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Molecularly Targeted Approach to Cancer Therapy: Design, Synthesis and Biological Activity of
Non-hydroxamate Histone Deacetylase Inhibitors

gk 2, P FiE, EE EAP
Takayoshi Suzuki*, Hidehiko Nakagawa and Naoki Miyata*
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*Graduate School of Pharmaceutical Sciences, Nagoya City University
(3-1 Tanabe-dori, Mizuho-ku, Nagoya, Aichi 467-8603)

As part of our studies towards molecularly targeted cancer therapy, we developed novel non-hydroxarmate histone deacetylase
(HDAC) inhibitars. A series of compounds modeled after suberoylanilide hydroxamic acid (SAHA) was designed as follows: (1)
structure-based drug design; (i) design applying the thiophilicity of zinc ion; (iii) design based on the structure of the transiion
state; (iv) design based on the enzyme catalysis mechanism; and (v) irreversible inhibition-criented design. In this series,
ccmpomd'l,inwhichtlwhydroxanﬁcacidofSAHAisrqiaoedhyaﬂxiol,wasfmuﬂtobeaspotcmasSA}LA,axﬂoptimimtion
of this series led to HDAC inhibitors 43, 47, 52 and §3, which were more potertt than SAHA. In cancer cell growth inhibition
assay, S-acyl derivative 68, a prodrug of thiot 48, showed strong activity, and its potency was comparable to that of SAHA.
Khwﬁcdaaynwasaymﬂnﬂwﬂmnmdcﬁngmﬂymggmedﬂmﬂleﬂﬂdhnaadsmmcdmimint.heactivcsiteof
HDACs.

Keywords: molecularly targeted cancer therapy, histone deacetylase, inhibitor, hydroxamic acid,
non-hydroxamate, zinc protein, drug design
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Fig.2 Proposed catalytic mechanism of acetylated lysine (H
=His, D=Asp, Y =Tyr).
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Table 1 HDAC Inhibition Data for SAHA and

SAHA-based Non-hydroxamtes”
Ph’n‘rrenR
o]
compd R n * ;"o.?bmat 1y (M)
SAHA®  —CONHOH 6 100 0.28
y NH

Y 6 48 120

o]
2 —COCF, 6 ND 6.7¢

H
3 fo 7 ND 28°

“ "OH
4 -NHCONHOH & 58 80
5 -NHCONHNH, & 3s 150
6 -SONHOH 6 14 >100
7 —SH 6 100 0.21
8 -SAc 6 85 7.4
9 -SMe 6 11 >100
10 -NHSO,Me 5 10 7500
11 -SOMe 6 33 230
12 -NHCOCHNH, 5 8 >100
13 NHCOCHOH 5 0 >100
14 -NHCOCHSH & 99 0.39
15  -NHCOCHSAc 5 72 2
16 N 2 6 16 >100
17 -~ 6 8 >100

—

18 -NHCOCHBr 6 79 14

“Values are means of at least three experiments. ° Prepared
as described in ref 20.  Prepared as described in ref 12, ¢
Data taken from the literature (ref 13). “Data taken from the
literature (ref 14). ND'=No Data.
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Fig.10 Reciprocal rate vs reciprocal acetylated lysine
substrate concentration in the presence of 0.3 (), 0.1 (&),
0.03 (w), and 0 (o) uM of 7.
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” \ XHOH c-e
Ph
OH 7 s

”ZNQ 37 % = -GONH-
6

35

,XHSH

=.0-
39 X = -CONH-

(a) Phenol, K;CO;, DMF, 80°C, 96%; (b) benzoic acid,
EDCI, HOBt, DMF, 1t, 63%; (c) CBra, PPhs, CH;Cl,, 0°C,
163-99%; (d) AcSK, EtOH, 1t, 47-98%; (¢} 2N aq NaOH,
EtOH, THE, 1t, 46-64%.

Scheme 4
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39 OHDACFREEHE A I L /=R ER2ITR LI
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5 (32) THIEMIMRF SIS Z Dbt
RFEHOE IR 6 DS bIaL VEERRT &
WIERIL ZBG At Fo X AEOBRSORES
M PLEULTRY, FA-LRMEERL b
F o4 AERIRER L FROE SV T HDAC &
PRETAILERRLTWD, I, 7x=nAEd
REPEHORST I FEEA—TMIEBR LS
38 CIIEEMEIEEI L, 37 2 FioER L=k
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Table 2 Effect of Linker Variation on HDAC Intdbitory

Activity of Thiols”
Ph‘x’ﬁ;,SH
comrpd X n ICso (M)

7 —NHCO- 6 0.21
k]| —NHCO- 7 1.5
32 —NHCO- 5 0.37
33 —NHCC- 4 6.2
38 -0 6 "

39 ~CONH- 6 0.36

“Valugs are means of at least three experiments.

2NVT, AF—AS5, 6T,

FA—17,39 D

7 = NEPMOEFRIIER L LAY 4149,
51-54 28Rk L, HDACBEEEMAH~ (&3,

o

a <,
Cl)%fﬁr —t. Ar\N)L(",Br —_— N\NH}.&H
6 H 6 H 6

25

e

o

404 ; Ar = 4-NMaFh
40b : Ar = 4-Br-Ph

40c : Ar = 4-biphenyl

40d : Ar = 3-biphenyl

40e : Ar = 4-OPh-Ph

40f : Ar = 3-0Ph-Ph

409 : Ar = 3-Py

40h : Ar = 3-quinoline

401 : Ar = 4-Ph-2-thiazole

O

41 Ar = ANMePh

42 : Ar = 4-bipheryl

43 : Ar = 3-biphenyl

44 : Ar=4-OPh-Ph

45: Ar = 3-0Ph-Ph

46 : Ar = 3-Py

47 : Ar = 3quinoline

48 : Ar = 4-Ph-2-thiazole
49 ; Ar = 2-benzothiazole

40] : Ar = 2-benzathiazole

(a) ANH;, EtN, CHCL, rt, 25-99%; (b) PhB(OH),,
Pd(PPh;)s, NaHCQ;, 1-methyl-2-pyrrolidinone, HO, 80°C,
18%; (c) AcSK, EtOH, 60°C, 84-96%, (d) 2N aq NaOH,
EtOH, THF, t, 59-90%.

Scheme 5

HzNﬂ.cm a Hﬁ,ou b-d NIFH'(',':H

50a: Ar= 4-NMe2-Ph 51: Ar = 4-NMey-Ph
50b : Ar = 2-naphthalene 52 Ar = 2-naphthalene
50c : Ar = 2-benzofuran 53 ; Ar = 2-benzofuran-
50d : Ar = 2-indole 84 : Ar= 24ndole

(@)ArCOOH, EDCI, HOBt, DMEF, n, 61-96%; (b) CBr,,
PPhy, CH:CL, 0°C, 25-89%; () AcSK, EtOH, rt, 86-99%;
(d) 2N aq NaOH, EtOH, THF, i1, 28-74%.

Scheme 6

I MEBEAFTHILAY (41-49) Tt o
VRO ANIERESEA LIS THEERETT
BIEMICH -1, BEEIT, AVAFATI ) 7=
=N, 4T =N A2 AT/ FH T VA
1, 7= AR TSR 310 [EEAMR T L,
W2, 7O_REVRO M7 ooV EREA LKL
B 43 T, F93 RN ER L (IC5=0.075 M),
FICL 3POT7 = 2 FUEBHEALLAEY 45 T
B En, 7T O PUBR BRIl
TALBTIL, 3B Y46, 47 2= N2 F T —
48, 2~ FT Y A9 TIEMAMEEE, HAW



L, LR LEEWIBERIIHL, 3-F/ V2 47
MBICs = 0072 pM &, 7 I FLEHOP TR HIE
HDAC MEEM AT Uiz, #7 3 FREEZHT51E
¥ (51-54) T, 4VAFATI ) 7K %
B\ - 3 ofbE4h 52, 53, 54 TV =Nk 39 &
D hEE EMRR LI, B, TV UERL
{852, V7T ERLIAGEH S T, 7
o=/ 39 (THA 4 {EoiEE EREZTR LS (Bh
Zh, ICyx»=0085 uM , 0079 pM), FERELT, 3-
BTz 43, 3%/ YAk 47, 25T LU
52, 2~/ 754K 53 11, SAHA FHEILT 3~4
{538V HDAC PRERI AR LT

Table 3 Effect of Aromatic Group Variation on HDAC
Inhibitory Activity of Thiols”

Al'hxaﬁé SH
conpd Ar X IC,, (uM)

7 [ —NHCO- 0.21
4 MOZN_Q_ -NHCO- 1.2
42 pn-@— —NHCO- 11
43 Ph_d —NHCO- 0.075
44 Ph o—@— —NHCO- 062
45 P“O'd —NHOO- 0.21
46 L_/ —NHCO- 0.11
47 @(‘j’ —NHCO- 0.072

N
4 -NHCO- 047

©\[. \

S

N
a9 @: $—  -NHOO- 0.34

S
39 Ph- ~CONH- 0.36
51 MegN—@— —CONH- 0.61
52 @g/ -CONH- 0085
53 @:c\}— —CONH- 0.079
54 @t\?_ —CONH- 0.10

“Values are means of at least three experiments.
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%ﬁ FA— % HDAC PRI BRI TERERY
5.1 FA— 7 RUEOBHREOBERHEREER

FA—NFH HDAC FAEZEDOHTIERE LTORME
EREDD DI, EANSHIEERR AT, %
TF A= T OFEFRRETIREER 21T - 7=, AR
124, MR T 5 NCI-H460 Hifaa B -, 0
FER, FA—A T IENCI-HA60 HIFITX L, 50 uM T
70 34%DREER LRSS oo, 417
1335 HDAC PREFEIE 2RI b dvdb B3 ki
IR AR TR HRIEETE M LR & oo TR
ED—o¢ LT, FA—N 7 OFESEREDIEE A
Zz L3, FIT, FAHATESTIIUEHAND
ST AFMEL T e R » FiEE2 e L (R%—
LT), T HOEREREITHIE S F<T

[e) 0
a
- s —2 . Phe JLe,s R
~ N
uJL(‘X—, H Vs I

I

Q
Ph. JLe,s O.__.Bu
N S \Ir
H 6 &
62

tR=-Et
:R=-nPr
1R=-Pr
‘R=-£Bu

: R = ~cyclopropyl
: R = -cyclopentyl
:R=-Ph

1 R = -(4-NO3)Ph

2232849348

() RCOC], 4{dimethylamino)pyridine, pyridine, CHzCl, nt,
68-99%; (b) NaH, chloromethyl pivalate, DMF, 0°C to rt,
32%.

Scheme 7

7a BT o 2k s RO R L2 R
4 TR, HERNOBTRETFA AT EERTD
T EBBBENSETUANT 4 F 271, FA—AT I
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A V7F Y MK ST 53 ECs =20 UM & Br b3 VEH A
SR, {bE84% 57 B £ HDAC FRZETRIT, IC0=356
M EFA=NT (ICxp=021pM) £V H59270 {0
BN kb, $TINMEREE, FA—-AAERITHEAYE
PSPEDSERY Vo MR A 3 0 S RAiT R L, Ak
TSRS VHDAC BREFE AR >F 4 — T
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MELIALEY 263 [T LIEMA R LI, FOiEH
VX S A VT F Y AR 5T (T~ 008800 7,



Table 4 Cell Growth Inhibition Data on NCI-H460 Cells
for Compound 7 and its S-Modified Prodrugs?

Ph.x.ﬂ.ss.R
compd R ECy, (WM
7 —H 5P

o]
\
%

8 =-AC 36
55 =008t 28
56 -O0n -Fr 22
57 =COi -Pr 20
58 L0t -Bu >50¢
50 c}\_q 27

-Bz
§_< >'N02 24

-CH,0COt-Bu 25

2 8 2 8

“ Values are means of at least two experiments. * 34%
inhibition at 50 pM. © 10% inhibition at 50 uM. ¢ 42%
inhibition at 50 pM.

SF|Z, 3 3 TR LI HDAC FRETEE 2Rk
BMDANT 4 FUNEEA P TF Y MELIALED
64-72 AL (AF—Ah8), T b0 NCI-HA60 #
Rt IS A SR (& D),

e
& [ 3

43 : Ar= 3-biphenyl, X = -NHCO- &4 ; Ar = 3-biphenyl, X = -NHCO-
45 ; Ar= 3-OPhPh, X = NHCO- 85 ; Ar= 3-OPh-Ph, X = -NHCO-

46 : Ar= 3Py, X = -NHCO- 66 _ Ar= 3.Py, X = NHCO-

47 : Ar= 3quincline, X = -NHCO- 67 : Ar = 3-quincline, X = -NHCO-

A8 . Ar = 4-Ph-2-thiazole. X = -NHCO- 68 ; Ar= 4-Ph-2-thiazole, X = NHCO-
49 : Ar = 2-benzothiazole, X = -NHCO- €9 : Ar = 2-banzothiazole, X = -NHCO-
52 Ar= 2-naphthalens, X = -CONH- 70 : Ar = 2.naphthalens, X = -CONH-
53 - Ar = 2-benzofuran. X = -CONH- 71 : Ar= 2-benzofiran, X = -CONH-
54 : Ar = 2-indole, X = -CONH- 72 : Ar = 2-indole, X = -CONM-

(a)isobutyryl chloride, 4-(dimethylamino)pyridine, pyridine,
CH2G2: 11, T7-99%.
Scheme 8

FORER, LBt 65 2R 2T T ==
N 5T & LRI DTEER R BN, FFZ 3-E 7 = =164,
U 66, 4T 2= N2F 7 — 68 T ECy
A3 2~3 uM & BV EMER R LT

Table 5 Cell Growth Inhibition Data on NCI-H460 Cells
for Compound 57 and its derivatives”
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0
Ar\x{ﬂ}és)l\r
Ar

compd X BEgu(M
57 - KO- 20
6 “_d ANHCO- 28
65 ‘Cg -NHOO- 25
FhO
66 (\3._ NO- 29
N
-NHCO- 80

=NHCO- 9.5

70 cg/ —CONH- 12
n @:}— —CONH- 4.1
72 @?— -CON+ 12

“Values are means of at least two experiments.

NCI-H460 #RRIZ Uik bosl MFEImEEEE R L
7-1v897 68 B U SAHA (20T, & 6T 9 fROE
HORRIZ T 2 TR TR 21T - o BRRRARI I,
YEHBE T D5 MDA-MB-231 #if, FEEHia T
% SNB-78 #iE, RABFAARAR T# D HCTI116 #ifE, A
JEHIRS T D NCI-H226 i, * 5 /) —~<HlETHD
LOX-IMVI #ka, JRMEEARTTH S SK-OV-3 fllld, &
A TH S RXF-631L 78y, B THS S48
B, AR T 5 DU-145 fllla% Ay = (326),
FORER, {LAY 68 1L, 9 TR TOBHIRI LI
FERHETEM AR L, FOEMIFERRBERISED S
LT3 SAHA IZICET 5 L D Th 72 (SAHA DOF
¥IECo=3.7uM, 68 DY ECy=38 M),

Table 6 Growth Inhibition of Various Cancer Cells Using
SAHA and Compound 68

cal SAHA 68
ECs (pM) ECso (M)
MDA-MB-231  Breast Cancer 1.5 23
Central Nervous
SNB-TB System 16 9.1
HCT116 Colon Cancer 0.58 30
NCHHZ26 Lung Cancer 26 26
LOXIMVI Melanoma 1.3 11
SK-OV-3 Owarian Cancer 25 45
RYF-631L Renal Cancer 20 24
St Stomach Cancer 5.2 5.0
DU-145 Prostate Cancer 1.6 4.5
mean 37 38

“Values are means of at least two experiments.



52 {LA% 68 OEITHIRR IS

oz & 91z, HDAC FEEIRIZ YL Y HDAC @
BERERAS I S5 L AEMAIC HAT O X 4358< 220,
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. p21WAF1.’CJP1

Fig.14. Western blot analysis of histone hyperacetylation
and p21VAF"O1 induction in HCT 116 cells produced by
compound 68 and by reference compound SAHA.
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Abstract—In order to find novel nonhydroxamate histone deacetylase (HDAC) inhibitors, a serics of thiol-based compounds
modeled after suberoylanitide hydroxamic acid (SAHA) was synthesized, and their inhibitory effect on HDACs was cvaluated.
Compound 6, in which the hydroxamic acid of SAHA was replaced by a thiol, was found to be as potent as SAHA, and opti-
mization of this series led to the identification of HDAC inhibitors more potent than SAHA,

©® 2004 Elsevier Ltd. All rights reserved.

The reversible acetylation of the side chain of specific
histone lysine residues by histone deacetylases (HDACs)
and histone acetyl transferases {(HATS) is an important
regulator of gene expression.! Histone hyperacetylation
by HDAC inhibition neutralizes the positive charge of
the lysine side chain, and is thought to be associated
with change of the chromatin structure and the conse-
quential transcriptional activation of a number of gen-
es.2 One important outcome of histone hyperacetylation
is induction of the cyclin-dependent kinase inhibitory
protein p21¥*1/C9l which causes cell cycle arrest.? In-
deed, HDAC inhibitors such as trichostatin A (TSA)
and suberoylanilide hydroxamic acid (SAHA) (Fig. 1)
have been reported to inhibit cell growth*® induce
terminal differentiation in tumor cells,** and prevent the
formation of tumors in mice.” Therefore, HDACs have
been viewed as attractive targets for anticancer drug
development. A number of structurally diverse HDAC
inhibitors have been reported® and most of them belong
to hydroxamic acid derivatives, typified by TSA and
SAHA, which chelate the zinc ion in the active site in a
bidentate fashion through its CO and OH groups.® Al-
though hydroxamic acids are frequently employed as
zinc-binding groups (ZBGs), they often present meta-
bolic and pharmacokinetic problems such as glucuron-

Keywords: HDAC; SAHA; Enzyme inhibitor; Zinc protein.
* Corresponding authors. Tel./fax: +81-52-836-3407; e-mail addresses:
suzuki@phar.nagoya-cu.ac jp; miyata-n@phar.nagoya-cu.acjp
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Figore 1. HDAC inhibitors.

idation, sulfation, and enzymatic hydrolysis that result
in a short in vivo half-life.'®!! Because of such concerns
with the metabolic stability associated with hydroxamic
acids, it has become increasingly desirable to find
replacement groups that possess strong inhibitory action
against HDACs. Thus far, o-aminoanilides,'*'* elec-
trophilic ketones,'>!” bromoacetamides,'® semicarbaz-
ides'® (Fig. 2), and N-formyl hydroxylamines' have
been reported as small molecule nonhydroxamate
HDAC inhibitors. However, they have reduced potency
as compared to hydroxamate inhibitors, and unfortu-
nately, electrophilic ketones have a metabolic disad-
vantage in that they are readily reduced to inactive
alcohols.”>'7 We therefore initiated a search for
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Figure 2. SAHA-based nonhydroxamate HDAC inhibitors.

replacement groups for hydroxamic acid with the goal
of drug discovery as well as finding new tools for bio-
logical research.

In the search for a suitable hydroxamic acid replace-
ment, thiols seemed to be reasonable targets, because
they have been reported to inhibit zinc-dependent
enzymes such as angiotensin converting enzyme® and
matrix metalloproteinase.?! Recently, Furumai et al.
demonstrated that the disulfide bond of FK228 (Fig. 1),
a cyclic peptide HDAC inhibitor, is reduced in the cel-
lular environment, releasing the free thiol analogue as
the active species,”? and Nishino et al. reported that
cyclic tetrapeptides bearing disulfide group such as 1
(Fig. 1} inhibit HDACs under reductive conditions.?
These reports prompted us to report on the synthesis
and HDAC inhibition of thiol-based small molecule
analogues.

The compounds prepared for this study are shown in
Tables 1-3. Syntheses were accomplished as illustrated
in Schemes 1-3. Compounds 6-8, 10-12, 15-21, and 22
were synthesized from the corresponding acid chlorides
27a-d by the route shown in Scheme 1. The amino group
of aromatic amines 28 was acylated with an appropriate
acid chloride 27 to give the amides 29a—f and 29h-m.
Suzuki coupling?® of bromobenzene 29f with phen-
ylboronic acid provided the biphenyl 29g. Bromides 29
were treated with potassium thioacetate to give com-
pounds 7 and 30a-k, after which hydrolysis of the thio-
acetates under alkaline conditions gave the desired
compounds 6, 10-12, 15-21, and 22. Sulfide 8 was
obtained by the alkylation of sodium methanethiolate
with bromide 29b.

Synthesis of aminoethanethiol 9 was accomplished via
aldehyde 34 (Scheme 2). The condensation of dicar-
boxylic acid 31 with an equivalent amount of aniline
gave mono-anilide 32. The carboxylic acid 32 was con-
verted to Weinreb amide?® 33 in the presence of EDCI
and HOBt. Compound 33 was allowed to react with
lithium aluminum hydride at 0°C to give aldehyde 34
and subsequent reductive amination afforded amino-
ethanethiol 9.

Compounds 13, 14, 23-25, and 26 were prepared from
alcohol 35 or 36 by the procedure outlined in Scheme 3.
Treatment of bromide 35 with phenol in the presence of
K,CO, gave ether 38a, and condensation of amine 36
with an appropriate aromatic carboxylic acid 37 affor-

0 0 O

a 9
CI)LH,Br-—-—-- N\NJLH,Br —_ N\NJLH,SAc
n H n H n
han=? 2% Ar=Ph,n=7 . T Ar=Ph.n=6
Thn=6 90 Ar=Ph.a=6 308 Ar=Ph.n=7
2cn=% 29¢c Ar=Mhn=5 30bAr=Ph.n=S5
Idn=4

29 Ar=Ihn=4
e Ar=4-NMcyPh,n=6
2H Ar=4Br-Phn=6
b I: 29z Ar=4-biphenyl.n=6
29%h Ar=3-bipheayl.n=6
29 Ar=40Ph-Ph,n=06
9] Ar=3-0Ph-Ph.n=6
29k Ar=3-Py,n=6
291 Ar=3-quinoline, n=6
29m Ar = 4-Ph-2-thiszode, n =6

HecAr=1I'h,n=4

Wk Ar = 4-NMe,-Th,n=6
e Ar = 4-biphenyl, n= 6

MM Ar = 3-biphenyl, n =6
30g Ar =4-OPh-Ph, n = 6

3h Ar=3-0Ph-Ph.n=6

Mi Ar=3-Py,n=6

30j Ar = 3-quinoline,n =6
30k Ar = 4-Ph-2-thiazole, n = 6

6 Ar=Phn=6
MWAr=Ph,o=?
11 Ar=Ph,n=35
12Ar=Ph,n=4d

4] 15 Ar =4-NMe-Ph.n=6

—d "‘NJLH’S H 16 Ar = 4-biphenyl, n = 6
H n 17 Ar = 3-biphenyl, n =6

13 Ar=4-OPh-Ph,n=6

19 Ar=3-0t-Ph,n=6
MWAr=3-Pyn=6

21 Asr = 3quinoline,n =6

22 Ar =4-Ph-2-thiamle. n =6

0
e L Fyon
H 6
]

Scheme 1. Reagents and conditions: (a) ArNH; (28), Et;N, CH,Cl,,
rt, 25-9%%; (b) PhB(OH),, Pd(PPh;),, NaHCO;, I-methyl-2-pyrro-
lidinone, H,0, 80°C, 18%; (¢} AcSK, EtOH, 60°C, 84-99%; (d) 2N ag
NaOH, EtOH, THF, rt, 47-99%; (e} 15% aq NaSMe, EtOH, rt, 95%.

ded amides 38b{. Alcohols 38a-f were converted to
thiols 13, 14, 23-25, and 26 in a three-step sequence:
conversion of the alcohols to bromides, treatment of the
bromides with potassium thioacetate, and hydrolysis of
the resulting thioacetates.

The compounds synthesized in this study were tested
with an in vitro assay using a HeLa nuclear extract rich
in HDAC activity.?® The results are summarized in
Tables 1-3 as 1Cs, values.

HOOC { }.COOH 2 b
NMCOOH ———

@ Jﬂ)k OMe —£ o
e OL Ayiom

Scheme 2. Reagents and conditions: (a) Aniline, 180°C, 43%; (b) N,O-
dimethylhydroxylamine hydrechloride, Et;N, EDCI, HOBt, DMF, rt.
94%; (c) LiAlH,, THF, 0°C, 72%; (d) 2-aminoethanol, NaBH{OAc);,
THEF, AcOH, tt; () (Boc),0, Et; N, rt; (1) TFA, CH,Cl,, tt, 44% (three
steps).
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BrﬁOH
6 \
35 ,X(_),OH c-€
Ar
b 6
H-:Nf),o“ 38a Ar=Ph,X=-0-
6 38b Ar = Ph, X =-CONH-

3% 38¢ Ar = 4-NMe,-Ph, X = -CONH-
38d Ar = 2-naphthalene, X = -CONH-
38e Ar = 2-benzofuran, X = -CONH-
381 Ar = 2-indole, X = -CONH-

Ar,xH,SH
6

13Ar=Ph, X=-0-

14 Ar = Ph, X = -CONH-

23 Ar = 4-NMea-Ph, X = -CONH-
24 Ar = 2-naphthalene, X = -CONH-
25 Ar = 2-benzofuran, X = -CONH-
26 Ar = 2-indole, X = -CONH-

Scheme 3. Reagents and conditions: (a) Phenol, K;CO,, DMF, 80°C,
96%; (b) ArCOOH (37), EDCI, HOBt, DMF, rt, 61-96%; (c) CBty,
PPh;,, CH,Cl,, 6°C, 25-99%%; (d) AcSK, EtOH, 60°C, 47-99%; (e) ZN
aq NaOH, EtOH, THF, rt, 28-74%.

As seen in Table 1, the ICs; values of SAHA, o-am-
inoanilide 2, bromoacetamide 4, and semicarbazide 5
were (.28, 120, 14, and 150 pM, respectively (entries 1, 2,
4, and 5). Trifluoromethy! ketone 3 was reported pre-
viously to inhibit HDACs with an 1C;4 of 6.7 uM (entry
3. In our study, changing the hydroxamic acid of
SAHA to thiol yiclded fruitful results. A pronounced
inhibitory effect (ICs =0.21 pM) was observed with
thiol 6, which was about 30-700-fold more active than
the previously reported nonhydroxamates, and as po-
tent as SAHA (entry 6). To confirm that the thiol group
plays an important role in anti-HDAC activity, thioac-
etate 7, and sulfide 8 were tested. As expected, thiol
transformation into thioacetate and sulfide led to an

Table 1. HDAC inhibition data for SAHA and SAHA-based non-

hydroxamates®
H
N
e
O
Entry Compd n R 1Cs (uM)
1 SAHA® 6 -CONHOH 0.28
u  NH
YN
2 c
2 6 5 120
3 3 6 -COCF; 6.7
4 4 6 -NHCOCH;Br 14
5 5 5 -NHCONHNH, 150
6 6 6 -SH 0.21
7 7 6 -SAc 7.1
8 8 6 —SMe =100
9 o 6 ~-NHCH,CH,SH >100

* Values are means of at least three experiments.
bPrepared as described in Ref. 31.

“Prepared as described in Ref, 13.

9Data taken from the literature (Ref. 15).
®Prepared as described in Ref. 18.

! Trifluoroacetic acid salt.

Table 2. Effect of linker variation on HDAC inhibitory activity of

thiols®
i xthsn
Entry Compd X n 1Csp (M)
] 6 -NHCO- 6 0.21
2 10 -NHCO- 7 1.5
3 11 -NHCO- 5 0.37
4 12 -NHCO-- 4 6.2
5 13 -0- 6 1
6 14 -CONH- 6 0.36

®Values are means of at ieast three experiments,

inhibitor that was about 30-fold less potent and a
compound devoid of anti-HDAC activity, respectively
(entries 7 and 8). These results suggest that although the
inherent affinity of a monodentate thiol ZBG is less than
that of bidentate ZBGs such as hydroxamate and hy-
drated electrophilic ketone, its ease of ionization makes
thiol 6 as powerful as SAHA.? In order to find more
potent ZBGs, we examined the activity of aminoetha-
nethiol 9, which was expected to coordinate zincionina
bidentate fashion. Although aminoethanethiols have
been reported to inhibit zinc proteins,® this functional
group led to a loss of HDAC inhibitory activity (entry
9.

We next examined the effect of linker parts of thiol 6.
The results are shown in Table 2. HDAC inhibition was
distinctly dependent on chain length, with n =7 (10)
and n = 4 (12) resulting in less potent inhibitors. How-
ever, compound 11, in which »n = 5, proved to be equally
effective to 6, in which n = 6 (entries 1-4). The similar
structure-activity relationship (SAR) between thiols and
hydroxamates, with » = 6 optimal,®*® indicates that
thiols inhibit HDAC:S in a binding mode similar to that
of hydroxamates. As for the group attaching the phenyl
moiety, ether 13 displayed a moderate activity, whereas
the activity of the reversed amide 14 was maintained
(entries 5 and 6).

Having investigated the requirements for the ZBGs and
linker parts, we next turned our attention to aromatic
groups (Table 3). In the amide-linked series (entries 1—
9), 4-substituted phenyl compounds tended to reduce the
potency. Specifically, compounds 15 (Ar=4-NMe,-Ph),
16 (Ar=4-biphenyl), and 18 (Ar=4-PhO-Ph) showed
about a 3-10-fold decrease in potency when compared
to the parent thiol 6 {entries 2, 3, and 5). In contrast,
when a phenyl group was introduced at the 3-position of
the phenyl group of 6, the ICy of compound 17 was
improved and reached 0.075uM (entry 4). In addition,
3-phenoxy compound 19 was equipotent with com-
pound 6 (entry 6). Next, we investigated the effect of the
replacement of the phenyl group of compound 6 with
heteroaryl rings (entries 7-9). While pyridine 20 and
phenylthiazole 22 retained the potency of compound 6,
quinoline 21 was about 3-fold more active than com-
pound 6 (1Cs; =0.072uM). The reversed amide-linked
series (entries 11-14) exhibited potencies similar to or



3316 T. Suzuki et al. | Bivorg. Med, Chem, Lett. 14 {2004) 3313-3317

Table 3. Effect of aromatic group variation on HDAC inhibitory
activity of thiols®

A“x’('tsu
Entry Compd Ar X ICs (M)
1 6 -Ph -NHCO- 021
2 15 —@—Nmz -NHCO- 12
3 16 ——QPh -NHCO- 1.1
5 18 —@—OPh -NHCO- .62
6 19 b-oph -NHCO- 0.21
7 20 A 4 -NHCO- 0.1
N
8 21 P -NHCO-  0.072
N
9 2 N -NHCO- 0.17
— |
s
10 14 -Ph -CONH- 0.36
11 2 —Onmz —-CONH- 0.6}
12 2 -CONH-  0.085
13 25 _{/D _CONH-  0.07
0
14 26 4 -CONH- 0.1
N
H

“Values are means of at feast three experiments.

greater than the parent thiol 14, except for 23 (Ar=4-
NMe,-Ph), which resulted in a slightly less potent
inhibitor. In particular, the reversed amides 24 with a
naphthalene substituent and 25 with a benzofuran sub-
stituent showed stronger inhibition of HDACs with
ICss of 0.085 and 0.079 uM, respectively. As a result,
ICss in the double-digit nanomolar range were ob-
served with 3-biphenyl 17, quinoline 21, naphthalene 24,
and benzofuran 25, which were approximately 3-4-fold
more potent than SAHA.

In summary, in order to find novel nonhydroxamate
HDAC inhibitors, we designed and prepared a series of
thiol-based SAHA analogues, and evaluated their
mnhibitory effect on HDACs. Compound 6, in which the
hydroxamic acid of SAHA was replaced by a thio!, was
found to be as potent as SAHA. We have shown that the
potency is related to chain length, with n = 6 optimal,
and the amide and reversed amide were preferred as the
group attaching the phenyl moiety. The conversion of
the phenyl group of compound 6 to other aromatic
groups led to the identification of inhibitors more potent
than SAHA. The SAR results within the thiol series
indicate that thiols inhibit HDACs in a manner similar
to that of hydroxamates. As far as we could determine,
this is the first report of nonmacrocyclic thiol inhibitors
of HDAC:s. These small molecule thiols may be useful as
tools for biological research and as orally bioavailable
anticancer drugs. Currently, further detailed SAR
studies and the next stage of evaluations are under way.
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Abstract—Retinoids are natural and synthetic analogues of all-frans retinoic acid (ATRA). Cancer and other serious hyperpro-
liferative diseases are attractive therapeutic targets for retinoids. We report here the design and synthesis of novel cyclic urea
compounds with retinoidal activity. YR 105 exhibited potent differentiation-inducing ability toward human promyelocytic leukemia
HL-60 cells at the concentration of 10-° M: its potency was almost equal to that of the native ligand, all-frans retinoic acid.

© 2004 Elsevier Ltd. All rights reserved.

Retinoids, natural and synthetic analogues of all-rrans
retinoic acid (ATRA), have a variety of potent biologi-
cal activities, such as induction of cell differentiation,
proliferation, and apoptosis, as well as developmental
changes.! .

Retinoids also have potential chemotherapeutic and
chemopreventive applications in the fields of dermato-
logy and oncology.? Retinoic acid has a remarkable
remedial effect on acute promyelocytic leukemia (APL).?
Further, the inhibitory effect of retinoids on 1L-6 pro-
duction suggests their possible usefulness in various IL-6
associated diseases, including psoriasis and rheumatoid
arthritis.*

It has been shown that the biological effects of retinoids
are mediated by the activation of retinoic acid receptors
{RARs), which are ligand-dependent gene transcription
factors. There are three distinct receptor subtypes
(RARu, B, ¥), which possess considerable homology in
their ligand binding domains.*

We report here the design and synthesis of novel cyclic
urea compounds, which have retinoidal activity.

Keywords: Cyclic urea; Retinoid; Cell differentiation; Drug design.
* Corresponding author. Tel.: +81-3-3700-1141; fax: +81-3-3707-6950;
e-mail: masaaki@nihs.go.jp

0960-894X/$ - see front matter © 2004 Elsevier Lid. All rights reserved.

doi:10.1016/).bmcel 2004.06.038

In earlier studies, 2 number of synthetic retinoid ana-
logues were prepared, and a few of them showed
potential biclogical effects several times higher than all
natural retinoids (Fig. 1).* Some were selected as
promising lead compounds for retinoidal activity. All
the compounds consisted of two parts: a lipophilic
portion fused with a hydrophilic benzoic acid moiety via
amide or alkene or keto linkage. The biological activity
depended on the linker type as well as the presence or
absence of lipophilic moieties. Considering these aspects
we selected the lipophilic moicties and the amido or
alkene was changed to a urea linker, which may actas a
suitable ligand for retinoid receptors. however Ur80,’

COOH
H
Sy~ A COCH N‘“ﬁj/
| o

Retinoic Acid {ATRA) AmMS0
COOH
\/Si/ H Y@ i COOH
Q o] e O
—Gi— o}
[
AmS5555 Chs5

Figure 1. Structures of typical retinoid agonists.
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Figure 2. Conformations of methylated Ur80.

which has a urea linker, exhibited low bioactivity.
Introduction of substitutes to vrea nitrogen would cause
flipping of stereochemistry to form Ur90 and Url00 like
Am80® (Fig. 2). Because of fix of conformation and
lipophilicity, we chose a cyclic urea structure as the
linker {Fig. 3).

A very simple method was developed to synthesize all
destred cyclic urea derivatives. The synthesis of urea
derivatives (Sa~h) was accomplished via the following
reaction sequences (Scheme 1). A number of different
aromatic amines (la—d) were utilized as the starting
materials for the preparation of the desired cyclic urea
compounds,

Various primary aromatic amines (1a—d) alkylated with
1,2-dibromocthane or 1,3-dibromopropane in acetoni-
trile resulted in formation of the respective secondary
amines (2a-h). The synthesized secondary aromatic

hydrophobic interaction
(Ke-275, Phe-304)

———
Ao
R
[V o S g——
hydrohobic interaction hydrogen bond

(Trp-227, Phe-230, Leu-268,
Phe-304, Leu-307, Ala-397,
fe-412, Leu-416)

Ol Omeeon. O oo
o

n=1: 5a {YR101}
n=2: 5b (YR102)

(Arg-278, Ser-289)

n=1: 5¢ (YR103)
=2: 5d (YR104)

n In
G LLAF e
o]

n=1: 5e (YR105)
n=2: 5f (YR106)

n=1: 5g (YR107)
n=2: 5h {YR108)

Figure 3. Design of cyclic urea compounds.

(@) 7\
R/_®—NH2 — A NH Br

1ad 2a-h

__(bl.. R@—%-ﬁi{-@—cooa
. 3ah
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Sa-h
tBu
NHz
tBu
1a 1 1c 1d

Scheme 1. Reagents and conditions: (a) 1,2-dibromoethane or 1,3-
dibromopropane, CH;CN, 50-70°C, 72h, 25-60%; (b) ethy! 4-iso-
cyanatobenzoate, benzene, 60-70°C, 48 h, 60-80%0; (c) NaH, THF, rt,
3h, 75-97%; (d) 5% NaOH, McOH-H,;0 (7:3), 60°C, 1 h, 90-96%.

amines were allowed to react with ethyl 4-iso-
cyanobenzoate in anhydrous benzene to form urea
derivatives (3a-h). The intramolecular cyclization of the
urea derivatives was performed utilizing sodium hydride
as the base to obtain cyclic urea derivatives {(4a-h). Fi-
nally, the ethyl ester of cyclic urea derivatives was con-
verted to free acid form (5a—h) under basic conditions.

The biological activities of compounds Sa-h were eval-
uated in terms of induction of differentiation of HL-60
cells into mature granulocytes, The results are surnma-
rized in Table 1. YR105 (5e) exhibited potent differen-
tiation-inducing activity toward HL-60 cells, with an
ECs value of 8.3x107? M. The activity of YR105 was
one order weaker than that of retinobenzoic acid Am80,
and comparable to that of all-trans retinoic acid. YR106

Table 1. HL-60 diflerentiation-inducing activity of cyclic urea com-
pounds (Sa-h)

Compound Activity (EDg) (M)
Sa (YRI101) Inactive
5b (YR102} Inactive
Sc (YR103) Inactive
5d (YR104) Inactive
Se (YR105) 8.3x10"°
5f (YR106) 4.9x 1077
5S¢ (YR107) 12x10°7
5h (YR108) Inactive
Retinoic acid 24x107%
AmB0 79x10-1°
Urs0 >10-¢

Inactive means there was no activity at 10°* M, and >10-% M means
there was slight activity at 10~ M.



