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Incompatible Grubbs catalyst and an osmium dihydroxylation catalyst were site-isolated from each other using polydimethylsiloxane thimbles.
The Grubbs catalyst was added to the interior of the thimbles, and AD-mix-a/f was added to the exterior. Organic substrates readily fluxed
through the walls of the thimbles and reacted with each catalyst. A series of cascade reactions were developed including those with intermediates

possessing low boiling points or that were foul smelling.

Many excellent examples of homogeneous catalysts have
been developed that catalyzed one reaction in high yields.
The use of catalysts necessitates that reactions be carried
out sequentially because catalysts often poison one another
or require different solvents, temperatures, or reagents that
make the addition of more than one catalyst to a reaction
vessel problematic. This limitation makes it necessary to
isolate and purify the product of each reaction before the
next reaction can be carried out which increases the time,
cost, and waste associated with a multistep synthesis.* A
challenge in the field of catalysisisto develop methods to
site-isolate catalysts from one another such that two or more
catalysts can be added to a reaction vessel to catalyze more
than one reaction. The desired method should be general and
allow for a multitude of well-developed, commercialy
available catalysts to be site-isolated from each other with
little to no modification of their ligand structures.

Many approaches to site-isolate catalysts have been
developed that involve bonding catalysts to silica, zeolites,
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polymers, or other solid supports.? These methods require
covalent modifications of the catalysts that add synthetic steps
to asynthesis and result in new catalysts with activities that
are often lower than the original versions. Methods that do
not require modification of the catalysts, such as through
incarceration in zeolites or polymer microspheres, either lead
to leaching or use unknown mechanisms for site-isolation.®
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We recently reported a new approach to site-isolation of
catalysts using polydimethylsiloxane (PDMS) thimbles that
does not require modification of the catalysts for site
isolation.*® A catalyst is added to the interior of the PDMS
thimble and allowed to react with reagents that flux through
the walls of the thimble. The catalyst remains encapsul ated
in the interior of the thimble and is site-isolated from a
second catalyst or reagent on the exterior of the thimble. In
recent work, we site-isolated the Grubbs catalyst from a
reagent, m-chloroperoxybenzoic acid (m-CPBA), that was
poisoned at loadings as low as one Grubbs catalyst for every
3000 equiv of m-CPBA. The Grubbs catalyst was placed on
the interior of the thimble, and over 99.5% of it remained
on the interior even after 16 h. In contrast, organic substrates
readily fluxed through the PDMS walls and reacted with
m-CPBA that was found on the exterior of the thimbles. The
reason for the low flux of the Grubbs catalyst was its size
(large molecules, such as the Grubbs catalyst, have lower
flux than small molecules) and insolubility in the solvent on
the exterior of the thimbles.*

This work was extended in this publication to show how
two critically important inorganic catalysts can be site-
isolated from each other. Specifically, the Grubbs catalyst
and the Sharpless dihydroxylation catalyst were chosen due
to the importance of both catalystsin organic synthesis.® Each
of these catalysts catalyzes their respective reactionsto yields
that often exceed 90% and, for the OsO, catalyst, in high
enantioselectivities. Unfortunately, these catalysts poison one
another such that they can not be added to the same reaction
vessel, and they require different solvent systems. Further-
more, the fluxional ligand structure around OsO, precludes
its attachment to a solid support, which makes its site-
isolation from a second catalyst even more challenging.

The first step in these cascade reactions was the metathesis
reaction catalyzed by the Grubbs second-generation catalyst
within a PDMS thimble. PDMS thimbles were fabricated
with widths of 1.2 cm, heights of 3—5 cm, and walls that
were 100 um thick. The fabrication was simple, and dozens
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Table 1. Results of Cascade Reactions
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2Time for metathesisitime for dihydroxylation. °lsolated yield/
enantiomeric excess. © 1/1 (v/v) t-BuUOH/H,O was used as the solvent for
this reaction. 1/2/3 (v/iviv) BMIM/H,Olacetone was used for al other
reactions. ¢ The product is achiral. © Diastereomeric excess.

were made in an afternoon.* The metathesis reactions were
allowed to proceed to completion with reaction times from
2 to 8 h. In the second step, AD-mix was added to the
exterior of the thimbles in either a 1/1 mixture of t-butyl
alcohol/H,0 or a 1/2/3 mixture of BMIM/H,Olacetone. Here,
BMIM isan abbreviation for acommon ionic liquid: 1-butyl-
3-methylimidazolium hexafluorophosphate. Both sets of
solvent are commonly used with AD-mix and allow the
reaction to proceed in high yields with high enantioselec-
tivities.” Each solvent mixture formed two layers, but in
neither system was the Grubbs catalyst soluble.

The results in Table 1 demonstrate that this method was
successful for ring-closing metathesis, homocross metathesis,
and heterocross metathesis reactions. The yields and enan-
tioselectivities were high for each reaction and comparable
to what was observed for AD-mix-o/3 when used by others
to carry out one-step reactions. This cascade sequenceisvery
attractive for alowing simple, two-step cascade reactions to
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be carried out on intermediates with high boiling points and
varying solubilities in organic solvents. These intermediates
would be challenging to remove from residual Grubbs
catalyst using liquid—liquid extractions or distillation such
that other methods to site-isolate the Grubbs catalyst would
likely fail. In contrast, the method reported here allows each
catalyst to each react in their own solvents, at desired
concentrations, and as homogeneous catalysts. The catalysts
were site-isolated by thin polymeric walls.

These cascade reactions required the sequential addition
of catalysts to complete the reaction sequencein high yields.
In many cascade sequences, it is critically important not to
add all catalysts and reagents to one reaction vessel at the
same time because the order of reaction of the catalysts must
be controlled. For instance, in our reactions, AD-mix can
react with the starting materials prior to the metathesis
reaction to yield a very different product than the desired
one. It is absolutely necessary to control the order of
reactions, and the method reported in this paper provides
one method to solve this problem by the addition of AD-
mix after the metathesis reaction is complete. The sequential
addition of catalysts is an advantage in some instances over
a simultaneous addition and allows for inline control of the
reactions to reduce waste and improve efficiency. Impor-
tantly, our method provides a solution to control the order
of reaction of catalysts without requiring any synthetic
transformations to them or the reagents.

Grubbs' N H
N N KeOslOH)p N Metathesis: 7 h

y H
N
catalyst
)/ 7\ (:7 (:7 citric acid Dihydroxylation: 24 h

NMO Isolated yield: 80%
%(—J HO

Interior of thimble

exterior of thimble

A

N N
Grubbs’ 0, L

e 4
s catalyst S S_ KOs(OH)s S. Metathesis: 6 h
)/ L catalyst ( 7 _< ] — = Dihydroxylation: 15 h
e X —/ T =/ citric acid Isolated yield: 79%
NMO HO OH

Figure 1. Cascade reactions with challenging intermediates. NMO
is N-methylmorpholine.

It is important that this method can also be applied to
reactions where the products of the first reaction in a cascade
sequence have low boiling points or other physical properties
that make them challenging to isolate and characterize. For
instance, diallylamine (boiling point = 111—112 °C) is
commonly used in metathesis reactions to demonstrate
reactivities of new catalysts, but the product is rarely isolated
because of its low boiling point which is estimated to be
approximately 55 °C.8 To address this problem, diallylamine
was protonated to facilitate its reaction with the Grubbs
catalyst on the interior of a PDMS thimble to yield
2,5-dihydropyrrole, which was deprotonated to allow for fast
flux through the walls of the thimble. K,Os(OH)s was added
to the exterior of the thimble and reacted with 2,5-

(8) (&) Jafarpour, L.; Schanz, H.-J; Stevens, E. D.; Nolan, S. P.
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R. T. Org. Lett. 2007, 9, 4885-4888.
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dihydropyrrole to yield cis-3,4-pyrrolidinediol in 80% yield
(Figure 1). This product had an estimated boiling point of
167 °C and was simple to isolate.

Another synthetic challenge this cascade sequence solves
is how to obviate the need to isolate potentialy foul smelling
products. Functionalized thiophenes are important materials
in medicinal chemistry, but they are often synthesized in
multiple steps to lessen the need to isolate low boiling point
thiols or sulfides.® The synthesis of 1,1-dioxio-3,4-thiophe-
neoxide was undertaken to demonstrate the ability of our
cascade sequence to complete a challenging set of reactions
in one pot (Figure 1). First, dialyl sulfide was reacted with
encapsulated Grubbs catalyst to yield a foul smelling
intermediate with a boiling point of 90 °C. This product was
not isolated; rather, K,Os(OH)s was added to the exterior to
dihydroxylate the olefin and oxidize the sulfur. The final
product was awhite solid that did not have afoul odor. This
approach was an example of three reactions in one reaction
vessel that eliminated the need to isolate a foul smelling
intermediate.

Table 2. Flux of Os and Ru through PDMS

time® Os on Os on Ru on Ru on
solvent® (h) interior (%) exterior (%) interior (%) exterior (%)

1/2/3 10 1.1 98.9 99.78 0.22
1/2/3 25 <dl 100 99.40 0.60
11 10 10.3 89.7 99.65 0.35
11 24 79.4 20.6 99.09 0.91

21/2/3 refers to the v/v/v mixture of BMIM/H,O/acetone, and 1/1 refers
to the v/v mixture of t-BuOH/H,0. Fifteen milliliters of the solvent was
added to the exterior of the thimble. ® Time for the dihydroxylation reaction.

To address how much Ru leached to the exterior of the
thimble and how much Os leached to the interior, a set of
control experiments with diethyl diallylmalonate were carried
out and the concentrations of the metals were found using
inductively coupled plasma mass spectroscopy (ICP-MS).
The metathesis reaction was completed in 1 h in 1 mL of
CH,CI,/BMIM on the interior of a PDMS thimble followed
by the addition of solvent and AD-mix to the exterior of the
thimble. It is clear from the results in Table 2 that the Ru
was site-isolated because less than 1% diffused to exterior
of the thimble even after 25 h. This result is notable because
the organic substrates in Table 1 and Figure 1 both fluxed
to the exterior and were dihydroxylated in times that were
typicaly less than 24 h. The flux of Os was similarly low
when the 1/2/3 (BMIM/H,O/acetone) solvent mixture was
used for the dihydroxylation. In these reactions, the amount
of Os that fluxed to the interior of the thimbles was
approximately 1%. When the 1/1 (t-BuOH/H,O) solvent
mixture was used on the exterior of the thimbles, the amount
of Os that fluxed to the interior was significantly higher.

(9) (a) Hafez, H. N.; El-Gazzar, A. B. A. Bioorg. Med. Chem. Lett. 2008,
18, 5222-5227. (b) Molvi, K. I.; Vasu, K. K.; Yerande, S. G.; Sudarsanam,
V.; Haque, N. Eur. J. Med. Chem. 2007, 42, 1049-1058. (c) Sperry, J. B.;
Wright, D. L. Curr. Opin. Drug Dis. Dev. 2005, 86, 723—740.
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These results suggest that the Os fluxed through the walls
of the thimbles rather than through vapor phase to the interior
of the thimbles and that the solvent conditions can be
optimized to site-isolate Os and Ru.

To demonstrate the incompatibility of the Grubbs catalyst
with AD-mix, a series of reactions were completed without
PDMS thimbles to separate the catalysts. In these reactions,
diethyl diallylmalonate was reacted with the Grubbs catalyst
followed by the addition of additional solvent and AD-mix
to complete the dihydroxylation (Table 3). The question was
not whether AD-mix poisoned the Grubbs catalyst; rather it
was whether the Grubbs catalyst poisoned AD-mix. At 4
mol % of the Grubbs catalyst, only the metathesis product
was observed with no evidence of the dihydroxylation
product, and at loadings of 1 mol % the reaction had a
conversion of only 60% to the diol. Only when the loading
of the Grubbs catalyst was at or below 0.1 mol % of the
mal onate did the cascade reaction succeed and the diol was
obtained. This result is important because many metathesis
reactions reported in the literature use 1 mol % or higher
loadings of catalyst.

Table 3. Cascade Reactions with Diethyl Dialylmalonate in the
Absence of Thimbles

G2+t AD-mix-a® olefin® diol®
(equiv) (equiv of Os) G2/0s/Fe (%) (%)
0.04 0.004 10/1/1350 >98 <2
0.01 0.004 2.5/1/1350 40 60
0.001 0.004 1/4/5400 5 95
0.01 1 1/10/0 95 5

a G2 refers to the Grubbs catalyst. ® Equivalents are based on ratio of
metal to diethyl dialylmalonate. ©Ratio of cyclized product to the
dihydroxylated product after 24 h.

These results demonstrated that the dihydroxylation reac-
tion was poisoned by the Grubbs catalyst, but due to the
complexity of AD-mix, it was not clear how the poisoning
occurred. To investigate whether the Grubbs catalyst reacted
with Os or ferricyanide that isfound in AD-mix at aratio of
1350 parts of ferricyanide for every part Os, the metathesis
reaction was run to completion followed by the addition of
1 equiv of Os for every olefin in the cyclized product. No
ferricyanide was added to this reaction sequence. This
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reaction yielded 95% of the cyclized olefin and only 5% of
the diol and clearly demonstrated that the Grubbs catalyst
deactivated the Os catalyst at low loadings. The exact nature
of the deactivated species was not studied, but it was
consistent with the rapid reaction between the Grubbs catalyst
and strong oxidants such as m-chloroperoxybenzoic acid.*

Recycling of the Grubbs catalyst within the cascade
seguence was possible because it was site-isolated within
thimbles. In these reactions, diallyl diethylmalonate was
added to the interior of PDMS thimblesin a 1/1 v/v mixture
of CH,Cl,/BMIM and alowed to react for 1 h. Next, 15 mL
of 1/1 t-BuOH/H,0 was added to the exterior of the thimble
and the cyclized metathesis product was allowed to diffuse
to the exterior. After 1 h, the t-BuOH/H,O mixture was
transferred to a different reaction vessel and AD-mix was
added to it and a new batch of diethyl diallylmalonate
was added to the interior of the PDMS thimble. This eluant
was transferred to a new flask due to the finite lifetime of
the Grubbs catalyst and the long reaction times required for
AD-mix. The transfer of eluant was simple and rapid. This
process was repeated seven times without loss of activity of
the Grubbs catalyst, and the isolated yields of the product
of the cascade sequence averaged 80%.

The method reported in this article offers a solution for
how to complete multistep cascade reactions for catalysts
that poison one another or require reaction conditions that
areincompatible. Notably, the structures of the catalysts were
not modified; they were used as received so additional
synthetic steps to them were not necessary. Cascade reactions
were demonstrated for segquences that had challenging
intermediates, and, importantly, recycling was possible within
a cascade sequence. We believe that this method will prove
to be general and other catalysts can be site-isolated using
this simple procedure.
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