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Abstract—Several hydroxamic acid derivatives with a substituted phthalimide group as a linker and/or cap structure, prepared
during structural development studies based on thalidomide, were found to have histone deacetylase (HDAC)-inhibitory activity.
Structure-activity relationship studies indicated that nature of the substituent introduced at the phthalimide nitrogen atom,
introduction of a hydroxamic acid structure, and distance between the N-hydroxyl group and the cap structure are important

for HDAC-inhibitory activity.
© 2005 Elsevier Ltd. All rights reserved.

Thalidomide (Fig. 1 1) is a sedative and/or hypnotic
drug, which was used early in the 1960s, but was subse-
quently withdrawn from the market when its terato-
genicity was discovered.'> However, basic research on
thalidomide did come to a halt, and after the serendipi-
tous finding that thalidomide has immunomodulatory
activity that can be utilized in the treatment of erythema
nodosum associated with leprosy, numerous further
studies of thalidomide were reported. These studies
clearly indicated the drug’s effectiveness against various
kinds of ailments, including leprosy, AIDS, and can-
cers.>* Finally, thalidomide was relaunched in the
U.S. in 1998 for the treatment of Hansen’s disease, with
special precautions for usage. Furthermore, many clini-
cal studies of thalidomide for the treatment of multiple
myeloma, breast cancer, prostate cancer, and other con-
ditions are on-going in the U.S. Recently, thalidomide
has been included as one of the choices in combination
therapy for the treatment of multiple myeloma in Japan.

To explain the pleiotropic effects elicited by thalidomide,
we have postulated that thalidomide is a multi-target
drug, and we have been engaged in the structural devel-
opment studies of thalidomide as a scaffold.>*>!7 This
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systematic search has yielded a wide range of drug leads,
such as tumor necrosis factor (TNF)-a production
regulators,>3>7 androgen receptor antagonists,3%°
peptidase inhibitors,>'%13 glucosidase inhibitors,!>1°
thymidine phosphorylase inhibitors,'® cyclooxygenase
(COX) inhibitors,!” 2% and nitric oxide synthase
(NOS) inhibitors.2!-?> These fruitful results have indicat-
ed that phthalimide structure is a pleiotropic pharmaco-
protophore to develop drug lead. We speculated that
histone deacetylase (HDAC) might be another antican-
cer-related molecular target of thalidomide, because
some metabolites or degradation products of thalido-
mide 2* (Fig. 2, 2, 3) seem to have structural similarity
to previously reported HDAC inhibitors, such as sodi-
um butyrate (Fig. 2, 4), sodium valproate (Fig. 2, 5),
phenylbutanoic acid (Fig. 2, 6), and suberoyl anilide
hydroxamic acid (SAHA) (Fig. 2, 7).

Histone acetylation and deacetylation play an impor-
tant function in modifying the chromatin structure
(6]
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Figure 1. Structure of thalidomide.
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Figure 2. Structures of the representative thalidomide metabolites
(2, 3), and HDAC inhibitors (4-8).

and regulating gene expression. The key enzymes that
modify histone proteins and regulate gene expression
are histone acetyltransferases (HATs) and histone
deacetylases (HDACs).>*>> Both these acetylating/
deacetylating enzymes are included in large protein
complexes containing other proteins known to func-
tion in transcriptional activation and/or repression.?%-?’
Such complexes are recruited to specific regions in the
DNA and induce expression and/or silencing of the
genes. Well-known tangets that are upr %ulated by
HDAC include p21WAFVCIPI29 - (5n | WAFVCIPL 4o g cy-
clin-dependent kinase (CDK) 1nh1b1tor that associates
with a class of CDKs and inhibits their kinase activi-
ties, leading to cell cycle arrest and dephosphorylation
of Rb.2® Much evidence suggests that p21VAFV/CIP!
plays an important role in determining the fate of cells
during growth and differentiation. Therefore, com-
pounds that inhibit HDAC activity may depress these
genes, resulting in antiproliferative and antitumor

effects.?’ It has not so far been reported whether tha-
lidomide itself, thalidomide metabolites, and/or their
degradation products have apparent HDAC inhibitory
activity or not. As part of our continuing research
directed toward the structural development of thalido-
mide as a multi-template for drug lead discovery,
we report here novel HDAC inhibitors structurally
derived from thalidomide and related substituted
phthalimide.

Synthetic routes to the present series of phthalimide
derivatives are outlined in Charts 1-3.

1,2,4-Benzenetricarboxylic acid anhydride was heated
with amines to give the corresponding N-substituted
phthalimide derivatives (10a-10c). Compounds (10a—
10c) were condensed with ferz-butylhydroxylamine via
the mixed anhydride to give protected N-hydroxybenza-
mide derivatives (11a—11c). Deprotection of the fert-butyl
group of 11a-11c¢ under acidic conditions afforded N-
hydroxybenzamide derivatives (12a—12¢) (Chart 1). Com-
pound (10b) was reduced with BHj; to give the hydroxy-
methyl derivative (13), and subsequent bromination
afforded the bromomethyl derivative (14). Dimethyl mal-
onate was alkylated with 14, and subsequent acid hydro-
lysis and concomitant decarboxylation afforded the
phenylpropanoic acid derivative (16). This compound
was derivatized to the N-hydroxyamide by the mixed
anhydride method to give the N-hydroxyphenylpropana-
mide derivative (17) (Chart 2). The 4-hydroxyphthalic
acid (18) was dehydrated (19) and subsequent treatment
with amines gave the corresponding N-substituted-5-
hydroxyphthalimide derivatives (20a—20Kk).

These compounds were treated with trifluoromethane-
sulfonic anhydride to give the Heck reaction substrates

O Ol P O 2. O

10a- 10c

1la-11c 12a-120

Chart 1. Reagents and conditions: (a) RNH,, heat, 60-70%; (b) (1) ethyl chloroformate, triethylamine, 0 °C, THF; (2) t-butylhydroxylamine, rt,

MeOH, 50-60% (two steps); (c) trifluoroacetic acid, rt, CH,Cl,, 60-80%.
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Chart 2. Reagents and conditions: (d) BHj, 0 °C, THF, 70%; (e) (1) methanesulfonyl chloride, triethylamine, —50 °C, THF; (2) LiBr; 70% (two
steps); (f) (1) MeONa, MeOH; (2) dimethyl malonate, reflux, 13%(two steps); (g) 0.5 mol/L HCl, AcOH, reflux; 66%; (h) (1) ethyl chloroformate,

triethylamine, 0 °C,THF; (2) hydroxylamine, rt, MeOH, 94% (two steps).
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Chart 3. Reagents and conditions: (i) heat, quant.; (j) RNH,, heat, 85-90%; (k) trifluoromethanesulfonic anhydride, triethylamine, toluene, rt, 80—
90%; (1) methyl acrylate, (P(Ph);),PdCl,, triethylamine, DMF, 50-70%; (m) 0.5 mol/L HCI, AcOH, reflux; 60-70%; (n) (1) ethyl chloroformate,
triethylamine, 0 °C, THF; (2) #-butylhydroxylamine, rt, MeOH; (3) trifluoroacetic acid, rt, CH,Cl,, 33-80% (three steps).

(21a-21k). Compounds (21a-21k) were treated with
methyl acrylate in the presence of (P(Ph);),PdCl, and
triethylamine in N,N-dimethylformamide, and subse-
quent alkaline hydrolysis afforded cinnamic acid deriva-
tives (23a-23k). Compounds (23a-23k) were derivatized
to hydroxamic acids (24a—24k) by means of procedures
similar to those employed for the preparation of com-
pound 17 (Chart 3).

Kit assays. The assay of HDAC-inhibitory activity was
performed using an HDAC fluorescence activity assay/
drug discovery kit (AK-500, BIOMOL Research Labo-
ratories), according to the supplier’s protocol. The assay
was performed in triplicate and repeated at least two
times. The ECsy of SAHA (7), using this assay system,
was reported to be 280 nM.3°

Enzyme assays and P21 promoter assay. Assay for inhib-
itory activities against partially purified HDAC 1, 4, and
6, and P21 promoter assay were done according to the
previously reported methods.?!-3?

Recent X-ray crystallographic analysis of histone deace-
tylase-like protein (HDLP),**> and HDACS**, com-
plexed with SAHA and/or TSA (8), has revealed that
the HDAC catalytic domain consists of a narrow tube-
like pocket spanning a length equivalent to a straight
chain of four to six carbons, and the zinc ion is buried
near the bottom of the active site. Therefore, the struc-
tural requirements for an inhibitor to exhibit potent
HDAC inhibitory activity involve three pharmaco-
phores of importance, i.e., (1) a zinc binding motif,
which interacts with the active site zinc, (2) a linking do-
main, which occupies the channel, and (3) a surface rec-
ognition domain, which interacts with residues on the
rim of the active site. Based on these concepts, many
HDAC inhibitors have been reported.?>

To create novel HDAC inhibitors based on a new struc-
tural scaffold, we designed the general formula (1),
depicted in Figure 3. Hydroxamic acid structure is a
well-known zinc binding motif frequently used in al-
ready disclosed HDAC inhibitors. Phthalimide structure
is a novel linker domain that might be suitable to occupy
the narrow channel of the HDAC active site. Also,
introduction of aromatic ring at this position might be
expected to interact favorably with the side chain of

H o
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general formula (1)

Figure 3. Chemical structure of new HDAC inhibitors.

the aromatic amino acids located at the active site. An
N-substituent can interact with the hydrophobic surface
recognition domain of HDAC. Previous structure-activ-
ity relationship studies clearly indicated the importance
of the distance between the zinc binding motif and the
surface recognition domain. We anticipated that the dis-
tance between these two important pharmacophores
could be regulated by the introduction of various kinds
of X groups.

First, we evaluated the effects of N-substituents at the
phthaloyl nitrogen on HDAC-inhibitory activity (12a—
12¢). As can be seen from Table 1, the N-phenyl deriva-
tive (12a) exhibited a very weak HDAC-inhibitory activ-
ity (ECso 125 pM). The introduction of a benzyl group
(12b) at the phthaloyl nitrogen greatly increased the
inhibitory activity, and 12b exhibited about 30-fold
more potent activity than 12a. This result suggests the
importance of the shape of the substituents for interac-
tion with the hydrophobic surface recognition domain
of HDAC. Further elongation by one methylene chain
to afford the N-phenethyl derivative (12¢) decreased
the activity to some extent.

We next turned our attention to the linking X group,
and prepared the propionyl derivative (17) and the acry-
loyl derivative (24b). The natural product TSA contains
an o,B-unsaturated carbonyl group, while a saturated
carbonyl group is contained in many previously dis-
closed synthetic HDAC inhibitors, such as SAHA. The
propionyl derivative (17) exhibited a more potent
HDAC-inhibitory activity than the benzoic acid deriva-
tive (12b). Moreover, the acryloyl derivative (24b) exhib-
ited more potent HDAC-inhibitory activity than the
benzoic acid derivative (12b) and the propionyl deriva-
tive (17), respectively. This is consistent with the impor-
tance of the distance between the zinc binding motif and
distal hydrophobic tail part of the molecule. Consider-
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Table 1. HDAC-inhibitory activity of the prepared compounds
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Compound X R ECso (nM)
12a — Ph 125000
12b — CH,Ph 4160
12¢ — CH,CH,Ph 6630
17 CH,-CH, CH,Ph 407
24b CH,=CH, CH,Ph 148

ing the fact that the narrow channel of the HDAC active
site 1s composed mainly of aromatic amino acids (Y91,
F141, and F198 of HDLP), m-electron conjugation
might be favorable for potent inhibitory activity.

Based on these results, we adopted 24b as the next lead
compound and performed further modification focusing
on the nitrogen substituent at the phthaloyl group. The
results are given in Table 2. Although the number of
compounds examined is too small to allow a detailed
discussion of the SAR, some tendencies are apparent.
Roughly speaking, the N-phenyl derivative (24a) exhib-
ited moderate activity (micromolar order), while methy-
lene elongation to afford the N-benzyl derivative (24b)
resulted in about 10-fold more potent inhibitory activity
than 24a. Further elongation of the methylene chain
afforded the N-phenethyl derivative (24¢), which showed
comparable inhibitory activity to that of 24b. These ef-
fects are similar to those seen in N-substituted phthaloyl
acid derivatives (12a-12¢), and might indicate that the
nitrogen substituents of the phthaloyl group interact
with the same site of the hydrophobic surface recogni-
tion domain of HDAC. Introduction of substituents at
the 4-position of the benzene ring of the benzyl group
(24d, 24e) had little effect on the inhibitory activity.
The hydrophobic surface recognition domain of HDAC
is thought to be wide, so we prepared 24f and 24g as
compounds with a bulkier capped structure. But, to
our surprise, these compounds exhibited a much weaker
inhibitory activity than 24b. We cannot yet interpret this

(24h, 24i), enantio difference is not clear, but in case of a
(2-(benzyloxy)-1-phenylethyl) group (24j, 24k), the (S)-
enantiomer exhibited a more potent HDAC-inhibitory
activity than the antipode. Compound 24b was found
to be the most potent HDAC inhibitor in the present
series of phthalimide-based compounds, at least in vitro.

HDAC:Ss have been divided into three distinct classes (I-
III), and HDAC classes I/II are considered to be thera-
peutic targets for the treatment of cancer and other dis-
eases. Therefore, we analyzed the inhibitory activity of
24b toward representative HDACs, i.e., HDAC 1 (class
I), HDACH4 (class I1a), and HDACG6 (class IIb), in com-
parison with that of TSA. As shown in Table 3, 24b is a
nanomolar-order pan-HDAC inhibitor, such as TSA,
and the inhibitory activity of 24b is about 1/10 to 1/30
of that of TSA.

In a majority of tumor cells, HDAC inhibitors were
reported to upregulate the expression of p21 WAFL/CIPL
and to downregulate cyclin D1, in parallel with cell cycle
arrest in the G1 phase, and activation of the p21™afl/cip!
gene is associated with inhibition of proliferation, induc-
tion of differentiation, and/or apoptosis of tumor cells,
in vitro and in vivo.?%?° Therefore, we then assessed
the activity of 24b to upregulate the expression of
p2 I WAFUCIPL by means of reporter gene assay,*® and
found that the ECjgoo value of 24b is 3.29 uM (the
ECg00 value of TSA is 0.0087 uM). This result indicates
that 24b exhibits significant HDAC-inhibitory activity
not only in vitro, but also at the cellular level. In conclu-
sion, we have designed and synthesized phthalimide-
based pan-HDAC inhibitors derived from thalidomide
as a multi-drug template. Compound 24b provides a
structurally novel type of HDAC inhibitor, and further
structural development of 24b with the aim of finding
class-selective and/or isozyme-selective HDAC inhibi-
tors is on-going.

Table 3. Inhibitory activity of compound 24b on HDACI1, HDAC4,
and HDACG6

Inhibitory activity ICsy (nM)

finding, but it might imply that there is some distinct HDACI HDAC4 HDAC6
structural requirement for potent HDAC-inhibitory 24b 572 358 709
activity. Although, in the case of a 1-phenylethyl group TSA 20 39 o1
Table 2. HDAC-inhibitory activity of the prepared compounds
o o}
HO- _
HM@%(NR
o)
Compound R EC5o (nM) Compound R ECso (nM)
24a Ph 2080 24¢g CH,-CH(Ph), 7890
24c (CH,),Ph 177 24h (S)-CH(Me)Ph 250
24d CH,Ph(4Me) 474 24i (R)-CH(Me)Ph 291
24e CH,Ph(4MeO) 186 24j (S)-CH(CH,0OBn)Ph 763
24f CH(Ph), 2090 24k (R)-CH(CH,OBn)Ph 3790
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