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Selective inhibitors of Jumonji domain-containing protein (JMJD) histone demethylases are candidate
anticancer agents as well as potential tools for elucidating the biological functions of JMJDs. On the basis of
the crystal structure of IMJD2A and a homology model of IMJD2C, we designed and prepared a series of
hydroxamate analogues bearing a tertiary amine. Enzyme assays using JMJD2C, JMJD2A, and prolyl
hydroxylases revealed that hydroxamate analogue 8 is a potent and selective JMJD2 inhibitor, showing
500-fold greater IMJD2C-inhibitory activity and more than 9100-fold greater IMJD2C-selectivity compared
with the lead compound N-oxalylglycine 2. Compounds 17 and 18, prodrugs of compound 8, each showed
synergistic growth inhibition of cancer cells in combination with an inhibitor of lysine-specific demethylase
1 (LSD1). These findings suggest that combination treatment with JMJD?2 inhibitors and LSD1 inhibitors
may represent a novel strategy for anticancer chemotherapy.

Introduction

Reversible methylation of histone lysine residues, which is
tightly controlled by histone methyltransferases and histone
demethylases, is responsible for the regulation of epigenetic
gene expression.! To date, two classes of histone lysine
demethylases have been identified. One class includes lysine-
specific demethylase 1 (LSD1“) and LSD2, which are flavin-
dependent amine oxidase domain-containing enzymes.> The
other class comprises the recently discovered Jumonji do-
main-containing protein (JMJD) histone demethylases.'**
JMIJDs have been reported to remove the methyl groups from
methylated lysines of histone H3 through Fe(II)/o-ketogluta-
rate-dependent enzymatic oxidation.'®*

While there is only limited information about the biological
functions of JMJDs, it has been reported that JIMJDs are asso-
ciated with cancer.'® For example, overexpression of JMJD2C,
a member of the JMJD histone demethylase family, increases
the expression of Mdm?2 oncogene in a manner dependent on
JMID2C’s demethylase activity, leading to a decrease of p53
tumor suppressor gene product in the cells.” Furthermore, the
outcome of RNAi-mediated knockdown of JIMID2C suggested
that this enzyme is associated with cell growth of esopha-
geal squamous cancer,® prostate cancer,® and breast cancer.’

*To whom correspondence should be addressed. Phone and fax: +81-
52-836-3407. E-mail: suzuki@phar.nagoya-cu.ac.jp (T.S.); mizukami@
nagahama-i-bio.ac.jp (T.M.); miyata-n@phar.nagoya-cu.ac.jp (N.M.).

“Abbreviations: JMJD, Jumonji domain-containing protein; LSD,
lysine-specific demethylase; PCA, pyridinedicarboxylic acid; NOG, N-
oxalylglycine; PHD, prolyl hydroxylase domain-containing protein;
HIF, hypoxia-inducible factor; DMPCA, dimethylester prodrug of
PCA; FDH, formaldehyde dehydrogenase.
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Therefore, selective inhibitors of JMJDs, including JMJID2C,
are potential tools to study the functions of these enzymes and
are also candidate anticancer agents having few side effects.

Several types of JMJID inhibitors have been identified so far.
Succinic acid has been suggested to inhibit IMID2D by product
inhibition.® 2,4-Pyridinedicarboxylic acid (PCA, 1) (Chart 1),
which inhibits other Fe(Il)/o-ketoglutarate-dependent oxyge-
nases, was also reported to be a potent inhibitor of JIMJD2A and
2E’ but has not been tested in a cellular assay. N-Oxalylglycine
(NOG, 2), the amide analogue of a-ketoglutarate, and its deriva-
tives have been reported to inhibit JIMJD2 proteins in vitro.*!*!!
In particular, N-oxalyl-p-tyrosine derivative 3 showed selective
inhibition of JIMJD2 over prolyl hydroxylase domain-contain-
ing protein 2 (PHD2), another Fe(Il)/a-ketoglutarate-depen-
dent enzyme that hydroxylates hypoxia-inducible factor (HIF),
although again, a cellular assay was not employed.'! In addition,
a disulfiram analogue has been shown to inhibit JMJD2A by
removing a Zn ion from the Zn-binding site.'> To our knowl-
edge, there has been no report describing cell-active JIMID-selec-
tive inhibitors. Therefore, we initiated a search for novel JIMJD
inhibitors, with the goal of drug discovery, as well as finding new
tools for biological research. In the present report, we describe
the design, synthesis, enzyme-inhibitory activity, and cellular
activity of a novel series of JMJD?2 inhibitors.

Chemistry

The routes used for the synthesis of compounds 4—18, which
were prepared for this study, are shown in Schemes 1—7.
Scheme 1 shows the preparation of acetohydroxamate 4.
Michael addition of O-benzylhydroxylamine to terz-butyl acry-
late 19 afforded amine 20. Amine 20 was treated with acetyl
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chloride to yield O-benzylacetohydroxamate 21. The benzyl
group of compound 21 was removed by hydrogenation to give
hydroxamate 22. Removal of the zerz-butyl group of 22 using
TFA afforded the desired compound 4.

The routes for the synthesis of compounds 5—11 are
illustrated in Scheme 2. Condensation of amine 20 with an
appropriate acid chloride gave amides 23—29. Bromides
23—29 were reacted with dimethylamine to give ferz-amines
30—36. Removal of the benzyl group of compounds 30—36
afforded hydroxamates 37—43. Treatment of zerz-butyl esters
37—43 with hydrochloric acid yielded compounds 5—11.

The preparation of alkyl compound 12 is shown in
Scheme 3. Acid chloride of 44 was reacted with amine 20 to
give corresponding amide 45. Deprotection of the benzyl
group of 45 by hydrogenation and subsequent removal of
the tert-butyl group of 46 afforded compound 12.

Scheme 4 shows the preparation of retro-hydroxamate 13.
Carboxylic acid 47 was treated with O-benzylhydroxylamine
in the presence of EDCI and HOBt to give amide 48. Treat-
ment of amide 48 with 1,8-dibromooctane in the presence of
sodium hydride yielded the N-alkylated compound 49. Com-
pound 13 was prepared from bromide 49 by using the
procedure described for the synthesis of 5—11.

Scheme 5 illustrates the synthesis of compound 14. Reac-
tion of compound 26 with n-butylmethylamine gave com-
pound 52. Compound 52 was converted to compound 14
using the procedure described for the synthesis of 5—11.

Chart 1. JMJD Inhibitors
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The synthesis of compounds 15 and 16 is outlined in
Scheme 6. Compound 26 was reacted with benzylmethyla-
mine to yield compound 54. Catalytic reduction of O-benzyl
compound 54 gave a mixture of N-benzyl compound 55 and
N-debenzylated compound 56. Treatment of the mixture of 55
and 56 with hydrochloric acid, followed by preparative HPLC
separation, gave compounds 15 and 16.

Scheme 7 shows the synthesis of compounds 17 and 18.
Michael addition of O-benzylhydroxylamine to methyl acry-
late 57 afforded amine 58. Amine 58 was treated with 9-bro-
mononanoyl chloride to yield compound 59. Compound 59
was reacted with dimethylamine to give 60. Removal of the
benzyl group of compound 60 gave compound 17. O-Acetyla-
tion of compound 17 afforded compound 18.
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Results and Discussion

Enzyme Assays. In 2007, Ng et al. reported the X-ray
crystal structure of JIMJD2A complexed with NOG (2) and
histone trimethylated lysine peptide (PDB ID 20Q6)."* The
oxalyl group of NOG (2) interacts with Fe(II), and the other
carboxyl group forms a hydrogen bond with Tyr 132 in the
active center of the enzyme. In addition, the trimethylamino
group of histone trimethylated lysine peptide is surrounded by
Gly 170, Tyr 177, Glu 190, and Ser 288. The distances between
the oxygens of the amino acid residues and the methyl groups of
the histone trimethylated lysine peptide are less than 3.7 A, being
consistent with CH- - -O hydrogen bonding. Because a CH
group adjacent to an ammonium cation was calculated to form
a stable hydrogen bond with amide oxygen, even in water,'* it is
assumed that JMJDs, including JIMJD2, recognize the methy-
lated lysine substrate via CH- - - O hydrogen bonds.

On the basis of this structure, we designed and prepared
potential inhibitors of JMJD?2, which has been reported to be
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implicated in cancer cell growth, and tested them in two in
vitro assay (Table 1 and Supporting Information Figure S1).4~7
In in vitro JMJD2C assay, PCA (1) and NOG (2) inhibited
JMID2C, with ICs, values of 9.4 and 500 uM, respectively. PCA
(1) and NOG (2) also inhibited JMJID2A with low ICs, values
(4.2 and 250 uM, respectively) as compared with JMJD2C.
Initially, we designed compound 4 in which the oxalyl moiety of
a-ketoglutarate is replaced with hydroxamate, a powerful metal
ion chelator. As expected, a pronounced JMJD2-inhibitory
effect (ICsp = 34 uM for IMID2C; 14 uM for IMJD2A) was
observed with hydroxamate 4, which was more than 10 times
more active than NOG (2) and approximately 4-fold less potent
than PCA (1).

Encouraged by this finding, we next designed compounds
5—11, in which compound 4 is connected with a dimethylamino
group through a linker. The homology model of JMJD2C,
which was developed based on the crystal structure of IMJID2A,
also suggested that the CH groups of the methylated lysine
substrate form CH- - - O hydrogen bonds with the amino acid
residues of JIMID2C (Figure 1). We therefore anticipated that
the methyl groups of the protonated dimethylamino moiety
would form CH- - - O hydrogen bonds with the carbonyl of Gly
172, the hydroxyl group of Tyr 179, the carboxylate of Glu 192,
and the hydroxyl group of Ser 290 in the active site of JMIJD2C,
which might lead to potent inhibition of JMJD2C. Further-
more, compounds 5—11 were expected to inhibit IMJD2 more
selectively over PHDs than compounds 1, 2, and 4, because the
X-ray crystal structure of PHD2 complexed with NOG (2) and
HIF1o (PDB ID 3HQR) has shown that there are hydrophobic
(Val 241, Trp 258, and Trp 359) and positively charged amino
acid residues (Arg 252 and Arg 322) around the active site
(Supporting Information Figure S2),'® which would repulsively
interact with the positively charged protonated dimethylamino
group of compounds 5—11. Compounds 5—11, with various
linker lengths, were synthesized, and their inhibitory activities
toward JMJD?2 were evaluated. As shown in Table 1, most of
the dimethylamine-linked series exhibited potencies greater than
those of the parent compound 4. In particular, compounds 7—9,
with seven to nine methylene chains, showed 1Cs, values in the
low micromolar range against JMJD2C (1.0—1.6 uM). To
examine the importance of the amino group of this series of
compounds, we prepared compound 12, in which the nitrogen
of compound 5 is replaced with a carbon, and evaluated its
JMID2-inhibitory activity. As a result, compound 12 was much
less potent than the parent compound 5. The reason for the
weak activity of compound 12 is unclear, but it is assumable that
it is due to the loss of CH- - -O hydrogen bonds between the
inhibitor and the protein.

Having investigated the requirements for linker length, we
next converted the hydroxamate of 8 to the retro-hydroxa-
mate (compound 13) for further structural optimization.
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Table 1. In Vitro IMJD2C-, JIMJD2A-, PHDI-, and PHD2-Inhibitory Activities of PCA (1), NOG (2), and Compounds 4—16

ICso (UM)
compound structure
JMJID2C JMID2A PHDI PHD2
(o] o
1 HO™ N Y o 9.4 4.2 1.5 6.1
N .~
[e] H o]
2 o™y ™~Hoon 500 250 2.1 5.6
o
Me (o]
4 P~ 34 14 >100 >100
OH
MezNﬁl5 o ,
5 P~ Aon 10 17 ND ND
OH
Me,N )6 o
6 Ao~y 2.7 8.7 ND ND
OH
M92N327 o
7 A~y 1.5 6.0 >100 >100
OH
Me,N )s o
8 o N/\)J\OH 1.0 3.0 >100 >100
OH
MezNEZQ o
9 P~ 1.6 5.5 >100 >100
o
Me,N )10 °
10 A~ 5.2 11 ND ND
b
MezNﬁz11 o
11 P on 8.8 22 ND ND
OH
Me
Me ) 0]
12 )(;LSN/\)LOH 74 120 ND ND
OH
13 s g 2.0 8.1 >100 >100
HO’NNOH ’ '
(0]
l\l/le
14 neuw " )a/\j\ 1.5 32 >100 >100
O ry OH
Me OH
N
15 B )y O 13 2.0 ND ND
~A
0”7 °N OH
o O
Me/Nig o
16 A~ 1.7 44 ND ND
OH

“Values are means of at least two experiments. ND = No data.

However, this change decreased the JMJD2-inhibitory ac-
tivity by 2-fold as compared with the parent compound 8.

We next turned our attention to replacement of the dimethy-
lamino group of compound 8. The conversion of the dimethy-
lamino group of 8 to other alkylamino groups (compounds
14—16) slightly reduced or sustained the JMJD2-inhibitory
activity.

As for the selectivity between JMJD2C and JMID2A,
while PCA (1) and NOG (2) inhibited JMJD2A rather than
IMID2C (JMJID2A 1C5,/IMJID2C ICs, for PCA (1) = 0.45;
IMID2A 1C50/IMID2C ICs, for NOG (1) = 0.50), com-
pounds 4—16 inhibited IMJD2C in preference to IMJD2A
(IMID2A IC50/IMID2CICso = 1.5—4.1). In particular, the

JMID2C selectivity of compounds 7 and 13 is about 10 times
higher than that of PCA (1) and NOG (2).

A selected set of compounds found to be active in the
JMJD?2 inhibition assay was further evaluated for PHDI-
and PHD?2-inhibitory activity (Table 1). Unexpectedly, while
PCA (1) and NOG (2) inhibited both PHD1 and PHD2 with
1Csps in the micromolar range (ICsq of 1.5—6.1 uM), com-
pound 4 did not inhibit either prolyl hydroxylase PHD1 or
PHD2, which are other Fe(Il)/a-ketoglutarate-dependent en-
zymes (ICsy > 100 uM), showing high selectivity for JMJID2
over PHD1 and PHD2. Furthermore, derivatives of compound
4 (compounds 7—9, 13, and 14) displayed high selectivity
for IMJID2 over PHDI1 and PHD2 (PHD ICsys > 100 uM).
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Figure 1. View of the active site of the JMID2C homology model.

Figure 2. View of the conformation of compound 4 (ball-and-stick)
docked in the JMJID2C active site.

Thus, compound 8 was the most potent and selective JIMJD2
inhibitor in these enzyme assays.

Molecular Modeling. To explore the origin of the JIMJD?2
selectivity of compound 4 over PHDs, we initially performed
a binding mode study of compound 4 with a homology
model of JMJD2C. The low-energy conformation of 4
docked in a model based on the homology model of IMJD2C
was calculated using Macromodel 8.1 software. Inspection
of the simulated JMJD2C/compound 4 complex showed that
the hydroxamate group of compound 4 coordinates to the
Fe(IT) bidentately, and the other carboxyl group forms a
hydrogen bond with Tyr 134 in the active center of IMJD2C
(Figure 2). In addition, the methyl group of compound 4 is
located in the region delineated by Tyr 179, Asn 200, and Ser
290, where there appears to be no interaction between the
methyl group and the amino acid residues. Compound 4 was
calculated to bind JMJD2A in a binding mode similar to
JMIJD2A (Supporting Information Figure S3). On the other
hand, compound 4 could not be docked in the active site of
PHD?2 because of a steric clash between the methyl group of 4
and Met 299 of PHD?2. These results suggest that the methyl
group attached to the carbonyl of the hydroxamate is
important for the selectivity for JMJD2 over PHDs.

Next, we studied the binding mode of compound 8 in the
active site of IMJD2C (Figure 3). As in the case of compound
4, it appears that the hydroxamate group of compound 8
chelates Fe(II) in a bidentate fashion, and a hydrogen bond is

8. ~ Tyr 179
e - yr
A
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formed between the other carboxyl group and Tyr 134. In
addition, the protonated dimethyl group lies in the hydrophilic
region delineated by Asp 137, Gly 172, and Tyr 179, where the
CH groups can interact with the amino acid residues via
CH- - - O hydrogen bonds in addition to cation—dipole inter-
actions. There also appears to be a hydrophobic interaction
between the methylene groups of 8 and Val 173. The observed
interactions between 8 and JMJID2C suggest the importance in
potency of the tertiary amino group and the linker length of the
inhibitor for the interaction.

Cellular Assays. To explore the potential of IMJID?2 in-
hibitors as anticancer drugs, we tested compound 8, the most
selective and active compound in this series, by means of cancer
cell growth inhibition assay using human prostate cancer
LNCaP cells, which express JMJD2C.° In addition to com-
pound 8, compounds 17 and 18 (Scheme 6), prodrugs of com-
pound 8, and a dimethylester prodrug of PCA (1) (DMPCA, 61)
(Chart 2) were used for the cellular study because these com-
pounds were expected to permeate the cell membrane more
efficiently than the parent compound and to be converted to 8 or
PCA (1) by enzymatic hydrolysis within the cell.'® However,
compounds 8, 17, 18, and DMPCA (61) were found to be
inactive at concentrations up to 100 4uM. On the basis of the
report that JMJD2C demethylates trimethylated Lys 9 of
histone H3 cooperatively with LSD1 and is involved in the
regulation of gene expression,® we next evaluated whether our
JMIJD?2 inhibitor could act synergistically with NCL-2 (62)
(Chart 2), an LSDI-selective inhibitor discovered by us,'” in
growth inhibition assay using LNCaP cells. Because NCL-2 (62)
exerts a cancer cell growth-inhibitory effect by inhibiting
LSD1,"” we considered that the combination of our JMJD2
inhibitor and NCL-2 (62) might cause a synergistic inhibition of
cancer cell growth. As shown in Figure 4, 30 uM 8, 17, 18, or
DMPCA (61) did not show any activity as a single agent, while
treatment with NCL-2 (62) reduced the cell growth with a Gl
value of 36 uM. As we had hoped, a combination of 30 uM
prodrug 17 or 18, or DMPCA (61), with NCL-2 (62) reduced
the cell growth, as compared with NCL-2 (62) alone. Com-
pounds 17 and 18 were more effective than DMPCA (61). Fur-
ther, we examined the effects on other cancer cell lines. Cur-
iously, compound 17 or 18 did not affect esophageal cancer
KYSE150 cells (Supporting Information Figure S4), whereas
the combination of NCL-2 (62) and compound 17 or 18
displayed synergistic cell growth inhibition of prostate cancer
PC3 cells and colon cancer HCT116 cells, as in the case of
LNCaP cells (Supporting Information Figures S5 and S6).
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Figure 3. View of the conformation of compound 8 (ball-and-stick) docked in the JMJD2C catalytic core.
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Chart 2. Structures of DMPCA (61) and NCL-2 (62)

Ph
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HN" Y0
MeO Xy~ “oMe %
No_~ Bn” (0]
61 62

Therefore, cytotoxicity of JMJD?2 inhibitors appears to be cell
type-specific. These results indicate that a JMJD?2 acts coopera-
tively with LSD1 in the expression of genes related to cell growth
in LNCaP cells, PC3 cells, and HCT116 cells and is involved in
the growth of the cancer cells. The use of JIMJD2 inhibitors in
combination with LSD1 inhibitors may have clinical potential
for anticancer chemotherapy.

Conclusion

We have designed and synthesized novel IMJD?2 inhibitors
based on the crystal structure of JMJD2A and a homology
model of JMJD2C complexed with NOG (2) and histone
trimethylated lysine peptide. Compound 8 showed potent and
selective JMJD?2 inhibition in enzyme assays, showing 500-
fold greater JIMJD2C-inhibitory activity and more than 9100-
fold greater JMJD2C-selectivity over PHDs, as compared

with the lead compound NOG (2). Preliminary SAR study
and molecular modeling suggested that the methyl or methy-
lene group next to the carbonyl of the hydroxamate is crucial
for the JIMJD?2 selectivity, and the tertiary amino group and
linker length are important for potent inhibition of JMID2. In
biological experiments, the combination of compound 17 or
18 (prodrugs of 8) and the LSD1 inhibitor NCL-2 (62) syner-
gistically inhibited cancer cell growth. These results suggest
that JMJD2 inhibitors may be effective as antiprostate cancer
and anticolon cancer drugs when used in combination with
LSD1 inhibitors. As far as we could determine, this is the first
report to describe a cell-active JMJD-selective inhibitor. We
believe this work should lead to the development of new tools
for probing the biology of specific IMJD isoforms and may
provide a new strategy for cancer treatment.

Experimental Section

Chemistry. Melting points were determined using a Yanagimoto
micro melting point apparatus or a Biichi 545 melting point
apparatus and were left uncorrected. Proton nuclear magnetic
resonance spectra (‘'H NMR) and carbon nuclear magnetic
resonance spectra (°C NMR) were recorded on JEOL
JNM-LAS500, JEOL JNM-A500, or BRUKER AVANCEG600
spectrometers in the indicated solvent. Chemical shifts (0) are
reported in parts per million relative to the internal standard
tetramethylsilane. Elemental analysis was performed with a
Yanaco CHN CORDER NT-5 analyzer, and all values were
within +£0.4% of the calculated values and these statement
confirming >95% purity. High-resolution mass spectra
(HRMS) and fast atom bombardment (FAB) mass spectra
were recorded on a JEOL JMS-SX102A mass spectrometer. Purity
testing was done by means of analytical HPLC on a Shimadzu
instrument equipped with an Inertsil ODS-3 column (4.6 mm X
150 mm, GL Science) eluted at 1 mL/min with Milli-Q water and
CH;CN. All tested compounds were >95% pure. Preparative
HPLC was performed with a Jasco instrument equipped with an
Inertsil ODS-3 column (20 mm x 250 mm, GL Science) eluted at 10
mL/min with Milli-Q water and CH3CN. The absorbance of the
tested compounds was measured at 213 nm. Gradient conditions of
HPLC were as follows (A, CH;CN containing 0.1% TFA; B,: Milli-
Q water); gradient (I), A 0% (0 to 2 min), A 0% to A 20% (2 to 20
min), A 20% (20 to 30 min), A 20% to A 0% (30 to 35 min), and A
0% (35 to 40 min); gradient (II), A 2% (0 to 2 min), A 2% to A 50%
(2to 20 min), A 50% (20 to 30 min), A 50% to A 2% (30 to 35 min),
and A 2% (35 to 40 min). Reagents and solvents were purchased
from Aldrich, Tokyo Kasei Kogyo, Wako Pure Chemical
Industries, and Kanto Kagaku and used without purification.
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Flash column chromatography was performed using silica gel 60
(particle size 0.046—0.063 mm) supplied by Merck.

3-[Acetyl(hydroxy)amino]propanoic Acid (4). Step 1: Prepara-
tion of tert-Butyl 3-(benzyloxyamino)propanoate (20). A solution
of 19 (8.16 g, 63.2 mmol), benzylhydroxylamine hydrochloride
(2.37 g, 14.8 mmol), and EtzN (4 mL) in dioxane (30 mL) was
stirred at reflux temperature for 32 h. The reaction mixture was
poured into water and extracted with AcOEt. The organic layer was
washed with brine and dried over Na,SO,. Filtration, concentration
in vacuo, and purification by silica gel flash column chromatogra-
phy (AcOEt/n-hexane=1/10) gave 1.63 g (44%) of 20 as a yellow oil.
"HNMR (CDCls, 500 MHz, 6, ppm) 7.35 (5H, m), 5.82 (1H, broad
s),4.70 (2H, s), 3.17 (2H, t, /=6.4 Hz),2.49 2H, t, J=6.4 Hz), 1.44
(9H, s).

Step 2: Preparation of tert-Butyl 3-[acetyl(benzyloxy)amino]-
propanoate (21). To a solution of 20 (1.24 g, 4.93 mmol) obtained
above, Et;N (1 mL, 7.18 mmol), and a catalytic amount of DMAP
in 25 mL of CH,Cl, was added dropwise a solution of acetyl
chloride (1.41 g, 18.0 mmol) in 5 mL of CH,Cl,. After 15 min, the
reaction mixture was poured into water and extracted with AcOEt.
The organic layer was washed with brine and dried over Na,SOy,.
Filtration, concentration in vacuo, and purification by silica
gel flash column chromatography (AcOEt/n-hexane = 1/4) gave
1.30 2(90%) of 21 as a colorless oil. "HNMR (CDCl, 500 MHz, 3,
ppm) 7.38 (5SH, m), 4.83 (2H, s), 3.92 (2H, t,J = 6.7 Hz), 2.54 (2H,
t,J = 7.3 Hz), 2.07 (3H, s), 1.42 (9H, s).

Step 3: Preparation of zert-Butyl 3-[acetyl(hydroxy)amino]-
propanoate (22). To a solution of 21 (726 mg, 2.47 mmol)
obtained above in 3 mL of AcOEt was added 354 mg of 5%
Pd/C. The mixture was stirred under H, at room temperature for
4 h, then filtered though Celite. The filtrate was concentrated in
vacuo and purified by silica gel flash column chromatography
(AcOEt/n-hexane = 1/1) to give 402 mg (80%) of 22 as a colorless
oil. '"H NMR (CDCls, 500 MHz, 6, ppm) 3.87 (2H, m), 2.65 (2H, t,
J = 6.1 Hz), 2.18 and 2.15 (3H, each s), 1.46 (9H, s).

Step 4: Preparation of 3-[Acetyl(hydroxy)amino]|propanoic
acid (4). To a solution of 22 (109 mg, 0.536 mmol) obtained
above in 3 mL of CH,Cl, was added TFA (0.5 mL, 7.91 mmol),
and the mixture was stirred at room temperature for 5 h.
Concentration in vacuo and purification by silica gel flash
column chromatography (AcOEt only) gave 60 mg (76%) of 4
as a colorless oil. '"H NMR (DMSO-ds, 500 MHz, 6,; ppm) 9.78
(1H, broad s), 4.10 2H, t,J = 5.2 Hz),2.45(2H,t,J = 7.0 Hz),
1.96 (3H, s). '>*C NMR (CD;OD, 150 MHz, 8, ppm) 175.2,
173.8,45.0,32.4,20.2. MS (FAB) m/z 148 (MH"). HRMS calcd
for CsH9NOy, 148.0613; found, 148.0610. HPLC rg = 13.08
min (gradient (I), purity 96.8%).

3-{[6-(Dimethylamino)hexanoyl](hydroxy)amino}propanoic
Acid Hydrochloride (5-HCI). Step 1: Preparation of terz-Butyl
3-[(benzyloxy)(6-bromohexanoyl)amino]propanoate (23). To a
solution of 20 (140 mg, 0.557 mmol), Et;N (1 mL, 7.18 mmol),
and a catalytic amount of DMAP in 10 mL of CH,Cl, was added
dropwise a solution of 6-bromohexanoyl chloride (391 mg, 1.84
mmol) in 5 mL of CH,Cl,. After 30 min, the reaction mixture was
poured into water and extracted with AcOEt. The organic layer was
washed with brine and dried over Na,SO,. Filtration, concentra-
tion in vacuo, and purification by silica gel flash column chroma-
tography (AcOEt/n-hexane = 1/3) gave 114 mg (47%) of 23 as a
yellow oil. "H NMR (CDCls, 500 MHz, 8, ppm) 7.38 (5H, m), 4.82
(2H,s),3.92 (2H, t,J=7.0 Hz), 3.39 (2H, t, J=7.6 Hz), 2.53 (2H, t,
J=7.6Hz),2.35(2H, t, J="7.3 Hz), 1.84 (2H, quintet, J=7.3 Hz),
1.59 (2H, quintet, /=7.9 Hz), 1.42 (11H, m).

Step 2: Preparation of zert-Butyl 3-{(Benzyloxy)[6-(dimethyl-
amino)hexanoyl]amino } propanoate (30). A solution of 23 (1.09 g,
2.37 mmol) obtained above, 50% aqueous solution of dimethy-
lamine (1.10 g, 8.16 mmol), and EtzN (1 mL, 7.18 mmol) in
dioxane (20 mL) was stirred at reflux temperature for 9 h. The
reaction mixture was poured into water and extracted with
AcOEt. The organic layer was washed with brine and dried over
Na,SO,. Filtration, concentration in vacuo, and purification by
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silica gel flash column chromatography (CHCI;/MeOH = 10/1)
gave 492 mg (49%) of 30 as a yellow oil. '"H NMR (CDCls, 500
MHz, 6, ppm) 7.47 (5H, m), 4.82 (2H, s), 3.91 (2H, t, J = 6.7 Hz),
2.52(3H,t,J = 7.0Hz),2.36 2H, t, J = 7.6 Hz), 2.32 (6H, broad
s), 1.59 (2H, quintet, J = 7.6 Hz), 1.54 (2H, m), 1.47 (2H, quintet,
J = 7.0 Hz), 1.42 (9H, s), 1.30 (2H, quintet, J = 7.3 Hz).

Steps 3 and 4: Preparation of 3-{[6-(Dimethylamino)hexa-
noyl](hydroxy)amino}propanoic Acid Hydrochloride (5-HCI).
Compound 5-HCI was prepared from 30 obtained above using
the procedure described for 4 (steps 3 and 4) in 42% yield as a
colorless amorphous solid. '"H NMR (DMSO-dg, 500 MHz, 6,
ppm) 9.74 (1H, broad s),9.52 (1H,m), 3.71 (2H, t,J = 7.3 Hz), 3.00
(2H, m), 2.74 (6H, d, J = 49 Hz), 2.45 2H, t, J = 7.3 Hz), 2.35
(2H, t, J = 7.3 Hz), 1.60 (2H, quintet, J = 7.3 Hz), 1.51 (2H,
quintet, J = 7.6 Hz), 1.28 (2H, quintet, J = 8.2 Hz). >°C NMR
(CD;0D, 125 MHz, ¢, ppm) 175.79, 175.10, 58.85, 45.20, 43.42,
32.71, 32.47, 26.91, 25.32, 24.96. MS (FAB) m/z 247 (MH" —
HCI). HRMS caled for C;;H»;3N>O4, 247.1660; found, 247.1658.
HPLC g = 12.90 min (gradient (I), purity 95.2%).

3-{[7-(Dimethylamino)heptanoyl](hydroxy)amino } propanoic
Acid Hydrochloride (6-HCI). Step 1: Preparation of terz-Butyl
3-[(Benzyloxy)(7-bromoheptanoyl)amino|propanoate (24). To a
solution of 7-bromoheptanoic acid (3.15 g, 15.1 mmol) and
oxalyl chloride (8.12 g, 64.5 mmol) in 30 mL of CH,Cl, was
added a catalytic amount of DMF. The mixture was stirred at
room temperature for 2 h. Removal of the solvent in vacuo gave
7-bromoheptanoic acid chloride as a colorless oil.

To asolution 0f 20 (2.90 g, 11.5 mmol), Et;N (3 mL, 21.5 mmol),
and a catalytic amount of DMAP in 50 mL of CH,Cl, was added
dropwise a solution of 7-bromoheptanoic acid chloride obtained
above in 10 mL of CH,Cl,. After 15 min, the reaction mixture was
poured into water and extracted with AcOEt. The organic layer was
washed with brine and dried over Na,SO,. Filtration, concentra-
tion in vacuo, and purification by silica gel flash column chro-
matography (AcOEt/n-hexane = 1/5) gave 3.02 g(59%) of 24 as a
yellow oil. "H NMR (CDCls, 500 MHz, 8, ppm) 7.38 (5H, m), 4.82
(2H, s), 3.92 (2H, m), 2.53 (2H, t, J=7.0 Hz), 2.35 2H, t, J=7.6
Hz), 1.84 (3H,t,/=7.3Hz), 1.58 (3H, t,J=7.9 Hz), 1.42 (11H, m),
1.30 (2H, quintet, J = 7.6 Hz).

Steps 2, 3, and 4: Preparation of 3-{[7-(Dimethylamino)hep-
tanoyl|(hydroxy)amino } propanoic Acid Hydrochloride (6-HCI).
Compound 6-HCI was prepared from 24 obtained above using
the procedure described for 5 (step 2) and 4 (steps 3 and 4) in
19% yield as a colorless amorphous solid. "H NMR (DMSO-d,
500 MHz, o, ppm) 10.09 (1H, broad s), 9.77 (1H, broad s), 3.70
(2H, t, J=7.3 Hz), 2.99 (2H, m), 2.72 (6H, d, J=4.8 Hz), 2.46
(2H,t,J=6.7Hz),2.34 2H, t, J=7.3 Hz), 1.62 (2H, quintet, J=
7.6 Hz), 1.49 (2H, quintet, J=6.7 Hz), 1.28 (2H, m). '>°C NMR
(DMSO-ds, 150 MHz, 6, ppm) 172.81, 172.61, 69.68, 56.29,
45.91, 43.39, 41.79, 33.41, 31.50, 31.44, 28.21, 28.08, 27.88,
25.62, 25.53, 23.33, 22.31. MS (FAB) m/z 261 (MH" — HCI).
HRMS caled for C;,H»5sN>Oy4, 261.1806; found, 261.1814.
HPLC g = 14.76 min (gradient (I), purity 95.2%).

Compounds 7—11 were prepared from 20 and an appropriate
carboxylic acid using the procedure described for 6.

3-{[8-(Dimethylamino)octanoyl](hydroxy)amino } propanoic Acid
Hydrochloride (7-HCI). Yield 47%:; colorless cystals; mp 64—
67°C. "HNMR (DMSO-ds, 600 MHz, &, ppm) 9.72 (1H, broads),
9.41 (1H, broads), 3.70 (2H, t,J = 7.2 Hz),3.00 (2H, m), 2.75 (6H,
d,J = 4.8Hz),2.45(2H, m), 2.33 (2H, t,J = 7.8 Hz), 1.59 (2H, m),
1.48 (2H, m), 1.28 (6H, m). '*C NMR (CD;0D, 125 MHz, §, ppm)
172.57,56.49,45.99, 43.48, 41.97, 33.57, 31.60, 28.45, 28.25, 28.12,
25.70, 24.30, 23.93, 23.52. MS (FAB) m/z 275 (MH* — HQI).
HRMS calcd for C3H,7N,04, 275.1970; found, 275.1971. HPLC
tr = 19.91 min (gradient (I), purity 96.8%).

3-{[9-(Dimethylamino)nonanoyl](hydroxy)amino } propanoic
Acid Hydrochloride (8-HCI). Yield 46%; colorless crystals; mp
72—74 °C. "H NMR (DMSO-ds, 600 MHz, 6, ppm) 9.71 (2H,
m), 3.70 2H, t, J=7.2 Hz),3.00 (2H, t, J=7.8 Hz), 2.72 (6H, 3),
2.45(2H,m),2.32(2H,t,J=7.2 Hz), 1.61 (2H, m), 1.48 (2H, m),
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1.27 (8H, m). "*C NMR (DMSO-d,, 125 MHz, 6, ppm) 172.92,
172.52, 56.35, 43.38, 41.83, 31.57, 31.49, 28.53, 28.48, 28.24,
25.74,23.94, 23.45. MS (FAB) m/z 289 (MH" — HCIl). HRMS
caled for C4H»9N»Oy4, 289.2126; found, 289.2127. HPLC tg =
20.96 min (gradient (I), purity 95.0%).

3-{[10-(Dimethylamino)decanoyl](hydroxy)amino } propanoic
Acid Hydrochloride (9-HCI). Yield 46%: a colorless amorphous
solid. "H NMR (DMSO-dq, 150 MHz, 8, ppm) 9.66 (1H, broad s),
9.19 (1H, broads), 3.70 (2H, t,/ = 7.2 Hz), 3.01 (2H, m), 2.76 (6H,
d,J = 4.8Hz),2.44(2H, m),2.32 (2H, t,J = 7.2Hz), 1.58 (2H, m),
1.47 (2H, m), 1.26 (10H, m). *C NMR (DMSO-d,, 600 MHz, 6,
ppm) 174.38, 172.52, 56.53, 43.38, 42.03, 33.55, 31.56, 31.47, 28.63,
28.53, 25.68, 24.37, 23.99, 23.55. MS (FAB) m/z 303 (MH' —
HCI). HRMS caled for CsH31N,Oy4, 303.2281; found, 303.2284.
HPLC tg = 15.11 min (gradient (II), purity 96.5%).
3-{[11-(Dimethylamino)undecanoyl](hydroxy)amino} propanoic
Acid Hydrochloride (10-HCI). Yield 87%; a yellow amorphous
solid. "H NMR (DMSO-d;, 150 MHz, 8, ppm) 9.65 (1H, broad s),
9.23 (1H, broads), 3.70 (2H, t, J/ = 7.2 Hz), 3.01 (2H, m), 2.75 (6H,
d,J = 48Hz),2.44(2H, m),2.31 2H, t,J = 7.2 Hz), 1.58 (2H, m),
1.47 (2H, m), 1.26 (12H, m). *C NMR (DMSO-d,, 125 MHz, 6,
ppm) 173.15, 172.68, 56.67,42.15,42.12,31.71, 31.62, 28.77, 28.48,
25.83, 24.13, 23.66. MS (FAB) m/z 317 (MH" — HCI). HRMS
caled for CgH33N>0y4, 317.2435; found, 317.2440. HPLC rr =
16.03 min (gradient (II), purity 95.0%).
3-{[12-(Dimethylamino)dodecanoyl](hydroxy)amino } propanoic
Acid Hydrochloride (11-HCI). Yield 7.9%; a yellow amorphous
solid. "H NMR (DMSO-dq, 600 MHz, 6, ppm) 9.65 (1H, broad
s),9.17 (1H, broads), 3.70 2H, t,J = 7.2 Hz), 3.01 (2H, m), 2.75
(6H,d, J = 5.4Hz),2.44 (2H, m), 2.31 (2H, t, J = 7.2 Hz), 1.58
(2H, quintet, J = 6.6 Hz), 1.46 (2H, m), 1.25 (14H, m). *C
NMR (DMSO-dg, 125 MHz, 6, ppm) 175.18, 174.12, 59.21,
45.14, 43.45, 33.32, 32.63, 32.44, 30.53, 30.12, 27.46, 27.39,
25.85, 25.70, 25.65. MS (FAB) m/z 331 (MH" — HCIl). HRMS
caled for C7H35N,0y4, 331.2600; found, 331.2597. HPLC g =
23.49 min (gradient (II), purity 97.2%).

3-(N-Hydroxy-7-methyloctanamido)propanoic Acid (12). Steps
1 and 2: Preparation of ter-Butyl 3-[Benzyloxy(7-methylocta-
noyl)amino|propanoate (45). To a solution of 7-methyloctanoic acid
(44, 870 mg, 5.50 mmol) and oxalyl chloride (2.34 g, 18.4 mmol) in 8
mL of CH,Cl, was added a catalytic amount of DMF. The mixture
was stirred at room temperature for 45 min. Concentration in vacuo
of the mixture gave the acid chloride of 44 as a colorless oil.

To a solution of 20 (1.81 g, 7.20 mmol), triethylamine (2 mL), and
catalytic amount of DMAP in 25 mL of CH,Cl, was added a
solution of the acid chloride obtained above in 5 mL of CH,Cl, in a
dropwise fashion. The mixture was stirred at room temperature for 1
h. The reaction mixture was poured into water and extracted with
AcOEt. The organic layer was separated and washed with 4N aque-
ous HCl and brine, and dried over Na,SO,. Filtration, concentartion
in vacuo, and purification by silica gel flash column chromatography
(AcOEt/n-hexane = 1/10) gave 1.36 g (63%) of 45 as a colorless oil.
"HNMR (CDCls, 500 MHz, 8, ppm) 7.38 (5H, m), 4.82 (2H, 5), 3.91
(2H,t,/=5.8 Hz),2.53 (2H, t,J = 7.0 Hz), 2.35 (2H, t, J=7.9 Hz),
1.56 (3H,t,J=7.6 Hz), 1.52 (1H, septet, J=6.7Hz), 1.41 (9H, 5), 1.27
(4H, m), 1.15 (2H, m), 0.85 (2H, d, /= 6.4 Hz).

Steps 3 and 4: Preparation of 3-(/N-Hydroxy-7-methyloctana-
mido)propanoic acid (12). Compound 12 was prepared from 45
obtained above using the procedure described for 4 (steps 3 and
4) in 38% yield as colorless crystals: mp 66—68 °C. '"H NMR
(DMSO-dg, 500 MHz, ¢; ppm) 3.70 (2H, t, J = 7.0 Hz), 2.45
(2H,t,J = 7.3Hz),2.31 2H, t,J = 7.3 Hz), 1.53—1.46 (3H, m),
1.25—1.24(4H, m), 1.16—1.12(2H, m), 0.85 (6H, d, J = 6.7 Hz).
3C NMR (DMSO-dq, 125 MHz, 8, ppm) 173.13, 172.66, 43.51,
38.36, 31.70, 31.58, 29.06, 27.39, 26.64, 24.17, 22.53. MS (FAB)
mjz 246 (M + 1). Anal. Caled for C,H,3NOy: C, 58.75; H,
9.45; N, 5.71. Found: C, 58.51; H, 9.22; N, 5.86.

tert-Butyl 4-[(8-Dimethylaminooctyl)(hydroxyl)amino]-4-oxo-
butanoic Acid Hydrochloride (13-HCI). Step 1: Preparation of
tert-Butyl 4-[(Benzyloxy)amino]-4-oxobutanoate (48). A solution
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of 47 (2.03 g, 11.6 mmol), benzylhydroxylamine (2.27 g, 18.4
mmol), EDCI (4.89 g, 25.5 mmol), and HOBt-H,O (3.75 g, 24.5
mmol) in DMF (50 mL) was stirred at room temperature for 16 h.
The reaction mixture was poured into water and extracted with
AcOEt. The organic layer was washed with brine and dried over
Na,SO,. Filtration, concentration in vacuo, and purification by
silica gel flash column chromatography (AcOEt/n-hexane = 1/3)
gave 1.27 g (39%) of 48 as a colorless oil. "H NMR (CDCls, 500
MHz, 6, ppm) 8.41 (1H, broad s), 7.39 (5H, m), 4.90 (2H, s), 2.58
(2H, m), 2.17 (2H, m), 1.44 (9H, s).

Step 2: Preparation of tert-Butyl 4-[(benzyloxy)(8-bromooctyl)-
amino]-4-oxobutanoate (49). A mixture of 48 (640 mg, 2.29 mmol)
obtained above and 60% NaH in oil (180 mg, 4.50 mmol) in DMF
(30 mL) was stirred at room temperature for 30 min. To the mixture
was added dropwise 1,4-dibromooctane (2.14 g, 7.50 mmol), and the
mixture was stirred at 50 °C for 3 h. Then, the reaction mixture was
poured into water and extracted with AcOEt. The organic layer was
washed with brine and dried over Na,SOj,. Filtration, concentration
in vacuo, and purification by silica gel flash column chromatogra-
phy (AcOEt/n-hexane = 1/5) gave 455 mg (42%) of 49 as a colorless
oil. '"H NMR (CDCls, 600 MHz, 6, ppm) 7.39 (5H, m), 4.86 (2H, s),
3.62 (2H, m), 3.39 (2H, t, J=6.6 Hz), 2.70 (2H, m), 2.54 2H, t, J=
7.2Hz), 1.83 (2H, quintet, J=7.8 Hz), 1.62 (2H, quintet, /J=6.6 Hz),
1.45 (9H, s), 1.40 (2H, quintet, J=7.2 Hz), 1.29 (6H, m).

Steps 3, 4, and 5: Preparation of 4-[(8-Dimethylaminooctyl)-
(hydroxyl)amino]-4-oxobutanoic Acid Hydrochloride (13-HCI).
Compound 13-HCI was prepared from 49 obtained above using
the procedure described for 5 (step 2) and 4 (steps 3 and 4) in 14%
yield as a colorless oil. '"H NMR (DMSO-d,, 600 MHz, 8, ppm)
9.61 (1H, broad s), 9.18 (1H, broad s), 3.47 (2H, t,J = 7.2 Hz), 3.01
(2H, m), 2.76 (6H, d, J = 5.4 Hz), 2.58 (2H, t, J = 7.2 Hz), 2.39
(2H,t,J = 7.2Hz), 1.58 (2H, m), 1.51 (2H, quin, J = 6.6 Hz), 1.28
(8H, m). *C NMR (DMSO-dg, 150 MHz, 6, ppm) 173.83, 56.55,
42.08, 28.22, 26.94, 26.08, 25.78, 25.57, 23.51. MS (FAB) m/z 289
(MH™" — HCI). HRMS calcd for C,3H59N>0y, 289.2125; found,
289.2127. HPLC tg = 13.32 min (gradient (II), purity 99.3%).
3-({9-[Butyl(methyl)]amino } nonanoyl(hydroxy)amino)propanoic
Acid Hydrochloride (14- HCI). Compound 14 was prepared from
26 and butylmethylamine using the procedure described for 5 in
58% yield as a colorless amorphous solid. "H NMR (DMSO-dj,
600 MHz, 6, ppm) 9.67 (1H, broad s), 9.08 (1H, broad s), 3.70 (2H,
t,J = 7.2Hz),3.07(2H, m), 2.97 (2H, m), 2.73 (3H,d, J = 4.8 Hz),
2.46 (2H, m), 2.32 (2H, t, J = 7.8 Hz),1.58 (4H, m), 1.48 (2H,
quintet, J = 6.6 Hz), 1.27 (10H, m), 0.91 (3H, t, J = 7.2 Hz). 1*C
NMR (DMSO-dg, 125 MHz, 6, ppm) 172.96, 172.51, 54.90, 54.67,
43.42, 31.56, 31.48, 28.54, 28.51, 28.24, 25.77, 25.21, 23.96, 23.18,
19.19, 13.38. MS (FAB) m/z 331 (MH" — HCIl). HRMS calcd for
C16H35N20y4, 331.2598; found, 331.2597. HPLC g = 16.00 min
(gradient (II), purity 96.5%).
3-({9-[Benzyl(methyl)]amino } nonanoyl(hydroxy)amino)propanoic
Acid Hydrochloride (15- HCI) and 3-({ Hydroxy[9-(methylamino)-
nonanoyl] }amino)propanoic Acid Hydrochloride (16- HCI). Step 1:
Preparation of tert-Butyl 3-({9-[Benzyl(methyl)]amino }nonanoyl-
(benzyloxy)amino)propanoate (54). A solution of 26 (140 mg,
0.298 mmol) obtained above and benzylmethylamine (370 mg,
3.05 mmol) in MeCN (5 mL) was stirred at reflux temperature for
12 h. The reaction mixture was poured into water and extracted
with AcOEt. The organic layer was washed with brine and dried
over Na,SOy. Filtration, concentration in vacuo, and purification
by silica gel flash column chromatography (CHCl;/MeOH =30/1)
gave 113 mg (74%) of 54 as a yellow oil. "H NMR (CDCls, 600
MHz, 6, ppm) 7.38—7.29 (10H, m), 4.82 (2H, s), 3.91 (2H, m), 2.53
(2H,t,J = 6.6 Hz),2.33 (4H,t,J = 7.8 Hz),2.17 (3H, s), 1.56 (2H,
m), 1.49 (2H, m), 1.42 (9H, s), 1.26 (8H, m).

Step 2: Preparation of 3-({9-[Benzyl(methyl)]amino}nonanoyl
(hydroxy)amino)propanoic Acid Hydrochloride (15-HCI) and
tert-Butyl 3-({Hydroxy[9-(methylamino)nonanoyl]}amino)pro-
panoic Acid Hydrochloride (16-HCI). To a solution of 54
(112 mg, 0.219 mmol) obtained above in 5 mL of AcOEt was
added 61 mg of 5% Pd/C. The mixture was stirred at room
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temperature for 2 h under H,, and then filtered. The filtrate was
concentrated in vacuo to give 99 mg of a mixture of 55 and 56.

To a solution of the mixture of 55 and 56 (99 mg) obtained
above in 6 mL of CH,Cl, was added 4 N HCl in dioxane (1 mL,
4.00 mmol) with cooling in an ice-bath, and the mixture was stirred
at room temperature for 5 h. Concentration in vacuo gave a
colorless amorphous solid. The amorphous solid was purified by
HPLC (gradient (II)) to give 23 mg (26%) of 15- HCl as a colorless
amorphous solid and 25 mg (37%) of 16-HCI as a colorless
amorphous solid. 15-HCl: "H NMR (DMSO-d,, 600 MHz, 9,
ppm) 9.66 (1H, broad s), 9.38 (1H, broad s), 7.49 (5H, m), 4.38
(1H, m),4.21 (1H, m), 3.70 (2H, t,J = 7.2 Hz), 3.07 (1H, m), 2.98
(1H, m), 2.67 (3H, d, J = 4.8 Hz), 2.45 (2H, m), 2.32 2H, t, J =
7.2Hz),1.71—1.60 (2H, m), 1.48 (2H, m), 1.27 (8H, m). *C NMR
(CDsOD, 125 MHz, 6, ppm) 176.27, 175.10, 132.11, 131.27,
130.87, 130.45, 60.90, 57.10, 45.19, 40.04, 33.16, 32.44, 30.13,
30.05, 29.84, 27.41, 25.67, 25.11. MS (FAB) m/z 365 (MH* —
HCI). HRMS calcd for C,yH33N,04, 365.2447; found, 365.2440.
HPLC rr = 16.46 min (gradient (II), purity 97.9%). 16-HCL: 'H
NMR (CD;0D, 600 MHz, 9, ppm) 3.86 (2H, t, J = 7.2 Hz), 2.97
(2H,t,J = 7.2Hz),2.69 (3H,s),2.59 (2H, m), 2.45 2H, t,J = 7.2
Hz), 1.66 (2H, quintet, / = 7.2 Hz), 1.60 (2H, m), 1.38 (8H, m).
13C NMR (CD;0D, 150 MHz, 8, ppm) 173.83, 172.29, 56.95,
43.93,41.57, 32.42, 30.84, 24.95, 24.78, 24.65, 24.51, 24.23, 23 .41,
23.33,23.11. MS (FAB) m/z 275 (MH" — HCI). HRMS calcd for
C3H,7N,0y, 275.1969; found, 275.1971. HPLC fg = 12.53 min
(gradient (II), purity 97.9%).

Methyl 3-{[9-(Dimethylamino)nonanoyl](hydroxy)amino}pro-
panoate (17). Steps 1, 2, 3, and 4: Preparation of Methyl 3-
{[9-(Dimethylamino)nonanoyl](hydroxy)amino}propanoate (17).
Compound 17 was prepared from 57 using the procedures
described for 4 (step 1), 6 (step 1), 5 (step 2), and 4 (step 3) in
12% yield as a colorless amorphous solid. "H NMR (CD;0D,
500 MHz, 6, ppm) 3.87 (2H, t, J = 7.0 Hz), 3.66 (3H, s), 2.60
(2H, t, J = 7.0 Hz), 2.46—2.38 (4H, m), 2.30 (6H, s), 1.58 (2H,
m), 1.51 (2H, quintet, J = 7.0 Hz), 1.34 (8H, m). *C NMR
(CD;OD, 125 MHz, 6, ppm) 176.42, 175.65, 60.56, 52.25, 45.14,
32.48, 30.42, 30.36, 28.38, 27.95, 25.79. MS (FAB) m/z 303
(MH"). HRMS caled for C;sHs;N,O4 303.2281; found,
303.2284. HPLC tg = 14.97 min (gradient (II), purity 98.9%).

Methyl 3-{[9-(Dimethylamino)nonanoyl](methoxy)amino }pro-
panoate (18-TFA). To a solution of 17 (112 mg, 0.370 mmol)
obtained above, Et;N (0.11 mL, 0.790 mmol) in 5 mL of CH,Cl,
was added dropwise a solution of AcCl (283 mg, 3.61 mmol)in 5
mL of CH,Cl,. After 45 min, the reaction mixture was poured
into saturated aqueous NaHCO5 and extracted with AcOEt.
The organic layer was washed with brine and dried over
Na,SO,. Filtration, concentration in vacuo, purification by
silica gel flash column chromatography (CHCl;/MeOH = 15/
1), and preparative HPLC (gradient (II)) gave 60 mg (38%) of
18- TFA as a colorless amorphous solid. "H NMR (CDCls, 600
MHz, 6, ppm) 4.00 (2H, m), 3.69 (3H, s), 3.12 (2H, m), 2.89 (6H,
s), 2.64 (2H, m), 2.28 (2H, m), 2.20 (3H, s), 1.72 (2H, m), 1.61
(2H, m), 1.39 (8H, m). '*C NMR (CD;0D, 125 MHz, 8, ppm)
171.29, 56.58, 51.43, 42.09, 31.48, 31.08, 28.42, 28.20, 25.63,
23.56, 18.11. MS (FAB) m/z 345 (MH™ — TFA). HRMS calcd
for C;sH3N,0y, 345.2390; found, 345.2390. HPLC ¢z = 16.65
min (gradient (I1), purity 95.2%).

Biology. Measurement of JMJD2C Activity. The IMJD2C
activity was assessed by means of formaldehyde dehydrogenase
(FDH)-coupled assay*'® with some modifications. The sub-
strate used was H3K9me3 peptide (Sigma-Aldrich Japan,
Tokyo), a chemically synthesized histone H3 peptide (aa
7—14) that contains trimethylated lysine at position 9.

In the assay, the reaction mixture (0.1 mL) contained 20 mM
HEPES-KOH, pH 7.5, 70 uM (NHy),Fe(SOy4), - 6(H,0), 50 uM
H3K9me3 peptide, 0.2 mM a-ketoglutaric acid, 2 mM ascorbic
acid, ] mM APAD™, 1 mM reduced glutathione, 0.1 mg/mL
FDH, 0.1 mg/mL BSA, and various amounts of JMJD2C. The
production of APADH was monitored for 30 min in a 96-well
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plate (Nunc, Roskilde, Denmark) using the DTX 880 multi-
mode detector (Beckman Coulter, Inc., Fullerton, CA) at the
excitation wavelength of 370 nm and the emission wavelength of
465 nm at 25 °C. The enzyme activity was determined from the
linear part of the reaction curve.

JMJD2C Inhibition Assay. JMJD2C-inhibitory activity was
measured using 0.53 mg/mL enzyme. Test compounds were
dissolved in DMSO. The final concentrations of DMSO in the
reaction mixtures were less than 3.3%, and it was confirmed that
3.3% DMSO did not affect the IMID2C activity. Reaction with
DMSO alone was also done as a control. Reaction mixtures
(94.6 uL), containing all of the materials except H3K9me3
peptide and o-ketoglutaric acid, were preincubated for 5 min.
Then the reactions were started by the addition of 5.4 uL of a
solution of 0.93 mM H3K9me3 peptide and 3.7 mM a-ketoglu-
taric acid. The enzyme activity was determined as described
above. The ratio of the enzyme activity measured in the presence
of inhibitor to that of the control was plotted against log
[Inhibitor]. To confirm that the reduction of the JMJID2C
activity by test compounds was not due to inhibition of the
coupled enzyme FDH, we examined the effects of the test
compounds on FDH activity. The reaction mixture (0.1 mL)
contained 20 mM HEPES-KOH, pH 7.5, 50 uM formaldehyde,
1 mM APADY, 1 mM reduced glutathione, 0.1 mg/mL BSA,
0.1 mg/mL FDH, and a fixed concentration of 123 uM test
compound. The FDH activity was measured by monitoring
APADH formation as described above. The FDH activity in the
presence of test compounds was similar to that in the absence of
the compounds.

JMJD2A Inhibition Assay. The JMJD2A activity was mea-
sured by the FDH-coupled assay as described for JMJID2C
except that reactions were performed in a final volume of 30 uL
in 384-well plate (Nunc) and a final concentration of the
JMID2A was 0.37 mg/mL.

PHD Inhibition Assay. The inhibitory activities of the test
compounds against PHD1 and PHD2 were assayed according
to a method reported in ref 19 with some modifications (for
details see Supporting Information). Recombinant human
PHD1 and PHD?2 were purified from Sf9 cell lysates and used
for hydroxylation of biotinylated HIF-la 556—574 peptide
coated on NeutrAvidin plates (Pierce). Hydoxylated peptide
was quantified after incubation with purified VBC complex
labeled with europium ((DELFIA labeling reagent, Perkin-
Elmer) and addition of enhancer solution (Perkin-Elmer) by
measuring time-resolved fluorescence with a Tecan infinite
M200 plate reader.

Cell Growth Inhibition Assay. LNCaP, PC-3, HCT116, and
KYSE150 cells were plated in 96-well plates at initial densities of
8000 (LNCaP) or 4000 (PC-3 and HCT116 and KYSE150) cells/
well (50 uL/well) and incubated at 37 °C. After 24 h, cells were
exposed to test compounds by adding solutions (50 uL/well) of
compounds at various concentrations in RPMI11640 (LNCaP),
DMEM (PC-3), McCOY’s 5A (HCT116), and Ham’s F12
medium (KYSE150) at 37 °C at 5% CO, for 72 h. Then 10 uL.
of AlamarBlue was added to each well, and incubation was
continued at 37 °C for 3 h. The fluorescence in each well was
measured with a fluorometric plate reader (excitation at 530 nm,
emission at 590 nm). Absorbance values of control wells (C) and
test wells (7) were measured. Moreover, the absorbance of the
test wells (7,) was also measured at time 0 (addition of
compounds). Using these measurements, cell growth inhibition
(percentage of growth) by a test inhibitor at each concentration
used was calculated as: % growth = 100[(T — Ty)/(C — Tp)],
when 7' > T, and % growth = 100[(T—T,)/T], when T < T,

Molecular Modeling. A homology model for IMJD2C com-
plexed with histone H3 peptide trimethylated at Lys 9 and NOG
(2) based on the crystal structure of JMJD2A (PDB ID 20Q6)
was built using the homology modeling module of the Molecular
Operating Environment (MOE) (Chemical Computing Group
Inc., Montreal, Quebec, Canada).
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Docking and subsequent scoring were performed using
Macromodel 8.1 software. The structures of compounds 4 and
8 bound to IMJD2C or JIMJD2A were constructed by molecular
mechanics (MM) energy minimization. The starting positions of
compounds 4 and 8 were determined manually: the hydroxa-
mate moiety of 4 and 8 was superimposed onto the oxalyl group
of NOG (2). The conformations of compounds 4 and 8 in the
active site were minimized by MM calculation based upon the
OPLS-AA force field with each parameter set as follows:
method, LBFGS; max no. of iterations, 10000; converge on,
gradient; convergence threshold, 0.05.
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