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ABSTRACT

On the basis of the release —return metathesis mechanism, self-supported oligomeric Grubbs/Hoveyda-type Ru —carbene complexes have been
designed and synthesized as a new type of recoverable catalyst for ring-closing metathesis. The catalytic activities of the self-supported
oligomeric Ru —carbene complex in ring-closing metathesis are comparable to those of their homogeneous counterpart as they work
homogeneously and are recovered heterogeneously.

To solve the problems of homogeneous catalysts associatedtatalysts or precursors through the formation of “self-
with the difficulties in the recovery and reuse of the supporting” metatorganic polymeric (or oligomeric) net-
expensive metal catalysts, as well as the product contaminaworks? Recently, Sas# and Ding®~ elegantly designed
tion caused by metal leaching, a number of approaches forand demonstrated the feasibility of the self-supported chiral
the immobilization or heterogenization of homogeneous metal—organic coordination polymers for enantioselective
catalysts have been employed. These include the commorcatalysis. Quite recently, Son and Sweigart also reported a
grafting of the catalyst to supports or conducting the catalytic nanosized self-supported organometallic catalyst for polym-
reactions in biphasic systerh&nother promising and recent  erization of phenylacetyler®. In comparison to other
strategy involves heterogenization of the homogeneousmethods, the self-supporting strategy can produce heteroge-
neous catalysts without using any supports with high density
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of catalytically active units. Our hypothesis takes advantage generation of self-supported oligomeric Grubbs/Hoveyda-
of the self-supporting strategy, and it could also be conceptu-type Ru—carbene complexes for ring-closing metathesis.
ally possible to generate self-supported catalysts or catalyst To generate the self-supported oligomeric Grubbs/Ho-
precursors with which the catalysis can be conducted veyda-type Ru—carbene complex, as shown in Scheme 1,
homogeneously; however, the catalysts could be recovered

heterogeneously. In principle, the coupling of an active _

catalyst, bearing two active sites with a ligand having two

ligating moieties, would provide the self-supported oligo- Scheme 1 .
meric (or polymeric) catalyst precursor. MesHN  NHMes MeSEZ;MeS

The prerequisite of this strategy would be that the MesiN NhMes a O—linker-O—  —2= ‘
oligomeric catalyst precursors should be dissociated under ~ “-on PRV o W O~finker-0
the catalysis condition to generate a homogeneous active Veslly NMes
catalyst, and after catalysis, it should be reassociated t0 wes: 2,4.6-Trimethylphenyi phff’ﬁ)'(;l \ BF4
regenerate the oligomeric catalyst precursor again. In this nker: 3% ot ¢
respect, the structural feature and release and return metath- O = Mes_NMes
esis mechanism of the Grubbkloveyda Ru compleg may O~linker-0

provide an excellent opportunity for the generation of this —2 g —2 6 MesN. Nives
type of self-supported oligomeric catalyst precursor (Figure " OH—— Pro O_"“"ef‘OC&'PF Clﬁla‘i
1)23 In the presence of olefinic substrates, the catalytically 7 8 - Poys "

aReagents and conditions: (a) NaH, THé&,a-dibromo-p-
I «ylene, 1t 19 h, 78%; (b) HC(OBS)NH.BF,, toluene, 110C, 6
h, 57%; (c) KHMDS, toluene, rt, 15 min, then (€B)LCI.Ru-
(=CHPh), 3 h, 48%; (d) NaHy,a-dibromo-p-xylene, THF, rt, 17
h, 98%.

dimeric dihydroimidazolium tetrafluorobora%eand isopro-
poxystyrene8 having a 1,4-bismethylenephenyl linker were
synthesized starting fror8 and7,” respectively. Reaction
of the hydroxy bismesityl3 with o,a-dibromo-p-xylene
followed by ring formation using triethylorthoforméte
provided the desired dimeric dihydroimidazolium tetrafluo-
roborate5 in two steps in 45% yield. Reaction of the dimeric
N-heterocyclic carbene generated in situ fromith Grubbs
Figure 1. Schematic representation of the self-supported oligomeric first-generation Ru complex (GF)Cl.Ru(=CHPh) in tolu-
Grubbs/Hoveyda-type Ru complexes. ene afforded the novel dimeric Grubbs second-generation
Ru—carbene compl&%6 in 48% yield1®
. ) ] . ] First, the coupling efficieny of the dimeric Ricarbene
active Ru-methylidene species can be dissociated from thecomplexG with isopropoxybenzylidene was examined in the
oligomeric matrix of2, which would be reassociated after resence of CuCl in methylene chloride at4D affording
catalysis to form the corresponding catalyst precutsor.
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the dimeric Grubbs/Hoveyda-type compin 78% yield!* 16.43 ppm with the free=CH, at 5.69 ppm, ddJ = 17.8,
Under the same reaction conditions, the coupling reaction 1.3 Hz and 5.24 ppm, dd,= 11.1, 1.3 Hz) indicated that
between dimeric Rucarbene comple% and isopropoxy- the isolated complexes have twb0@: n = 2) and three
benzylidene8 (1:1 molar ratio), in the presence of CuCl in  (10b: n = 3) repeating units with an isopropoxybenzylidene
methylene chloride at 4CC for 12 h, provided an inseparable moiety at the terminal, as shown in Scheme 2.
mixture of oligomeric Ru complexe$0a, which can be The mixture of oligomeric Ru compleXOa and both of
isolated by precipitation from ethyl acetate as a brownish the isolated oligomeric Rucarbene complexedaand10b
solid (Scheme 2% Inductively coupled plasma analysis was soluble in halogenated solvents such as methylene
chloride and chloroform but not soluble in ethyl acetate and
_ toluene. These observations suggest that the RCM using

Scheme 2. Synthesis of Dimeri® and Oligomeric Grubbs/ ollgomerl_c Ru compleer.O_can be conducted homoge-
Hoveyda-Type Ru—Carbene Complexis neously in methylene chloride, and the catalysts may be

recovered by precipitation in ethyl acetate. Figure 2 shows

C};O’Pr MesN)\NMes

O—linker-O
CuCl
CH,Cl ° MesN._ NMes
40°C, 12h 'R‘-fl
78% o |
Pro
CuCl
CHoCly
40°Cor RT
’Proj\>;>*o—-linker—o O'Pr
[l
=Ru
cl
MesN™ NMes
O—linker-O o) £
MesN.__NMes . . . .
;(_m Figure 2. Pictures ofl0ain (a) methylene chloride and (b) ethyl
10a: mixture of oligomer ~ CI" |u_ ) acetate.
100:n=2 Pro O linker—O O'Pr
_ 10c:n=3 —In _

the pictures ofil0ain methylene chloride (Figure 2a) and in
ethyl acetate (Figure 2b). The ICP-AES analysis of the
supernatant of0ain ethyl acetate indicates that less than 1
ppm of Ru is leached into the organic phase.

The catalytic activities of the original Grubbs/Hoveyha
novel dimeric Ru complexe§ and 9, and the oligomeric
Ru complexesl0a—c were tested for the ring-closing
metathesis of the benchmark substril-bisallyl p-toluene

. . N
(11) Ruthenium carbene compléx44.4 mg, 0.023 mmol), CuCl (5.18 SUIfonamlde’ . using 5 mol % of Ru, and the results are

mg, 0.052 mmol), and Ci€l, (3 mL) were placed in a Schlenk flask ~ summarized in Table 1.

equipped with a condenser. Then the 2-isopropoxyvinylbenzene (8.49 mg, it - -

0.052 mmol) was added, and the resulting solution was stirred under nitrogen Reactivities of th_e dimeric Ru CompleX6E{e.ntry 2) and

at 40°C for 3 h. The reaction mixture was concentrated in a vacuum, and 9 (€ntry 3) were quite comparable or even higher compared

the resulting residue was purified by column chromatography on siica ( with the original Grubbs/Hoveyda Ru compléxcompare

hexane/EtOAG= 2:1) to give9 as a green solid, which was washed with . " .
the minimal amount of ChCl, and a hexane mixture and dried under a  €Ntry 1). Under the same reaction conditions, the catalytic

vacuum agording a green microcrystalline sd@i@5.6 mg, 76%)*H NMR activities of the mixture of oligomeric Ru complexé&fa
(CDCl): 6 16.49 (s, 2H), 7.547.44 (m, 2H), 7.21 (s, 4H), 7.06 (s, 8H), : -

892 d8a (M. 4H). 6.79 (dl = 8.4 Hz, 211). 4.94 (sepll = 6.2 Hez, 2H). (gntry. 4) were slightly decreased when cqm'pared with the
4.59—4.53 (m, 2H), 4.48 (d] = 4.9 Hz, 2H), 4.33 (tJ = 10.5 Hz, 2H), dimeric Grubbs/Hoveyda Ru compléx This is probably
4.09 (t,J = 8.3 Hz, 2H), 3.69-3.63 (m, 4H), 2.42 (s, 24H), 2.29 (s, 12H), due to the slow dissociation of the catalytically active Ru-

1.26 (d,J = 6.1 Hz, 12H)13C NMR (CDC): ¢ 297.9, 211.2, 152.2, 145.3, . ) . . i .
139.5, 138.8, 137.1, 129.9, 129.6, 129.5, 129.3, 127.8, 122.8, 122.3, 112.0methylidene species from the oligomeric matrix. The isolated

74.9, 73.2, 67.8, 30.9, 21.1, 18.7. Anal. Calcd fopHeClaN4OsRL: C, oligomeric Ru complexed0b (entry 5) and10c (entry 6)

61.10; H, 6.12; N, 3.96. Found: C, 61.06; H, 6.54; N, 3.88. : s s :

(12) A solution of Ru comple (38.0 mg. 0.02 mmol), Cucl (2.02 mg, showed .catalytlc activities similar to tr_]e mixture of the
0.02 mmol), and the dimerig (9.4 mg, 0.02 mmol) in methylene chloride  oligomeric Ru complex. 0a. After catalysis, however, both

(3 mL) was refluxed for 12 h underANAfter evaporation of the methylene 10b and 10c were converted to the inseparable mixture of
chloride, ethyl acetate (5 mL) was added to provide an inseparable mixture . . - . . .

of oligomeric Ru complexet0aas a brownish solid (38.0 mg). The same Oligomeric Ru complexes similar withOa, in which both
reaction was conducted at room temperature for 4 h and concentrated in10b and 10c were also detected. These results suggest that

vacuo. The resulting material was purified by column chromatography on . .
silica (CHCl/MeOH = 4:1) to afford10b (13.2 mg) andl0c (15.4 mg) the self-supported oligomeric Ricarbene complet0b or

as greenish solids. 10c dissociated under the RCM conditions to generate the

(ICP-AES) indicated that 12 wt % of Ru was incorporated
in the oligomeric mixture. When the same reaction was
carried out at room temperature for 4 h, two oligomeric Ru—
carbene complexeb (n = 2) and10c(n = 3) were formed

as major products. ThéH NMR analysis (comparison of
the integration of the resonance signals of=Ri(H)Ph at
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Table 1. Ring-Closing Metathesis dfl,N,-Bisallyl p-Toluene
Sulfonamide Usindl and Dimeric6 and9 and Oligomeric Ru
ComplexeslOa~10é

x ~  Ru-complex
\L J/ (5 mol%)
'rl\"s CHZCl "I\'ls
entry Ru complex time? conv. (%)°
1 1 1.5h >98
2 6 30 min >98
3 9 2h >98
4 10a 3.5h >98
5 10b 3.0h >98
6 10c 3.5h >98
7d 10a 3.5h >98
8 - 5h >98
9 - 8h >98
10 - 12h >98
11¢ 10b 3.0h >98
12/ 10c 35h >98

a Reactions were carried out using 5 mol % of Ru at@dn methylene
chloride (0.5 M) Time for completion® Determined byH NMR analysis.
d Mixture of oligomeric catalysts recovered from entry 4Catalysts
recovered from entry 5.Catalysts recovered from entry 6.

catalytically active Ru-methylidene species and the dimeric
isopropoxybenzyliden8, and after catalysis, they reassoci-
ated with different ratios to form a mixture of oligomeric
Ru—carbene complexes.

The insolubility of the oligomeric Rucarbene complexes
10a~cin ethyl acetate could prove to be beneficial for the
catalyst recovery and reuseHence, the mixture of oligo-

(13) Representative procedure for RCM: A 10 mL oven-dried round-
bottom flask equipped with a reflux condenser was charged with oligomeric
Ru catalystl0a (12.0 mg, 0.014 mmol of Ru). The flask was evacuated
and filled with Nb. N,N-Diallyl-p-toluenesulfonamide (120.0 mg, 0.279
mmol) was then added in anhydrous £&Hb (5.0 mL); the flask was then

meric complexed.0acan be recovered heterogeneously by
precipitation using ethyl acetate and reused (entrie$0j.
Similarly, the oligomeric mixture of Ru complexes formed
after RCM with eitherl0b (entry 11) orlOc(entry 12) could
also be recovered and reused. However, the catalytic activi-
ties were slowly decreased upon reuse, which may partly be
due to the decomposition of active Roarbene species
providing ethyl acetate-soluble ones. In ICP-AES analysis
of the ethyl acetate layer after the first run witBa (entry

4), 16 ppm (about 1.13%) of Ru was leached out into the
ethyl acetate layer. Nevertheless, it should be noted here that
the feasibility of this new type of self-supported complex
for catalyst recovery and reuse has been successfully
demonstrated.

In conclusion, we have designed and synthesized a new
type of self-supported catalyst for the homogeneous catalysis
and heterogeneous recovery. As proof of this concept, self-
supported oligomeric Grubbs/Hoveyda-type -Rarbene
complexes were generated for ring-closing metathesis. The
catalytic activities of the self-supported oligomeric -Ru
carbene complexes are comparable to those of their homo-
geneous counterpart as they work homogeneously and are
recovered heterogeneously. However, the dissociation rate
from the oligomeric matrix and association efficiency may
need to be increased to improve the cataytic activity and
reusability of the self-supported Ru complexes. Nevertheless,
this approach might provide a new direction for the develop-
ment of a recoverable catalyst. Further studies on the impact
of a linker in ligands and/or a catalyst on both the structure
of assemblies and their catalytic performance are underway
in this laboratory.

Acknowledgment. Financial support from Korea Re-
search Foundation Grant funded by the Korean Government
(KRF-2006-312-C00587) and from CMDS and KOSEF
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by flash chromatographyn(hexane/EA= 3:1) to afford pure product as a
white crystal (61 mg, 99%). A second run of the metathesis using the
recovered mixture of oligomeric Ru complex&8a (or from 10b or 10c)

was conducted in the same way as described for the first run, but the reaction

time was prolonged until completion of the reaction by TLC. This reaction
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Supporting Information Available: Detailed synthetic
procedures, spectral datadsf9 and10a~10¢ and*H NMR
spectra of5, 6, 9, 10b, and10c. This material is available
free of charge via the Internet at http://pubs.acs.org.

was repeated, each time using the catalyst recovered from a previous cycle.

The results are listed in Table 1.
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