 'H NMR (250 MHz, CD,Cly) 6 7.40 (dd, J=8.2,
1.7 Hz, 1H), 7.22-7.09 (m, 1H), 6.95-6.89 (m, 2H), 6.72 (dq,
J=15.9, 1.6 Hz, 1H), 6.20 (dq, J=15.9, 6.6 Hz, 1H), 4.49-4.47 (m,
1H), 3.62-3.47 (m, 6H), 1.88 (dd, J=6.6, 1.6 Hz, 3H), 1.73-1.70 (m,
4H), 1.32 (d, J=6.2 Hz, 3H) ppm; >C NMR (62.5 MHz, CDCls)
0 154.6, 130.3, 128.4, 127.8, 126.4, 125.9, 121.1, 114.8, 74.2, 741,
70.6, 44.9, 29.4, 27.0, 18.9, 17.3 ppm. IR: 3049, 2982, 2875, 1597,
1447, 1261, 1114, 747, 705 cm ™.

4.2.4. 3-Methyl-1-{4-[2-(2-propenylphenoxy)-propoxy]-butyl}-3H-
imidazolium chloride (12a)

A 50 mL round bottomed flask equipped with a condenser was
charged with 11 (1.0 g, 3.53 mmol), 1-methylimidazole (0.72 g,
8.84 mmol), and anhydrous acetonitrile (15 mL). The mixture was
refluxed for 36 h. After cooling to room temperature, the solvent
was evaporated, and the residue was washed with diethyl ether
(3x25 mL) to remove unreacted 1-methylimidazole to give 12a as
pale yellowish oil (1.18 g, 91.2%). The spectral data of major iso-
mer: 'H NMR (250 MHz, CD,Cly) 0 7.40-7.14 (m, 4H), 6.96-6.88
(m, 2H), 6.69 (dq, J=15.9, 1.6 Hz, 1H), 6.23 (dq, J=15.9, 6.6 Hz, 1H),
4.60-4.50 (m, 1H), 4.31 (t, J=7.2 Hz, 2H), 3.98 (s, 3H), 3.62-3.51
(m, 4H), 3.02 (br s, 1H), 1.99-1.93 (m, 2H), 1.86 (dd, J=6.6, 1.6 Hz,
3H), 1.62-1.56 (m, 2H), 1.27 (d, J=6.3 Hz, 3H) ppm; >C NMR
(62.5 MHz, CD,Cly) ¢ 154.9, 138.2, 130.6, 128.1, 126.7, 125.9, 123.6,
122.3,121.4,120.7, 114.7, 74.7, 74.6, 71.1, 49.9, 36.7, 27.9, 26.3, 19.1,
17.1 ppm. IR: 3382, 3058, 2970, 1594, 1458, 1385, 1278, 1168, 1114,
970, 733, 606 cm ™.

4.2.5. 2,3-Dimethyl-1-{4-[2-(2-propenylphenoxy)-propoxy]-
butyl}-3H-imidazolium chloride (12b)

Prepared by the same method for 12a using 1,2-dimethylimi-
dazole. Yield: 93%. The spectral data of major isomer: 'H NMR
(250 MHz, CD,Cl,) 6 7.82 (d, J=1.8 Hz, 1H), 7.58 (d, J=1.9 Hz, 1H),
7.31 (dd, J=1.1, 7.6 Hz, 1H), 7.16-7.04 (m, 1H), 6.87-6.77 (m, 2H),
6.64 (dq, J=16.0, 1.5 Hz, 1H), 6.17 (dq, J=15.8, 6.6 Hz, 1H), 4.52-4.40

(m, 1H), 4.16 (t, J=7.3 Hz, 2H), 3.88 (s, 3H), 3.55-3.42 (m, 4H), 2.60
(s, 3H), 1.81-1.72 (m, 5H), 1.56-1.51 (m, 2H), 1.20 (d, J=6.2 Hz, 3H)
ppm; 3C NMR (62.5 MHz, CD,Cl,) 6 155.0, 144.0,130.5, 128.1, 126.5,
125.7,123.3,121.6,120.6,114.8, 114.5, 74.6, 74.4, 71.0, 48.6, 35.9, 27.4,
26.5, 19.1, 17.2, 10.7 ppm. IR: 3343, 3050, 2957, 2316, 1594, 1458,
1258, 1123, 970, 905, 753 cm ™.

4.2.6. 3-Methyl-1-{4-[2-(2-propenylphenoxy)-propoxy]-butyl}-3H-
imidazolium hexafluorophosphate (13a)

To a stirred solution of 12a (1.0 g, 2.74 mmol) in anhydrous
CH3CN (15 mL) was added NaPFg (1.15 g, 6.85 mmol). The resulting
mixture was stirred for 12 h at room temperature, and then filtered.
After evaporation of the solvent, the resulting residue was dis-
tributed in water and methylene chloride, and the water layer was
washed with methylene chloride. The combined methylene chlo-
ride layer was evaporated, and dried under vacuum to give 13a
(1.27 g, 98.2%) as colorless oil. The spectral data of major isomer: 'H
NMR (250 MHz, CDCl3) 6 8.29 (s, 1H), 7.36 (dd, J=1.4, 7.6 Hz, TH),
7.26-7.14 (m, 3H), 6.95-6.85 (m, 2H), 6.65 (dq, J=15.9, 1.5 Hz, TH),
6.20 (dq, J=15.8, 6.5 Hz, 1H), 4.48-4.60 (m, 1H), 4.11 (t, J=7.2 Hz,
2H), 3.74 (s, 3H), 3.66-3.41 (m, 4H), 2.00-1.75 (m, 5H), 1.57-1.51 (m,
2H),1.27 (d, J=6.3 Hz, 3H) ppm; 13C NMR (62.5 MHz, CDCl3) 6 154.5,
135.8,130.3,128.1,126.4,125.5,123.4,122.2,121.2,120.5, 114.4, 74.4,
74.1,70.8,49.5,35.9, 27.5, 25.5,18.9, 16.8 ppm. IR: 3055, 2993, 2308,
1594, 1430, 1266, 1106, 849, 731, 553 cm™ .

4.2.7. 2,3-Methyl-1-{4-[2-(2-propenylphenoxy )-propoxy|-butyl}-
3H-imidazol-1-ium hexafluorophosphate (13b)

Prepared by the same method for 13a using 12b. Yield: 98%. The
spectral data of major isomer: 'H NMR (250 MHz, CD,Cl,) & 7.40 (dd,
J=14,76 Hz, 1H), 721-7.13 (m, 3H), 6.95-6.89 (m, 2H), 6.72 (dq, J=16.0,
14 Hz, 1H), 6.24 (dq, J=15.9, 6.6 Hz, 1H), 4.62-4.53 (m, 1H), 4.05 (t,
J=75 Hz, 2H), 3.75 (s, 3H), 3.64-3.54 (m, 4H), 2.51 (s, 3H), 1.90-1.81 (m,
5H), 1.64-1.59 (mn, 2H), 1.30 (d, J=6.3 Hz, 3H) ppm; >C NMR (62.5 MHz,
CD,(Cly) 6 155.1,144.1,130.6,128.3,126.6,125.9,122.7,121.4,120.7,114.8,
114.7, 74.8, 74.4, 71.1,48.9, 35.5, 27.5, 26.3, 19.1, 17.0, 9.5 ppm. IR: 3050,
2985, 2299, 1585, 1444, 1267, 1117, 979, 835, 756, 556 cm™ .

4.2.8. 1-(2-Bromo-1-methylethoxy)-2-propenylbenzene (14)

To a solution of 10 (3.0g, 15.60 mmol) and triethylamine
(3.26 mL, 23.41 mmol, 1.5 equiv) in dry dichloromethane (90 mL)
was added methanesulfonyl chloride (1.82 mL, 23.41 mmol,
1.5 equiv) at 0 °C. The reaction mixture was stirred for 3.5 h at room
temperature. After filtration of the precipitates, the organic phase
was washed four times with a 5% citric acid solution, dried over
sodium sulfate, and concentrated to give the mesylated compound,
which was used without further purification in the following re-
action. The spectral data of major isomer: 'H NMR (250 MHz,
CDCl3) 6 7.40 (dd, J=8.0, 1.8 Hz, 1H), 7.18-7.10 (m, 1H), 6.95-6.85 (m,
2H), 6.71 (dq, J=15.9, 1.7 Hz, 1H), 6.19 (dq, J=15.8, 6.6 Hz, 1H), 4.62-
4.56 (m, 1H), 4.37-4.26 (m, 2H), 2.94 (s, 3H), 1.87 (dd, J=6.6, 1.6 Hz,
3H), 1.30 (d, J=6.2 Hz, 3H) ppm; *C NMR (62.5 MHz, CDCl3) § 153.7,
128.5, 127.9, 126.6, 125.5, 121.9, 121.2, 114.7, 72.5, 72.0, 37.4, 18.9,
16.3 ppm. To a solution of mesylate (2.97 g, 11 mmol) obtained from
above procedure in tetrahydrofuran (40 mL) and dimethylforma-
mide (16 mL) was added lithium bromide (1.92 g, 22 mmol,
2 equiv) in one portion. The mixture was stirred overnight at room
temperature. After evaporation of the solvent, the residue was di-
luted in ethyl acetate. The organic layer was washed three times
successively with a saturated NaHCOs3 solution and brine, dried
over magnesium sulfate, filtrated, and concentrated. The residue
was purified by silica gel chromatography using n-hexane/ethyl
acetate (20/1) as the eluent to afford 14 as colorless oil (2.33 g,
9.12 mmol, 85% (two steps)). The spectral data of major isomer: 'H
NMR (250 MHz, CDCl3) & 7.42 (dd, J=7.6, 1.5 Hz, 1H), 7.18-7.12 (m,
1H), 6.94-6.85 (m, 2H), 6.73 (dq, J=15.9, 1.5 Hz, 1H), 6.23 (dq,
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J=15.8, 6.6 Hz, 1H), 4.55-4.50 (m, 1H), 3.60-3.42 (m, 2H), 1.90 (dd,
J=6.6, 1.8 Hz, 3H), 1.28 (d, J=6.2 Hz, 3H) ppm; '3C NMR (62.5 MHz,
CDCl3) 6 153.8, 128.7, 127.7, 126.6, 125.5, 121.8, 121.2, 114.8, 74.4,
35.6, 18.9, 14.7 ppm. IR: 3041, 2976, 2398, 2071, 1602, 1453, 1278,
1230, 1140, 1026, 950, 742 cm™ .

4.2.9. 3-Methyl-1-[2-(2-propenylphenoxy)]propyl-3H-imidazolium
bromide (15a)

A 100 mL round bottomed flask equipped with a condenser was
charged with compound 14 (2.5 g, 9.80 mmol), 1-methyl-1H-im-
idazole (1.61 g, 19.60 mmol), and anhydrous acetonitrile (50 mL).
The mixture was refluxed for 36 h and cooled to room temperature.
After evaporation of the solvent, the residue was washed with
diethyl ether (3x30 mL) to afford imidazolium bromide 15a as
slightly yellow oil (3.17 g, 95.6%). The spectral data of major isomer:
TH NMR (250 MHz, CD»Cl,) 6 9.95 (s, 1H), 7.62 (d, J=1.4 Hz, 1H), 7.50
(d,J=15Hz,1H), 7.37 (dd, J=7.6,1.4 Hz, 1H), 7.14-7.07 (m, 1H), 6.92-
6.83 (m, 2H), 6.64 (dq, J=15.9, 1.5 Hz, 1H), 6.20 (dq, J=15.9, 6.6 Hz,
1H), 4.89-4.84 (m, 2H), 4.56-4.41 (m, 1H), 3.98 (s, 3H), 1.90 (dd,
J=6.6, 1.5 Hz, 3H), 1.33 (d, J=6.1 Hz, 3H) ppm; >C NMR (62.5 MHz,
CD,(Cly) 6 151.2, 135.9, 128.6, 126.4, 126.0, 125.1, 124.6, 123.3, 1214,
121.3, 119.9, 112.4, 71.3, 34.7, 16.9, 14.8 ppm. IR: 3374, 3049, 2956,
2434, 2090, 1594, 1453, 1238, 970, 888, 761, 618, 536 cm ™.

4.2.10. 2,3-Methyl-1-[2-(2-propenylphenoxy)]propyl-3H-
imidazolium bromide (15b)

Prepared by the same method for 15a using 1,2-dimethylimi-
dazole. Yield: 94%. The spectral data of major isomer: 'H NMR
(250 MHz, CD,Cly) 6 7.88 (d, J=2.1 Hz, 1H), 7.58 (d, J=2.1 Hz, 1H),
7.28 (dd, J=7.6, 1.5 Hz, 1H), 7.04-6.98 (m, 1H), 6.82-6.70 (m, 2H),
6.48 (dq, J=15.9, 1.5 Hz, 1H), 6.09 (dq, J=15.9, 6.6 Hz, 1H), 4.84-4.70
(m, 2H), 4.40-4.34 (m, 1H), 3.78 (s, 3H), 2.67 (s, 3H), 1.79 (dd, J=7.0,
1.8 Hz, 3H), 1.30 (d, J=6.1 Hz, 3H) ppm; *C NMR (62.5 MHz, CD,Cl>)
6 151.1, 142.9, 128.5, 126.3, 126.0, 124.9, 124.5, 123.3, 120.8, 120.3,
119.8, 112.3, 71.6, 33.9, 16.8, 14.9, 9.1 ppm. IR: 3366, 3067, 2957,
1594, 1492, 1456, 1266, 1241, 1131, 1041, 976, 894, 742 cm ™.

4.2.11. 3-Methyl-1-[2-(2-propenylphenoxy)]propyl-3H-
imidazolium hexafluorophosphate (16a)

To a stirred solution of 15a (0.8 g, 2.37 mmol) in anhydrous
CH3CN (15 mL) was added NaPFg (0.48 g, 2.85 mmol). The resulting
mixture was stirred for 12 h, and then filtered through Celite. After
evaporation of solvent, the residue was dissolved in methylene
chloride, and washed with water, and evaporated to give 16a as
dark yellow oil (0.95 g, 97.6%). The spectral data of major isomer: 'H
NMR (250 MHz, acetone) 6 8.93 (s, 1H), 7.72 (d, J=1.4 Hz, 1H), 7.62
(d,J=1.3 Hz, 1H), 7.44 (dd, J=7.6,1.6 Hz, 1H), 7.21-7.12 (m, 1H), 6.99-
6.89 (m, 2H), 6.71 (dd, J=15.9, 1.5 Hz, 1H), 6.23 (dq, J=15.9, 6.6 Hz,
1H), 4.96-4.92 (m, 1H), 4.67-4.57 (m, 2H), 3.99 (s, 3H), 1.88 (dd,
J=6.6, 1.5 Hz, 3H), 1.33 (d, J=6.1 Hz, 3H) ppm; '3C NMR (62.5 MHz,
acetone) ¢ 154.2,138.1, 131.3, 129.1, 128.9, 127.3, 126.2, 124.6, 124.2,
122.7, 115.3, 73.8, 54.8, 36.7, 19.0, 17.0 ppm. IR: 3165, 3058, 2990,
1594, 1447, 1258, 1176, 852, 739, 553 cm™ .

4.2.12. 2,3-Methyl-1-[2-(2-propenylphenoxy)]propyl-3H-
imidazolium hexafluorophosphate (16b)

Prepared by the same method for 16a using 15b. Yield: 98%. The
spectral data of major isomer: '"H NMR (250 MHz, acetone) 6 7.70
(d, J=2.1 Hz, 1H), 7.60 (d, J=2.1 Hz, 1H), 7.44 (dd, J=7.7, 1.5 Hz, 1H),
7.15-7.12 (m, 1H), 6.97-6.88 (m, 2H), 6.65 (dq, J=15.9, 1.5 Hz, 1H),
6.24 (dq, J=15.9, 6.6 Hz, 1H), 4.99-4.97 (m, 1H), 4.70-4.64 (m, 2H),
3.94 (s, 3H), 2.85 (s, 3H), 1.87 (dd, J=6.6, 1.5 Hz, 3H), 1.40 (d,
J=6.1Hz, 3H) ppm; 3C NMR (62.5 MHz, CD,Cl;) & 153.1, 145.3,
128.9,128.3,127.6,127.0,125.5,122.8,122.5,122.2, 114.5, 73 .4, 35.6,
19.0,17.0, 14.7,10.2 ppm. IR: 3061, 2993, 2310, 1421, 1258, 846, 756,
710, 553 cm L.

4.2.13. Imidazolium ion-tagged Ru-carbene complexes 7a,b
and 8a,b

A degassed solution of 13a (14.9 mg, 0.031 mmol), Grubbs 2nd-
generation  catalyst, RuCly(=CHPh)(PCy3)(NHC), (40.0 mg,
0.047 mmol), and CuCl (3.88 mg, 0.039 mmol) in dry dichloro-
methane (5 mL) was stirred at room temperature for 1h. After
short column silica chromatography (MC/MeOH=9/1, v/v), the
resulting material was treated with a mixture of CH,Cl,/pentane
(1/1, v/v) to provide the pure imidazolium-tagged Ru-carbene
complexes 7a as air-stable, greenish powder (56.6 mg, 72%). 'H
NMR (250 MHz, CDCl3) 6 16.62 (s, 1H), 8.30 (s, 1H), 7.51-7.47 (m,
1H), 7.08-6.97 (m, 8H), 6.84-6.83 (m, 2H), 4.98-4.96 (m, 1H), 4.15
(s, 4H), 4.10-3.84 (m, 2H), 3.68-3.60 (m, 2H), 3.55 (s, 3H), 3.32-
3.26 (m, 2H), 3.15-3.12 (m, 1H), 2.43-2.29 (m, 18H), 1.74-1.70 (m,
2H), 1.45-142 (m, 2H), 1.20 (d, J=6.3 Hz, 3H) ppm; *C NMR
(62.5 MHz, CDCl3) 6 296.4, 209.8, 152.3, 144.6, 139.0, 130.1, 129.8,
1294, 123.6, 123.4, 123.1, 122.8, 122.3, 122.2, 113.5, 73.6, 70.2, 51.6,
494, 36.0, 27.6, 25.1, 21.1, 18.8, 17.4, 17.1 ppm; HRMS (m/z) Calcd
for [M]": C3gHs1CloFgN4OoPRut: 924.2069. Found: 924.2074.
Compound 7b was prepared from 13b. Yield: 78% 'H NMR
(250 MHz, CDCl3) 6 16.57 (s, 1H), 7.56-7.52 (m, 2H), 7.10-7.04 (m,
5H), 6.96 (d, J=8.2 Hz, 1H), 6.84-6.82 (m, 2H), 4.99-4.93 (m, 1H),
414 (s, 4H), 3.70-3.62 (m, 5H), 3.30-3.25 (m, 4H), 2.44-2.30 (m,
18H), 1.63-1.58 (m, 2H), 1.47-1.44 (m, 2H), 1.19 (d, J=6.3 Hz, 3H)
ppm; 3C NMR (62.5 MHz, CDCl3) 6 296.6, 210.1, 152.4, 144.6, 143.5,
139.0, 129.8, 128.7, 127.5, 126.4, 123.6, 122.6, 122.1, 120.7, 113.5,
73.5, 70.0, 51.5, 48.1, 34.9, 26.8, 25.8, 21.1, 19.3, 174, 16.9, 9.1 ppm;
HRMS (m/z) Calcd for [M]": C4oHs3Cl;FgN4OPRu™: 938.2225.
Found: 938.2231. Compound 8a was prepared from 16a. Yield:
77%; TH NMR (250 MHz, CDCl3) 6 16.64 (s, 1H), 8.25 (s, 1H), 7.53-
7.26 (m, 4H), 6.96-6.84 (m, 5H), 6.50-6.48 (m, 1H), 5.37-5.34 (m,
1H), 4.45-4.18 (m, 4H), 3.53 (s, 3H), 2.47-2.31 (m, 18H), 1.26 (d,
J=6.3 Hz, 3H) ppm; '3C NMR (62.5 MHz, CDCl3) § 297.4, 208.9,
151.8, 143.7, 140.9, 139.2, 134.9, 130.1, 129.5, 129.0, 126.5, 124.1,
123.5, 122.6, 111.2, 53.8, 51.6, 36.5, 21.1, 19.4, 17.8, 17.5 ppm. IR:
3058, 2990, 2308, 1430, 1267, 897, 843, 742, 561 cm™!; HRMS
(m/z) Caled for [M—HPFg]*: C35H43CI;N4ORu™: 707.1861. Found:
707.1892. Compound 8b was prepared from 16b. Yield: 78%; 'H
NMR (250 MHz, CDCl3) 6 16.57 (s, 1H), 7.56-7.52 (m, 1H), 7.37-7.26
(m, 4H), 6.96-6.87 (m, 4H), 6.50-6.43 (m, 1H), 4.99-4.93 (m, 1H),
4.30-4.17 (m, 5H), 3.62-3.48 (m, 4H), 2.53-2.30 (m, 21H), 1.30 (d,
J=6.3Hz, 3H) ppm; 3C NMR (62.5 MHz, CDCl3) ¢ 296.6, 209.0,
151.4, 144.8, 144.3, 139.2, 130.0, 129.4, 128.9, 126.4, 123.6, 122.6,
122.0, 114.0, 111.2, 75.3, 51.7, 35.0, 21.0, 19.5, 17.4, 16.8, 9.6 ppm. IR:
3066, 2197, 2082, 1972, 1258, 843, 733, 552 cm™!; HRMS (m/z)
Caled for [M—HPFg]t: C3gH4s5CIoNg4ORu™:  721.2018. Found:
721.2026.

4.3. Olefin metathesis in ionic liquid

4.3.1. A typical procedure for ring-closing metathesis in ionic liquid
using imidazolium ion-tagged catalysts

A solution of 7b (3.68 mg, 4.0x10~3 mmol) in a mixture of
[bmim][PFg]/CHCl; (1.0 mL/1.0 mL) (or [bdmim][PFg]/toluene,
0.5 mL/1.5 mL) was stirred at room temperature for 1 h, at which
point diene 17a (100 mg, 0.4 mmol) was added. The reaction mix-
ture was stirred until completion of the conversion (by TLC). After
evaporation of CH,Cly, the ionic liquid layer was extracted with dry
diethyl ether (2 mLx5), and then the diethyl ether was evaporated.
For the [bmim][PFs]/toluene solvent system: the toluene layer was
separated and then the ionic liquid layer was extracted with tolu-
ene (2 mLx5). After evaporation of the diethyl ether (or toluene),
the crude residue was subjected to GC and 'H NMR analyses to
reveal complete conversion. The ionic liquid phase containing 7b
was reused for subsequent runs.
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4.3.2. A typical procedure for cross metathesis in [bdmim][PFs]/
toluene

A solution of 7b (49 mg, 5.2x10~3 mmol) in a mixture of
[bdmim][PFg]/toluene (0.3 mL/0.9 mL) was stirred at room tem-
perature for 30 min, at which point olefin 19 (100 mg, 0.52 mmol)
and methyl acrylate (90.5 mg, 1.05 mmol) were added all at once.
The reaction mixture was stirred at room temperature for 4 h. After
separation of toluene, the ionic liquid layer was extracted with
toluene (1 mLx3), and the combined toluene was evaporated. The
residue was subjected to GC and 'H NMR analyses to determine the
conversion and E/Z ratio of the cross-coupled product. The ionic
liquid layer containing 7b was reused for 2nd run.
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