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Abstract: Two isotopically and structurally labeled Ru-based carbenes (2-d, and 13) have been prepared
and attached to the surface of monolithic sol—gel glass. The resulting glass-supported complexes (18-d,
and 19) exhibit significant catalytic activity in promoting olefin metathesis reactions and provide products
of high purity. Through analysis of the derivatized glass pellets used in a sequence of catalytic ring-closing
metathesis reactions mediated by various supported Ru carbenes, it is demonstrated that free Ru carbene
intermediates in solution can be scavenged by support-bound styrene ether ligands prior to the onset of
competing transition metal decomposition. The observations detailed herein provide rigorous evidence that
the initially proposed release/return mechanism is, at least partially, operative. The present investigations
shed light on a critical aspect of the mechanism of an important class of Ru-based metathesis complexes
(those bearing a bidentate styrene ether ligand).

Introduction offer unique reactivity and selectivity levels that are at times
) . ) not available with other catalystsComplexesl—5, shown in
Research in these laboratories during the past several yeargnar 1. are air-stable and can be readily purified by silica gel
has involved the synthesis and development of a variety of Ru- chromatography; the majority of reactions promoted in the
based catalysts (Chart 1) that promote various olefin metathesispresence of Ru catalysis-6 can be effected in air and with
reaction$ efficiently and selectively.Since the preparation of undistilled commercial solvents.

theh_fir;t medmb(ha_r ;I th;is famti)ly of Cc;]mplexl;es n %199_6, ve:jriousd The special attributes of the Ru-based complexes illustrated
achirar and chir u carbenes have been designed and ., cpapt 1 are largely due to the presence of a bidentate

gevzl?ped.that pro:pote r_lllgr;]hl)}/?stereo- Tnd en dant!otse(ljgcthéér]Ct 1 carbene® As illustrated in Scheme 1, in contrast to precatalysts
ondforming reactions. The Ru complexes depicted in Lhar represented by 5> and8,5 which are likely activated by the loss
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in Scheme 1), is one of the key reasons for the unique reactivity together with the unique reactivity dfand?2, have led to the

profiles observed for complexes representedLtand 2.

development of a number of relatedpportedvariants? One

Another noteworthy feature that originates from the bidentate example is the selgel complex6,'? illustrated in Chart 1,

nature of the carbene ligands 1n-6 relates to the possibility

synthesized and examined in these laboratories. This supported

that the achiral Ru complexes in Chart 1 operate by a release/catalyst, which can be recycled up to 20 timiébenefits from

return mechanisr?t4 As shown in Scheme 2, it is plausible
that the initial Ru complex (e.gl,or 2) can exist in equilibrium
with a metal carbene (release) sucted® form 9). The original

at least one advantage that is imparted by the bidentate styrene
ligand: because Ru carbene release from the support backbone
into solution requires an initial metathesis reaction with a

metal complex, after initiating several catalytic olefin metathesis substrate molecule, the amount of active catalyst released is

cycles, may be regenerated through reactiomweith 9 (return)?

dependent on substrate concentration. The need for weighing

The release/return mechanism points to the possibility of Of each catalyst sample is therefore unnecessary, an attribute
efficient homogeneous catalysis (released carbene) through théhat is noteworthy when the sebel-supported catalyst is
use and recovery of a supported catalyst. Such considerationsutilized in library synthesis.

(9) For related reports on supported Ru-based complexes beaoinglentate

carbenes used for olefin metathesis, where a similar release/return scenario,

is suggested, see: (a) Barrett, A. G. M.; Cramp, S. M.; Roberts, Grg.
Lett. 1999 1, 1083-1086. (b) Ahmed, M.; Barrett, A. G. M.; Braddock,
D. C.; Cramp, S. M.; Procopiou, P. Aetrahedron Lett1999 40, 8657~
8662. (c) Ahmed, M.; Arnauld, T.; Barrett, A. G. M.; Braddock, D. C.;
Procopiou, P. ASynlett200Q 1007-1009.

A critical question regarding the catalytic activity of Ru-based
catalysts bearing bidentate styrene ligands is whether the release/
return mechanism is truly operative. One plausible alternative

(10) Kingsbury, J. S.; Garber, S. B.; Giftos, J. M.; Gray, B. L.; Okamoto, M.
M.; Farrer, R. A.; Fourkas, J. T.; Hoveyda, A. Angew. Chem., Int. Ed.
2001, 40, 4251-4256.
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Scheme 2. Proposed Route for the Release, Catalytic Activity, and Return of Ru Complexes 1 and 2
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scenario is that Ru complexes sucHland?2, or the supported oo
complex6, serve solely as sources of highly active Ru carbenes, e s
which, once released into solution in relatively small amounts, f‘C' PCys

promote reaction at a high rate before undergoing decomposition Orr - A S
(no return)*! That is, the recovered catalyst sample might /<% . o dom

correspond to the portion of the initial catalyst loading that has \_S>M 9 CreCle 407G 3 1

not been liberated from the styrene |Igand Regal’ding the latter Q' % 1:4 (crossover occurs when an olefin metathesis substrate is added)
hypothesis, we recently illustrated that, with the more sterically 4 5a

<2% (no crossover)

hinderedchiral Ru complexe8 and4 (cf. Chart 1), it is indeed vosth Ntves
likely that a return mechanism it operative® o
Herein, we detail the results of studies that unambiguously _F}“‘CI Mesh_ \Mes
illustrate that measurable amounts of achiral Ru carbene release OFPr 2 A
by a sot-gel-supported complesanreturn to the styrene ether e . ES/O’ Fr d&f v 48% AU loss in 5b
attached to the support surface. These studies provide clear L} CHZCle, 40°C, 3

. . T . Me. 9 2
illustration of the validity of the release/return mechanism for GM 2

Ru-based complexes suchl®, and6. Mechanistic principles + 5b
implied by the studies described below are relevant to the mode

Mes = 2,4,6-trimethylphenyl

of action of Ru carbene derivatives prepared in other labora- dendritic complexsb, one that bears an N-heterocyclic carbene
tories!? based on complexekand 2.

Results and Discussion

1. Preliminary Studies To Probe the Release/Return
Mechanism. The first opportunity to test the possibility of

(NHC). As depicted in Scheme 3, initial control experiments
indicated that, under identical conditions as mentioned above
(CH.Cl,, 40 °C, 3 h), a 1:4 mixture of the more reactive
dendrimer5b (vs 5a) and9 leads to a rapid distribution of the
Ru metal (52:48 ratio of dendritic:monomeric carbene proton

release/return mechanism presented itself during our studiessignals). _ _ _

regarding the catalytic activity d&a, a dendritic structure based 2. Initial Considerations Regarding Study of the Ru
on monophosphine complek As summarized in Scheme 3, Release/Return MechanismThe complications regarding the
the release/return hypothesis received support since we detecteéfcile transfer of transition metal between styrene ethand

efficient metal carbene transfer from dendritic to monomeric dendrimerSb caution that a similar strategy should not be used

styrene ether sites within minutés the presence of an olefin ~ for assessment of Ru return in the case of-gml-supported

metathesis substrafé As depicted in Scheme 3, heating of a complexes. Any metathesis reaction performed in the presence

homogeneous solution & and9 (1:4) in the absence of diene  0f @ homogeneous styrene, suctbas unmetalatedb, cannot
substrate at 40C (3 h, CHCl,) does not give rise to Ru  confirm restoration of the precatalyst resting state, stce

crossover 1 is not detected by 400 MH¥# NMR analysis). 5b can be generated through cross-metath_esis (CM) events on
This is in stark contrast to the related experiment involving the sot-gel surface. Nonetheless, we realized that we could

(11) Nguyen, S. T.; Trnka, T. M. Iiandbook of Olefin MetathesiSrubbs, design experiments that allow us to investigate rigorously the
R. H., Ed.; VCH-Wiley: Wienheim, Germany, 2003; Vol. 1, p 77. e

(12) For example, see: (a) Grela, K.; Harutyunyan, S.; Michrowskangew. possibility of Ru-carbene return to segel.
Chem,, Int. Ed2003 41, 4038-4040. (b) Grela, K.; Kim, MEur. J. Org. Such studies would commence with the synthesis of isoto-

Chem.2003 963-966. (c) Bujok, R.; Bleniek, M.; Masnyk, M.; Michrows-

utilize advantageously the abovementioned CM reactions and

ka, A.. Sarosiek, A.: Stepowska, H.; Arlt, D.: Grela, K. Org. Chem. pically or structurally labeled versions of glass-supported Ru
2004 69, 6894-6896. (d) Michrowska, A.; Bujok, R.; Harutyunyan, .. carbene6 (Chart 1). Subsequently, a representative olefin

Sashuk, V.; Dolgonos, G.; Grela, K. Am. Chem. So2004 126, 9318~ . i .
9325. (e) Wakamatsu, H.; Blechert, Sagew. Chem., Int. EQ002, 41, metathesis reaction would be allowed to procaethe same

2403-2405. (f) Zaja, M.; Connon, S. J.; Dunne, A. M.; Rivard, M., regction vesselin the presence of glass samples that contain

Buschmann, N.; Jiricek, J.; Blechert, Betrahedror2003 59, 6545-6558.

(9) Krause, J. O.; Zarka, M. T.; Anders, U.: Weberskirch, R.; Nuyken, O.; Ru complexes bearing a labeled NHC ligand as well as samples

Buchmeiser, M. RAngew. Chem., Int. EQ003 42, 5965-5969. (h)
Krause, J. O.; Nuyken, O.; Wurst, K.; Buchmeiser, M.Ghem. Eur. J.

that contain unlabeled metal carbenes. After tracking of the

2004 10, 777-784. identity of individual glass pellets, labeled and unlabeled
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Scheme 4. Synthesis of Ru-Carbene Complex 13
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Ar = 2,6-dimethylpheny!

samples would be segregated. Facile exchange between styrengcheme 5. Synthesis of Deuterated Ru Complexes 8-d, and 2-d,
ether9 and NHC-based Ru carbenes would allow us to strip Ve

the glass samples of their Ru content by treatment of the 0. D /C[NDZ Me | p f"De Me
recovered sotgel pellets with solutions of isopropoxystyrene. 9028,0%0,3029 Me Me /@N%NQ
After recovery and chromatographic purificationtb& mono- W© U oo Ne® MeOD, 65 °C; NaCNBD, e oo A me
meric complex?) we would be able to establish rigorously its 14 11% 15
isotopic purity (by 'H NMR spectroscopy and/or mass spec- b b — b D
trometry) and determine whether any crossover had occurred. by 3P Oi-Pr by 3P

3. Synthesis of Labeled Ru Complexe&he first modified MesNzNMes 9 MesNyzNMes  see scheme 5
Ru complex targeted for synthesis was Ru carli8¥Scheme —Hu';‘%l CuCl, CH,Cly, 40 °C Ph/=R|u";‘°é| -
4), a structurally altered form a2 (a complex lacking para C;gm 85% PCys
substitution at the two aryl groups on nitrogens). With estab- 2-d, 8-d,

lished proceduréé®in place for the synthesis of dihydroimi-

dazolylidene ligands, we judged that it would be most efficient two-step, one-pot process (Schemel“4However, the pro-

to use commercially available 2,6-dimethylaniline. We expected nounced and unpredictable instability B2 led us to consider
the highly deshielded carbene protonl&to exhibit a unique using another labeled variant of Ru compl2xToward this
chemical shift in its'H NMR spectrum (vs compleg). Thus, end, we judged that the diamine backbone would be the most
Ru crossover from the selgel support to another glass support suitable site for incorporation of isotope labels, since the
and then t®, based on the strategy described above, could be imidazolinium ligand remains attached to the Ru com§stéx
recognized (and quantified) through the presence of two (vs the isopropoxystyrene ligand, which dissociates from the
downfield 'H NMR signals (Re=CH) in a region of the metal and remains on the glass support during catalysis).

spectrum where trace impurities do not typically hinder analysis.
Ru complexl3 was synthesized in the manner illustrated in

Scheme 4. Diamin&0was accessed by reductive amination of
the crystalline bis(imine) in the presence of NaCNBE5%
overall yield after chromatography). Conversion to heterocycle
11 was effected upon exposure d@ to triethyl orthoformate
and ammonium tetrafluoroborate at 120. Although, on the
basis of previous reports, successive treatmentlbfwith
potassiumtert-butoxide and (PCy.Cl,Ru=CHPh (7) led to
efficient ligand exchange, the surprising instability P
rendered isolation difficult. Dark red-colored banddlafwould
often elute cleanly from a silica gel column, only to decompose
in solution upon standing and/or during solvent remdvalhe

In designing an efficient synthesis of the isotopically labeled
heterocyclic ligand, we took note of a scalable synthesis of
glyoxal-d,—bis(sodium bisulfite)o-d, reported by Bert?> Thus,
with NaCNBD; serving as an additional source of deuterium,
syntheses of Ru complex8sd, and2-d, were achieved in the
manner illustrated in Scheme 5. Despite the initial low-yielding
step (11%), the sequence is straightforward and allows facile
access to gram guantities of labeled Ru complexes wib
at. % D incorporation (400 MH#H NMR analysis). Each metal
carbene was easily purified by chromatography and fully
characterized.

As disclosed previousBf we utilize ring-opening metathesis/
cross-metathesis (ROM/CM) as the means for preparing, in a

solution-phase degradation can be detected visually as it issingle operation, the tether that connects the metal complex to

accompanied by a color change from red to dark purple. the glass surface in addition to the catalytically active Ru carbene

Nevertheless, when carbeh2was isolated in pure form despite  bearing a bidentate styrene ether ligand (Scheme 6). This

the above complications, it proved to be indefinitely stable when approach avoids stepwise introduction of the linker, the bidentate

stored as a crystalline solid undep.N styrene ether, and the metal carbene. As shown in Scheme 6,
We could access sufficiently pure §0%) samples 012 to ROM/CM of triene 166 with Grubbs’ Ru complex8-d, and

be used for setgel functionalization (see below), and the allylchlorodimethylsilane leads to the installment of an elec-

corresponding isopropoxy ether complEXwas prepared as a  trophilic silyl chloride to be used later for attachment to-sol

gel glass, followed by metalation of the styrene ether moieties

(—17). Subsequent reaction of the silyl chloride with a free

(13) Another (not necessarily mechanistically related) observation indicating that
alteration of the aryl substituents of an NHC ligand can have unexpected
effects on the stability and reactivity of the derived Ru carbenes can be
found in a recent synthesis of a related Ru carbene bearing 2,6- (14) See the Supporting Information for details.
diisopropylphenyl substituents on the saturated NHC; a Ru hydride was (15) Bertz, S. HJ. Org. Chem1981, 46, 4088-4090.
isolated as a major byproduct. See: Furstner, A.; Ackermann, L.; Gabor, (16) This compound is easily formed by ring-opening of commercially available
B.; Goddard, R.; Lehmann, C. W.; Mynott, R.; Stelzer, F.; Thiel, O. R. cis-5-norborneneendo2,3-dicarboxylic anhydride with 2 equiv of the
Chem. Eur. J2001, 7, 3236-3253. functionalized benzylic alcohol; for details, see ref 10.
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Scheme 6. Immobilization of Isotopically Labeled Ru Complexes
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hydroxyl group on the glass surface anchors the catalyst to the

support. Ru compleX8-d, was thus prepared as dark green
glass pellets after washing with GEl, and drying under
vacuum (Ru loading= 0.130 mmol/gramj’

Notwithstanding our concern regarding the stability and
activity of the unimolecular bis(desmethyl) compl&8 (cf.
Scheme 4), we prepared the derived polymeric varig@tftom
a sufficiently pure £90%) sample of carben&2. Supported
Ru complex19 was recovered from the procedure shown in
Scheme 6 with a loading of 0.138 mmol/gram.
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\

iM
/SI e,
?

?

Si Si
o Shor SN
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1 /

4. Initial Examination of Catalytic Activity of Glass-
Supported Ru ComplexesThe catalytic activity of Ru-loaded
glass sample$8-d, and19was examined through a study where

RCM of tosyl acrylamide20 served as the representative
transformation and the activity levels of the new complexes were

19
Ar = 2,6-dimethylphenyl

sol-gel glass

4514 J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005

Table 1. Preliminary Examination of Catalytic Activity of
Glass-Supported Ru Complexes
0 " O
Me 10 mol % Ru-carbene e
7‘)‘\N/\/ I NTs
Ts CH,Cl, (0.1 M), 1 h, 22°C
20 21
entry catalyst Ru loading? (mmol/g) conv® (%)
1 6 0.122 83
2 18-d, 0.130 92
3 19 0.138 63

aBased on mass increase upon installation of Ru carb&iistermined
by 400 MHzH NMR analysis of the unpurified reaction mixture.

compared to that of the original glass-supported sysies

the data in entries 1 and 2 of Table 1 indicate, under identical
conditions (10 mol % Ru loading, 0.1 M GHI,), complexes

6 and 18-d, delivered 83 and 92% conversion, respectively,
within 1 h at 22°C.18 The difference in activity is minor;
moreover, the initial metal loading (millimoles per gram of
glass), which is likely unique for a given batch of catalyst, might
account for the small variation. Though measurably less
efficient, samples of supported complEexhibited significant
olefin metathesis activity (63% conversion2a in 1 h; entry

3, Table 1). This finding proved critical as it allowed us to
incorporatel9 in the crossover experiments (together with
and 18-d,) as a second set of supporting data. We sought to
obtain additional findings due to the possibility that a minor

(17) The value was calculated from the mass increase following functionalization
of the glass surface.

(18) If stirring is allowed to proceed for a longer period, RCM proceeds to
>99% conversion for each catalyst. Reactions in Table 1 were stopped
abruptly @ 1 h simply by drawing the reaction mixture away from the
catalyst pellet with a Pasteur pipet.
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Scheme 7. Crossover Experiment with Labeled Glass-Supported Ru Complexes
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| 1: 98 : 1 by 400 MHz 'H NMR analys:s |

impurity might give a false positive. Since we suspected that catalysts was not expended after five rounds, the second phase
only small amounts of Ru carbene released from the glassof the experiment was initiated at this point to ensure efficient
support are likely sufficient to promote efficient conversion of retrieval of monomeric Ru carbeneg, (2-ds, and 13) for
20to 21 (see below for further discussion), we were concerned spectroscopic analysis.

that small impurities could lead to the appearance of signals in  After five rounds of RCM with pellet48-d,, 19, and6, the

IH NMR spectra (at~4.18 ppm, which corresponds to the two pellets of 18-d, were separated from pelle& and 19
chemical shift of protons of the diamine backbone), leading to (Scheme 7). The two pellets &8-d, were then placed in a vial
the false conclusion that there is effective crossover (see belowwhich was charged with 0.5 mL of a 0.1 M solution ®fin

for more detail). Inclusion of supported compEwould serve CHClI,, capped (to discourage solvent loss) and heated to 40
as an internal check by providing a second means of measuring’C. The initially colorless solution became bright green over
Ru carbene transfer between different glass samples (appearancgeveral hours as CM occurred. The solution was removed with
of a new carbene proton signal at 16.45 ppm corresponding toa Pasteur pipet; a fresh solution 6fwas added, and the
recoveredL3). procedure was repeated until green discoloration could no longer

5. Crossover Experiments with Labeled Glass-Supported  be observed in the supernatant (total of five times). The
Ru Complexes. The key crossover experiments involving combined styrene ether washes were concentrated to an oily
various labeled glass-supported Ru-based complexes weregreen residue consisting primarily of unreacgdPurification
carried out as detailed below (Scheme 7). A total of four Ru- of the monomeric Ru complex was carried out by silica gel
containing sot-gels (two pellets, 0.0149 mmol df8-d,; one chromatography (CkCly).
pellet, 0.0079 mmol ofL9; one pellet, 0.0069 mmol o&; 10 As may be expected, the major constituent of the material
mol % Ru total) were used (in the same vessel), as illustratedisolated was the perdeuterio monom2«d,. However, we
in Scheme 7, to catalyze five consecutive rounds of RCM on a established that, as depicted in Figureb®th Ru complexX
0.3 mmol scale 84 mg of 20). In each case, the reaction
proceeded te>99% conversionn 2 h (0.2 M CHCl,, 22°C),
and the desired product was isolated without purification as an
off-white crystalline solid in>99% yield. It is important to note
that, after each run, each pellet was carefully rinsed with two
portions of CHCI, (2.0 mL for 15 min) to ensure that there
were no unbound Ru complexes “trapped” within the-sye|
glass cavities.

Two important points about the Ru-catalyzed RCM reactions
merit mention: (1) Each catalyst pellet contains a fingerprint
of markings in the form of small chips and scratches; as is
clearly shown in Figure 1, no two pellets are identical. As the
first RCM reaction was set up, each gel was carefully weighed
and scrutinized for its pattern of surface etchings. This allowed 2
us to identify each individual pellet to be properly tracked METRIC

throughout the course of the experiment. (2) As discussed . | ot of J | Houah each
; 10 ; ; N Figure 1. Dark green glass pellets of supported Ru catalyst. Though eac
previously,” continued recycling of the glass-supported Ru supported Ru catalyst is recovered as dark green glass pellets, an individual

catalysts results in slow bU_t Stea_dy depletion of aF:tive sites. piece can be readily identified by its characteristic number and pattern of
Even though the metathesis activity of the combined three surface markings.
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by column chromatography. Careful analysis of the resulting
samples (400 MH2H NMR) did not reveal any signs of pellet-
to-pellet crossover. Thus, the results disclosed herein cannot
be ascribed to any ill-defined effects such as insufficient rinsing
of catalyst samples or the leaching of active carbenes from one
gel to another; any observed crossover discussed above must
therefore involve an olefin metathesis event.
Alternatively, it may be suggested that in pellé{s18-d,,
| ’\ and19crossover may occur by dissociation of the NHC ligands
/ \ \ instead of the styrene ether. This would be entirely inconsistent
/ \ L with what has been established regarding the mechanism of
olefin metathesis catalyzed by Ru-based complexes that bear
M e MI%M) lMM — an NHC ligand’:19

16.60  16.54  16.48 ppm PSP

4.214

16.559
16.561
16.452
16.450

4.176

—_1¢.

R —

18 ppm )
Conclusions

We have prepared two isotopically and structurally labeled
Ru-based carbene2-(, and 13), which have been used to
derivatize the surface of monolithic samples of-sgél glass.
Similar to previously reporte@, the resulting glass-supported
catalysts18-d, and 19 exhibit significant catalytic activity in
{\ promoting olefin metathesis reactions and provide products of

4.214
4.176

high purity without workup or purification. Analysis of glass
pellets used in a sequence of RCM reactions mediated by the

‘ three supported Ru carbenes (effected in the same reaction
vessel) has allowed us to establish that free Ru-carbene
j\l intermediates in solutiosan be scavenged by support-bound
,/J “w M styrene ether ligands prior to the onset of competing Ru

MWW . " I
Y e We must emphasize that the claim is not being made that

\
A 16.443

decomposition
15160‘ 16.54  16.48 p'p'm ' : . .
,,,,,,,,,,,,,,,, 4.2z 4.20 4.18 pem the class of achiral Ru carbenes in Chart 1 operate exclusively
099 0.01 0.43 by the release/return mechanism; we show here only that such
0.51

) ) a scenario is feasible. The observed crossover is small (2%);
Figure 2. 'H NMR (400 MHz) spectra for an authentic 2:3 mixturef s eh | 015 S do bse d.C 0S b Ség . a. (2%)
and13 (top) and the monomeric Ru carbene recovered from comifex nonetheless, as suggeste Y previous observatiomsis

dn (bottom). possible that small amounts of released Ru carbene may be
responsible for olefin metathesis activity. The above studies shed
(crossaer from6) and 13 (crossaer from19) could be cleanly light on a critical aspect of the mechanism of achiral Ru-based

detected as components of the mixtéiso illustrated in Figure complexes bearing a bidentate styrene ether ligand (eand

2 (top) for comparison are the analogous regions taken from an2 in Chart 1), a class of robust and air-stable carbenes that are
authentic spectrum of a 2:3 mixture Bfand13. The integral becoming increasingly popular olefin metathesis catalysts.
values provided in Figure 2 allow us to quantify the amount of ~ The findings outlined herein imply a number of intriguing
Ru carbene that has been transferred from one pellet to anotherpossibilities in designing catalytic olefin metathesis reactions
Recovered Ru complek3 thus represents 1% of the mixture, on supporf! One possibility would involve reaction of a
according to relative integration of the major carbene proton polymer-bound substrate catalyzed by a glass-supported Ru
signal at 16.56 ppm2(and2-d4) and the minor signal at 16.45  carbene. In this scenario, a sterically unhindered (and preferably
ppm (13). Moreover, an equal amount @fis present on the  volatile) alkene could be used as “chaperone” to shuttle the
basis of the fact that the 4H singlets at 4.284nd 4.21 ppm active metal carbene through solution to the surface of the
(13) are of equal intensityThese data confirm that a measurable

0 i i i - (19) (a) Dias, E. L.; Nguyen, S. T.; Grubbs, R. . Am. Chem. S0d 997,
(2% total) amount of termination (return) occurs with glass 170 3087-3857. (b) Sanford. M. S Ulman. M. Grubbs. R B Am.

supported Ru catalysts Chem. Soc2001, 123 749-750. (c) Sanford, M. S.; Love, J. A.; Grubbs,
. . . R. H.J. Am. Chem. So2001, 123 6543-6554. (d) Reference 8.
6. Control Experiments and Alternative Scenario. The (20) Mechanistic studies involving chiral Ru compl&(Chart 1) and its

appropriate control experiments have been carried out to validate deuterated derivatives indicate that catalyst recovered in high yield (90%)
after olefin metathesis represents unreleased Ru carbene. Thus, even with

further the conclusions mentioned above. Experiments outlined the less active chiral complex, bearing a bidentate and sterically bulky
: : ; ligand, high activity can be achieved with10% released carbene. See ref
in Scheme 7 were repeated with fresh samples of catalyst 4%. 9 y °

the absence of the metathesis substrate four glass samples  (21) For early examples of RCM with solid-supported substrates, see: (a) Miller,

. . S. J.; Blackwell, H. E.; Grubbs, R. H. Am. Chem. S04996 118 9606-
were allowed to stir in CBClp, and the solvent was routinely 9614. (b) Schuster, M.; Pernerstorfer, J.; BlechertAsgew. Chem., Int.

replenished in precisely the same manner as the iterative  Ed. Engl.1996 35 1979-1980. (c) van Maarsveen, J. H.; den Hartog, J.
. . . A. J.; Engelen, V.; Finner, E.; Visser, G.; Kruse, C.Tatrahedron Lett.
sequence of five metathesis reactions (above). The two labeled 1996 37, 8249-8252. (d) Peters, J.-U.; Blechert, Synlett1997, 348

_ “atpi ” H i 350. (e) Nicolaou, K. C.; Winssinger, N.; Pastor, J.; Ninkovic, S.; Sarabia,
S(_jl gel pe"etSl&d” Were strlpped of Ru Fhrouqh SUbje_(?tlon F.; He, Y.; Vourlomis, D.; Yang, Z.; Li, T.; Giannakakou, P.; Hamel, E.
with 9, and the resulting monom@&rd, was rigorously purified Nature 1997, 387, 268-272.
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polymer carrying the substrate. Such a process could be usefuland a predoctoral fellowship to J.S.K.). We are grateful to
as a ring closure/cleavage strategy, allowing the recovery of a Professor Scott J. Miller for helpful discussions.

collection of small molecules from a solid support in parallel  sypporting Information Available: Experimental procedures
without purification. and spectral data for catalysts and products (PDF). This material
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