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Introduction

The benzopyrone ring system is present in a number of
natural products, including flavonoids, that interact with
various enzymes and receptors of pharmacological signifi-
cance. This ring system can serve as an important scaffold
for developing novel small molecule therapeutic agents for
the emerging molecular targets in breast and prostate cancer.
We are interested in the construction and screening of
combinatorial libraries focused on the benzopyrone ring
system, with an aim to develop novel anticancer agents.
Although there are numerous literature methods for synthesis
of the benzopyrone ring system, they are not ideally suited
for combinatorial approaches due to harsh reaction condi-
tions, poor yields, and limited substituent tolerance.1 In a
recent communication we described a novel synthetic ap-
proach, suitable for constructing benzopyrone combinatorial
libraries by solution phase chemistry.2 We effected a one-
pot conversion of bis-silylated salicylic acids into alkynyl
ketones via an acid chlorination and subsequent Sonogashira
coupling with terminal alkynes. The alkynyl ketones were
treated with secondary amines to form enaminones, which
underwent a facile cyclization and elimination of secondary
amine to provide the benzopyrone nucleus (Figure 1). This
method uses readily available starting materials in mild and
high yielding reactions that display a high substituent
tolerance and, therefore, is ideally suited for rapid synthesis
of diverse libraries. Since our initial report, two recent papers
have described efforts in constructing benzopyrone libraries,
thus underscoring the importance of this scaffold in lead
discovery.3

One method for adapting this chemistry onto solid phase
involves the use of resin capture method, pioneered by
Armstrong and co-workers as a tool in library synthesis.4 In
this approach, the synthesis is performed in the solution

phase, and the desired product from the reaction mixture is
selectively transferred onto the solid phase. The product on
the solid phase undergoes further chemical transformations
and is subsequently cleaved off the solid support. This
method can be viewed as a purification strategy wherein only
the desired product from the reaction mixture is trapped onto
a solid support, leaving the byproducts and reactants in
solution. Armstrong demonstrated the first successful use of
resin capture method, wherein hexenamides formed in a
solution phase Ugi reaction were trapped as esters onto a
resin bearing an alcohol functionality. The trapped esters
were released as free acids upon treatment with 20% TFA/
DCM.5 Armstrong’s group also successfully synthesized a
series of tetrasubstituted ethylenes employing resin capture.6

Resin capture presents a practical alternative to both con-
ventional solid phase and solution phase organic synthesis.
Furthermore, the resin capture method was especially at-
tractive for us as it would eliminate the need to adapt our
solution phase benzopyrone chemistry onto solid phase and
yet be able to deliver the targeted libraries with minimal
purification steps.

Our method for the synthesis of the benzopyrone ring
system using secondary amines to effect cyclization of
alkynyl ketones presented an opportunity to use a resin
capture strategy. The proposed resin capture strategy is
depicted in Scheme 1. Thus, we envisioned secondary amines
tethered to a solid support such asA can be expected to
react with alkynyl ketones to form support bound enaminones
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Figure 1. General scheme for benzopyrone synthesis.

Scheme 1.Proposed Resin Capture Strategy for
Benzopyrone Synthesis
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of the typeB (Scheme 1). The support bound enaminone
could be easily separated from the excess reagents and
byproducts of the reaction mixture by simple filtration. On-
resin cyclization of the enaminone would then release the
benzopyrone and regenerate the secondary amine. The
proposed resin capture method would facilitate a one-pot
conversion of silylated salicylic acids to benzopyrones
without requiring any intermediate purification steps. Such
a method would be ideally suited for rapid, parallel,
automated synthesis of benzopyrone libraries. This com-
munication presents our preliminary results which serve as
a proof of concept for the proposed resin capture strategy.

Results and Discussion

A piperazinyl Merrifield resin7,8 was used as the support
bound secondary amine in the studies to explore the
feasibility of the proposed resin capture approach (Scheme
2). The solution phase synthesis of enaminones involved use
of alcoholic solutions. To overcome the poor swelling
properties of polystyrene resin in alcohols, a 1:1 solution of
THF/methanol or THF/ethanol was used in the pilot reac-
tions. A solution of the alkynone2 in ethanol was cannulated
into a THF/ethanol solution of the resin1, and the resulting
suspension was gently stirred under argon. In this particular
experiment, the piperazinyl resin was present in 5-fold excess
to the alkynone, mimicking the conditions used for solution
phase synthesis. The progress of the reaction was monitored

by TLC (the alkynone should be trapped onto the solid phase
and dissappear from the solution phase). The reaction was
monitored for 24 h; however, the alkynone remained
unchanged as evidenced by TLC. Since methanol has better
swelling properties for this resin as compared to ethanol,
the same experiment was repeated by replacing ethanol with
methanol.9 At the end of 16 h, a TLC analysis of the reaction
revealed that the alkynone was completely consumed in the
reaction. The resin sample was filtered and thoroughly
washed with swelling and nonswelling solvents, and all the
washings were pooled and concentrated. An NMR of the
residue detected no starting alkynone, thus indicating that
the alkynone had indeed reacted with the support bound
amine and disappeared from the solution.

The resin sample was analyzed by IR (KBr pellet) and
showed a strong absorption band at 1740 cm-1 that was
absent in the parent piperazinyl resin1. This IR spectrum
indicated the presence of a carbonyl containing compound
bound to the solid support (intermediate3). Furthermore,
IR analysis using a DRIFT accessory (diffuse reflectance
accessory) enabled rapid analysis of small amounts of resin
samples. DRIFT-IR, like the KBr pellet, detected the
presence of a carbonyl frequency that was absent in the
piperazinyl resin. The resin sample with the presumed
enaminone was suspended in methanol and warmed to 40
°C. The reaction was monitored by TLC, since the enami-
none was expected to undergo cyclization and release the
benzopyrone into the solution. A product spot on TLC with
Rf value matching the benzopyrone4 appeared after 45 min.
The resin was heated for 16 h, cooled, and filtered. The
combined filtrates were concentrated, and the residue was
passed through a short pad of silica gel. Upon concentration,
benzopyrone4 was isolated in 82% total yield for both the
resin capture and cyclative release steps. Post-cyclization
DRIFT-IR analysis of the resin sample showed the carbonyl
band (1740 cm-1) had disappeared.

To further examine this resin capture method, reaction
conditions were modified such that the alkynone in solution
is in excess compared to the support bound amine. A solution
of alkynone2 (0.7 mmol) in 1:1 THF/methanol was treated
with 100 mg (0.07 mmol) of the resin1 in its dry form.
Three separate reactions were carried out and worked up after

Scheme 2.Synthesis of Benzopyrone4 Using Resin
Capture Method Employing Piperazinyl Resin1

Scheme 3.Synthesis of Benzopyrones8, 9, and10 Using Resin Capture Method Employing Piperazinyl Resin1
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2, 6, and 12 h. The resin samples were collected by filtration,
dried, and analyzed by IR using the DRIFT accessory. In
all the cases, the IR showed presence of carbonyl function
on the support bound material. The resin samples were heated
in methanol to afford cyclization, followed by filtration of
the resin and concentration of the filtrate. Each reaction
provided benzopyrone4 in 70-85% yield, based upon TLC
analysis. The fact that the 2 h reaction gives identical yields
to the 12 h reaction indicates that the enaminone formation
is very rapid under these conditions.

The scope of the resin capture strategy was further
investigated based upon these results for benzopyrone4.
Piperazinyl resin1 was reacted in separate reactions with a
10-fold excess of alkynones5, 6, and7 (Scheme 3). In all
the cases, support bound enaminones were detected by the
presence of the carbonyl absorption band using IR. Subse-
quent cyclization and concentration of filtrates produced the
crude benzopyrones in approximately 70-80% yield, based
upon TLC analysis showing only the particular benzopyrone
as the major product and a small baseline impurity. Flash
chromatography on silica gel afforded purified benzopyrones
8, 9, and10 in final yields of 70-76%.

These experiments demonstrate the utility of the resin
capture strategy for the benzopyrone library synthesis.
Different support bound amines, alternate solid supports, and
other nucleophiles such as support bound thiols can be
examined to optimize the reaction conditions for the resin
capture. This method has the potential to deliver a rapid,
one-pot synthesis of benzopyrones from bis-TBS protected
salicylic acids, eliminating the need for purification of
intermediate alkynones. Furthermore, this method can be
applied for synthesis of benzopyrones with no residual
functionalities required for linkage to solid phase. The resin
support is regenerated during the cyclization and can be
recycled for additional rounds of resin capture. To the best
of our knowledge, this is a first example of resin capture by
secondary amines followed by elimination of the quaternized
amine to generate a double bond. This method presents an
interesting concept that can be exploited in a number of other
synthetic applications in combinatorial chemistry.

Acknowledgment. This research was supported by US-
AMRMC DAMD17-96-1-6136, USAMRMC DAMD17-98-
1-8139, and NIH grant R21 CA66193. The authors acknowl-
edge Dr. Stephan Brase, Institut fur Organische Chemie der
Technischen Hochschule, Aachen, Germany, for providing
a sample of the piperazinyl resin, Dr. Robert Curley for

providing the DRIFT accessory for analyzing resin samples,
and the CCIC Mass Spectrometry Facility of The Ohio State
University for performing high resolution mass spectrometry.

Supporting Information Available. Experimental sec-
tion. This material is available free of charge via the Internet
at http://pubs.acs.org.

References and Notes
(1) (a) De Meyer, N.; Haemers, A.; Mishra, L.; Pandey, H.;

Pieters, L. A. C.; Vanden Berghe, D. A.; Vlietnick, A. J.
4′-Hydroxy-3-Methoxyflavones with Potent Antipicornavirus
Activity. J. Med. Chem.1991, 34, 736-746. (b) The
FlaVonoids AdVances in Research Since 1986; Harborne, J.
B., Ed.; Chapman & Hall: London, 1994. (c) Wheeler, T.
S.Organic Syntheses; Wiley: New York, 1963; Collect. Vol.
IV, pp 478-481. (d) Riva, C.; Toma, C.; Donadel, L.; Boi,
C.; Pennini, R.; Motta, G.; Leonardi, A. New DBU Assisted
One-Pot Synthesis of 2,8-Disubstituted 4H-1-Benzopyran-
4-ones.Synthesis1997, 195-201. (e) Kasahara, A.; Izumi,
T.; Ooshima, M. A New Method of Preparing Flavones.Bull.
Chem. Soc. Jpn. 1974, 47, 2526-2528.

(2) Bhat, A. S.; Whetstone, J. L.; Brueggemeier, R. W. Novel
Synthetic Approaches for Construction of Benzopyrone
Combinatorial Libraries.Tetrahedron Lett.1999, 40, 2469-
2472.

(3) (a) Harikrishnan, L. S.; Showalter, H. D. S. A Novel
Synthesis of 2,3-Disubstituted Benzopyran-4-ones and Ap-
plication to the Solid Phase.Tetrahedron2000, 56, 515-
519. (b) Miao, H.; Yang, Z. Regiospecific Carbonylative
Annulation of Iodophenol Acetates and Acetylenes to
Construct the Flavones by a New Catalyst of Palladium-
Thiourea-dppp Complex.Org. Lett. 2000, 2, 1765-1768.

(4) Keating R. A.; Armstrong, R. W. Postcondensation Modi-
fications of Ugi Four-Component Condensation Products:
1-Isocyanocyclohexene as a Convertible Isocyanide. Mech-
anism of Conversion, Synthesis of Diverse Structures, and
Demonstration of Resin Capture.J. Am. Chem. Soc. 1996,
118, 2574-2583.

(5) Brown, S. D.; Armstrong, R. W. Parallel Synthesis of
Tamoxifen and Derivatives on Solid Support via Resin
Capture.J. Org. Chem. 1997, 62, 7076-7077.

(6) Brown, S. D.; Armstrong, R. W. Synthesis of Tetrasubstituted
Ethylenes on Solid Support via Resin Capture.J. Am. Chem.
Soc.1996, 118, 6331-6332.

(7) The piperazinyl resin was received as a gift from Dr. Stephan
Brase, Institut Organische Chemie, Aachen, Germany.

(8) The piperazinyl resin can also be prepared as described by
Hird et. al. Hird, N. W.; Irie, K.; Nagai, K. Solid Phase
Synthesis of 2-Aminobutadienes Using a Piperazine Linker.
Tetrahedron Lett. 1997, 38, 7111-7114.

(9) Santini, R.; Griffith, M. C.; Qi, M. A Measure of Solvent
Effects on Swelling of Resins for Solid Phase Organic
Synthesis.Tetrahedron Lett. 1998, 39, 8951-8954.

CC000042J

Reports Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 6599


