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Abstract

An efficient degradation of apicidin’s ketone-containing side chain to two common intermediates (the
C7-aldehyde and the C8-methyl ester) is described. From these intermediates, a series of potent
mechanism-based histone deacetylase inhibitors was prepared to facilitate biochemical studies. © 2000
Elsevier Science Ltd. All rights reserved.
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The potent histone deacetylase (HDAC) inhibitor apicidin (1) is a novel natural product recently
isolated1 from fungi (Fusarium sp.) collected in Costa Rica. This cyclic tetrapeptide exhibits cidal
activity against apicomplexan protozoa, preventing the development of intracellular parasites
which cause diseases such as malaria, cryptosporidiosis, toxoplasmosis, and coccidiosis.2 HDAC
is an integral component in the functional regulation of gene transcription, contributing to control
of the dynamic acetylation/deacetylation that occurs at specific lysine residues in histones.2

Structural similarities between apicidin’s 2-amino-8-oxodecanoic acid (Aoda) moiety and these
acetylated lysine residues (2) suggests that 1 is a functional mimic of 2, reversibly inducing histone
hyperacetylation, causing altered transcriptional regulation and ultimately cell death.
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Apicidin is structurally related to a family of cyclic tetrapeptides,3a–f typified by trapoxin3f (3),
which are known HDAC inhibitors with pronounced anti-neoplastic activity. Additional potent
inhibitors of this zinc metalloamidase4 are largely restricted to hydroxamic acid-containing
molecules,5 such as the natural product trichostatin A (4)6 and related synthetic derivatives,7 or
cyclic tetrapeptides containing reactive a-epoxyketone surrogates.3a,8 Apicidin, however, unlike
these other HDAC inhibitors, is unique in that it alone lacks the pharmaceutically undesirable
a-epoxyketone or hydroxamate functionality whose presence is a prerequisite for biological
efficacy. Consequently, a series of side chain modified apicidin analogs9 were synthesized in
order to delineate the Aoda’s contribution to HDAC inhibition, to prepare mechanism-based
HDAC inhibitors with increased potency, and to prepare valuable biochemical tools for
mechanism of action investigations. Ultimately, these efforts may lead to the design of superior,
nonpeptidyl acyclic mimics of apicidin with diverse potential in cancer and antiprotozoal
chemotherapy.

A facile and suitably mild degradation of apicidin’s Aoda was developed, which yielded two
common intermediates and permitted ready access to all oxidation states at positions 7, 8 and
9 (Scheme 1). Although apicidin, not surprisingly, exhibits extremely poor solubility characteris-
tics in many common organic solvents, refluxing 1 in THF (0.02 M) permitted its eventual
dissolution, and these solutions remained homogenous at temperatures as low as −60°C.
Subsequent treatment of a cooled solution of 1 with KN(SiMe3)2 (5 equiv.) in the presence of
TMSCl (4 equiv.) generated a mixture of C7 and C9 enol ethers.10,11 These intermediate enol
ethers were not purified but, following a rapid workup, were instead subjected to Rubottom
oxidation with MCPBA (1.1 equiv.) which produced, following deprotection with n-Bu4NF, the
desired a-hydroxyketones 5 and 6 as a separable mixture of regioisomeric diastereomers (�1:1)
in 76% overall yield from 1. More commonly, however, these alcohols were subjected directly to
oxidative cleavage using lead tetraacetate in methanol containing one weight equivalent of
pyridine12 to produce the readily separable C7-aldehyde (7, 35%) and the corresponding
C8-methyl ester (8, 39%). When this reaction was performed utilizing alternative solvents (e.g.
EtOH, n-PrOH, i-PrOH, n-BuOH), more lipophilic esters (9–12, respectively) were obtained in
comparable yields.

Scheme 1.

Ester 8 served as starting material for the derivatives shown in Table 1. Saponification of 8
with 1N LiOH (1.1 equiv.) in 3:1:1 THF:MeOH:H2O13 generated the corresponding carboxylic
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acid 13, which was used directly with minimal purification (extraction only). From this acid in
good yields were prepared N-methyl amide 14, hydroxamic acid 15 and Weinreb amide 16 under
standard EDCI-coupling conditions. Successful preparation of 15 via its O-benzyl protected
hydroxamic acid was precluded by the N-methoxy-indole’s lability to hydrogenolysis, yielding
only N-desmethoxy-15 along with the corresponding N-desmethoxy-C8-carboxamide (not
shown). Exposure of Weinreb amide 16 to a series of Grignard reagents (methyl, n-propyl,
isopropyl, n-butyl, phenyl) in large excess (5–10 equiv.) yielded cleanly the substituted C8
ketones 18–21. The reaction of 16 failed completely when using vinyl Grignard, producing solely
the C8-aldehyde 17 in low yield (23%). Also, despite repeated attempts, the synthesis of the
C8-trifluoromethyl ketone failed, either by reacting the C8-carboxylic acid 13 with (CF3CO)2O/
DMAP14 or the C8-aldehyde 17 with Me3SiCF3/n-Bu4NF.15

Table 1

8: R=OMe Reagents

(From 8 using 1N LiOH, 3:1:1 THF:H2O:MeOH)R=OH13:
(From 13 using EDCl·HCl, HCl·H2NMe, DIEA, DMAP, DMF)R=NHMe14:

R=NHOH (From 13 using EDCl·HCl, HCl·H2NOTMS, DIEA, DMF; n-Bu4NF)15:
16: (From 13 using EDCl·HCl, HCl·HN(OMe)Me, DIEA, DMF)R=N(OMe)Me

R=H (From 16 using 1 M H2C�CHMgBr)17:
(From 16 using 3 M MeMgBr)R=Me18:
(From 16 using 2 M n-PrMgBr)R=n-Pr19:

20: (From 16 using 2 M i-PrMgBr)R=i-Pr
R=Ph (From 16 using 1 M PhMgBr)21:

Using standard synthetic manipulations, the C7-aldehyde 7 was converted into the com-
pounds shown in Table 2. For example, reduction of 7 followed by sulfonylation and
displacement yielded thio derivatives 24–26. Reductive amination of 7 with methyl glycinate
followed by saponification produced 28. PDC oxidation16 of 7 in DMF/MeOH generated the
C7-methyl ester 29, which was hydrolyzed to form 30. Stabilized Wittig homologation of 7
followed by enoate reduction and ester hydrolysis gave 31, 32 and 33, respectively. Lastly,
methyl ketone 35 was prepared following treatment of 7 with MeMgBr followed by Dess–
Martin oxidation.17
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Table 2

ReagentsR=CHO7:

22: (From 7 using NaBH4/MeOH)R=CH2OH
(From 22 using (4-Me)PhSO2Cl, pyridine)R=CH2OTs23:
(From 23 using NaSMe, MeOH)24: R=CH2SMe
(From 23 using KSAc, MeOH)R=CH2SAc25:

R=CH2SH (From 25 using NH4OH, MeOH)26:
R=CH2NHCH2CO2Me (From 7 using H2NCH2CO2Me, HOAc, NaBH3CN)27:

(From 27 using 1N LiOH)R=CH2NHCH2CO2H28:
29: (From 7 using PDC, DMF, MeOH)R=CO2Me

(From 29 using 1N LiOH)R=CO2H30:
(From 7 using Ph3P�CHCO2Me)R=CH�CHCO2Me31:

R=CH2CH2CO2Me (From 31 using 5% Pd/C, H2)32:
R=CH2CH2CO2H (From 32 using LiOH)33:

(From 7 using 3 M MeMgBr)R=C(OH)Me34:
35: R=C(O)Me (From 34 using Dess–Martin reagent)

In summary, the efficient preparation of side chain modified apicidin derivatives proceeding
via two common intermediates is described. The availability of these reagents has facilitated
biochemical investigations of HDAC and has led to mechanism-based inhibitors having
increased potency relative to apicidin [e.g. HeLa HDAC activity2 IC50=240 pM (15); 400 pM
(8); 3 nM (25) versus 1 nM (1). Malaria in vitro2 MIC=0.24 ng/mL (15) versus 125 ng/mL
(1)].18 Application of this information may lead to improved HDAC inhibitors with diverse
potential applications in cancer, AIDS and antiprotozoal chemotherapy.
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