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Design of novel histone deacetylase inhibitors
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Abstract—Histone deacetylase (HDAC) inhibitors that target Class I and Class II HDACs are of synthetic and therapeutic interest
and ongoing clinical studies indicate that they show great promise for the treatment of cancer. Moreover, ZolinzaR (vorinostat) was
recently approved by the FDA for the treatment of the cutaneous manifestations of cutaneous T-cell lymphoma [Nat. Rev. Drug
Disc. 2007, 6, 21]. As part of a broader effort to more fully explore the structure–activity relationships (SAR) of HDAC inhibitors,
we sought to identify novel HDAC inhibitor structures through iterative design by utilizing low affinity ligands as synthetic starting
points for SAR development. Novel and potent HDAC inhibitors have been identified using this approach and herein we report the
optimization of the recognition elements of a novel series of malonyl-derived HDAC inhibitors.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Summary of HDAC inhibitor structural characteristics.
HDAC inhibitors possess diverse biological activities
and many of these agents have been demonstrated to
be effective inhibitors of tumor growth in animal models
of cancer.1–5 With few exceptions, HDAC inhibitors can
be broadly characterized by a common pharmacophore
that summarizes key elements of inhibitor–enzyme inter-
actions (Fig. 1).1,3,6–10 Because most of the original
HDAC inhibitors have been derived from relatively
complex and potent natural products, a large number
of efforts have focused on the refinement of the existing
pharmacophore using designs that mimic those found in
nature.11–15 In contrast, few efforts have been under-
taken to design HDAC inhibitors de novo using less
complex, low-affinity synthetic starting points. Impor-
tantly, an inverse correlation between molecular com-
plexity and lead tractability/quality has been noted in
the literature.16 This report details how less complex,
lower affinity lead structures can represent unique start-
ing points for SAR development. Moreover, this study
demonstrates how iterative evolution of low-affinity
leads can afford potent scaffolds with structures unique
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from those derived from traditional optimization of
structurally complex, high-affinity lead structures culmi-
nating in a novel, potent HDAC inhibitor.

As part of a broader effort to more fully explore the
SAR of HDAC inhibitors, we have identified novel
HDAC inhibitor structures through iterative design
using acetohydroxamic acid 1 as a synthetic starting
point for SAR development. We chose to use
compound 1 because it represents a minimum struc-
tural requirement for HDAC inhibition through a
well-defined interaction (IC50 = 625 lM). Namely, the
hydroxamic acid moiety found in existing HDAC
inhibitors has been shown to interact directly with
the active-site zinc of the HDAC enzyme.17 Having
established the metal binding domain of the HDAC
inhibitor pharmacophore (Fig. 1) as a hydroxamic acid
for our initial efforts, we sought to iteratively optimize
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the linker and surface recognition domains to obtain
novel and potent HDAC inhibitors. The first round
of optimization included the incorporation of alkyl,
cyclic, and aromatic linker domain followed by recog-
nition domains’ incorporation and optimization. These
studies revealed that hydrophobic aryl moieties are
preferred over acyclic alkyl linker groups (Fig. 2).
Thus, a potency increase of �30-fold was observed
for benzoyl hydroxamic acid 2 over alkyl-hydroxa-
mates such as acetohydroxamic acid 1.

Further modifications of the surface recognition domain
by substitution on the aryl linker with tert-butyl (3) and
then diphenylmalonamide (4) further enhanced activity
to nanomolar levels (Fig. 2).
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Figure 2. Evolution of HDAC inhibitors.

BrBr

Cl

O
KO

OH

O

O

NHR

NHRO

NH2

H2N

HOBT, EDC

6 7

8

Scheme 1. Synthesis of phenyl benzamide.
Having established 4 as a viable and potent lead struc-
ture, we sought to explore the application of this core
scaffold with other potential zinc binding domains since
hydroxamates are known to have short half-lives and
generally poor pharmacokinetic properties. HDAC
inhibitors containing an N-(2-aminophenyl) moiety in
the metal binding domain are of significant clinical
importance. 4,5,18,19 As such, to further explore the
SAR of the malonyl-derived HDAC inhibitor 4, the
corresponding 2-aminophenyl benzamide analogue
5a20 became the focus of our synthetic efforts.

The synthesis of 2-aminophenyl benzamide analogues of
4 is shown in Scheme 1. tert-Butyl ester 6 was obtained
by esterification of benzoyl chloride 7 with potassium
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Table 1. Structure–activity relationship of N,N 0 diarylmalonamides
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N
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a HCT116-96 h.

Table 2. SAR of 5a, 5j, and 5k
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Compound R1 R2 HDAC1

IC50 (nM)

HCT116-72

IC50 (nM)

5a H H 41 171

5j H CH3 196 1145

5k CH3 CH3 7195 NA
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tert-butoxide. Palladium mediated coupling21 between
dimethyl malonate and phenyl bromide 7, followed by
thermal displacement of the esters and tert-butyl ester
cleavage, provided the carboxylic acid 8. An alternate
route to obtain 8 was through palladium mediated cou-
pling with the malonyl diamide followed by tert-butyl
ester cleavage. Finally, EDC coupling of carboxylic acid
8 with phenylene diamine provided the desired benz-
amides 5.

Compound 5a, the N-(2-aminophenyl)amide analogue
of 4, displayed good HDAC inhibitory activity, with
an IC50 = 41 nM against HDAC1 and an IC50 = 171 nM
in HCT116-72 h cell proliferation assays.22

Encouraged by the activity of benzamide 5a, our atten-
tion was directed toward the synthesis of analogues with
diverse substitution around the phenyl ring in the
surface recognition domain. Representative analogues
(Table 1) demonstrate that a wide array of functionality
can be tolerated in the malonyl–phenyl rings including
nitrile, methoxy, and morpholine moieties. A reduction
in cellular potency can be seen in biaryl 5i, possibly
due to its low hydrophilicity. The c logP23 of 5i is greater
than that of the phenyl amide 5a by two log units. Nota-
bly, ortho-substitution of the malonyl–phenyl rings was
tolerated in contrast to ortho-substitution of the phenyl
ring within vorinostat, which leads to a marked decrease
in activity.

Moreover, both amide NH moieties were essential for
significant enzymatic and cellular potency (Table 2).
Incorporation of a single methyl group on the malonyl
sidechains to give 5j resulted in a 5-fold loss of potency.
Similarly, the dimethyl derivative 5k was 100-fold less
potent indicating that hydrogen bonding, either inter-
or intra-molecular, may play an important role in the
recognition of the HDAC active site. Similarly, it was
shown that malonyl di-ester analogues possessed signif-
icant reduction in HDAC enzymatic activity as well
(data not shown).

In addition the aniline-amide proved to be optimal for
HDAC1 activity (Table 3). The one-carbon homologue,
benzylamine 5l, was less active against HDAC1 and this
trend continued to 5m, which was approximately 5-fold
less active in the HDAC-enzyme assay and almost 10-
fold less active in the cell proliferation assay.

Having explored the SAR in the surface recognition do-
main, we set out to iteratively re-optimize potency by
further exploring the linker domain. Substitution at
the benzylic position with a fluoride 5n or methyl 5p
was assessed in an effort to minimize potential metabo-
lism issues since the methine unit is easily oxidized. Fur-
thermore, a hydroxyl group 5o was installed with the
hope of improving the compound solubility. Addition-
ally, we investigated the effect of inserting a methylene,
thus allowing further flexibility of the sidechain (9a–
9b). However, data demonstrated that these derivatives
suffer attenuated cell potency (Table 4) and did not offer
advantages in subsequent physiochemical and pharma-
cokinetic analyses (data not shown).



Table 3. SAR of malonyl sidechain extension compound
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Table 4. SAR of substituted diarylmalonamide on benzyl analogues
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Scheme 2. Incorporation of substitution at the methine position.
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The synthesis of a-substituted analogues 5n–5p was
achieved through a common intermediate carboxylic
acid 7 (Scheme 2). EDC coupling with monoprotected
o-phenylenediamine provided amide 10. Deprotonation
of the malonate and trapping with an appropriate elec-
trophile followed by TFA deprotection of the Boc moi-
ety furnished the necessary analogues 12. The hydroxyl
substituted compound 5o was obtained by stirring the
carboxylic acid 7 in aqueous LiOH in air followed by
EDC coupling with phenylene diamine (Scheme 3).

Synthesis of the benzyl derivatives was achieved through
alkylation of the dialkyl malonamide anion with benzyl
bromide 13 (Scheme 4). Hydrolysis of the methyl ester
followed by EDC coupling furnished the benzamides
9a and 9b.

Having established that 5a exhibited good activity in
enzymatic and excellent cellular assays, 5a was evaluated
against other HDAC subtypes.24 Compound 5a was
found to be inactive against HDAC6 and HDAC8,
almost 10-fold selective for HDAC1 over HDAC2,
and 20-fold selective over HDAC3 (Table 5). Having a
Class I selective compound may offer significant advan-
tages over less selective HDAC inhibitors in terms of tol-
erability and efficacy since Class I and Class II do have
different biological function.

The pharmacokinetic profile of 5a in several animal spe-
cies was determined (Table 6). Good oral bioavailability
was seen in rat and dog (F = 88% for both species). In
addition, the compound exhibited low plasma clearance
in higher order species and an acceptable half-life across
species.
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Table 5. HDAC selectivity profile for 5a

HDAC1

IC50 (nM)

HDAC2

IC50 (nM)

HDAC3

IC50 (nM)

HDAC6

IC50 (nM)

HDAC8

IC50 (nM)

36 313 697 >10,000 >10,000

Table 6. Pharmacokinetic profile for 5a

IV dose

(mg/kg)

CL

(ml/min/kg)

Vd

(L/kg)

po dose

(mg/kg)

AUC

(Norm) (lM h kg/mg)

F (%) T 1/2 (h)

Rat 2.0 55 12 4.0 0.48 88 3.8

Dog 0.6 3 1.8 1.2 10.6 88 8.5

Rhesus 1.0 2.5 1.7 2.0 3.88 27 10.4
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The evolution of HDAC inhibitor design has largely
occurred in the context of the discovery of natural prod-
ucts with HDAC inhibitory activity. In an effort to
better understand the HDAC inhibitor pharmacophore
beyond historical findings, we have utilized an iterative
approach to HDAC inhibitor design. These efforts have
yielded novel, potent HDAC inhibitor structures that
extend the current HDAC inhibitor pharmacophore to
include agents with sterically bulky branched functional-
ities at the linker/surface recognition domain interface.
Further profiling of 5a will be reported in due course
along with other novel HDAC inhibitors.
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