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Ring-Closure Metathesis in Supercritical Carbon Dioxide as Sole Solvent with
Use of Covalently Immobilized Ruthenium Catalysts
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We describe RCM reactions in the presence of a Hoveyda-
type catalyst covalently immobilized on different support ma-
terials. The performance of the catalyst was highly depend-
ent on the nature of the support, and in some cases high
levels of conversion were obtained, allowing for repetitive
cycles. In addition, remarkably low levels of leaching of ru-

thenium into the product (20 ppm) were observed. This envi-
ronmentally benign process has potential for continuous ap-
plications.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

In only one decade, metathesis with the well defined
complexes la, 1b, and 2 (Figure 1) developed by Grubbs
and Schrock has become a very powerful method for the
synthesis of cyclic compounds, functionalized alkenes, natu-
ral products, and new materials.'-?! With the arrival of the
Hoveyda catalysts 3a and 3b (Figure 1) olefin metathesis
has reached the next level, thanks to the high stabilities of
these complexes towards moisture and air and the possibil-
ity of purifying and recycling them by column chromatog-
raphy.’] The only disadvantages are the necessity for rela-

tively large amounts of the catalyst (generally 2—-5 mol-%)
and the high degree of leaching of Ru into the products.
Superecritical carbon dioxide (scCO») has emerged as a
benign and environmentally friendly reaction medium for
organic synthesis and in this respect also for catalytic reac-
tions. Its non-flammability and non-toxicity, together with
its easy availability in high purity, make it especially attract-
ive as an alternative to common organic and often hazard-
ous solvents. Furthermore, high diffusion rates are obtained
in scCO, and can give higher reaction rates, especially in
reactions in which gases are involved, due to their complete
miscibility. Variation of the pressure and/or the temperature
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Figure 1. Olefin metathesis catalysts.
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can be used to tune the solubility in scCO,, which may also
have an influence on the outcome of the reaction.[
Homogeneous catalysis in scCO, is often hampered by
low solubility of catalysts in the nonpolar medium and re-
quires special methods to make them soluble.[’! At present,
the most popular technique is modification of the ligand
sphere with perfluoro tags to increase solubility.) Promi-
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nent examples are transition metal perfluoro phosphane
complexes.!”l In this context we have applied perfluoro-
tagged Pd complexes for Stille couplings in scCO,.1%]

Akgerman et al. recently reported the application of
poly(perfluoroalkyl acrylate) for the immobilization of a
Wilkinson-type catalyst in scCO,.[!

On the one hand, the perfluoro tags afford enhanced sol-
ubility of the catalysts in scCO,, but on the other hand,
introduction of these tags opens up the possibility of leach-
ing of the catalyst into the product.

A possible solution to deal with this problem would be
the application of heterogeneous catalysis. For metathesis
reactions in solution, it has been demonstrated in several
examples that immobilization of the catalyst significantly
reduces the leaching of Ru into the product in relation to
the use of homogeneous catalysts.['%]

So far, heterogeneous catalytic reactions in scCO, are
mainly restricted to reactions involving Pd and Pt on Al,Os,
polysiloxane, or zeolite, with hydrogenation as the salient
reaction.'!l” We reasoned that ring-closing metathesis
(RCM) in a heterogeneous fashion with the metathesis cata-
lyst covalently bound to a solid support should also be pos-
sible in scCO», as long as the catalytic sites on the support
are accessible to the substrate, which would be strongly in-
fluenced by the swelling properties of the polymer. Alterna-
tively, it is also possible that a precatalyst immobilized on
the support might release a catalytic carbene species that
could be recaptured by the styrene ether ligand prior to
decomposition, as impressively demonstrated in organic
solvents.[!Z]

Results and Discussion

Here we report the synthesis and application of novel
solid phase-bound Hoveyda-type catalysts and their suc-
cessful application in RCM reactions in scCO,. Since the
accessibility of the catalytic sites is unquestionably depend-
ent on the swelling properties of the polymer in scCO,, we
applied different support materials to which the catalyst
was coupled covalently through an amide bond, designing
a new hybrid support material with a rigid core structure
covered by an ultra-thin layer (= 10 nm) of an acrylamide-
styrene copolymer, the basic structure of which is shown in
Figure 2.1

Figure 2. Novel hybrid support — silica gel with a thin layer of a
copolymer (co) of styrene and acrylamide.

This new support material was evaluated in comparison
with amino-modified HypoGel 400 [polystyrene bearing
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low molecular weight oligo(ethylene glycol) units], PEGA
(polyacrylamide interspaced with ethylene glycol units), and
Trisoperl (aminopropyl-modified silica gel) as alternative
solid support materials, all of which are commercially avail-
able.

For the covalent attachment of Ru-metathesis catalysts
to solid supports there are several options. Besides attach-
ment through the benzylidene entity,3%-19%-141 it is also pos-
sible through phosphane or the N-heterocyclic car-
bene, [10¢.14¢,15-17]

We have recently reported on the synthesis of the
Hoveyda-type ligand 4.['8 This ligand was coupled to the
amino-modified supports to yield 5 as outlined in
Scheme 1.

A capping step using acetic anhydride was carried out
after the coupling to ensure masking of possible residual
free amino groups. Starting from 5, the immobilized cata-
lysts 6-9 were prepared in the presence of 1a or 1b, with
Cu(l as activator. The removal of insoluble Cu phosphane
residues was performed in two different ways. For catalysts
bound to silica-based materials (6 and 9) the reaction mix-
ture was filtered and washed until the filtrate was colorless.
Then, neocuproine was added to remove Cu ions specifi-
cally, and their absence was subsequently confirmed by XPS
measurements.!’]

Catalysts on HypoGel 400 and on PEGA (7 and 8) were
purified by a method described by Blechert et al.'4dl The
Ru loadings of all immobilized catalysts were determined
by atom absorption in order to ensure equivalency during
the reactions with 6-9.

Olefin metathesis in scCO, with catalysts 1a, 1b, and 2
and their application for RCM and ROMP was reported
for the first time in two seminal papers by Fiirstner and
Leitner in 1997 and 2001, respectively.[>]

Those results served as a benchmarks to test the per-
formance of our solid phase-bound catalysts 6-9, so we
have included 1a and 1b in our present study. As a test
reaction, we used the RCM of N, N-diallyl tosylamide 10 to
afford 11 (Scheme 2).

The reaction conditions were very similar to those re-
ported by Fiirstner and Leitner (2.5% of catalyst, 40 °C,
150 bar, 24 h).[2%°] The obtained results are summarized in
Table 1.

Catalysts 1a and 1b gave quantitative conversions as re-
ported in ref.?®! Furthermore, we were able to perform five
consecutive runs without any loss of activity.

None of our solid phase-bound catalysts 6-9 reached qu-
ite the excellent performance of 1a and 1b. Nevertheless,
we observed high levels of conversion in the application of
catalysts 6a, 6b, 7a and 7b. In some cases the high conver-
sion could also be obtained in subsequent runs. Relatively
poor results were observed with catalysts 8a, 8b, 9a and
9b. Obviously, the performance of the catalyst was highly
dependent on the support material: HypoGel 400 and our
home-made hybrid support were superior to amino-modi-
fied silica gel (Trisoperl) and PEGA material. This might
be explained by swelling properties and polarity effects in-
fluencing the accessibility of catalytic sites on the support.
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Scheme 1. Synthesis of the supported olefin metathesis catalysts. a) 1) DCC, HOBt, Huenig’s base, DMF, 24 h, room temp., 2) Ac,0,
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Scheme 2. Benchmark RCM reaction for comparison of the sup-
ported olefin metathesis catalysts with 1a and 1b.

Table 1. RCM recycling experiments of 10 with different catalysts.

Entry Catalyst Conversion® (cycle 1, 2, 3, 4, 5) [%]
1 la =98, =98, = 98, = 98, = 98
2 6a 83, 75, 66, 66, 56

3 Ta 95, 95, 90, 89, 84

4 8a 40, 13, 5,4, 2

5 9a 46, 45, 45, 45, 14

6 1b = 98, = 98, = 98, = 98, 90

7 6b 93,92, 77, 54, 57

8 7b 92, 95, 85, 34, 12

9 8b 69,12, 5,3, 1

10 9b 63, 57,21, 12,0

[a] Determined by '"H NMR spectroscopy.

PEGA shows poor swelling properties in nonpolar solvents,
so this can also be expected in scCO,, hampering accessi-
bility of active sites. Trisoperl, on the other hand, has a
hydrophilic surface and the catalyst is bound close to the
surface.

In contrast, HypoGel 400 consists of a nonpolar polysty-
rene core and is covered by a low molecular weight oligoe-
thylene glycol spacer to which the catalyst is attached. We
had chosen this specific spacer since, in contrast to its
higher molecular weight analogues, it has a relatively high
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solubility in scCO,,?!l so these units should facilitate ac-
cessibility in scCO,. Our hybrid material was originally de-
signed for applications in nonpolar solvents. On the one
hand, the support is rigid (due to the SiO, core), while on
the other, good accessibility is achieved in nonpolar sol-
vents, due to the small organic co-polymer layer on the ma-
trix, which does not require effective swelling.

In some of their RCM reactions carried out with macro-
cyclic dienes, Fiirstner and Leitner observed an influence of
the density of scCO, on the outcome of the reaction (RCM
or oligomerization). When we investigated the pressure de-
pendency with 6b as catalyst, no pressure dependency of
the reaction was observed between 80 and 160 bar and 11
was formed as the only product.

In a further set of experiments, we investigated the time
dependence of the formation of 11 with solid phase-bound
catalyst 6b as well as with the Grubbs catalysts 1a and 1b
(Figure 3).

With 1a and 1b, conversion was complete within 1 h, at
which time the process with 6b was about 50% complete.
After 6 h, conversion of about 90% had been achieved, in-
creasing only slightly when the reaction was continued for
another 18 h.

In order to extend the scope of applicability of the highly
active catalyst 6b, further RCM reactions were carried out
with various substrates (Table 2). The same reaction condi-
tions as in the previous experiments were used. High levels
of conversion were observed with almost all olefins: even
the seven-membered ring 19 was formed quantitatively.
Only for compound 13 was a somewhat lower result
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Figure 3. Time dependence of the RCM of 10 with catalyst 1a ((J),
1b (A), or 6b (@), respectively.

achieved. Besides the cyclizations of the monosubstituted
olefins, catalyst 6b also showed high activities in the synthe-
sis of trisubstituted cyclic alkenes, as exemplified with 21
and 23.

Table 2. RCM reactions of various alkenes with catalyst 6b.

Conversionlal

Entry Substrate Product %]
EtOOC_ COOEt EtOOC_ COOEt
1 = S é 74
12 P
o™

g
Pl 90

14 15
W @
OBn
3 OBn >98
16 17
Ts 7
II\I N-Ts
4 e o™ >08
18 19

5 1y
5 /\/N\/K { N z 92

"Il"s
18 N
N
6 = \/Y Q 05
22

[a] Determined by '"H NMR spectroscopy.

Homogeneous olefin metathesis in organic solvents en-
tails the risk of high Ru leaching into the products, which
has limited the application of this very important reaction,
especially in the synthesis of pharmaceuticals and fine
chemicals. Several approaches to deal with this problem
have been developed. With 1a, the reported level of Ru in
the product was between 12000 and 17000 ppm,>?l whilst
after column chromatography this level could be reduced to
about 2000 ppm. Grubbs devised a procedure using
P(CH,0OH); in order to make Ru soluble in water. After
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stirring with silica gel and extractive workup, the amount
of Ru could be reduced to 200 ppm.[>?4 Paquette applied
Pb(OAc), to oxidize the metal, which was followed by fil-
tration through silica gel, after which the Ru level had
dropped to 300 ppm.1??"! Georg used DMSO or PPh;O fol-
lowed by silica gel filtration or chromatography to suppress
the content of Ru to 240-270 ppm.[?>*! Kim used a combi-
nation of adsorption and filtration through silica gel, char-
coal, and column chromatography on silica gel and, after
this tedious procedure, observed a Ru level of 60 ppm.2>d
New pseudohalide Ru complexes more efficiently removable
by silica gel chromatography have recently been de-
scribed.?¥

As outlined in the Introduction, application of solid
phase-bound metathesis also has advantages over homo-
geneous catalysis, as illustrated in several examples.['”) The
best result was reported by Buchmeiser, for a catalyst im-
mobilized through a heterocyclic carbene ligand, to be be-
low 70 ppm but no details were given as far as the pro-
cedure was concerned.['%1 Blechert has also very recently
presented a new supported olefin metathesis catalyst that
showed an average leaching of 65 ppm.[4

It was recently reported that RCM products could be
separated from Ru contaminants by extraction with
scCO,,1>%1 which led us to assume that direct application of
metathesis in scCO, should be especially favourable as far
as leaching is concerned. Furthermore, the application of
the solid phase-bound catalyst should also have advantages
over the application of 1a and 1b. For this reason, we esti-
mated and compared the Ru content of 11 after RCM in
the presence of the Grubbs catalysts 1a and 1b or with the
solid phase-bound catalysts 6a and 6b by ICP-AES.I""! For
both Grubbs catalysts, the amount of Ru in the crude prod-
uct was 100 ppm, whereas for 6a and 6b we observed 18
and 21 ppm, respectively.

Conclusions

In summary, we have presented, for the first time, RCM
reactions employing covalently immobilized Hoveyda-type
catalysts in scCO, as the sole reaction medium. The per-
formance of the catalyst was highly dependent on the na-
ture of the support material to which it was attached. This
might be an indication of a heterogeneous catalytic process
but since the catalysts are in reality precatalysts, which
might release the active species into the medium, further
investigations are necessary to provide more insight into
this issue. Nevertheless, the obtained data concerning the
different supports might be helpful in the design of further
catalytic processes in scCO, with immobilized catalysts.
High levels of conversion were obtained with some of our
immobilized catalysts (6a, 6b 7a, and 7b), allowing for re-
petitive cycles. Furthermore, the RCM reactions could be
demonstrated for an array of different starting materials. In
addition, a remarkably low level of leaching of ruthenium
into the crude product (20 ppm) was observed. This envi-
ronmentally benign process has the potential for continuous
applications.
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Experimental Section

General: The reactions were carried out in a stainless steel autoclave
(volume variable from 29-61 mL) fitted with a sapphire window
and an internal stirrer from NWA GmbH, Lorrach (Germany).
Carbon dioxide was added by use of a pressure module with a
maximum outlet of 600 bar.

General Procedure for Catalysis under Supercritical Conditions: The
catalyst (2.5 mol-%) was loaded into a specially designed small
glass vessel in the autoclave. The reactor was carefully pressurized
with CO, to 100 bar at 40 °C, the substrate was then delivered by
a loop connected to the autoclave, and the pressure was raised to
140 bar. After 24 h, the reactor was vented at 40 °C. The organic
compounds were collected in a flask filled with CH,Cl, and ethyl
vinyl ether, and the degree of conversion of the RCM was then
determined by '"H NMR spectroscopy.

All products were analyzed by 'H NMR and mass spectrometry
and compared with the literature data.

Acknowledgments

We thank Fluka for AAS measurements and Novabiochem, Rapp-
Polymers, and VitraBio GmbH for samples of solid supports. We
would also like to thank Dr. M. Keller, Mrs. M. Schonhard, and
Mr. F. Reinbold for recording NMR spectra, Mr. C. Warth and
Dr. J. Worth for recording MS spectra, and Mr. E. Hickl for per-
forming elemental analyses.

[1] a) R. H. Grubbs, S. T. Nguyen, J. W. Ziller, J. Am. Chem. Soc.
1993, 115, 9858-9859; b) E.L. Dias, S. T. Nguyen, R. H.
Grubbs, J Am. Chem. Soc. 1997, 119, 3887-3897; ¢) R.R.
Schrock, J. S. Murdzek, G. C. Bazan, J. Robbins, M. DiMare,
M. O’Regan, J. Am. Chem. Soc. 1990, 112, 3875-3886.

[2] a) A. Firstner, Angew. Chem. 2000, 112, 3140-3172; Angew.
Chem. Int. Ed. 2000, 39, 3012-3043; b) T. M. Trnka, R. H.
Grubbs, Acc. Chem. Res. 2001, 34, 18-29; ¢) R. R. Schrock,
A. H. Hoveyda, Angew. Chem. 2003, 115, 4740-4782; Angew.
Chem. Int. Ed. 2003, 42, 4592-4633; d) K. C. Nicolaou, P. G.
Bulger, D. Sarlah, Angew. Chem. 2005, 117, 4564-4601; Angew.
Chem. Int. Ed. 2005, 44, 4442-4489.

[3] a) J. S. Kingsbury, J. P. A. Harrity, P. J. Bonitatebus Jr., A. H.
Hoveyda, J Am. Chem. Soc. 1999, 121, 791-799; b) S. B.
Garber, J. S. Kingsbury, B. L. Gray, A. H. Hoveyda, J Am.
Chem. Soc. 2000, 122, 8168-8179.

[4] P G. Jessop, W. Leitner, Chemical Synthesis Using Supercritical
Fluids, Wiley-VCH, Weinheim, 1999.

[5] P G. Jessop, T. Ikariya, R. Noyori, Chem. Rev. 1999, 99, 475-
493.

[6] A. Dardin, J. M. DeSimone, E. T. Samulski, J. Phys. Chem. B
1998, 102, 1775-1780.

[7]1 a) S. Kainz, D. Koch, W. Baumann, W. Leitner, Angew. Chem.
1997, 109, 1699-1701; Angew. Chem. Int. Ed. Engl. 1997, 36,
1628-1630; b) S. Kainz, A. Brinkmann, W. Leitner, A. Pfaltz,
J Am. Chem. Soc. 1999, 121, 6421-6429; ¢) G. Francio, K.
Wittmann, W. Leitner, J Organomet. Chem. 2001, 621, 130-
142; d) L. J. P. van den Broeke, E. L. V. Goetheer, A. W. Verk-
erk, E. de Wolf, B.-J. Deelman, G. van Koten, J. T. F. Keur-
entjes, Angew. Chem. 2001, 113, 4605-4606; Angew. Chem. Int.
Ed. 2001, 40, 4473-4474.

Eur. J. Org. Chem. 2006, 577-581

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[8] T. Osswald, S. Schneider, S. Wang, W. Bannwarth, Tetrahedron
Lett. 2001, 42, 2965-2967.

[9] a) Z. K. Lopez-Castillo, R. Flores, I. Kani, J. P. J. Fackler, A.
Akgerman, Ind. Eng. Chem. Res. 2002, 41, 3075-3080; b) I.
Kani, M. A. Omary, M. A. Rawashdeh-Omary, Z. K. Lopez-
Castillo, R. Flores, A. Akgerman, J. P. J. Fackler, Tetrahedron
2002, 58, 3923-3928.

[10]a) M. Ahmed, A. G. M. Barrett, D. C. Braddock, S. M. Cramp,
P. A. Procopiou, Tetrahedron Lett. 1999, 40, 8657-8662; b) J. S.
Kingsbury, S. B. Garber, J. M. Giftos, B. L. Gray, M. M. Oka-
moto, R.A. Farrer, J. T. Fourkas, A. H. Hoveyda, Angew.
Chem. 2001, 113, 4381-4386; Angew. Chem. Int. Ed. 2001, 40,
4251-4256; ¢) M. Mayr, B. Mayr, M. R. Buchmeiser, Angew.
Chem. 2001, 113, 3957-3960; Angew. Chem. Int. Ed. 2001, 40,
3839-3842.

[11] A. Baiker, Chem. Rev. 1999, 99, 453-473.

[12]J. S. Kingsbury, A. H. Hoveyda, J Am. Chem. Soc. 2005, 127,
4510-4517.

[13] D. Méadge, Ph.D. Thesis, Albert-Ludwigs-Universitét, Freiburg
(Germany), 2005.

[14] a) Q. Yao, Angew. Chem. 2000, 112, 4060-4062; Angew. Chem.
Int. Ed. 2000, 39, 3896-3898; b) J. Dowden, J. Savovic, Chem.
Commun. 2001, 37-38; ¢) S. Randl, N. Buschmann, S. J. Con-
non, S. Blechert, Synlett 2001, 1547-1550; d) S. J. Connon, S.
Blechert, Bioorg. Med. Chem. Lett. 2002, 12, 1873-1876; ¢) K.
Grela, M. Tryznowski, M. Bieniek, Tetrahedron Lett. 2002, 43,
9055-9059; f) S. Varray, R. Lazaro, J. Martinez, F. Lamaty,
Organometallics 2003, 22, 2426-2435; g) Q. Yao, A. R. Motta,
Tetrahedron Lett. 2004, 45, 2447-2451.

[15]a) S. T. Nguyen, R. H. Grubbs, J. Organomet. Chem. 1995, 497,
195-200; b) S. C. Schiirer, S. Gessler, N. Buschmann, S. Blech-
ert, Angew. Chem. 2000, 112, 4062-4065; Angew. Chem. Int.
Ed. 2000, 39, 3898-3901.

[16] M. R. Buchmeiser, New J. Chem. 2004, 28, 549-557.

[17]S. Priths, C. W. Lehmann, A. Firstner, Organometallics 2004,
23, 280-287.

[18] F. Kog, F. Michalek, L. Rumi, W. Bannwarth, R. Haag, Syn-
thesis 2005, 3362-3372.

[19] The loadings were determined by atomic absorption spec-
troscopy (AAS) at Fluka, Buchs (Switzerland) or ICP-MS at
Solvias, Basel (Switzerland); ICP-AES was carried out at the
Institut fiir Organische Chemie, University of Dortmund (Ger-
many); XPS was carried out at the Institut fiir Mikrosys-
temtechnik, University of Freiburg (Germany).

[20]a) A. Firstner, D. Koch, K. Langemann, W. Leitner, C. Six,
Angew. Chem. 1997, 109, 2562-2565; Angew. Chem. Int. Ed.
Engl. 1997, 36, 2466-2469; b) A. Firstner, L. Ackermann, K.
Beck, H. Hori, D. Koch, K. Langemann, M. Liebl, C. Six, W.
Leitner, J. Am. Chem. Soc. 2001, 123, 9000-9006.

[21]a) D. J. Heldebrant, P. G. Jessop, J. Am. Chem. Soc. 2003, 125,
5600-5601; b) W. Leitner, Nature 2003, 423, 930-931.

[22] a) H. D. Maynard, R. H. Grubbs, Tetrahedron Lett. 1999, 40,
4137-4140; b) L. A. Paquette, J. D. Schloss, 1. Efremov, F.
Fabris, F. Gallou, J. Méndez-Andino, J. Yang, Org Lett. 2000,
2, 1259-1261; ¢) Y. M. Ahn, K. Yang, G. I. Georg, Org Lett.
2001, 3, 1411-1413; d) J. H. Cho, B. Kim, Org. Lett. 2003, 5,
531-533.

[23]J. C. Conrad, H. H. Parnas, J. L. Snelgrove, D. E. Fogg, J. Am.
Chem. Soc. 2005, 127, 11882-11883.

[24] D. Fischer, S. Blechert, Adv. Synth. Catal. 2005, 347, 1329—
1332.

[25] F. Gallou, S. Saim, N. K. Yee, PCT Int. Appl. WO 2005056182,
2005.

Received: September 28, 2005
Published Online: December 13, 2005

WWW.EUrjoc.org 581



