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Environmental issues and recent developments in chem-
istry and biology have introduced a number of compelling
requirements that must be met in the development of
practical catalysts. Recyclability is one important attribute.
Retrievable catalysts that are recovered inexpensively and
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without significant waste generation efficiently deliver prod-
ucts of higher purity and lower toxicity. The emerging
significance of combinatorial chemistry demands that a
catalyst promote reactions efficiently and selectively while
being easily adaptable to 96-well and higher density formats;
repeated weighing of catalysts or substrates for a library
synthesis and subsequent purification of each mixture is costly
and time-consuming.

Herein we disclose the synthesis and activity of Ru
complexes supported by monolithic (smallest dimension =
1 mm) samples of porous sol—gel glass that effectively
promote various olefin metathesis reactions.!! These catalysts
can be easily employed in a library synthesis format without
multiple weighings, in air and with undistilled commercial
reagent-grade solvents. Catalyst recovery is simply carried out
with a pair of tweezers; it does not require filtration and
generates minimal solvent waste. The catalyst retains its
activity after multiple cycles (>15), affording products that
are of high (often analytical) purity without recourse to any
purification steps.

Recent reports from our laboratories relate to the chem-
istry of recyclable monomeric metathesis catalysts (1 and 2).7!
A key feature of these systems is the isopropyl styrenyl ether;
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this bidentate ligand favors efficient metal recovery for
entropic reasons, allowing the promotion of olefin metathesis
by a release/return mechanism.?l These Ru complexes can
also offer reactivity and chemo- and stereoselectivity pro-
files®! which differ from the alternative catalysts 3,4 4,0
and 5.0

Although 1 and 2 are robust and recyclable, catalyst
retrieval generates substantial amounts of silica gel and
solvent waste. Based on the release/return mechanism, Ru—
carbenes 1,71 381 and 5P were subsequently attached to
insoluble cross-linked and monoporous polystyrene polymers
as well as to a soluble polyethylene glycol (PEG) resin.
However, these supported catalysts typically suffer from one
or more of the following shortcomings: 1) There are no
reports of catalyst utility in the synthesis of trisubstituted
olefins; efficient processes involve only ring-closing meta-
thesis (RCM) reactions with terminal olefin substrates or
those that benefit from entropic factors.”-%! 2) Diminished

0044-8249/01/11322-4381 $ 17.50+.50/0 4381



ZUSCHRIFTEN

activity upon reuse.» %% 3) Requirement for the addition of
solvent during precipitation of the soluble resin!™! or filtration
of nonsoluble ones."» % %1 4) Requirement for alkene additives
to ensure reasonable catalyst activity upon reuse.l® *3 5) The
need for silica gel chromatography!'”! or other purification
methods!'!l to obtain products with acceptable levels of purity
(largely to minimize Ru content). In addition to the above
approaches, two systems have been developed which involve
permanent attachment to a resin.l'"?l These variants are either
significantly less active than free complexes!'? or lose
substantial reactivity upon recovery.'?®! In all of the above
cases, use in a library synthesis would require numerous and
deliberate weighing measurements of the catalysts and
substrates. If a stock solution of a homogeneous catalyst is
used to introduce equal loadings per transformation, the
amount of substrate in each well must then be carefully
measured. This ultimately leads to higher levels of metal
contamination in the products and is equally tedious and time-
consuming, since libraries usually contain substrates of
varying molecular weights.

In search of an appropriate support, we were attracted to
inorganic sol —gels!¥l since they offer several advantages: 1)
These porous glasses retain a rigid and exposed surface area
(300-1000 m*>g~!), whereas conventional polymer beads
typically swell and shrink variably in different media, often
resulting in unpredictable effects on catalyst activity. 2)
Surface functionalization of a monolithic gel results in a bulk
catalyst sample; this obviates the filtration step usually
needed for catalyst isolation and minimizes solvent waste. 3)
Gelation occurs after a sol is cast into a mold; the gel samples
may thus be tailored to a desired size or shape.

For this study, we selected a commercially available
(Geltech) glass monolith with an average pore size of 200 A
(Figure 1).l'1 Installation of the Ru center on sol-gel and
synthesis of an appropriate linker are carried out efficiently in
a single vessel (Scheme 1). Treatment of styrene ether 6 with
one equivalent of Ru complex 4 and allylchlorodimethylsilane
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Figure 1. Unfunctionalized (white) and Ru-containing (green) sol-gel
monoliths.

(CH,Cl,, 22°C) leads to facile tandem ring-opening meta-
thesis (ROM)/cross metathesis (CM) and subsequent depo-
sition of the Ru center at the bidentate site. Preweighed
monolithic sol-gels are added to the solution, and the
mixture is allowed to stand at 40°C for five days" to afford
loaded dark green glass samples which are washed with
CH,Cl, and dried in vacuo (Figure 1). These samples may be
stored in air without significant loss of activity.'!l Sol - gel
systems 9 and 10 were also prepared by an identical procedure
with the corresponding norbornene precursors,’l and possess
similar physical appearance to 8.

Sol —gel-supported Ru catalysts 8—10 provide excellent
levels of reactivity for the formation of trisubstituted olefin 12
(see Table 1). There is minimal diminution in reactivity after
four cycles (>98 % yield in all cases).I's! With purified solvent
and under N, atmosphere, catalyst 10 was used in the synthesis
of 12 for eleven additional rounds (total of fifteen cycles).
Although extended times were required for complete con-
version,'”l all transformations proceeded to completion
(>98% yield). With reagent-grade solvent (used directly
from a bottle of Mallinkrodt, AR grade) and under air, the
catalyst was employed efficiently three times (>98% conv);
however, the reaction did not proceed to completion during
the fourth cycle under these conditions.!'”)

Glass samples recovered
from the fourth cycle (N, and
purified solvent) were used with
different substrates in the
ROM/CM process cycle 5
(13—14). The reaction pro-
o. ceeds to completion, and care-
ful analysis (400 MHz 'H NMR
analysis) of the unpurified prod-
uct shows <2 % contamination
| from the product of the previ-

| ous RCM (12). The same is true
for transformations in cycles 6 —
8: no products or by-products
from the previous transforma-
tion were detected in any of the
unpurified product samples

Ar = 2,4,6-timeth yipheny!

_~_-SiMeCl

(<2% by 400 MHz 'H NMR
| spectroscopy).
Several additional issues re-

T/_i'll/s

4382

b) CH,Cly, 40 °C, 5d

Scheme 1. Attachment of Ru complex and linker to glass support in a single vessel.
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garding the data in Table 1 mer-
it mention: 1) In contrast to
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o) o]
M 5mol % cat. Me
e /\/ —_—
Ts CHLCl, , 22°C | NTs
1" 12
Cycle (t) 8 as catalyst 9 as catalyst 10 as catalyst
(conv [%]; (conv [%]; (conv [%];
yield [%]) yield [%]) yield [%])
cycle 1 (3h) >98; >98 >98; >98 >98; >98
cycle 2 (3 h) >98; >98 >98; >98 >98; >98
cycle 3 (3 h) >98; >98 >98; >98 >98; >98
cycle 4 (3 h) >98; >98 >98; >98 >98; >98
HO 5mol % cat.  HO
Z R
i
CHxClz, 22°C
13 LR
(alkene; (alkene; (alkene;
conv [%]) conv [%]) conv [%])
cycle 5 (1 h) 15; >98 15; >98 15; >98
cycle 6 (1 h) 16; >98 16; >98 16; >98
cycle 7 (1 h) 17; >98 17; >98 17; >98
cycle 8 (1 h) 18; >98 18; >98 18; >98
<N
PR nCeHir el
15 16 17 18

processes run with 5 mol % monomer 2 or 4, the unpurified
reaction mixture (cycles 1-4) in every case consisted of
>98% pure cycloolefin, where no catalyst or by-product
thereof could be detected (400 MHz 'H NMR spectroscopy).
Removal of CH,Cl, in vacuo delivered pure cycloolefin as an
off-white solid in >98 % yield; silica gel chromatography or

Angew. Chem. 2001, 113, Nr. 22
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distillation was not required. The resulting unpurified materi-
als were determined to be analytically pure (C,H analysis) for
all twelve of the experiments in cycles 1-4 of Table 1.2
Inductively coupled plasma mass spectrometry (ICP-MS)
analysis of product samples indicates only 0.04-0.06% (by
mass) Ru contamination in the unpurified products, values
that are substantially lower than those obtained with homo-
geneous monomeric catalysts, where all of the catalyst
remains in the product mixture which must be purified by
silica gel chromatography or distillation. 2) Filtration is not
needed for product isolation. The reaction mixture is simply
removed with a Pasteur pipette, and the glass sample is rinsed
with minimal amounts of CH,Cl,. 3) After four rounds of
RCM for each supported catalyst, the gel pellets were dried in
vacuo and weighed. Highly reproducible mass differences
indicated a net 20—25% Ru loss over the four cycles. 4) The
functionalized monoliths are physically robust and do not
chip or fragment in the presence of small stir bars. Catalytic
olefin metathesis can be carried out with supported com-
plexes 8 —10 without stirring. However, the shortest reaction
times are observed with either rotary agitation or magnetic
stirring.

Despite the diminution in Ru loading, the -catalytic
activities of the recycled pellets are still high, as demonstrated
by the levels of conversion in the additional cycles. This minor,
but steady, loss of active metal content detected after each
round of catalysis accounts for the low, but detectable (ICP-
MS), levels of Ru in products and the increase in reaction
times required for complete conversion during the later
rounds."”] Since the isopropyl styrene ether remains bound to
the glass surface during catalysis, it is unavailable to serve as a
stabilizing Lewis base for electron-deficient and highly active
metal complexes in solution, leading to some Ru-carbene
decomposition. It is therefore plausible that small amounts of
Ru are released into solution, where the extremely high
propagation rate for the metal—carbene gives rise to sub-
stantial levels of conversion. The glass-bound catalysts may
not be recycled as efficiently when metathesis is performed in
the presence of air due to sensitivity of this unstabilized and
highly reactive unbound Ru-carbene. Detailed mechanistic
studies are underway to rigorously establish whether and
to what extent, as observed with monomeric and dendritic
variants,”! any of the released Ru returns to the iso-
propoxy ligand at the surface of the glass (release/return
mechanism).

The practicality of glass-bound Ru complexes in high-
throughput synthesis was demonstrated by synthesis of olefin
metathesis libraries shown in Schemes 2 and 3 and promoted
by glass-supported catalysts 8—10. The first 25-member
library (Scheme 2) involved catalytic RCM reactions of a
range of dienes with varying levels of alkene substitution.
Reactions were carried out for six hours at 22°C in air with
reagent-grade solvent in the presence of one small catalyst
pellet within each well. Since the functionalized glass-bound
catalyst samples are of uniform size and loading, individual
and repetitive weighings of catalyst samples are not needed.
An appropriate number of pellets of a given size may be
added to a well, depending on the substrate amount. Because
the Ru-carbene is released by the available substrate
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Scheme 2. Library of ring-closing metathesis reactions catalyzed by 8—10 (substrates shown only). Conditions: One pellet per well (~5 mol% catalyst
available on glass), 0.2m in CH,Cl,, 22°C, 6 h. Conversions determined by analysis of 400 MHz 'H NMR spectrum of the reaction mixture. Analysis data
obtained from unpurified reaction products after removal of solvent in vacuo. Representative found and calculated values for C, H elemental analyses and
high resolution mass spectroscopy are shown below each substrate; calculated values are in parantheses. Level of Ru impurity determined by ICP-MS and

shown as percent by mass.

molecules?! and only small amounts of highly active free Ru—
carbene lead to appreciable conversion, larger glass samples
or those carrying an excess of catalyst might be used. Most of
the Ru remains attached and can simply be recovered by
taking away the loaded glass upon completion of the reaction.
Workup involves removal of the solutions (pipette), washing
of each container and its bound catalysts with CH,Cl, (3 x ~
0.5 mL) and evaporation of volatiles in vacuo. As the data in
Scheme 2 indicate, all reactions, including those involving
trisubstituted olefins, proceeded efficiently. In all but one case
(C3), the formation of the desired cyclic adduct was confirmed
by high-resolution mass spectrometry. Representative C,H,
and ICP-MS analyses show that the products—without any
purification—are of high purity and the level of Ru contam-
ination is typically below 1 %.

The glass-bound catalysts recovered from the library in
Scheme 2 were used to carry out the synthesis of a second
library of tandem catalytic ROM/RCM products (Scheme 3).
These reactions were allowed to stir in commercial CH,Cl, at
22°C in air (0.10 mmol substrate as in the first library) and

4384
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represent a more challenging class of substrates;[! reactivity is
diminished since olefins of higher substitution are involved
(e.g., C3 or D2 in Scheme 3). Nevertheless, similar levels of
reactivity, as observed with monomeric 2, were detected in
reactions of the second library. Mass spectrometric analysis
confirmed the presence of the desired compound in 18 out of
25 cases. Selected elemental analyses indicate products of
high purity prior to any purification (e.g., Al and C5,
Scheme 3).

We have thus designed an efficient new strategy for one-pot
surface functionalization of monolithic sol—gels that can be
effected catalytically or stoichiometrically under mild con-
ditions. Importantly, the strategy for modification of glass
surfaces may be readily adapted for immobilization of other
catalyst systems. The Ru-based catalysts described herein
represent a new class of convenient and practical olefin
metathesis catalysts that exhibit high reactivity and can be
easily recycled without significant loss of activity or the need
for additives or solvents. These catalysts provide products that
are of excellent purity before silica gel chromatography or

0044-8249/01/11322-4384 $ 17.50+.50/0 Angew. Chem. 2001, 113, Nr. 22
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Scheme 3. Library of tandem ring-opening/cross metathesis reactions catalyzed by 8-10 (substrates shown only). Conditions: One pellet per well
(~5mol % catalyst available on glass), 0.2m in CH,Cl,, 22°C, 24 h. See legend for Scheme 2 for details on conversion determination and analytical data.

distillation, and can be employed readily in combinatorial
synthesis in air and with reagent-grade commercial solvents.
The generality and significance of olefin metathesis, together
with the chemically and environmentally attractive attributes
of the catalysts discussed above, should render these glass-
supported Ru-based catalysts of extensive utility in chemistry
and all of its related applications.
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The ability to preorganize olefins for their solid-state
photochemical dimerization[!! within a crystalline lattice is a
challenging problem.?! It has been ascertained®! that, in order
for such reactions to occur, the olefinic functions need to be
aligned in a parallel manner and to have centroid —centroid
separations of about 3.5-4.2 A. The utilization of supra-
molecular assistance toward the alignment of stilbenes in
the solid state offers a potential solution to this problem of
preorganization. To date, examples of this methodology
include 1) double-stranded complexes of stilbenes bound
within the torus of y-cyclodextrin,>® 7l 2) the functionaliza-
tion of the aromatic units of stilbenes to encourage donor—
acceptor m—7 stacking interactions,®? and 3) the incorpo-
ration of hydrogen-bond acceptors into a stilbene derivative
that are capable of forming a noncovalent macrocycle upon
cocrystallization with a hydrogen-bond donor.'’J Herein we
demonstrate that cocrystallization of a crown ether with a
bis(dialkylammonium) salt—which contains a central trans-
stilbenoid unit—generates a 2:2 complex within which the two
(E)-olefinic bonds are aligned in an appropriate geometry
that facilitates subsequent stereospecific solid-state photo-
chemical dimerization.

Supramolecular complexes with pseudorotaxane-like ar-
chitectures that are formed spontaneously from dialkylam-
monium ions and crown ethers have been studied extensive-
ly.!1 Tt has been demonstrated'? that the bis(dialkylammo-
nium ion)-containing threadlike dication 1-H,-2PF¢ and the
crown ether bis-p-phenylene[34]crown-10 (BPP34C10) form a
doubly encircled and doubly threaded 2:2 complex
[(BPP34C10),- (1-H,),][PF4]s (Scheme 1) upon cocrystalliza-
tion in the solid state. This result suggested to us a method for
aligning stilbene derivatives in the solid state. By replacing the
p-phenylene unit of 12+ with a trans-stilbenoid unit (namely,
producing trans-2-H,-2PF,) we anticipated that a 2:2 com-
plex [(BPP34C10),- (2-H,),][PFs]s would form upon cocrys-
tallization in which adjacent trans-stilbene olefinic bonds
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