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ABSTRACT

An efficient cross-metathesis on solid support for the synthesis of â-lactam analogues of cholesterol absorption inhibitors is described. The
applied strategy allows the introduction of diversity in positions 3 and 4 of the â-lactam ring with excellent 3,4-trans selectivity and complete
E selectivity at the C-3 side chain.

â-Lactams are widely recognized as highly efficient antibiot-
ics andâ-lactamase inhibitors.1 Moreover,â-lactams (aze-
tidin-2-ones) have recently been shown to possess completely
different biological activities such as inhibitors of prostate-
specific antigen,2 thrombin,3 human cytomegalovirus protein,4

human leukocyte elastase,5 and cysteine protease.6 In par-

ticular, â-lactams1 and2 (ezetimibe) (Figure 1) have been
described as potent hypocholesterolemic agents.7

In the course of our research on the application of solid-
phase methods for the generation of combinatorial libraries
of biologically relevant compounds,8 we became interested
in the possibility of using a cross-metathesis reaction as a
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Figure 1. Representative cholesterol absorption inhibitors.

ORGANIC
LETTERS

2006
Vol. 8, No. 21
4783-4786

10.1021/ol061786u CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/13/2006



key step for the generation of cholesterol absorption inhibitor
analogues. Ruthenium-catalyzed olefin metathesis, previously
developed for solution chemistry, has emerged as a versatile
tool for combinatorial and parallel synthesis on solid-phase;9

however, while ring-closing metathesis (RCM) has been
extensively used, reports on cross-metathesis (CM) on the
solid phase are scarce.10 The advantages of immobilizing one
of the olefins during the cross-metathesis are clear: (i) The
site isolation on the polymeric support makes homodimer-
ization of the resin-bound olefin a considerably less favorable
process. (ii) The olefin that remains in solution can be added
in excess to drive the reaction to completion and its dimer
can be eliminated easily by simple filtration, avoiding time-
consuming separation techniques. (iii) Automation can be
easily accomplished.

Herein we demonstrate the efficiency of cross-metathesis
on the solid phase and its application to the generation of
biologically interesting 3-(aryl)alkenyl-â-lactams. The key
intermediate in our strategy was the resin-bound 3-vinyl-â-
lactam (3) (Scheme 1). Although attachment of Fmoc-

protectedp-aminophenol (4) to Wang resin was unsuccessful
under classical Mitsunobu conditions used in the solid phase
(DEAD, Ph3P),11 immobilization was efficiently achieved by

treatment with tetramethylamine azodicarboxylate (TMAD)
and Bu3P.12 The resin-bound aniline5 was deprotected
following the standard procedure and converted to the
aldimine7 by condensation with aldehyde6. Then, synthesis
of the â-lactam ring was carried out by a solid-supported
Staudinger reaction using Mukaiyama’s reagent as acid-
activating agent.8d Thus, reaction between crotonic acid and
the corresponding imine7 effectively gave, after refluxing
for 2 h in CHCl3, the supported 3-vinyl-â-lactam (3).
Formation of3 was corroborated by FTIR and gel-phase13C
NMR. At this point, we explored conditions for releasing
the 3-vinyl-â-lactam from the support. Treatment of the resin
with 10% trifluoroacetic acid in CH2Cl2 for 1 h at room
temperature was found to be a very efficient procedure for
the cleavage, affording the 3-vinyl-â-lactam (8) in 32%
overall isolated yield (based on the manufacturer’s loading
of the Wang resin). FTIR spectroscopy of the cleaved resin
indicated quantitative release of theâ-lactam (disappearance
of the â-lactam carbonyl peak at 1743 cm-1).

On the other hand, the Staudinger reaction proceeded with
excellent trans selectivity (the cis isomer was not detected).
This interesting result contrasts with our previous observation
that solid-supportedN-alkyl-substitutedâ-lactams gave a
mixture of cis/trans isomers under similar conditions.8d We
can presumably relate the preferential formation of trans
isomer to the steric effect caused by the benzyloxyaniline
linker and the polystyrene matrix.13

Subsequently, we focused our attention on the cross-
metathesis reaction on solid-support. Olefin cross-metathesis
is a convenient route to obtain functionalized and higher
olefins from simple alkene precursors. The advantages of
using olefin cross-metathesis include mild reaction condi-
tions, tolerance to a wide range of functional groups, and
availability of a wide variety of commercial olefin partners.

Therefore, resin-bound 3-vinyl-â-lactam (3a, R1) meth-
oxy) (Scheme 2) was heated at reflux in CH2Cl2 for 20 h in
the presence of allylanisole and second-generation Grubbs
precatalyst (9) (Figure 2),14 which was initially tested
considering its functional group tolerance, high activity, and
stability. Then, the resin was resubjected to the same reaction
conditions to ensure the formation of the coupled product
(10aa, R1) methoxy, R2) 4-methoxy,n ) 1). It should be
noted that stability of the second-generation Grubbs pre-
catalyst (9) made the process easier since no air-exclusion
precautions were necessary.15 Easy-to-handle reagents fa-
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Scheme 1. Solid-Phase Synthesis of 3-Vinyl-â-lactams
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cilitate manual parallel synthesis and require less sophisti-
cated equipment.

Finally, cleavage of10aafrom the resin was accomplished
with 10% TFA/CH2Cl2. The resin filtrates were concentrated,
and the residue was purified by flash chromatography to
furnish the 3-(4-methoxyphenyl) propenylâ-lactam deriva-
tive (11aa) in 21% overall isolated yield for the six steps
(based on the manufacturer’s loading of the Wang resin) and
66% yield for the cross-metathesis step.

With the above encouraging results in hand, we decided
to carry out the synthesis of an array of 3-(aryl)alkenyl
â-lactams employing three aldehydes in combination with
four different aromatic olefins (Table 1). This strategy allows
the generation of libraries of analogues of cholesterol
absorption inhibitors with a high level of diversity in position
C-4 and, particularly, in position C-3 of theâ-lactam ring.

The expected products were obtained in satisfactory overall
isolated yields for the six reaction steps on the solid phase
(11-25%).16 We found that the metathesis can be performed
using 5 mol % of Grubbs precatalyst9. In this way, we have
reduced ruthenium metal byproducts to the minimum,
obtaining a less ruthenium-contaminated resin and, therefore,
a less contaminated product.17

Although some examples of “intra-site” olefin metathesis
on solid support have been reported,18 mainly with high
capacity resins (1-2 mmol/g), no detectable amounts of
homocoupled products were observed.

It is also worth mentioning that the cross-metathesis
proceeded with completeE selectivity as indicated by the
coupling constant for the vinylic protons (J ) 15.7 Hz). The
reversible nature of the cross metathesis reaction is of
synthetic importance because it generally ensures the pref-
erential formation of the most thermodynamically stable
product, in this case, the internal olefin withE configuration.

In the case of compounds11ba and11ca (entries 5 and
8), the cross-metathesis was incomplete and the starting
3-vinyl-â-lactam was detected in a ratio (product/3-vinyl-
â-lactam) of 1:1.3 and 4:1, respectively. Alternatively, the
reusable and more active Hoveyda-Grubbs precatalyst (12)
(Figure 2)19 was tested. In the case of compound11ba, the
ratio of product/3-vinyl-â-lactam was slightly increased to
1.2:1. When this reaction was conducted in toluene at 80
°C, no product was obtained, presumably due to catalyst
decomposition.19 Finally, a complete metathesis was achieved
by refluxing 20 mol % of Grubbs precatalyst9 in CH2Cl2
for 20 h; however, the product11ba was isolated in low
yield (6%).

With the optimized cross-methatesis in hand, we sought
to apply our method to the preparation of the cholesterol
absorption inhibitor1 (Figure 1). To achieve this goal the
3-phenylpropenylâ-lactam11abwas subjected to catalytic

(16)Representative Procedure for the Cross-Metathesis Reaction on
Solid-Phase.Support-bound vinylâ-lactam3 (370 mg, 0.96 mmol/mg)
was suspended in anhydrous CH2Cl2 (10 mL), and olefin (5 equiv) was
added via syringe under a nitrogen atmosphere. Catalyst9 (5 mol %) was
added, and the flask was fitted with a condenser and refluxed for 20 h,
after which time the resin was filtered, washed with CH2Cl2 (3 × 4 mL),
MeOH (3× 4 mL), and CH2Cl2 (1 × 4 mL), and dried under high vacuum.
The resin was resubjected to the same reaction conditions. For releasing
the product from the solid-phase, the resin was treated with 5 mL of 10%
TFA in CH2Cl2 for 1 h. The mixture was filtered, and the filtrate was
evaporated under reduced pressure. Finally, the crude material was purified
by column chromatography.
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Scheme 2. Synthesis of 3-(Aryl)alkenyl-â-lactams by Olefin
Cross-Metathesis on Solid Support

Figure 2. Grubbs9 and Hoveyda-Grubbs12 precatalysts.

Table 1. Olefin Cross-Metathesis on Solid-Supported
â-Lactams

entry product R1 R2 n yielda,b (%)

1 11aa MeO 4-MeO 1 21 (66)
2 11ab MeO H 1 21 (66)
3 11ac MeO 4-Me 0 11 (35)
4 11ad MeO 2-Br 0 23 (72)
5 11ba H 4-MeO 1 13 (40)c

6 11bb H H 1 25 (78)
7 11bc H 4-Me 0 13 (40)
8 11ca Br 4-MeO 1 17 (53)c

a Overall isolated yield after flash column chromatography (based on
the initial loading level of Wang resin, six reaction steps).b Data in
parentheses are cross-metathesis step yields, calculated from the ratio
between product yield and the yield of the 3-vinyl-â-lactam after release
from the resin.c Obtained as a product/3-vinyl-â-lactam mixture.
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hydrogenation (Pd/C, ethyl acetate, 1 atm) and finally
methylated with iodomethane and K2CO3 to give the desired
inhibitor 1 in an 18% overall yield.

In summary, we report our work on the scarcely developed
area of the application of second-generation Grubbs pre-
catalyst to the olefin cross-metathesis on solid support. The
simple experimental procedure did not require any air-
exclusion precautions, and low catalyst loading (5 mol %)
was used in order to reduce ruthenium-contaminated prod-
ucts. This method was employed to generate a library of
analogues of cholesterol absorption inhibitors. The solid-
phase reaction sequence proceeded efficiently giving good
overall isolated yields, and the desiredâ-lactams were
obtained with excellent 3,4-trans selectivity and completeE
selectivity at the C-3 side chain. Furthermore, we found that
10% TFA in CH2Cl2 is an efficient and mild procedure for
the cleavage of the benzyloxyaniline linker from Wang resin.

A general and comprehensive study on the solid-supported
olefin cross-metathesis by ruthenium carbene complexes is
underway and will be reported in due course.
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