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The combinatorial synthesis of compound libraries on
polymeric supports is at the heart of protein ligand and
inhibitor discovery, in particular in the development of new
drugs and chemical tools for the study of biological processes.
To achieve high efficiency in this process, powerful and
alternative strategies for the design of compound libraries are
of paramount importance. Herein, a structure-based approach
to this fundamental problem is outlined. The key feature is to
employ the structural frameworks of biologically active
natural products, which are evolutionarily selected for binding
to specific protein domains, as a guiding principle for library
development. Furthermore, it is demonstrated that the key
synthetic challenge posed by this approach, the multistep
solid-phase synthesis of natural products and their analogues,
can successfully be met.

Proteins can be regarded as modularly built biomolecules
assembled from individual domains as building blocks. Since
the total number of all available protein domains appears to
be fairly limited,[1] it has to be expected that in newly
discovered proteins with widely varying function and activity
the same modules (i.e. domains) or close relatives will be
found repeatedly in varying combinations and arrangements
as structure- and function-determining entities. Thus, a key to
the efficient discovery of new ligands and inhibitors for known
and, in particular, for newly discovered proteins is to identify
compound classes already biologically validated as being
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capable of binding to specific protein domains. These
compound classes can then be employed as starting points
in structural space for library development. Libraries de-
signed and synthesized around the basic structure of such
compounds should yield modulators of protein activity with
high hit rates. Furthermore they should yield modulators of
activity for proteins with differing activity, function and origin
which bear the same or very similar domains. Within a group
of closely related protein domains usually the individual
amino acid sequence and the detailed structure associated
with it display substantial variation, which often provides the
basis for selective binding and inhibition (e.g. in the ATP-
binding sites of protein kinases). Consequently, a central and
important aspect of this concept is that it is not necessary to
build up a given structure in every detail. Rather, the basic
underlying structural framework has to be conserved for the
individual library members, and its stereochemistry and
functional group pattern have to be varied to achieve
selectivity between related proteins.

Biologically active natural products can be regarded as
chemical entities that were evolutionarily selected and
validated for binding to particular protein domains. There-
fore, they are already biologically validated, and the under-
lying structural architectures of such natural products may
provide powerful guiding principles for library development.
This structure-based concept differs in its fundamental
reasoning from related approaches,[2] which focus on the
creation of chemical diversity. However, our concept does not
neglect this issue, and builds on the diversity created by
Nature itself.

Efficient and reliable methods and multistep sequences for
the total synthesis of natural products and their analogues on
polymeric supports are paramount to the success of this
approach. The corresponding transformations must proceed
with a degree of selectivity and robustness typical of related
classical transformations in solution, irrespective of the
stringencies and differing demands imposed by the presence
of and the anchoring to the polymeric support. In a few cases,
the structural variation of natural products by means of solid-
phase methodologies has been achieved,[3] mostly in the late
steps of the syntheses and through the modification of a core-
structure that had been pre-synthesized in solution. But the
total synthesis of a natural product and its analogues in long
multistep sequences (i.e. ten steps and more) on polymeric
supports has only been successful in one case.[3, 4] Herein we
describe the solid-phase synthesis of analogues of the
phosphatase inhibitor dysidiolide, which rapidly yielded
compounds with significantly improved biological activity.

The sesquiterpenoid dysidiolide (1) is the first naturally
occurring inhibitor of the dual-specificity cdc25 protein
phosphatase family, which play a crucial role in the regulation
of the cell cycle.[5] Because of this property and the resulting
antitumor activity, dysidiolide has been of intense interest to
chemists, biologists, and pharmacologists.[6] For the planned
solid-phase synthesis, we intended to attach the olefinic side
chain to a robust linker that would provide the terminal
alkene structure after cleavage from the solid support in a
mild and traceless manner. The new olefin metathesis linker
incorporated in 2 was thought to fulfill these requirements

(Scheme 1). The �-hydroxybutenolide moiety should be
obtainable by the addition of 3-lithiofuran to a corresponding
aldehyde, and subsequent oxidation of the heterocycle with
singlet oxygen. The bicyclic core structure of 1 could be
generated by means of a Diels ±Alder route previously
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Scheme 1. Retrosynthetic analysis of dysidiolide and delineation of a solid-
phase synthesis strategy with an olefin-metathesis linker.

investigated in our laboratories[7] (2� 3) and successfully
employed in the total syntheses of natural dysidiolide in
solution.[16b±e] The knowledge gleaned from these studies
suggested that this cycloaddition leads primarily to the
6-epimer of the dysidiolide framework. However, we chose
to accept this deviation from the goal of synthesizing the
parent natural product itself, since in the concept delineated
above this is not necessarily required to identify new bio-
logically active compounds. It was planned to synthesize the
diene for the Diels ±Alder reaction in solution from com-
mercially available chiral ketoester 4. The diene would then
be attached to the linker resin 5 by means of a Wittig reaction
in a convergent strategy (3� 4 � 5).

Starting from dihydropyranone 6, linker 8 was synthesized
in the reaction with diallylzinc (generated in situ) in the
presence of trimethylsilyl chloride (TMSCl), subsequent
reduction of lactone 7 with lithium aluminum hydride
(LAH), and monoprotection of the resulting diol (Sche-
me 2A). The protection of one hydroxy group with dihydro-
pyran was necessary to prevent crosslinking in the subsequent
attachment of the linker to the Merrifield resin by ether
formation. After deprotection and subsequent oxidation of
the hydroxy group, the active linker resin 5 was obtained in
high yield (90%, 3 steps in solid phase) with loadings of up to
1.1 mmolg�1.
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Scheme 2. A) Synthesis of the linker and attachment to the resin.
Reagents and conditions: a) allylmagnesium bromide, ZnBr2, TMSCl,
THF, �78 �C, 6 h, 52%; b) LAH, THF, RT, 1 h, 97%; c) 3,4-dihydropyran,
Dowex50WX2, toluene, RT, 3 h, 95%; d) NaH, nBu4NI, Merrifield-Cl
resin (1.1 mmolg�1), DMF, RT, 18 h; e) pyridinium-p-toluene sulfonate,
EtOH, dichloroethane,�, 18 h; f) o-iodoxybenzoic acid, THF/DMSO (1:1),
RT, 8 h; 90% (three steps). B) Synthesis of the diene: a) LAH, THF, 0 �C,
30 min, 100%; b) TBDPSCl, dimethylaminopyridine, Et3N, dichlorome-
thane, RT, 17 h, 80%; c) PCC, dichloromethane, RT, 4 h, 94%; d) vinyl-
magnesium bromide, THF, RT, 5 h; e) BF3 ¥OEt2, benzene/THF (4:1), �,
43% (d ± e); f) nBu4NF, THF, RT, 3 h, 95%; g) iodine, imidazole, PPh3,
dichloromethane, RT, 1 h, 85%.

The diene was synthesized in solution starting from
commercially available chiral ketoester 4. After reduction
with LAH to form the diol, the primary hydroxy group was
protected with tert-butyldiphenylsilyl chloride (TBDPSCl)
and the secondary alcohol was oxidized by using pyridinium
chlorochromate (PCC) to obtain ketone 9 in high yield
(Scheme 2B). Vinylmagnesium chloride was added to the
carbonyl group and the resulting tertiary alcohol was con-
verted into diene 10 by elimination of water under Lewis acid
catalysis. After cleavage of the protecting group, the alcohol
was finally transformed into alkyl iodide 11, the precursor for
the subsequent Wittig reaction.

In a one-pot two-step procedure, alkyl iodide 11was treated
with the ylide that was obtained by the deprotonation of
ethyltriphenylphosphonium iodide to form a secondary
phosphonium salt in a nucleophilic attack. This resulting
phosphonium salt was then deprotonated with a second
equivalent of base, and the aldehyde resin 5 was finally added
to yield diene resin 3 (Scheme 3). Subsequently, 3 was treated
with the chiral unsaturated acetal 12[8] at �78 �C in a Lewis
acid catalyzed asymmetric Diels ±Alder reaction to generate
the bicyclic core structure of the target molecule with high
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Scheme 3. Solid-phase synthesis of 16. Reagents and conditions: a) EtP-
Ph3I, nBuLi, 11, THF, RT, 16 h, then nBuLi, 0 �C, 2 h; b) trimethylsilyltri-
fluoromethanesulfonate, dichloromethane, �78 �C, 7 h; c) p-toluenesul-
fonic acid, acetone, dichloroethane, H2O, �, 20 h; d) Ph3PCH2OMeCl,
KOtBu, THF, RT, 4 h; e) pyridinium p-toluene sulfonate, THF, H2O (1%),
�, 16 h; f) 3-bromofuran, nBuLi, THF, �78 �C, 5 h; g) O2, EtiPr2N, rose
bengal, h�, dichloromethane, �78 �C, 5 h, then RT, 10 min; h) (PCy3)2Cl2-
Ru�CHPh (2� 10 Mol%), dichloromethane, RT, 16 h.

diastereoselectivity (endo/exo 91:9; ratio of endo isomers
95:5; endo/endo�/exo/exo� 87:4:8.9:0.1; the values were deter-
mined by means of 1H NMR spectroscopic analysis after
hydrolysis of the acetals and release of the resulting aldehydes
from the solid support by olefin metathesis). Structure and
configuration were determined by comparison with literature
data.[6d, 7]

After hydrolysis of the acetal, the carbon chain of aldehyde
13 was elongated by means of a Wittig reaction with
methoxymethyltriphenylphosphonium chloride and subse-
quent hydrolysis of the resulting ether to yield aldehyde 14.
Nucleophilic addition of 3-lithiofuran to the aldehyde resulted
in a 2:1 mixture of the epimeric alcohols 15 (determined by
means of GC-MS). The furan unit was oxidized with singlet
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oxygen in the presence of H¸nig×s base to form the �-
hydroxybutenolide moiety. Finally, the products were re-
leased from the polymeric carrier under very mild conditions
in an olefin-metathesis reaction mediated by Grubbs catalyst
(Scheme 3).[9]

6-epi-Dysidiolide and four other diastereomers could be
purified by flash chromatography and separated by semi-
preparative HPLC on SiO2 (98% n-hexane/2% 2-propanol).
The analytical data (1H NMR, 1H,1H-COSY, IR, HR-MS) of
the new analogues were in full agreement with the structure,
and similar to the data reported for the natural product. The
synthesis sequence from the attachment of 8 to the solid phase
to the release of 16 into solution proceeds through a total of
eleven chemical steps and makes the desired natural product
analogue available with an overall yield of 14%, that is, with
an average yield of 84% per step. By using this procedure,
48 mg of the desired product can be obtained from one gram
of resin with a loading of 1.1 mmolg�1.

Based on the developed synthesis strategy, a small library of
seven analogues was synthesized from the intermediate
aldehydes 13 and 14. Thus analogue 17 (Scheme 4) with a
shorter carbon chain was synthesized by addition of 3-lith-
iofuran to aldehyde 13 followed by oxidation of the furan ring.
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Scheme 4. Dysidiolide analogues obtained in solid-phase syntheses.

The ketones 18 and 19 were obtained by oxidation of
secondary alcohols 16 and 17, respectively, with o-iodoxyben-
zoic acid, after compounds 16 and 17 were released from the
polymeric support. The olefinic analogues 20 and 21 were
synthesized by Wittig reaction of the aldehydes 13 and 14,
respectively, with the ylide obtained from furylmethyltriphe-
nylphosphonium bromide and subsequent oxidation with
singlet oxygen. Derivatives 22 and 23 were obtained by
addition of furylmethylmagnesium bromide to the carbonyl
group, followed by oxidation of the aromatic ring. Com-
pounds 17 ± 23 were obtained in overall yields of 6 ± 27%.

These results demonstrate that the multistep total synthesis
of natural products and analogues on the solid phase is
feasible. The transformations applied in the syntheses de-
scribed above include a variety of very different reaction types
that are used widely in organic synthesis: an asymmetric
cycloaddition with a removable chiral auxiliary, different
organometallic transformations, olefination reactions, differ-
ent oxidation reactions, acidic hydrolysis of acetals and enol
ethers, and a nucleophilic substitution.

To determine if the solid-state synthesis delivered bio-
logically active natural product analogues with a high
frequency, we investigated compounds 16 ± 23 as inhibitors
of the protein phosphatase cdc25C and in cellular cytotoxicity
assays. From the cdc25 phosphatase family, the cdc25C
protein was chosen because 6-epi-dysidiolide 16 has previ-
ously been investigated as an inhibitor of cdc25A and
cdc25B,[10] thereby allowing for comparison of data.

The results obtained in the phosphatase assays (Table 1)
demonstrate that all dysidiolide analogues inhibit cdc25C in
the low micromolar range with IC50 values varying by a factor
of 20. The IC50 of 5.1 �� determined for inhibition of cdc25C

Table 1. Results of the inhibition of cdc25C and the cytotoxicity tests performed
on the colon cancer cell lines SW480 and HCT116, the prostrate cell line PC3,
and the breast cell line MDA-MB231.

Compound cdc25C[a] SW480[b] HCT116[c] PC3[c] MDA-MB231[c]

IC50 [��] IC50 [��] IC50 [��] IC50 [��] IC50 [��]

16 5.1 4 1.2 1 1.6
17 16 1
18 0.8 � 33 15 � 20 � 10
19 1.5 20 11 13 � 10
20 6.8 4
21 2.4 2
22 6.1 � 33
23 9 � 33

[a] For the phosphatase assay, the compound (5 �L) was dissolved in DMSO
(100%) and added to a solution of recombinant cdc25C (0.2 �g) in assay buffer
(85 �L; 50 m� TRIS-HCl, pH 8.0, 100 m� NaCl, 1 m� DTT, 1 m� EDTA and
10% DMSO). After incubation for 30 min at 30 �C, the substrate fluorescein
diphosphate (FDP) was added to give a final concentration of 1 ��. Plates were
read after a reaction time of 30 min at 485/535 nm (ex./em.). o-Vanadate (IC50�
0.1 ��) was used as reference compound. [b] The cells were incubated with the
compounds at concentrations between 1.2 and 100 �� for three days. The
viability of the cells was measured with MTT, which is a slightly yellow
tetrazolium salt. Living cells reduce the tetrazolium moiety by a mitochondrial
dehydrogenase to a dark violet dye which is detected at 570 nm. [c] The assays
were performed by using the CytoTox 96 Cytotoxicity Assay Kit from Promega
Corporation, USA. 3000 cells were plated per well in a 96-well flat-bottomed
plate, incubated with the compounds at concentrations ranging from 0.033 �� to
10 �� for three days. Cells were lysed, and the cellular lactate dehydrogenase
activity was measured which quantitatively reflects the number of cells.
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Dinitroxide Carbenes, A New Class of
Carbenes with Autoumpolung Character:
Preparation in Solution and Stabilization in
Transition Metal Complexes**
Robert Weiss* and Norbert Kraut

With the synthesis of 1 we recently reported the prototype
of a carbene with autoumpolung character.[1] As the general
structure 2 shows, in such a system a singlet carbene center is
conjugated with the termini of a two-step �-redox system in
the reduced state (RED).[2] The electrons in this reservoir can
be used in the sense of a redox umpolung to respond to
electronic requirements of the coordination partner at the
carbene center.[3] To extend this concept we report here the
first synthesis of the dinitroxide carbene 3 in solution and its
stabilization in transition metal complexes.
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by 6-epi-dysidiolide 16 is considerably lower than the values
recorded for the inhibition of cdc25A (13 ��) and cdc25B
(18 ��). Furthermore, the most active compound in this
enzyme-assay, ketone 18, exhibited an IC50 value in the high
nanomolar range (800 n�) and was 6.4 times more active than
16. These results indicate that dysidiolide analogues and their
derivatives can differentiate selectively between different
types of phosphatases and conceivably among the three cdc25
family members. The data also indicate that substantial
variation of the precise structural details of the natural
product itself is tolerated and leads to inhibitors with
significantly enhanced potency. Thus, replacement of the
hydroxyethyl bridge between the annelated core ring system
and the hydroxybutenolide present in compound 16 by an
unsaturated three-carbon unit (see 21) or introduction of a
keto group (see 18 and 19) leads to more potent cdc25C
inhibitors.

The synthetic dysidiolide analogues also displayed consid-
erable and differing biological activity in a cytotoxicity
assay[11] of the colon cancer cell line SW480 (Table 1). Four
of the eight compounds investigated showed IC50 values in the
very low micromolar range and pronounced antitumor
activity. In this cellular assay, alcohol 17 with a shortened
carbon chain was the most active compound, whereas
inhibitors 18 and 19 which had shown the lowest IC50 values
and compounds 22 and 23 in which the alcohol is positioned
differently between the hydroxybutenolide and the core
structure of dysidiolide were considerably less active. This
trend also became apparent when ketones 18 and 19 as well as
epi-dysidiolide 16 were subjected to cytotoxicity assays of the
colon cell line HCT116, the prostate cancer cell line PC3, and
the breast cancer cell line MDA-MB231. Ketones 18 and 19
again were substantially less active than epi-dysidiolide 16,
which inhibits cell proliferation in all three cases with IC50

values in the very low micromolar range (Table 1).
Thus, the data indicate that the small library of natural

product analogues already contains potent compounds with
significantly different biological activities both in vitro and in
vivo. The observation that the order of IC50 values determined
in an enzyme assay does not necessarily parallel the outcome
of cellular assays is not uncommon.

In conclusion, we have demonstrated that the synthesis of
natural product derived libraries in long multistep sequences
executed on a polymeric support and employing a variety of
widely differing synthetic transformations is feasible and that
it can deliver potent biologically active compounds with high
frequency.
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