SHORT COMMUNICATION

DOI: 10.1002/ejoc.200801214

In Situ Activation of a Latent Ruthenium—Carbene Complex in Ionic Liquid
and Its Application in Ring-Closing Metathesis
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Catalytically inactive, latent Ru-carboxylate complex 2,
which was recently serendipitously isolated, can be activated
in situ efficiently in ionic liquids (ILs) with the aid of imid-
azolium halides or tetrabutylammonium halides. The activity
of the in situ activated catalyst was largely dependent on IL
anions, imidazolium halides, and terabutylammonium ha-

lides. Under the optimal condition of 1.0 mol-% of [bmim]|[Br]
in CH,Cl,/[bmim][SbFg] (1:1), latent Ru complex 2 was acti-
vated in situ to catalyze the ring-closing metathesis of vari-
ous dienes with conversions of up to >99 %.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Ruthenium-catalyzed olefin metathesis is one of the most
powerful methods to construct carbon-carbon double
bonds and is widely employed in a variety of chemistry
fields, including natural products, pharmaceuticals, and
polymer chemistry. The spectacular progress of olefin me-
tathesis is largely due to the evolutionary development of
active, well-defined catalysts such as Grubbs- and Hoveyda-
type complexes and Ru-alkylidene complexes.! Much ef-
fort has also been devoted to solving the difficulty in the
recovery and reuse of the expensive ruthenium catalysts,
and in the product contamination caused by metal leaching.
Of the various methods that have been employed to recover
and reuse ruthenium catalysts,[?! one of the most promising
strategies has been the use of ionic liquids (ILs).’] During
our ongoing study on the development of recoverable ruthe-
nium catalysts for ring-closing metathesis (RCM),[*! we re-
cently attempted the incorporation of imidazolium salt tag
onto the chelating ester of “scorpio catalyst” 1al! for the
synthesis of imidazolium-tagged Ru complex 1b, with which
we hope that the RCM reactions would be possible in ILs
for catalyst recovery. Unfortunately, we only isolated the es-
ter cleaved, chelating carboxylate-bearing, Ru complex 2.
Grela and coworkers also recently reported the serendipit-
ous finding of the same, catalytically inactive, Ru complex
2, which can be elegantly activated by treatment with
Bronsted acids such as HCI to form Ru—dichloride complex
1c as a catalyst precursor.[®”) In this communication, we
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report our successful and efficient, in situ activation of lat-
ent Ru complex 2 in an IL with the aid of imidazolium
halide or tetrabutylammonium halide 3 (Figure 1).

MesN_ _NMes

Tl

Rub

MesN NMes

YCI

e

faR=Me O
@ /
1c:R=H = \— 3

Figure 1. Structures of ruthenium complexes la—c, latent ruthe-
nium complex 2, and imidazolium halide 3.

Results and Discussion

Initially, we carried out the RCM reactions in IL under
the simple assumption that the chelating carboxylate group
in 2 could be dissociated effectively in polar ILs. Ru com-
plex 2 for this study was separately synthesized according
to the reported procedure by Grela et al.'¥y The RCM of
the benchmark substrate, N,N-bisallyl p-toluenesulfon-
amide (4a), was carried out at room temperature first with
2 (1.0 mol-%) in CH,CL,/[bmim][SbFg] (1:1) (bmim = 1-bu-
tyl-3-methylimidazolium). After 2 h reaction, less than 10%
conversion was observed (Table 1, Entry 1). To our delight,
latent Ru complex 2 could be activated thermally in IL, and
this activity was dependent on the IL counteranion. Thus,
the RCM at 40 °C in [bmim][SbF¢] showed the highest cata-
lytic activity with 94% conversion after 2 h (Table 1, En-
try 2). In other ILs such as [bmim][PF], [bmim][NTf,], and
[bmim][BF4], only moderate conversions were obtained
(Table 1, Entries 3-5). On the basis of these results, we hy-
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pothesized that the addition of imidazolium halide,
[bmim][X] (where X = Cl, Br, I), could lead to a more reac-
tive Ru—dihalide precursor through exchange of the carbox-
ylate group to X.¥1 To test this hypothesis, the RCM reac-
tions were carried out in the presence of [bmim][X]
(1.0 mol-%), and the results and reaction profiles are sum-
marized in Table 1 and Figure 2. As we expected, when the
imidazolium halide (1.0 mol-%) was added, the catalyst was
dramatically activated and exhibited anion dependency
(Table 1, Entries 6-9), in which [bmim][Br] was the most ef-
fective activator with 96% conversion after 30 min (Table 1,
Entry 7; Figure 2a). However, only 23 % conversion was ob-
served at room temperature (Table 1, Entry 8). The addition
of [bmim][Cl] and [bmim][I] achieved 68% (Table I, En-
try 6; Figure 2e) and 21% (Table 1, Entry 9; Figure 2g) con-
versions, respectively. Similar additive effects were also ob-
served with tetrabutylammonium halides (Table I, En-
tries 10-13). However, the anion dependency was slightly
different to that observed from the imidazolium halides,
and [BuyN][CI] achieved the highest conversion (Table 1,
Entry 11; Figure 2b), closely followed by [BuyN][Br]
(Table 1, Entry 12; Figure 2c) and [BuyN][I] (Table 1, En-
try 13; Figure 2d). The addition of [BuyN][F] achieved the
lowest conversion (Table 1, Entry 10; Figure 2f). In con-
trast, no additive effects were observed in CH,Cl,; when
the RCM was conducted in CH>Cl, only, less than 10%
conversion was observed after 1h (Table 1, Entry 14).
These results clearly indicated efficient transformation of
latent Ru complex 2 into the catalytically active Ru species
in IL with the aid of additives such as [bmim][X] or
[Bu,NJ[X].

Table 1. RCM reactions of N,N-bisallyl p-toluenesulfonamide by
using Ru complex 2 in ILs.[2

Y

2 (1.0 mol-%)
additive (1.0 mol-%)

solvent, 40 °C N
c=05M Ts
4a 5a

Entry Solvent Additive Time Conv. [Yo]®!
18 CH,CL[bmim]SbF] - 2h <10
2> CH.Cl/[bmim]SbF] - 2h 94
3 CHCL[bmim]PE] - 2h 68
4  CHClL[bmim]NTH] - 2h 70
5 CHCL[bmim]BF,] - 2h 4
6  CHCL[bmim][SbF] [bmim]C]] 30min 68
7 CH,CL[bmim[SbF] [bmim][Bf] 30min 9
8§ CH,CL[bmim][SbF] [bmim][Bf 30min 23
9 CH,CL[bmim[SbF] [bmim]l]  30min 21
10 CH,Cl/bmim|SbF] [BuNJF] 30min 37
11 CHyCl/bmim|SbF] [BuNJC] 30min 93
12 CH,Cl/bmim|SbF] [BuNJBf] 30min 82
13 CH,Cl/bmim|SbF] [BuNJI]  30min 80
14 CHCl bmim][B] 1h <10
154 CH,Cly[bmim]SbF] [bmim]Br] 30min 85

30 min 31

[a] CH,Cl,/[bmim][SbF¢], 1:1. [b] Determined by GC analysis.
[c] The reaction was carried out at room temperature. [d] IL layer
recovered from Entry 7 was reused.
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Figure 2. Reaction profiles for the reactions in Table 1, Entries (a)
7, (b) 11, (¢) 12, (d) 13, (e) 6, () 10, and (g) 9.

In order to elucidate the role of [bmim][Br] additive in
the activation of the catalyst, we monitored the reaction
by 'H NMR spectroscopy at room temperature by using
equivalent amounts of 2 and [bmim][Br] in CD,Cl,. After
5 h, the resonance signal for the benzylidene moiety in 2 (0
= 16.44 ppm) decreased and a new signal (6 = 16.30 ppm)
was observed with a 10:4 ratio. The rate of change was ac-
celerated almost twofold by the addition of 100 equivalents
of [bmim][SbF¢], so that the ratio of the two signals in-
creased to almost 10:8 (Figure S2, Supporting Infor-
mation). Interestingly, these ratios were invariant thereafter,
suggesting that the mixture of 2 and [bmim][Br] had
reached equilibrium. As the amount of [bmim][Br] was in-
creased to 50 equivalents, the new signal at 6 = 16.30 ppm
became increasingly intense, and with 100 equivalents of
[bmim][Br], the resonance signal at 6 = 16.44 ppm in 2 had
completely disappeared and a new signal was observed after
5h (Figure 3). In contrast, no signal change was observed
from an equivalent mixture of 2 and [bmim][Cl] for 24 h,
but in the presence of 100 equivalents of [bmim][Cl], a new
downfield-shifted signal (6 = 17.22 ppm in CDCl;) was de-
tected (Figure S3, Supporting Information). In the presence
of [bmim][I], the rate of change was increased, and thus, in
the presence of 50 equivalents of [bmim][I], the signal at ¢
= 16.52 ppm (CDCl;) in 2 was upfield shifted to 0 =
15.88 ppm after 5Sh (Figure S4, Supporting Information).
Unfortunately, all attempts to isolate the newly formed Ru
complexes responsible for the new signals were unsuccess-
ful. Nevertheless, these observations suggested that in the
presence of an equivalent amount of [bmim][Br], the chelat-
ing carboxylate group in 2 can be exchanged to form a more
pliable Ru complex precursor. In an IL, the exchange rate
was increased and the equilibrium was shifted to the new
ruthenium species. The exact nature of the in situ activated
Ru complexes remains to be elucidated. We next investi-
gated the recyclability of the in situ activated Ru complex
with one equivalent of [bmim][Br] in [bmim][SbF¢] (Table 1,
Entry 7). After evaporation of CH,Cl,, the product was ex-
tracted with dry toluene (3 X5 mL), and the remaining IL
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Figure 3. The benzylidene region of the "H NMR spectra (CD,Cl,)
of 2 obtained in the presence of (a) 1.0, (b) 10, (¢) 50, and (d)
100 equivalents of [bmim][Br] after 5 h at room temperature.

Table 2. RCM reactions of various dienes by using in situ activated
Ru complex 2 with an equivalent amount of [bmim][Br] in
[bmim][SbF].1!

Entry Substrate Product Time Conv.[%]™
| Z
A
N .
1 . N 30 min  >99 (98)
Ts 5b
4b
vy O
2 N 30 min  >99 (97)
N Ts
Ts 5c
4c
X 7
3 o 1h  94(92)
EtO,C Et
Et0,C" COoEt Ted
4d
|
A [ ]
4 E0,C” COEL 30 min  >99 (98)
Et0,C CO,Et Se
4e
WO
5 N N 35h 96(93)
Ts Ts
4f 5f
6 \(Nj/ tﬁ 72h >5
Ts Ts

4g Sg
[a] Reactions carried out at 40 °C with diene 4 (0.32 mmol), Ru
complex 2 (1.0 mol-%), [bmim][Br] (1.0 mol-%) in a mixture of
[bmim][SbF4] (0.3 mL) and CH,Cl, (0.3 mL). [b] Determined by
GC; isolated yield in parentheses.
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layer containing the catalyst was reused in the next runs.
However, the catalytic activity of the recovered catalyst im-
mobilized in the IL layer rapidly decreased with repeated
use to conversions of 85% in the second run and 31% in
the third run (Table 1, entry 15). The decreased catalytic ac-
tivity could be ascribe to the leaching of 2 and the newly
formed Ru complex. Both of these Ru complexes (ca. 1:0.9
ratio) and IL were detected in the toluene layer used for
product extraction.

Finally, we investigated the substrate scope of this in situ
activated catalyst. As shown in Table 2, dienes 4b—e were
ring-closed efficiently to afford the corresponding cyclic ole-
fins Sb—e in high yields (Table 2, Entries 1-4). Interestingly,
the RCM reactions forming six-and seven-membered rings
proceeded more efficiently than those forming the five-
membered ring products. Diene 4f was also effectively ring-
closed to afford trisubstituted cyclic olefin 5f in 96% yield
(Table 2, Entry 5). However, the RCM reaction for sub-
strate 4¢g to afford tetrasubstituted cyclic olefin 5g was not
successful, and after 72 h, less than 5% conversion was ob-
served (Table 2, Entry 6). Nevertheless, the catalytic activity
of the in situ activated ruthenium complex in IL was quite
comparable or superior to those of the reported ruthenium
complexes activated by using Bronsted acids.[®!

Conclusions

We serendipitously isolated latent ruthenium complex 2
bearing a chelating carboxylate ligand, which can be acti-
vated in situ thermally in the IL [bmim][SbFg]. The effi-
ciency of the in situ activation can be improved further by
the addition of one equivalent of [bmim][Br]. 'H NMR
spectroscopic studies suggested that the chelating carboxyl-
ate ligand in 2 exchanged with [bmim][Br] to form a more
pliable ruthenium complex. Although the exact nature of
the active ruthenium species formed in the IL remains to
be elucidated, the in situ activated ruthenium catalyst exhib-
ited high catalytic efficiency in RCM reactions of dienes.
The present method for the activation of latent ruthenium
complexes by using ILs promises to offer new opportunities
for the design of novel, latent initiators.

Experimental Section

Typical Procedure for Ring-Closing Metathesis by using 2 in Ionic
Liquid: To a solution of 2 (2.0 mg, 3.2 X 103 mmol) in anhydrous
CH,Cl, (0.3mL) was added a solution of [bmim][Br] (0.7 mg,
3.2 X 1073 mmol) in [bmim][SbF¢] (0.3 mL) and N,N-bisallyl p-tolu-
enesulfonamide (4a; 80.9 mg, 3.2 X 10~! mmol) successively at room
temperature. The reaction was carried out at 40 °C. To follow the
reaction, a sample of the reaction mixture, taken every 5 min and
quenched with ethyl vinyl ether, was subjected to GC analysis. For
catalyst recycling, volatile CH,Cl, was evaporated, and then the IL
layer was extracted with anhydrous toluene (3 X2 mL) to separate
the product. The IL layer containing the catalyst was reused for
the next run.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details; 'H and '3C NMR spectra of 2; 'H NMR
spectra for ligand exchange studies.
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