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ABSTRACT: The synthesis and biological evaluation of potent hydroxamate-based dual HDAC1/6 inhibitors with modest
HDAC6 preference and a novel alkoxyurea connecting unit linker region are described. The biological studies included the
evaluation of antiproliferative effects and HDAC inhibitory activity in the human ovarian cancer cell line A2780, the human
squamous carcinoma cell line Cal27, and their cisplatin resistant sublines A2780CisR and Cal27CisR. The three most potent
compounds 1g−i showed IC50 values in the low μM and sub-μM range. 1g−i revealed low nM IC50 values for HDAC6 with up
to 15-fold preference over HDAC1, >3500-fold selectivity over HDAC4, and >100-fold selectivity over HDAC8. Furthermore,
their ability to enhance cisplatin sensitivity was analyzed in Cal27 and Cal27CisR cells. Notably, a 48 h preincubation of 1g−i
significantly enhanced the antiproliferative effects of cisplatin in Cal27 and Cal27CisR. 1g−i interacted synergistically with
cisplatin. These effects were more pronounced for the cisplatin resistant subline Cal27CisR.

■ INTRODUCTION

The dynamic histone acetylation/deacetylation state is regulated
by histone acetyltransferases (HATs) and histone deacetylases
(HDACs). HDACs are clinically validated cancer targets and
represent a group of 18 enzymes catalyzing the removal of acetyl
groups from N-acetyl-lysine residues of histones and various
non-histone proteins during post-translational protein modifi-
cation.1 Deacetylation causes chromatin condensation leading
mainly to transcriptional suppression, whereas acetylation leads
to gene activation. HDACs of classes I (HDACs 1−3, 8), IIa
(HDACs 4, 5, 7, 9), IIb (HDACs 6, 10), and IV (HDAC 11) are

Zn2+ dependent enzymes. Class III HDACs (sirtuins) are NAD+

dependent deacetylases.2

HDAC inhibition can abrogate aberrant epigenetic changes
associated with cancer.3 Currently, four histone deacetylase
inhibitors (HDACi), vorinostat (cutaneous T-cell lymphoma;
CTCL), romidepsin (CTCL and peripheral T-cell lymphoma;
PTCL), belinostat (relapsed or refractory PTCL), and
panobinostat (multiple myeloma; MM) have been approved
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for cancer treatment by the FDA (Figure 1).4 Moreover, the class
I selective benzamide-basedHDACi chidamide has recently been

approved in China for the treatment of relapsed or refractory
PTCL.5 Furthermore, HDACi are under investigation for
potential application as therapeutic drugs for treating a variety
of diseases beyond cancer including inflammation, HIV,
neurodegenerative diseases, and parasitic diseases such as malaria
and schistosomiasis.1,6 Structurally, most HDACi are charac-
terized by a widely accepted pharmacophore model (see Figure
1) and contain (i) a cap group (CAP) that interacts with residues
at the entry point of the active site tunnel, (ii) a linker region plus
a connecting unit (CU), interacting mainly with hydrophobic
residues of the tunnel, and (iii) a zinc binding group (ZBG) that
coordinates the catalytically essential Zn2+ ion at the active site.
Recent results have shown that all units have an impact on the
isoform profile of HDACi.7

Most of the first generation HDACi are pan inhibitors. To
date, it is still under debate whether pan HDAC inhibitors or
class-selective HDAC inhibitors will be more effective in clinical
trials regarding both safety and efficacy.8 To address the question
if pan- or class/subtype selective HDAC inhibitors show superior
clinical benefit, the development of isoform and class-selective
HDACi has attracted the attention of academia and industry.9

Experimental preclinical and clinical data suggest that the
combination of HDACi with established DNA-modifying
anticancer drugs (e.g., cisplatin, carboplatin, temozolomide)
provides synergistic effects in the treatment of hematological and
solid tumors, possibly through HDACi-mediated increased
accessibility of DNA or inhibition of antiapoptotic gene
expression.10

Recently, ricolinostat (ACY-1215, Figure 1), an HDAC6
preferential inhibitor with additionally potent inhibitory activity
toward class I HDACs, has entered phase II clinical trials for the
treatment of multiple myeloma and lymphoid malignancies.11

HDAC6 is structurally unique and acts primarily via
deacetylation of non-histone proteins such as α-tubulin and
Hsp90. HDAC6 contains two catalytic domains and a C-terminal
zinc finger region responsible for binding of ubiquitinated
proteins. In addition, HDAC6 possesses a significantly wider
channel rim compared to other HDACs. Therefore, HDAC6
selective inhibitors often contain bulky or branched cap groups.
Moreover, an sp2-hybridized carbon atom in α-position related to
the ZBG is often present in HDAC6-preferential and -selective
HDACi.12 The hydroxamic acid group and the α-mercaptoace-
tamide moiety are typical ZBGs of HDAC6-selective HDACi.13

Dual inhibitors, inhibiting HDAC6 and to a lesser extent
HDAC class I, would help to decrease unwanted (cytotoxic) side
effects of class I and still make use of beneficial effects associated
with HDAC6 inhibition. We now discovered that alkoxyurea-
based HDACi with quinoline cap groups can serve as potent dual
HDAC1/6 inhibitors, with moderate HDAC6 preference.
Herein, we report the structure-based design, straightforward
synthesis, and biological evaluation of this class of HDACi with
potent anticancer activity and remarkable chemosensitizing
properties. Compounds were evaluated in the human ovarian
cancer cell line A2780 and the adenosquamous carcinoma cell
line Cal27 and their cisplatin resistant sublines A2780CisR and
Cal27CisR for antiproliferative effects and inhibition of cellular
HDAC activity. Compounds 1g−i were further tested for
inhibition of selected HDAC isoforms (1, 4, 6, and 8,
respectively). Molecular modeling and docking studies were
performed to rationalize the observed selectivity profile. The
acetylation of α-tubulin and histone H3 was analyzed in Cal27
and Cal27CisR to show HDAC6 inhibition in a complex cellular
environment. Eventually, 1g−i were shown to enhance cisplatin
sensitivity in Cal27 and Cal27CisR in a synergistic manner.

■ RESULTS AND DISCUSSION

Design of HDAC6-Preferential HDACi with an Alkox-
yurea Connecting Unit Linker Region. Recently, we studied
the effects of a small library of HDACi containing alkoxyamide
and alkoxyurea connecting-unit linker regions in cellular MTT
and pan-HDAC assays on sensitive and chemoresistant cancer
cell lines.14 Initial studies on alkoxyurea 1a revealed only
moderate cytotoxicity assessed in MTT assay against the human
ovarian cancer cell lines A2780 (IC50 = 10.8 μM) and A2780CisR
(IC50 = 11.6 μM) but significant HDAC inhibition in a cellular
HDAC assay targeting class I and class IIb HDACs in A2780
(IC50 = 1.07 μM) and A2780CisR (IC50 = 0.85 μM).14 Due to
the presence of a bulky cap group and structural similarities with
ricolinostat (Figure 1), we hypothesized that 1a might show a
comparable isoform profile with preferred HDAC6 inhibition.
Subsequent isoform profiling confirmed our hypothesis and
revealed potent activity against HDAC6 and preference over
HDACs 1, and 8 (Table 1). 1a did not show any inhibition of
HDAC4. The pan inhibitor vorinostat and the class IIa selective
trifluormethyloxadiazole (TFMO)-HDACi TMP269 were used
as reference HDACi.15 On the basis of these preliminary results,

Figure 1. General pharmacophore model of HDACi.

Table 1. Inhibition Activities of Compound 1a and Vorinostat
against HDAC Isoforms 1, 4, 6, and 8a

aValues of HDAC1, -6, and -8 are the mean ± SD of three
independent experiments. Values for HDAC4 were determined in
duplicate by Reaction Biology Corp. (Malvern, PA, USA). n.d. = not
determined.
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we performed a docking study in order to understand the
selectivity profile of compound 1a and to design improved
analogues.

Docking of 1a and Design of 1a Derivatives. In order to
understand the selectivity profile of compound 1a, the
compound was docked into the crystal structures of HDAC1
and -4, and homology models of the second catalytic domain of
HDAC6 with Y301 flipped in and out. Templates for the
homology modeling of HDAC6 encompass structures resulting
in Y301 (numbering based on the homology model) flipped in
and out. The homology models of HDAC6 had been generated
and then subjected to 1 μs of molecular dynamics simulations for
identification of conformationally preferred states previously.16

X-ray crystal structures of human and zebrafish HDAC6 (PDB
codes 5EDU17 and 5EF817) have been released prior to
submission of this manuscript.17,18 Our homology model is
very similar to the crystal structures, as shown by a Cα atom rmsd
of 1.39 Å (1.56 Å) and a binding pocket (residues within 5 Å of
the cocrystallized ligand) heavy atom rmsd of 1.75 Å (1.62 Å)
toward the human (zebrafish) HDAC6 structure. This
demonstrates the quality of our comparative modeling,16

although docking into HDAC6 crystal structures may further
improve the accuracy of predicting binding modes of HDACi in
HDAC6 in the future. HDACi were docked into both possible
conformers of HDAC6. For docking, AutoDock3 in combination
with DrugScore19 was used, as successfully applied previously.20

No valid binding mode in which the zinc ion was complexed by
the hydroxamic acid moiety was identified when docking 1a to

HDAC4, in line with the experimental results (Table 1).
Furthermore, the docking energies of 1a in HDAC1 (−11.61
kcal mol−1) are higher than those in HDAC6 (−13.48 kcal
mol−1) with Y301 flipped in (Table 5), which agrees qualitatively
with the trend in IC50 values (Table 1). In both HDAC isoforms,
the zinc ion is complexed by the hydroxamic acid moiety of 1a,
and this moiety forms a hydrogen bond with Y303 and Y301 in
HDAC1 and HDAC6, respectively. In contrast, the aromatic
rings bind to different locations in both isoforms (Figure 2). In
HDAC1, the quinoline ring binds to a small recess on the surface,
which is partially lined by acidic residues on one side (Figure 2A).
As to (de)solvation effects, this is energetically less favorable than
if the recess was lined with hydrophobic residues. In HDAC6, the
quinoline ring binds to a deeper crevice at the side of HDAC6
(Figure 2B), which is lined with hydrophobic residues. Together,
this can explain the differences in the docking energies and IC50
values of 1a toward HDAC1 and -6. Notably, the crevice displays
small hydrophobic subpockets I and II adjacent to the quinoline
moiety (Figure 2B, black arrows). We thus hypothesized that
derivatives of 1a with a quinolyl moiety substituted with small
hydrophobic groups will fill these subpockets, which will yield
higher affinities toward HDAC6.
On the basis of the results of the docking study, we designed

and synthesized a series of 1a analogues as potential HDAC6i
(Figure 3) and focused our structural modifications on the cap.
Notably, we aimed at the replacement of the unsubstituted 3-
quinolyl cap by (substituted) 4-quinolyl, 8-quinolyl, 1-naphthyl,
and 2-naphthyl caps. In order to address the above-mentioned
subpockets in the crevice of HDAC6, we intended to decorate
selected compounds in positions 2, 4, and 6 of the quinoline
moiety.

Chemistry.The synthesis of the alkoxyurea-based HDACi 1a
and 1b has been reported previously. The synthetic protocols for
the preparation of all novel HDACi are summarized in Schemes 1
and 2. The HDACi 1c−j were prepared according to a novel and

Figure 2. Docking poses for 1a identified in HDAC1 (A) and HDAC6
(B). Hydrogen bonds are shown with dashed lines; the zinc ion is shown
as a sphere. Black arrows and roman numerals indicate hydrophobic
subpockets in the crevice of HDAC6.

Figure 3. Lead compound 1a and target compounds.

Scheme 1. Synthesis of the Target Compounds 1c−ja

aReagents and conditions: (a) methylhydrazine, CH2Cl2, −10 °C, 3 h; (b) pyridine, CH2Cl2, ClCO2C6H4NO2, rt, 3 h; (c) R3NH2, Et3N, THF,
microwave, 70 °C, 0.5 h; (d) Pd/C, H2 (1 bar), MeOH, rt, 3 h.

Scheme 2. Synthesis of the Target Compound 2a

aReagents and conditions: (a) CH3I, NaH (60%), THF, rt, 16 h; (b)
methylhydrazine, CH2Cl2, −10 °C, 3 h; (c) 1-naphthyl isocyanate,
CH2Cl2, rt; (d) Pd/C, H2 (1 bar), MeOH, rt, 3 h.
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straightforward synthetic protocol. The key intermediate 4 was
obtained by deprotection of the readily available starting material

3 (see Supporting Information for details). Initial attempts to
introduce the alkoxyurea moiety using 1,1′-carbonyldiimidazole
(CDI) mediated or 1,1′-carbonylditriazole (CDT) mediated
coupling protocols21 did not provide the targeted asymmetrical
alkoxyureas 6 at all, or only in a low yield, especially in the case of
the aminoquinoline-based cap groups. Thus, we decided to
develop an optimized protocol. The aminoxy group of
compound 4 was activated using 4-nitrophenyl chloroformate
to obtain the 4-nitrophenyl carbamate 5.
The treatment of 5 with aminoquinolines or 2-naphthylamine

under conventional reaction condition provided the desired
alkoxyureas only in moderate yields (33−69%) and required
relatively long reaction times. We therefore considered micro-
wave heating in order to improve reaction times and yields. Best
results were obtained at 70 °C and 100 W for 0.5 h. This
microwave-assisted protocol allowed the synthesis of the
alkoxyureas 6c−j in good to excellent yield (83−91%). The

Table 2. Antiproliferative Effects of 1a−j, 2, Cisplatin,
Tubastatin A, and Vorinostat in A2780, Cal27, and Their
Cisplatin Resistant Sublines A2780CisR and Cal27CisRb

aData taken from ref 14. bValues are the mean ± SD of three
independent experiments. n.d. = not determined.

Table 3. Antiproliferative Effects of 1g−i, Cisplatin, and
Vorinostat in Med8a and ONS76a

aValues are the mean ± SD of three to four independent experiments.

Table 4. HDAC Inhibition of 1a−j, 2, Cisplatin, and
Vorinostat in A2780, A2780CisR, Cal27, and Cal27CisRa

aValues are the mean ± SD of three independent experiments. n.d. =
not determined.
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subsequent catalytic hydrogenation followed by purification by
flash column chromatography afforded the novel alkoxyurea-
based HDACi 1c−j in 54−72% yield (Scheme 1).

The N-methyl-substituted hydroxamic acid 2 was synthesized
from the starting material 3 (Scheme 2). First, 3 was methylated
with methyl iodide in the presence of sodium hydride as a base to
obtain the O-protected N-methylated hydroxamic acid 7. The
deprotection of the phthaloyl group afforded the aminoxy
derivate 8, which was converted into the alkoxyurea derivate 9.
Finally, the target compound 2 was obtained by catalytic
hydrogenation (54% yield, Scheme 2).

Biological Evaluation. Determination of Antiprolifer-
ative Effects.Compounds 1c−j and 2 were first tested by MTT
assay for antiproliferative effects in A2780 and Cal27, and their
cisplatin resistant sublines A2780CisR and Cal27CisR. Results
are presented in Table 2 together with vorinostat, tubastatin A,
and cisplatin as controls. The compounds with the highest
antiproliferative activity against all four cell lines are the 8-
quinolyl-substituted analogues 1g−i showing IC50 values in the
range of 0.4−1.3 μM. Notably, 1g−i are more active against
A2780CisR compared to the native cell line A2780. In
comparison to the lead structure 1a, the pan-HDACi vorinostat
and 1g−i displayed higher antiproliferative effects whereas the
HDAC6-selective HDACi tubastatin A was clearly less potent.
The MTT assay revealed that the antiproliferative potential of
the unsubstituted 2-naphthyl analogue 1c is almost comparable
to the unsubstituted 8-quinolyl derivative 1e. In contrast, the 6-
quinolyl derivative 1d and the 1-naphthyl derivative 1b are
significantly less cytotoxic than 1c and 1e.
For further evaluation of the antiproliferative potential of this

novel class of HDACi, the three most potent compounds (1g−i)
were additionally tested for their efficacy in the two
medulloblastoma cell lines Med8a and ONS76. The cell viability
was determined after a 72 h incubation by Celltiter-Glo assay
(Promega). The results presented in Table 3 underline the
higher cytotoxicity of the compounds 1h,i compared to cisplatin
and the pan-HDAC inhibitor vorinostat.

Cellular HDAC Inhibition. Cellular HDAC assays were
performed as previously published.14 The results are summarized
in Table 4. 1g−i displayed the most potent HDAC inhibitory
activity with IC50 values in the range of 0.4−1.7 μM against all
four cell lines. These results were in good agreement with the
antiproliferative effects obtained with the MTT assay in the same
cell lines, whereas the lead structure 1a displayed increased
HDAC inhibition in comparison to its antiproliferative effects.
Cellular HDAC inhibition was similar in native and resistant cell
lines, whereas 1c and 1e−i showed a 2- to 3.4-fold higher activity
in the cisplatin resistant subline A2780CisR compared to the
native A2780.

Table 5. Inhibitory Activities of 1a, 1g, 1h, and 1i against Human HDAC1, HDAC4, HDAC6, and HDAC8a

aValues of HDAC1, -6, and -8 are the mean ± SD of three independent experiments. Values for HDAC4 were determined in duplicate by Reaction
Biology Corp. (Malvern, PA, USA). n.d. = not determined.

Figure 4. Compound-induced α-tubulin and histone H3 acetylation in
Cal27 and Cal27CisR. (A) Representative immunoblot analysis of α-
tubulin (α-tub), acetylated α-tubulin (Ac-α-tub), and acetylated histone
H3 (Ac-H3) in Cal27 and Cal27CisR after compound incubation. Cal27
and Cal27CisR cells were incubated for 24 h with vehicle (C) or 1 μM
entinostat (E), vorinostat (V), 1h, 1g, or 1i, respectively. (B, C)
Quantification of the immunoblots confirmed a significant increase in
acetylated α-tubulin for 1h and 1i. Densitometric analysis of the protein
bands of Cal27 (B) and Cal27CisR (C) were performed using ImageJ
software (NIH). Data are the mean ± SD, n = 3. All values have been
normalized to control. Statistical analysis was performed using one-way
ANOVA test ((∗) p < 0.05 and (∗∗) p < 0.01).
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Inhibition of HDAC1, HDAC4, HDAC6, and HDAC8.
MTT and cellular HDAC assays identified 1g−i as the most
potent compounds. 1g−i were therefore subjected to isoform
profiling against human HDAC1, HDAC4, HDAC6, and
HDAC8. Results are shown in Table 5. 1g−i are nanomolar
potency HDAC6 inhibitors (IC50 in the range of 2.8−24.8 nM)
and 2- to 18-fold more potent than the lead structure 1a. 1i
demonstrated excellent selectivity over HDAC8 (SI = 550) and a
preference over HDAC1 (SI = 15). HDAC6 inhibitory activity of
1i was 2- to 9-fold higher than for 1g and 1h and even 18-fold
higher in comparison to the lead structure 1a.
To confirm HDAC6 inhibition in a more complex cellular

environment, α-tubulin acetylation was analyzed after a 24 h
incubation of 1 μM 1g−i in Cal27 and Cal27CisR cells.
Furthermore, the ability of the potential HDAC inhibitors 1g−i
to enhance the acetylation of histone H3 was analyzed. The
results of a representative Western blot analysis are shown in
Figure 4.
1g−i, and vorinostat induced an accumulation of acetylated α-

tubulin in comparison to the untreated control in both cell lines.
This indicates that all three compounds and the reference pan-
HDACi vorinostat inhibit HDAC6, whereas the HDAC1 and
HDAC3 isoform-specific HDACi entinostat did not influence
the amount of acetylated α-tubulin after a 24 h incubation. The
α-tubulin acetylation of 1h and 1i was significant in comparison
to the untreated control in Cal27 and Cal27CisR cells.
Furthermore, 1g−i and vorinostat induced histone H3

acetylation indicating that they act not only as HDAC6
inhibitors. This is further supported by the fact that highly

selective HDAC6 inhibitors show only weak growth inhibition of
cancer cells.22 H3 acetylation was more pronounced for 1h and
1i, whereas 1g induced only a moderate acetylation of the histone
core. 1g−i showed the same or higher H3 acetylation than
vorinostat. Histone acetylation induced by 1g−i and vorinostat
was more pronounced in Cal27CisR cell line than in the native
cell line Cal27. Thus, acetylated H3 and acetylated tubulin levels
found for 1g−i in Figure 4 revealed that inhibition of both
HDAC1 and HDAC6 may contribute to the enhancement of
cisplatin chemosensitivity. Additionally, Asgar et al. reported
about synergistic anticancer effects of cisplatin and vorinostat on
cholangiocarcinoma cell lines.23 Interestingly, the 24 h
incubation with the class I selective HDACi entinostat resulted
only in a very weak histone H3 acetylation. This unexpected
effect could be attributed to the incubation time used because
entinostat showed an increase of histone H3 acetylation only
after a longer incubation period of 36 h.24

Docking Studies. We docked compounds 1g−i into
HDACs 1, 4, 6 (with Y301 in the flipped-in conformation),

Figure 5. Docking poses for 1g (A), 1h (B), and 1i (C) identified in
HDAC6. Hydrogen bonds are shown as dashed lines; the zinc ion is
shown as a sphere. The hydrophobic subpockets are numbered with
roman numerals.

Table 6. Docking Energies for HDACi Binding to HDAC
Isoforms

compd HDAC1a HDAC4a HDAC6a HDAC8a

1a −11.61 n/ab −13.48
1g −12.67 n/ab −15.67 n/ab

1h −13.36 n/ab −14.52 n/ab

1i −14.02 n/ab −15.61 n/ab

aDocking energy of the energetically most favorable configuration in
the largest cluster; in kcal·mol−1. bNo docking configuration fulfilling
the criteria given in the methods section could be identified.

Table 7. IC50 Values (μM) after Treatment of Cal27 and
Cal27CisR with Cisplatin or in Combination with 1 μM 1g,
0.5 μM 1h, or 0.5 μM 1i, Respectivelya

cell line

Cal27 Cal27CisR

compd IC50 SF IC50 SF

cisplatin 9.13 ± 0.5 46.4 ± 3.1
cisplatin + 1g 1.0 μM 1.28 ± 0.1 7.1 5.47 ± 0.4 8.5
cisplatin + 1h 0.5 μM 1.49 ± 0.1 6.1 5.68 ± 0.3 8.2
cisplatin + 1i 0.5 μM 1.05 ± 0.1 8.7 4.16 ± 0.4 11.2
cisplatin + SAHA 1 μM 6.80 ± 0.2 6.8
cisplatin + tub A 10 μM 8.30 ± 0.2 1.1 32.0 ± 0.3 1.5

aSF means shift factor and was calculated as the ratio of the IC50 of
cisplatin alone and the IC50 of the corresponding drug combination.
Data shown are the mean ± SEM of pooled data from at least three
independent experiments each carried out in triplicates. All shift
factors are significant (t test, p < 0.05) except for cisplatin plus
tubastatin A. The used concentrations of 1g−i were chosen on the
basis of their HDAC inhibitory activity (Table 2).

Figure 6. Treatment with 1i restores cisplatin sensitivity of Cal27CisR
cells. Cal27 (○) or Cal27CisR (●) were treated with increasing
concentrations of cisplatin for 72 h. The IC50 values for each cell line
were determined by MTT assay. Treatment of Cal27CisR with 500 nM
of 1i 48 h prior cisplatin administration (blue dot) was able to reduce the
IC50 value even below the IC50 of the parental cell line Cal27. The shift
factor was calculated as the ratio of the IC50 of cisplatin alone and the
IC50 of the corresponding combination with 1i (Table 7). Data shown
are the mean ± SEM of four independent experiments each performed
in triplicates.
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and 8 in order to understand and explain their selectivity profile.
Compounds 1g−i are the most potent inhibitors of HDAC6
evaluated in this study. All three inhibitors did not produce valid
docking poses in HDAC4 and HDAC8 reflecting their high IC50
values toward these isoforms. In contrast, in HDAC1 and -6,
binding poses were identified for all three inhibitors similar to the
ones found for 1a (Figure 5). Again, the relative change of the
IC50 values of the inhibitors is reflected in the relative change in
docking energies (Table 6), with the compounds showing a
preference for HDAC6 (Table 5). Moreover, compounds 1g−i
showmore favorable docking energies than 1a in HDAC6 (Table
6), in agreement with the lower IC50 values toward HDAC6 for
1g−i compared to 1a (Table 5). The docking results are even
sensitive enough to correctly display that 1g and 1i exhibit a
similar activity toward HDAC6, while 1h is correctly predicted to
be less effective (Table 5, Table 6). The docking poses (Figure 5)
suggest that this difference occurs because of the quinoline
moiety of 1g being quite buried in subpocket II, and 1i filling
both subpockets I and II with its methoxy groups; in contrast, the
urea oxygen of 1h is in unfavorably close contact to the protein.
Compounds 1g and 1i could also form weak hydrogen bonds
with C137 at the lower backside of subpocket I, which 1h cannot
form due to the orientation of its quinoline moiety. In all, the
results of the docking are in remarkably close agreement with
those of the biological evaluation. Furthermore, decoration of the
quinoline moiety with small hydrophobic groups resulted in
improved binding affinities as hypothesized from the initial

docking studies above. Together with previous successful
applications of the combination AutoDock3/DrugScore for
ligand docking to HDACs,14,16 this corroborates the suitability of
these methods for such predictive in silico studies.

Enhancement of Cisplatin-Induced Cytotoxicity. As
HDACi are promising new therapeutic agents successfully
combined with DNA-damaging compounds such as cisplatin,23

the ability of 1g−i to influence the cytotoxic activity (MTT
assay) of cisplatin was analyzed. Cal27 and Cal27CisR were
preincubated with 1 μM 1g, 0.5 μM 1h, or 0.5 μM 1i 48 h prior to
cisplatin administration for another 72 h. IC50 values for cisplatin
alone and in combination with 1g−i are shown in Table 7.
A 48 h preincubation with 1g−i resulted in a significantly

increased cisplatin sensitivity. In the native cell line Cal27, a
hypersensitization with shift factors of 6.1 up to 8.7 for cisplatin
was observed. This sensitizing effect was also obtained in the
cisplatin resistant subline Cal27CisR. With shift factors in the
range of 8.2−11.2, the enhancement of cisplatin-induced
cytotoxicity was more pronounced in Cal27CisR. IC50 values
for cisplatin in Cal27CisR after preincubation with 1g−i were
below the IC50 value of the native cell line Cal27 indicating that
1g−i are able to overcome cisplatin resistance in the HNSCC cell
line Cal27. The HDAC6-selective compound tubastatin A was
included as control and only slightly increased cisplatin
sensitivity in Cal27CisR (1.5fold) with no effect in native
Cal27. This indicates that HDAC6 inhibition may be a minor
factor in the in vitro chemosensitizing process and additional

Table 8. Synergism Studies between Cisplatin and 1g−ia

Cal27 Cal27CisR

cisplatin [μM] cisplatin [μM]

compd [nM] 0.316 0.5 1 2 5 1 3.16 5 10 20

1g
500 0.86 0.87 0.67 0.49 0.35 ∗ ∗ 0.96 0.36 0.35
600 0.79 0.77 0.57 0.37 0.34 ∗ ∗ 0.60 0.36 0.37
700 ∗ 0.97 0.63 0.43 0.32 ∗ 0.56 0.41 0.33 0.37
800 ∗ 0.93 0.56 0.43 0.36 0.81 0.51 0.37 0.35 0.37
900 0.77 0.60 0.54 0.40 0.37 ∗ 0.79 0.52 0.43 0.49
1000 0.77 0.67 0.50 0.41 0.40 0.85 0.63 0.43 0.49 0.48
1500 0.82 0.74 0.64 0.60 0.55 1.00 0.52 0.47 0.51 0.62
2000 0.92 0.86 0.75 0.70 0.66 0.82 0.60 0.59 0.65 0.68

1h
100 ∗ ∗ ∗ ∗ 0.50 ∗ ∗ ∗ ∗ 0.73
200 ∗ ∗ 0.76 0.39 0.29 ∗ ∗ ∗ 0.48 0.33
300 ∗ ∗ 0.44 0.31 0.25 ∗ ∗ ∗ 0.43 0.34
400 ∗ 0.91 0.39 0.27 0.29 ∗ ∗ 0.56 0.26 0.28
500 ∗ 0.49 0.37 0.27 0.29 ∗ 0.71 0.28 0.25 0.26
600 0.93 0.58 0.37 0.26 0.33 ∗ 0.51 0.25 0.20 0.21
700 0.68 0.57 0.43 0.36 0.41 ∗ 0.28 0.21 0.21 0.25
800 0.56 0.51 0.41 0.38 0.38 1.09 0.26 0.23 0.23 0.28

1i
100 ∗ ∗ ∗ 0.31 0.26 ∗ 0.89 0.66 0.41 0.34
200 ∗ 0.96 0.82 0.33 0.22 ∗ 0.87 0.38 0.21 0.19
300 ∗ ∗ 0.64 0.38 0.32 ∗ 0.46 0.25 0.18 0.17
400 0.97 0.75 0.51 0.38 0.36 ∗ 0.30 0.19 0.16 0.16
500 0.79 0.66 0.50 0.42 0.43 0.56 0.26 0.19 0.16 0.20
600 0.71 0.66 0.53 0.49 0.49 0.56 0.24 0.20 0.17 0.19
700 0.82 0.70 0.61 0.60 0.64 ∗ 0.28 0.23 0.20 0.21
800 0.84 0.79 0.69 0.66 0.69 0.65 0.29 0.26 0.23 0.21

aData shown are combination indices. Cal27 and Cal27CisR were treated with combinations of cisplatin and 1g, 1h, or 1i. CI (combination index)
was calculated using Calcusyn 2.1 based on the Chou−Talalay method. CI > 1 indicates antagonism, CI = 1 indicates an additive effect, and CI < 0.9
indicates synergism. ∗ means fraction affected is less than 0.20. Values are the mean of three experiments. SD is <10% of the mean.
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class I HDAC inhibition is required to increase cisplatin
sensitivity as seen for vorinostat and 1g−1i.
Figure 6 shows the effect of the most potent compound 1i on

the inhibitory activity of cisplatin at Cal27CisR cells.
To determine the type of interaction between cisplatin and

1g−i, we performed synergism studies by using MTT assays.
Cal27 and Cal27CisR cells were preincubated with eight
different concentrations of 1g−i. After 48 h, cisplatin was
added in five different concentrations and incubated for 72 h
similar to the combination experiments shown above. The used
concentrations were chosen to achieve a fraction affected (fa =
level of cellular growth inhibition) of <0.9 in the isobologram
analysis. Results are shown in Table 8.
With combination indices below 0.9, the isobologram analysis

revealed a synergistic effect of 1g−i with cisplatin. As seen in the
combination experiments to analyze an enhancement of
cisplatin-induced cytotoxicity, the effects of 1g−i were more
pronounced for the cisplatin-resistant subline. In Cal27CisR, CI
values were more than 2-fold lower in comparison to Cal27.
These results underline once more the higher efficacy of 1g−i
concerning synergistic cytotoxic effects in the cisplatin resistant
subline Cal27CisR.
Enhancement of Cisplatin-Induced Apoptosis. Above,

we found a synergistic enhancement of cisplatin-induced
cytotoxicity upon a 48 h preincubation with 1g−i. Here, we
evaluated if these results could be due to effects of 1g−i on
cisplatin-induced apoptosis. Cal27 and Cal27CisR cells were
treated with 1 μM 1g or 0.5 μM 1h and 1i for 48 h. Then,
cisplatin was added in a concentration corresponding to the
actual IC50 for each cell line (Cal27, 3 μM; Cal27CisR, 25 μM)
andwashed out after 6 h. Cells were cultured for another 24 h and
analyzed using propidium iodide staining. Results are shown in
Figure 7.
1g−i induced no significant changes in the amount of

apoptotic nuclei in comparison to the untreated control for
both cell lines. This indicates that the concentrations of 1g−i
used for the apoptosis assay and for the combination experiments
had no apopotic effects as single agents. However, in
combination with cisplatin 1g−i induced an increase in apoptosis
in comparison to cisplatin alone. The combined treatment in
Cal27 showed a significant increase in the amount of apoptotic
nuclei for 1i (33.3% in contrast to 21.8% for cisplatin alone),
whereas 1g and 1h induced only a small increase which was not
significant. In the cell line Cal27CisR, a significant increase in
apoptosis induction was observed for all three compounds

(cisplatin, 20.3%; +1g, 56.3%; +1h, 59.7%; +1i, 59.7%)
underlining again the higher activity of 1g−i in the cisplatin-
resistant subline.

■ CONCLUSIONS
In summary, we have developed an improved synthetic protocol
for the preparation of HDACi with an alkoxyurea connecting-
unit linker region. In particular, compounds 1g−i showed
remarkable inhibition of cellular HDAC activity and cytotoxicity
in the human ovarian cancer cell line A2780, the human
squamous carcinoma cell line Cal27, and their cisplatin resistant
sublines A2780CisR and Cal27CisR. On the basis of their potent
anticancer activity, 1g−i were selected for a comprehensive
biological evaluation. Isoform profiling against HDAC1, -4, -6,
and -8 resulted in low nanomolar IC50 values for HDAC6with up
to 15-fold preference over HDAC1, >3500-fold over HDAC4,
and >100-fold selectivity over HDAC8. Molecular modeling and
docking studies were performed to rationalize the observed
selectivity profile. Moreover, our data show that 1g−i enhanced
the cisplatin-induced cytotoxicity in Cal27 and Cal27CisR cells.
Notably, 1g−i interacted synergistically with cisplatin. The
enhancement of cisplatin-induced cytotoxicity could be due to an
increase in cisplatin-induced apoptosis. These effects are more
pronounced in the cisplatin-resistant subline Cal27CisR. These
new dual HDAC1/HDAC6 inhibitors may thus be promising
modulators to overcome cisplatin resistance in HNSCC.

■ EXPERIMENTAL SECTION
Chemistry. General. All solvents and chemicals were used as

purchased without further purification. The progress of all reactions was
monitored on Merck precoated silica gel plates (with fluorescence
indicator UV254) using ethyl acetate/n-hexane as solvent system.
Column chromatography was performed with Fluka silica gel 60
(230−400 mesh ASTM) with the solvent mixtures specified in the
corresponding experiment. Spots were visualized by irradiation with
ultraviolet light (254 nm) or staining in potassium permanganate
solution following heating. Flash column chromatography was
performed using prepacked silica cartridge with the solvent mixtures
specified in the corresponding experiment. Melting points (mp) were
taken in open capillaries on a Mettler FP 5 melting-point apparatus and
are uncorrected. Proton (1H) and carbon (13C) NMR spectra were
recorded on a Bruker Avance 500 (500 MHz for 1H and 125 MHz for
13C) or Bruker Avance 600 (600 MHz for 1H and 150 MHz for 13C)
using chloroform-d or DMSO-d6 as solvent. Chemical shifts are given in
parts per million (ppm), relative to residual solvent peak for 1H and 13C.
Elemental analysis was performed on a PerkinElmer PE 2400 CHN
elemental analyzer. Analytical HPLC analysis were carried out on a

Figure 7. 1g−i enhance cisplatin-induced apoptosis in Cal27 and Cal27CisR cells. Cal27 (A) and Cal27CisR (B) cells were preincubated with 1 μM 1g,
0.5 μM 1h, or 0.5 μM 1i for 48 h. Cisplatin was added in an IC50 concentration for each cell line (Cal27 3 μM (A), Cal27CisR 25 μM (B)) and washed
out after 6 h. After a further incubation period of 24 h, apoptosis was analyzed by determining the sub-G1 cell fractions by flow cytometry analysis.
DMSO 10% was added for 24 h to serve as a positive control for apoptosis induction. Vehicle was added as a control for untreated cells. Gray bars depict
the incubation of cells with 1g−i only, whereas black bars show the effects of the combination of 1g−i with cisplatin. All experimental conditions were
incubated for same time periods. Data are the mean ± SD, n = 3. Statistical analysis to compare the apoptosis induction by cisplatin alone and the
combination of cisplatin and 1g−i was performed using one-way ANOVA test ((∗) p < 0.05 and (∗∗∗) p < 0.001).
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Varian Prostar system equipped with a Prostar 410 (autosampler), 210
(pumps) and 330 (UV detector) using a Phenomenex Luna 5u C18(2)
1.8 μmparticle (250mm× 4.6mm) column, supported by Phenomenex
Security Guard cartridge kit C18 (4.0 mm × 3.0 mm). UV absorption
was detected at 254 nm with a linear gradient. The purity of all final
compounds was 95% or higher.
Experimental Data.General procedures for the synthesis of HDAC

inhibitors 1c−j, 2, and theO-benzyl-protected precursors 6c−j as well as
characterization data for compounds 1i and 6i are given below. The
synthesis of all other compounds is reported in the Supporting
Information.
General Procedure for the Synthesis of Compounds 1c−j, 2.A

solution of the respectiveO-benzyl-protected hydroxamic acid (6c−j, 9)
in methanol (50 mL) was hydrogenated (1 bar) at room temperature in
the presence of a catalytic amount of Pd−C (10 wt %). Upon
completion of the reaction, the crude mixture was filtered through Celite
to remove the catalyst and the filtrate was concentrated under reduced
pressure. The residue was purified by column chromatography using
CH2Cl2/30% methanol (9:1) as eluent (yield, 54−72%).
N-Hydroxy-6-((3-(naphthalen-2-yl)ureido)oxy)hexanamide

(1c). Colorless solid; yield 65%; mp 195 °C. 1H NMR (600 MHz,
DMSO-d6) δ = 10.35 (s, 1H), 9.54 (s, 1H), 8.88 (s, 1H), 8.67 (s, 1H),
8.15 (s, 1H), 7.96−7.64 (m, 4H), 7.50−7.33 (m, 2H), 3.80 (t, J = 6.8 Hz,
2H), 1.98 (t, J = 7.6 Hz, 2H), 1.81−1.59 (m, 2H), 1.61−1.48 (m, 2H),
1.42−1.28 (m, 2H) ppm. 13C NMR (151 MHz, DMSO-d6) δ = 169.0,
157.1, 136.7, 133.4, 129.3, 127.9, 127.3, 126.9, 126.2, 124.1, 120.6, 114.9,
75.7, 32.1, 27.2, 24.9 ppm. HPLC analysis: retention time = 8.13 min;
peak area, 96.48%. Method: eluent A, HPLC-grade water + 0.1% TFA;
eluent B, HPLC-grade CH3CN + 0.1% TFA; linear gradient of 30% B to
100% B over 20 min at a flow rate of 1.0 mL min−1.
N-Hydroxy-6-((3-(quinolin-6-yl)ureido)oxy)hexanamide (1d).

Colorless solid; yield 62%; mp 153 °C. 1HNMR (600MHz, DMSO-d6)
δ = 10.36 (s, 1H), 9.63 (s, 1H), 9.04 (s, 1H), 8.77−8.74 (m, 1H), 8.68 (s,
1H), 8.24 (m, 8.26−8.21, 2H), 7.93 (s, 2H), 7.54−7.36 (m, 1H), 3.80 (t,
J = 6.6 Hz, 2H), 1.97 (t, J = 7.4 Hz, 2H), 1.72−1.60 (m, 2H), 1.60−1.47
(m, 2H), 1.40−1.28 (m, 2H) ppm. 13CNMR (151MHz, DMSO-d6) δ =
169.0, 157.0, 148.5, 144.3, 137.1, 135.1, 129.0, 128.2, 124.0, 121.5, 114.5,
75.7, 32.1, 27.2, 24.9 ppm. HPLC analysis: retention time = 7.09 min;
peak area, 96.33%. Method: eluent A, HPLC-grade water + 0.1% TFA;
eluent B, HPLC-grade CH3CN + 0.1% TFA; linear gradient of 10% B to
100% B over 20 min at a flow rate of 1.0 mL min−1.
N-Hydroxy-6-((3-(quinolin-8-yl)ureido)oxy)hexanamide (1e).

Colorless solid; yield 57%; mp 123 °C. 1HNMR (600MHz, DMSO-d6)
δ = 10.36 (s, 1H), 9.96 (s, 1H), 9.91 (s, 1H), 8.92−8.87 (m, 1H), 8.67 (s,
1H), 8.48 (d, 1H), 8.41 (d, J = 8.2, 1.7 Hz, 1H), 7.68−7.51 (m, 3H), 3.89
(t, J = 6.3 Hz, 2H), 1.98 (t, J = 7.3 Hz, 2H), 1.76−1.64 (m, 2H), 1.61−
1.52 (m, 2H), 1.51−1.42 (m, 2H) ppm. 13C NMR (151 MHz, DMSO-
d6) δ = 169.0, 156.3, 148.8, 137.6, 136.6, 134.4, 127.7, 127.0, 122.1,
120.5, 114.1, 76.0, 32.1, 27.5, 25.1, 24.9 ppm. HPLC analysis: retention
time = 9.76 min; peak area, 95.44%. Method: eluent A, HPLC-grade
water + 0.1% TFA; eluent B, HPLC-grade CH3CN + 0.1% TFA; linear
gradient of 10% B to 100% B over 20 min at a flow rate of 1.0 mL min−1.
N-Hydroxy-6-((3-(2-methylquinolin-8-yl)ureido)oxy)-

hexanamide (1f). Colorless solid; yield 72%; mp 153 °C. 1H NMR
(600MHz, DMSO-d6) δ = 10.36 (s, 1H), 9.97 (s, 1H), 9.94 (s, 1H), 8.68
(s, 1H), 8.49−8.42 (m, 1H), 8.27 (s, 1H), 7.61−7.40 (m, 3H), 3.91 (t, J
= 6.4 Hz, 2H), 2.71 (s, 3H), 2.04−1.93 (m, 2H), 1.85−1.69 (m, 2H),
1.69−1.52 (m, 2H), 1.54−1.41 (m, 2H) ppm. 13C NMR (151 MHz,
DMSO-d6) δ = 168.4, 156.7, 155.9, 136.4, 136.1, 133.3, 125.5, 125.4,
122.2, 119.7, 113.5, 75.6, 31.5, 27.1, 24.5, 24.4, 24.3 ppm. HPLC
analysis: retention time = 14.17 min; peak area, 96.99%. Method: eluent
A, HPLC-grade water + 0.1% TFA; eluent B, HPLC-grade CH3CN +
0.1% TFA; linear gradient of 10% B to 100% B over 20 min at a flow rate
of 1.0 mL min−1.
N-Hydroxy-6-((3-(6-methoxyquinolin-8-yl)ureido)oxy)-

hexanamide (1g). Colorless solid; yield 59%; mp 176 °C. 1H NMR
(600 MHz, DMSO-d6) δ = 10.35 (s, 1H), 10.01 (s, 1H), 9.85 (s, 1H),
8.70 (dd, J = 4.2, 1.6 Hz, 1H), 8.66 (s, 1H), 8.27 (d, J = 8.2 Hz, 1H), 8.14
(d, J = 2.5 Hz, 1H), 7.61−7.52 (m, 1H), 7.01 (d, J = 2.5 Hz, 1H), 3.97−
3.82 (m, 5H), 1.98 (t, J = 7.2 Hz, 2H), 1.74−1.64 (m, 2H), 1.61−1.53

(m, 2H), 1.51−1.41 (m, 2H) ppm. 13CNMR (151MHz, DMSO-d6) δ =
168.9, 157.6, 156.2, 146.0, 135.4, 135.3, 134.2, 128.9, 122.5, 106.5, 98.5,
76.0, 55.4, 32.1, 27.5, 25.1, 24.9 ppm. HPLC analysis: retention time =
6.88 min; peak area, 95.42%. Method: eluent A, HPLC-grade water +
0.1% TFA; eluent B, HPLC-grade CH3CN + 0.1% TFA; linear gradient
of 30% B to 100% B over 20 min at a flow rate of 1.0 mL min−1.

N-Hydroxy-6-((3-(6-methoxy-4-methylquinolin-8-yl)ureido)-
oxy)hexanamide (1h). Colorless solid; yield 61%; mp 142 °C. 1H
NMR (600 MHz, DMSO-d6) δ = 10.36 (s, 1H), 9.99 (s, 1H), 9.95 (s,
1H), 8.67 (s, 1H), 8.56 (dd, J = 4.3, 1.7 Hz, 1H), 8.19−8.11 (m, 1H),
7.42 (d, J = 4.1 Hz, 1H), 6.95 (s, 1H), 3.92 (s, 3H), 3.87 (t, J = 6.4, 1.8
Hz, 2H), 2.65 (s, 3H), 1.98 (t, J = 7.5, 1.7 Hz, 2H), 1.74−1.64 (m, 2H),
1.61−1.53 (m, 2H), 1.50−1.42 (m, 2H) ppm. 13C NMR (125 MHz,
DMSO-d6) δ = 169.0, 157.5, 156.2, 145.5, 143.4, 135.9, 133.9, 128.5,
123.0, 106.0, 95.3, 76.0, 55.4, 32.1, 27.5, 25.1, 24.9, 18.4 ppm. HPLC
analysis: retention time = 9.62 min; peak area, 98.50%. Method: eluent
A, HPLC-grade water + 0.1% TFA; eluent B, HPLC-grade CH3CN +
0.1% TFA; linear gradient of 10% B to 100% B over 20 min at a flow rate
of 1.0 mL min−1.

6-((3-(2,6-Dimethoxy-4-methylquinolin-8-yl)ureido)oxy)-N-
hydroxyhexanamide (1i). Colorless solid; yield 55%; mp 162 °C. 1H
NMR (600 MHz, DMSO-d6) δ = 10.34 (s, 1H), 9.94 (s, 1H), 9.59 (s,
1H), 8.66 (s, 1H), 8.13 (d, 1H), 6.96 (s, 1H), 6.92 (d, J = 2.7 Hz, 1H),
3.98 (s, 3H), 3.95−3.83 (m, 3H), 2.59 (s, 3H), 1.94 (t, J = 7.4 Hz, 2H),
1.70−1.60 (m, 2H), 1.56−1.47 (m, 2H), 1.38−1.29 (m, 2H) ppm. 13C
NMR (151 MHz, DMSO-d6) δ = 168.4, 158.7, 155.8, 155.1, 146.6,
133.6, 130.2, 124.5, 112.5, 105.7, 96.0, 75.3, 54.7, 52.1, 31.6, 27.0, 24.39,
24.32, 17.92 ppm. HPLC analysis: retention time = 14.17 min; peak
area, 96.99%. Method: eluent A, HPLC-grade water + 0.1% TFA; eluent
B, HPLC-grade CH3CN + 0.1% TFA; linear gradient of 10% B to 100%
B over 20 min at a flow rate of 1.0 mL min−1.

N-Hydroxy-6-((3-(2-isopropoxy-6-methoxy-4-methyl-5-(3-
(tr ifluoromethyl)phenoxy)quinolin-8-yl)ureido)oxy)-
hexanamide (1j). Colorless solid; yield 54%; mp 137 °C. 1H NMR
(600 MHz, DMSO-d6) δ = 10.37 (s, 1H), 10.02 (s, 1H), 9.68 (s, 1H),
8.69 (s, 1H), 8.57 (s, 1H), 7.53 (t, J = 8.1, 1H), 7.37 (d, J = 7.8, 1H), 7.12
(s, 1H), 7.03 (d, J = 7.8, 1H), 6.84 (s, 1H), 5.45 (sept, J = 6.2, 1H), 3.91
(t, J = 7.1, 2H), 3.75 (s, 3H), 2.52 (s, 3 H), 1.98 (t, J = 7.4, 2H), 1.85−
1.63 (m, 2H), 1.63−1.48 (m, 2H), 1.48−1.27(m, 8H) ppm. 13C NMR
(151 MHz, DMSO-d6) δ = 168.9, 158.7, 158.6, 156.4, 147.4, 146.2,
131.9, 131.1, 130.4 (q, J = 32.0 Hz), 130.4, 130.3, 123.8 (q, J = 272.9
Hz), 119.4, 118.6, 118.2, 118.2, 116.3, 111.3, 103.7, 75.8, 67.8, 56.3, 32.1,
27.5, 24.9, 24.8, 22.2, 21.6 ppm. HPLC analysis: retention time = 18.61
min; peak area, 96.49%. Method: eluent A, HPLC-grade water + 0.1%
TFA; eluent B, HPLC-grade CH3CN + 0.1% TFA; linear gradient of
30% B to 100% B over 20 min at a flow rate of 1.0 mL min−1.

N-(Benzyloxy)-N-methyl-6-((3-(naphthalen-1-yl)ureido)oxy)-
hexanamide (2). Oil; yield 54%. 1H NMR (500 MHz, DMSO-d6) δ =
9,76 (s, 1H), 9.55 (s, 1H), 8.83 (s, 1H), 8.07−7.87 (m, 2H), 7.75 (d, J =
8.20, 1H), 7.63 (d, J = 7.34, 1H), 7.60−7.46 (m, 3H), 3.88 (t, J = 6.7 Hz,
2H), 3.07 (s, 3H) 2.37 (t, J = 7.7 Hz, 2H), 1.77−1.66 (m, 2H), 1.61−
1.49 (m, 2H), 1.47−1.34 (m, 2H) ppm. 13C NMR (125 MHz, DMSO-
d6) δ = 172.8, 157.9, 133.6, 128.3, 128.3, 128.0, 125.8, 125.7, 125.5,
124.8, 122.4, 121.6, 75.8, 35.6, 31.4, 27.4, 25.1, 24.0 ppm. Anal. Calcd for
C18H23N3: C 60.51, H 8.07, N 12.45. Found: C 60.58, H 7.93, N 12.15.

N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)hexanamide
(3). (1) 6-Bromohexanoic acid (1.951 g, 10 mmol) was dissolved in
anhydrous THF (25 mL) and cooled to −15 °C. This was treated with
N-methylmorpholine (1.012 g, 11 mmol) followed by isobutyl
chloroformate (1.502 g, 11 mmol) to form the mixed anhydride. After
15 min O-benzylhydroxylamine (1.232 g, 10 mmol) was added
dropwise. The reaction was warmed to room temperature over 3 h
and subsequently filtered. After removing the solvent in vacuo the
residue was diluted in ethyl acetate/H2O and extracted with ethyl
acetate (3 × 60 mL). The combined extracts were washed with
NaHCO3 (50 mL) and the organic layer was dried over Na2SO4, filtered
and the solvent removed in vacuo to give the intermediate N-
(benzyloxy)-6-bromohexanamide (2.49 g, 8.30 mmol, 83%).

(2) N-Hydroxyphthalimide (1.35 g, 8.30 mmol) and N-(benzyloxy)-
6-bromohexanamide (2.49 g, 8.30 mmol) were dissolved in acetonitrile

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b01538
J. Med. Chem. 2017, 60, 5334−5348

5342

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6b01538/suppl_file/jm6b01538_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.6b01538/suppl_file/jm6b01538_si_003.pdf
http://dx.doi.org/10.1021/acs.jmedchem.6b01538


(25 mL). Triethylamine (1.26 g, 12.45 mmol) was added, and the
reaction mixture was refluxed for 7 h. Upon completion (TLC analysis,
eluent ethyl acetate/n-hexane 1:1), the reactionmixture was poured into
ice−water (70 g) and extracted with ethyl acetate (3 × 75 mL). The
combined organic layers were washed with a saturated solution of
NaHCO3 (3 × 75 mL), dried over Na2SO4, and evaporated under
reduced pressure to provide 3 in 79% yield. All spectroscopic data were
in agreement with the literature.14

6-(Aminooxy)-N-(benzyloxy)hexanamide (4). Methylhydrazine
(0.503 mL, 9.6 mmol) was added dropwise at −10 °C to a solution of
compound 3 (2.29 g, 6 mmol) in dry CH2Cl2 (15 mL). The reaction
mixture was stirred for 2.5 h, and the precipitate was removed by
filtration. The filtrate was evaporated under reduced pressure and
treated with diethyl ether (5 mL). The precipitate was removed by
filtration, and a saturated solution of HCl in diethyl ether was added to
the filtrate to obtain the hydrochloride of the product. The solid was
collected by filtration and subsequently dissolved in water (40 mL). A
saturated Na2CO3 solution was added until pH > 8, and the aqueous
layer was extracted with ethyl acetate (3 × 50 mL). The combined
organic layers were dried over Na2SO4 and evaporated under reduced
pressure to provide 4. All spectroscopic data were in agreement with the
literature.14

4-Nitrophenyl ((6-((Benzyloxy)amino)-6-oxohexyl)oxy)-
carbamate (5). The 6-(aminooxy)-N-(benzyloxy)hexanamide 4
(0.252 g, 1.0 mmol) was dissolved in dry CH2Cl2 (30 mL), and dry
pyridine (0.110 mL, 1.4 mmol) was added. The reaction was cooled
down to 0 °C, and 4-nitrophenyl chloroformate (0.202 g, 1 mmol) was
added under stirring in one portion. After stirring at room temperature
for 3 h, the homogeneous solution was diluted with CH2Cl2 (100 mL)
and washed with citric acid solution (10%w/w, 2× 50mL) and water (2
× 50mL). The organic layer was dried over Na2SO4 and concentrated to
afford 5 in 72% yield. Compound 5 was used directly in the next step
without further purification.
General Procedure for the Microwave-Assisted Synthesis of

Compounds 6c−j. 4-Nitrophenyl-((6-((benzyloxy)amino)-6-
oxohexyl)oxy)carbamate 5 (0.209 g, 0.5 mmol) in dry THF (1.5 mL)
was placed into a 10 mL glass pressure microwave tube equipped with a
magnetic stirrer bar. Triethylamine (69 μL, 0.5 mmol) was added before
the tube was closed with a silicon septum, and the reaction mixture was
subjected to microwave irradiation for 0.5 h at 70 °C and 100 W. The
reaction mixture was cooled to room temperature and transferred to a
round bottomed flask. The solvent was evaporated, CH2Cl2 (100 mL)
was added, and the mixture was washed subsequently with a saturated,
aqueous solution of sodium hydrogen carbonate (30mL), and water (30
mL). The organic layer was dried over Na2SO4, filtered, and the solvent
was evaporated. The remaining residues were purified by crystallization
from appropriate solvents or the crude products were purified by flash
column chromatography (prepacked silica cartridge, n-hexane/ethyl
acetate, gradient 90:10 → 0:100 in 0.5 h) to yield the desired
intermediates (yield, 83−91%).
N - (Benzyloxy)-6-((3-(naphthalen-2-yl)ureido)oxy)-

hexanamide (6c). Colorless solid; yield 85%; mp 132 °C. 1H NMR
(600MHz, DMSO-d6) δ = 10.96 (s, 1H), 9.54 (s, 1H), 8.87 (s, 1H), 8.15
(d, J = 1.6 Hz, 1H), 7.82 (s, 1H), 7.80 (s, 1H), 7.77 (d, J = 8.2 Hz, 1H),
7.69 (dd, J = 2.0, 8.9 Hz, 1H), 7.44 (t, J = 7.5 Hz, 1H), 7.41−7.30 (m,
6H), 4.78 (s, 2H), 3.79 (t, J = 6.7Hz, 2H), 1.98 (t, J = 7.2Hz, 2H), 1.69−
1.59 (m, 2H), 1.57−1.48 (m, 2H), 1.37−1.26 (m, 2H) ppm. 13C NMR
(150 MHz, DMSO-d6) δ = 169.2, 157.1, 136.6, 136.0, 133.3, 129.3,
128.7, 128.2, 128.1, 127.9, 127.3, 126.9, 126.1, 124.1, 120.6, 114.9, 76.7,
75.6, 32.1, 27.2, 24.7, 24.7 ppm. Anal. Calcd for C24H27N3: C 68.39, H
6.46, N 9.97. Found: C 68.21, H 6.37, N 9.83.
N-(Benzyloxy)-6-((3-(quinolin-6-yl)ureido)oxy)hexanamide

(6d). Colorless solid; yield 79%; mp 103 °C. 1H NMR (600 MHz,
DMSO-d6) δ = 10.95 (s, 1H), 9.62 (s, 1H), 9.03 (s, 1H), 8.75 (dd, J =
4.0, 1.7 Hz, 1H), 8.26−8.16 (m, 2H), 7.92 (s, 2H), 7.50−7.42 (m, 1H),
7.51−7.27 (m, 5H), 4.78 (s, 2H), 3.80 (t, J = 6.7 Hz, 2H), 1.98 (t, J = 7.2
Hz, 2H), 1.72−1.60 (m, 2H), 1.59−1.49 (m, 2H), 1.39−1.27 (m, 2H)
ppm. 13C NMR (151 MHz, DMSO-d6) δ = 169.2, 157.0, 148.5, 144.3,
137.1, 136.0, 135.1, 129.0, 128.7, 128.2, 128.1, 123.9, 121.5, 114.5, 76.7,

75.7, 32.1, 27.1, 24.7, 24.7 ppm. Anal. Calcd for C23H26N4: C 65.39, H
6.20, N 13.26. Found: C 65.11, H 6.11, N 13.01.

N-(Benzyloxy)-6-((3-(quinolin-8-yl)ureido)oxy)hexanamide
(6e). Colorless solid; yield 77%; mp 94 °C. 1H NMR (600 MHz,
DMSO-d6) δ = 10.97 (s, 1H), 9.97 (s, 1H), 9.92 (s, 1H), 8.90 (d, J = 2.9
Hz, 1H), 8.49 (d, J = 7.5 Hz, 1H), 8.40 (d, J = 7.1 Hz, 1H), 7.66−7.52
(m, 3H), 7.43−7.30 (m, 5H), 4.77 (s, 2H), 3.89 (t, J = 6.3 Hz, 2H), 2.00
(t, J = 7.2 Hz, 2H), 1.74−1.64 (m, 2H), 1.62−1.51 (m, 2H), 1.51−1.42
(m, 2H) ppm. 13C NMR (151MHz, DMSO-d6) δ = 169.2, 156.3, 148.7,
137.6, 136.5, 136.0, 134.4, 128.7, 128.2, 128.1, 127.7, 127.0, 122.1, 120.4,
114.1, 76.7, 76.0, 32.0, 27.4, 24.9, 24.7 ppm. Anal. Calcd for C23H26N4: C
65.39, H 6.20, N 13.26. Found: C 65.34, H 6.05, N 13.23.

N-(Benzyloxy)-6-((3-(2-methylquinolin-8-yl)ureido)oxy)-
hexanamide (6f). Colorless solid; yield 89%; mp 110 °C. 1H NMR
(600MHz, DMSO-d6) δ = 10.93 (s, 1H), 9.96 (s, 1H), 9.93 (s, 1H), 8.44
(dd, J = 7.7, 1.4 Hz, 1H), 8.27 (d, J = 8.4 Hz, 1H), 7.56−7.44 (m, 3H),
7.39−7.29 (m, 5H), 4.75 (s, 2H), 3.89 (t, J = 6.5 Hz, 2H), 2.70 (s, 3H),
1.96 (t, J = 7.3 Hz, 2H), 1.78−1.70 (m, 2H), 1.60−1.52 (m, 2H), 1.47−
1.39 (m, 2H) ppm. 13C NMR (151 MHz, DMSO-d6) δ = 168.7, 156.7,
155.9, 136.4, 136.1, 135.5, 133.3, 128.2, 127.7, 127.6, 125.5, 125.4, 122.2,
119.7, 113.5, 76.1, 75.5, 31.5, 27.0, 24.4, 24.3, 24.2 ppm. Anal. Calcd for
C24H28N4: C 66.04, H 6.47, N 12.84. Found: C 66.07, H 6.33, N 12.77.

N-(Benzyloxy)-6-((3-(6-methoxyquinolin-8-yl)ureido)oxy)-
hexanamide (6g). Colorless solid; yield 91%; mp 102 °C. 1H NMR
(600 MHz, DMSO-d6) δ = 10.96 (s, 1H), 10.02 (s, 1H), 9.86 (s, 1H),
8.75−8.66 (m, 1H), 8.27 (dd, J = 8.3, 1.7 Hz, 1H), 8.15 (d, J = 2.8 Hz,
1H), 7.59−7.52 (m, 1H), 7.41−7.31 (m, 5H), 7.01 (d, J = 2.8 Hz, 1H),
4.78 (s, 2H), 3.96−3.81 (m, 5H), 2.00 (t, J = 7.5 Hz, 2H), 1.76−1.64 (m,
2H), 1.64−1.52 (m, 2H), 1.53−1.41 (m, 2H) ppm. 13C NMR (151
MHz, DMSO-d6) δ = 169.2, 157.6, 156.2, 146.0, 136.0, 135,4, 135.3,
134.2, 128.9, 128.7, 128.2, 128.1, 122.5, 106.5, 98.5, 76.7, 76.0, 55.4,
32.0, 27.4, 24.9, 24.7 ppm. Anal. Calcd for C24H28N4: C 63.70, H 6.24, N
12.38. Found: C 63.41, H 6.09, N 12.23.

N-(Benzyloxy)-6-((3-(6-methoxy-4-methylquinolin-8-yl)-
ureido)oxy)hexanamide (6h).Colorless solid; yield 78%;mp 110 °C.
1HNMR (600MHz, DMSO-d6) δ = 10.95 (s, 1H), 9.99 (s, 1H), 9.95 (s,
1H), 8.56 (d, J = 4.2 Hz, 1H), 8.15 (d, J = 2.6 Hz, 1H), 7.50−7.26 (m,
6H), 6.95 (d, J = 2.6 Hz, 1H), 4.76 (s, 2H), 3.91 (s, 3H), 3.86 (t, J = 6.3
Hz, 2H), 2.65 (s, 3H), 1.98 (t, J = 6.2 Hz, 2H), 1.75−1.62 (m, 2H),
1.61−1.51 (m, 2H), 1.51−1.40 (m, 2H) ppm. 13C NMR (151 MHz,
DMSO-d6) δ = 169.2, 157.5, 156.2, 145.5, 143.4, 136.0, 135.8, 133.8,
128.7, 128.5, 128.2, 128.1, 123.0, 106.0, 95.2, 76.6, 76.0, 55.4, 32.0, 27.4,
24.9, 24.7, 18.4 ppm. Anal. Calcd for C25H30N4: 64.36, H 6.48, N 12.01.
Found: C 64.13, H 6.43, N 12.15.

N-(Benzyloxy)-6-((3-(2,6-dimethoxy-4-methylquinolin-8-yl)-
ureido)oxy)hexanamide (6i). Colorless solid; yield 84%; mp 132 °C.
1HNMR (600MHz, DMSO-d6) δ = 10.95 (s, 1H), 9.94 (s, 1H), 9.58 (s,
1H), 8.13 (d, J = 2.7Hz, 1H), 7.42−7.30 (m, 5H), 6.93 (s, 1H), 6.90 (d, J
= 2.8 Hz, 1H), 4.77 (s, 2H), 3.98 (s, 3H), 3.88 (m, 3.91−3.85, 5H), 2.57
(s, 3H), 1.96 (t, J = 7.3 Hz, 2H), 1.69−1.61 (m, 2H), 1.56−1.48 (m,
2H), 1.37−1.28 (m, 2H) ppm. 13C NMR (151 MHz, DMSO-d6) δ =
169.1, 159.2, 156.3, 155.7, 147.2, 136.0, 134.1, 130.7, 128.7, 128.2, 128.1,
125.0, 113.0, 106.2, 96.5, 76.7, 75.8, 55.2, 52.6, 32.0, 27.5, 24.7, 18.4
ppm. Anal. Calcd for C26H32N4: C 62.89, H 6.50, N 11.28. Found: C
62.67, H 6.44, N 11.03.

N-(Benzyloxy)-6-((3-(2-isopropoxy-6-methoxy-4-methyl-5-
(3-(trifluoromethyl)phenoxy)quinolin-8-yl)ureido)oxy)-
hexanamide (6j). Colorless solid; yield 83%; mp 109 °C. 1H NMR
(600 MHz, DMSO-d6) δ = 10.95 (s, 1H), 10.01 (s, 1H), 9.67 (s, 1H),
8.56 (s, 1H), 7.52 (t, J = 8.1 Hz, 1H), 7.45−7.25 (m, 6H), 7.11 (s, 1H),
7.03 (dd, J = 8.5, 2.6 Hz, 1H), 6.84 (s, 1H), 5.44 (sept, J = 6.2 Hz, 1H),
4.78 (s, 2H), 3.90 (t, J = 6.9 Hz, 2H), 3.74 (s, 3H), 2.52 (s, 3H), 1.98 (t, J
= 7.2 Hz, 2H), 1.73−1.64 (m, 2H), 1.62−1.47 (m, 2H), 1.39 (d, J = 9.5
Hz, 6H), 1.37- 1.30 (m, 2H) ppm. 13C NMR (151MHz, DMSO-d6) δ =
169.2, 158.7, 158.6, 156.4, 147.4, 146.2, 136.1, 132.0, 131.1, 131.1, 130.4
(q, J = 31.93 Hz), 130.4, 128.7, 128.2, 128.1, 123.8 (q, J = 272.79 Hz),
119.4, 118.6, 118.2, 116.3, 111.3, 103.7, 76.7, 75.8, 67.8, 56.3, 32.1, 27.5,
24.7, 24.7, 22.2, 21.6 ppm. Anal. Calcd for C35H39N4: C 61.40, H 5.74, N
8.18. Found: C 61.21, H 5.68, N 8.03.
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N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)-N-methyl-
hexanamide (7). Sodium hydride (0.52 g, 13.4 mmol, 60% dispersion
in mineral oil) was added in portions to 4.59 g (12 mmol) of N-
(benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)hexanamide (3) in 115
mL of THF followed by dropwise addition of methyl iodide (0.84 mL,
13.4 mmol). The reaction was stirred overnight at room temperature
before it was quenched with a saturated solution of NH4Cl (100 mL)
and extracted with ethyl acetate (3 × 100 mL). The organic layer was
dried over Na2SO4, filtered, and the solvent was removed in vacuo. The
crude products were purified by flash column chromatography
(prepacked silica cartridge, n-hexane/ethyl acetate, gradient 90:10 →
50:50 in 0.5 h) to give the intermediate N-(benzyloxy)-6-((1,3-
dioxoisoindolin-2-yl)oxy)-N-methylhexanamide 7 in 92% yield.25

N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)-N-methyl-
hexanamide (7). Oil; yield 59%. 1H NMR (500 MHz, DMSO-d6) δ =
7.86 (s, 4H), 7.52−7.30 (m, 5H), 4.89 (s, 2H), 4.11 (t, J = 6.5 Hz, 2H),
3.14 (s, 3H), 2.34 (t, J = 7.3 Hz, 2H), 1.71−1.58 (m, 2H), 1.57−1.44 (m,
2H), 1.44−1.34 (m, 2H) ppm. 13C NMR (125 MHz, DMSO-d6) δ =
163.2, 134.6, 129.4, 128.6, 128.5, 128.4, 123.1, 77.5, 75.1, 31.1, 31.1,
27.4, 24.8, 23.6 ppm. HPLC analysis: retention time = 3.1 min; peak
area, 95.34%. Method: eluent A, 5 mM/L (385 mg/L) ammonium
acetate; eluent B, HPLC-grade CH3CN; linear gradient of 5% B to 95%
B over 20 min at a flow rate of 1.0 mL min−1.
6-(Aminooxy)-N-(benzyloxy)-N-methylhexanamide (8). Syn-

thesized from 7 according to the procedure for 4.14 Oil; yield 62%. 1H
NMR (500MHz, DMSO-d6) δ = 7.54−7.30 (m, 5H), 5.86 (s, 2H), 4.87
(s, 2H), 3.47 (t, J = 6.5 Hz, 2H), 3.13 (s, 3H), 2.30 (t, J = 7.5 Hz, 2H),
1.60−1.36 (m, 4H), 1.31−1.13 (m, 2H). 13C NMR (151 MHz, DMSO-
d6) δ = 173.7, 134.8, 129.4, 128.6, 128.4, 75.1, 74.7, 32.7, 31.2, 27.7, 25.3,
23.9 ppm. Anal. Calcd for C14H22N2: C 63.13, H 8.33, N 10.52. Found:
C 63.11, H 8.60, N 10.39.
N-(Benzyloxy)-N-methyl-6-(3-naphthalen-1-ylureidooxy)-

hexanamide (9). Synthesized from 8 according to the literature.14 A
solution of 1-naphthyl isocyanate (2.7 mmol) in dry CH2Cl2 (5 mL) was
added dropwise to a solution of the aminoxy derivative 8 (3 mmol) in
dry CH2Cl2 (15 mL). The reaction mixture was stirred overnight at
room temperature and subsequently treated with petroleum ether to
precipitate the product. The resulting solid was collected, washed with
petroleum ether (5 mL), and dried in vacuo.
N-(Benzyloxy)-N-methyl-6-(3-naphthalen-1-ylureidooxy)-

hexanamide (9). Oil; yield 59%. 1H NMR (500 MHz, DMSO-d6) δ =
9.55 (s, 1H), 8.82 (s, 1H), 7.95−7.91 (m, 2H), 7.75 (d, J = 8.18, 1H),
7.63 (d, J = 7.20 Hz, 1H), 7.57−7.34 (m, 8H), 4,87 (s, 2H), 3.86 (t, J =
6.69, 2H), 3.12 (s, 3H), 2.35 (t, J = 7.37 Hz, 2H), 1.71−1.61 (m, 2H),
1.78−1.70 (m, 2H), 1.56−1.44 (m, 2H), 1.34−1.25 (m, 2H) ppm. 13C
NMR (151 MHz, DMSO-d6) δ = 170.2, 157.9, 134.8, 133.6, 133.6,
129.4, 128.6, 128.4, 128.3, 128.0, 125.8, 125.7, 125.5, 124.7, 122.3, 121,6,
75.7, 75.0, 31.2, 27.4, 25.0, 23.8 ppm. Anal. Calcd for C25H29N3: C 68.95,
H 6.71, N 9.65. Found: C 68.75, H 6.89, N 9.20.
Amine Precursors. The amine intermediates and their precursors

were synthesized according to established literature methods or were
obtained from commercial suppliers. 2-Naphthylamine, 6-aminoquino-
line, 8-aminoquinoline, and 2-methyl-8-nitroquinoline were obtained
from commercial suppliers (Sigma-Aldrich, TCI, Alfa Aesar) and used as
purchased without further purification. 8-Amino-2-methylquinoline was
synthesized from 2-methyl-8-nitroquinoline.26 The known intermedi-
ates 6-methoxy-4-methylquinolin-8-amine, 6-methoxyquinolin-8-
amine, and 2,6-dimethoxy-4-methylquinolin-8-amine and their pre-
cursors were synthesized according to established literature methods.26

The novel 2-isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)-
phenoxy)quinolin-8-amine was synthesized according to known
procedures.26

2- I sopropoxy-6 -methoxy-4-methy l -8 -n i t ro -5 - (3 -
(trifluoromethyl)phenoxy)quinoline. A solution of the respective
phenol (16.3 mmol) in DMSO (15 mL) and potassium hydroxide (0.92
g, 16.3 mmol) was heated to 100 °C for 0.5 h. The respective 2-alkoxy-5-
chloro-6-methoxy-4-methyl-8-nitroquinoline (14.2 mmol) was added in
one portion. The resulting dark solution was stirred at 100 °C for 2.5 h.
Water (30 mL) was added slowly while keeping the temperature above
60 °C. The resulting suspension was cooled to 10 °C. The crude product

was separated by suction filtration, washed with water, and dried. The
residue was then suspended in toluene (125 mL), heated to reflux in the
presence of activated charcoal, and filtered through kieselgur. Toluene
(100 mL) was removed by destillation at ambient pressure. The solution
was cooled to 70 °C, and n-hexane was added (100 mL). The resulting
suspension was cooled to 5 °C. The product was separated by suction
filtration and washed with n-hexane.

2- I sopropoxy-6 -methoxy-4 -methy l -8 -n i t ro -5 - (3 -
(trifluoromethyl)phenoxy)quinoline. Yellow solid; yield 64%; mp
155 °C. 1H NMR (500 MHz, CDCl3) δ = 7.75 (s, 1 H), 7.40 (dd, J1 = J2
= 8.0 Hz, 1H), 7.32 (d, J = 7.7Hz, 1 H), 7.09 (s, 1 H), 6.93 (d, J = 8.2 Hz,
1 H), 6.72 (s, 1 H), 5.41 (sept, J = 6.2 Hz, 1 H), 3.80 (s, 3 H), 2.61 (s, 3
H), 1.39 (d, J = 6.2 Hz, 6 H) ppm. 13C NMR (125 MHz, CDCl3) δ =
161.7, 157.9, 146.2, 145.8, 144.4, 140.8, 135.2, 132.3 (q, J = 32.7 Hz),
130.4, 123.7 (q, J = 273.2 Hz), 121.7, 119.2 (q, J = 3.6 Hz), 118.2, 118.0,
112.2 (q, J = 3.5 Hz), 111.2, 69.4, 57.0, 23.1, 21.8. Anal. Calcd for
C21H19F3N2O5: C 57.80, H 4.39, N 6.42. Found: C 57.65, H 4.66, N
6.45.

2-Isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)-
phenoxy)quinoline-8-amine. The respective 8-nitroquinoline (3.7
mmol) and Pd−C (10%) were suspended in dry ethanol (50 mL). The
reaction mixture was heated to 60 °C, and then hydrazine hydrate (0.93
g, 18.5 mmol) was added dropwise over 15 min. The reaction mixture
was stirred at 60 °C for 4 h, then heated under reflux for 0.5 h. After
cooling to 50 °C, Pd−Cwas removed by filtration through kieselgur and
washed with ethanol (20 mL). After cooling to room temperature, water
(50 mL) was added slowly under vigorous stirring over 0.5 h. The
resulting slurry was cooled to 5 °C, filtered, and the residue was washed
with a mixture of ethanol/H2O (1:1).

2-Isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)-
phenoxy)quinoline-8-amine. Colorless solid; yield 44%; mp 91 °C.
1HNMR (500MHz, CDCl3) δ = 7.33 (dd, J1 = J2 = 8.0 Hz, 1 H), 7.21 (d,
J = 7.7 Hz, 1 H), 7.05 (s, 1 H), 6.94 (dd, J = 8.2, 2.0 Hz, 1 H), 6.77 (s, 1
H), 6.61 (s, 1 H), 5.46 (sept, J = 6.2 Hz, 1 H), 4.69 (s, 2 H), 3.75 (s, 3 H),
2.54 (s, 3 H), 1.41 (d, J = 6.2 Hz, 6 H) ppm. 13C NMR (126 MHz,
CDCl3) δ = 159.6, 158.9, 148.2, 146.0, 141.1, 131.9 (q, J = 32.6 Hz),
131.3, 130.0, 128.6, 123.9 (q, J = 272.3 Hz), 120.6, 118.2, 118.0 (q, J =
3.8 Hz), 116.4, 112.0 (q, J = 3.7 Hz), 99.3, 67.8, 56.7, 23.0, 22.0 ppm.
Anal. Calcd for C21H21F3N2O3: C 62.06, H 5.21, N 6.89. Found: C
62.01, H 5.60, N 6.80.

Molecular Modeling. Docking Studies. For the molecular
docking, compounds 1a, 1g, 1h, and 1i were drawn with ChemDraw
Ultra,27 converted into a 3D structure, and energy minimized with
Moloc using the MAB force field.28 The HDACi were then docked into
crystal structures of HDAC1 (PDB code 4BKX29), HDAC4 (PDB code
4CBT30), and HDAC8 (PDB code 4RN031) and into a homology
model of HDAC6, which was already successfully used by us to predict
HDACi binding mode models,16 utilizing AutoDock332 as a docking
engine and the DrugScore33 distance-dependent pair-potentials as an
objective function, as described in ref 20. In the docking, default
parameters were used with the exception of the clustering rmsd cutoff,
which was set to 2.0 Å, to consider the flexibly connected saturated and
unsaturated carbon cycles. Docking solutions with more than 20% of all
configurations in the largest cluster were considered sufficiently
converged. The configuration in the largest cluster with the lowest
docking energy and with a distance of <3 Å between the hydroxamic acid
oxygen and the zinc ion in the binding pocket was used for further
evaluation

Biological Evaluation. Reagents. Cisplatin was purchased from
Sigma (Germany), propidium iodide (PI) was purchased from Santa
Cruz Biotechnology (Germany), and tubastatin A and entinostat were
purchased from Selleckchem (Germany). Vorinostat was synthesized
according to known procedures.34 All other reagents were supplied by
PAN Biotech (Germany) unless otherwise stated.

Cell Lines and Cell Culture.The human ovarian carcinoma cell line
A2780 was obtained from European Collection of Cell Cultures
(ECACC, Salisbury, U.K.). The human tongue cell line Cal27 was
obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Germany). The corresponding cisplatin resistant
CisR cell lines were generated by exposing the parental cell lines to

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.6b01538
J. Med. Chem. 2017, 60, 5334−5348

5344

http://dx.doi.org/10.1021/acs.jmedchem.6b01538


weekly cycles of cisplatin in an IC50 concentration over a period of 24−
30 weeks as described in Gosepath et al.35 and Eckstein et al.36 The
humanmedulloblastoma cell lines ONS76 andMed8a were a kind gift of
the KMT laboratory (Department of Pediatric Oncology, Hematology
and Clinical Immunology, Heinrich Heine University Düsseldorf,
Germany).
All cell lines were grown at 37 °C under humidified air supplemented

with 5% CO2 in RPMI 1640 (A2780) or DMEM (Cal27, ONS76,
Med8a) containing 10% fetal calf serum, 120 IU/mL penicillin, and 120
μg/mL streptomycin. The cells were grown to 80% confluency before
using them for the appropriate assays.
In Vitro Testing of HDAC1, -6, and -8.37 OptiPlate-96 black

microplates (PerkinElmer) were used with an assay volume of 60 μL.
Human recombinant HDAC1 (BPS Bioscience, catalog no. 50051) or
human recombinant HDAC6 (BPS Bioscience, catalog no. 50006) was
diluted in incubation buffer (50 mM Tris-HCl, pH 8.0, 137 mM NaCl,
2.7 mMKCl, 1 mMMgCl2, and 1 mg/mL BSA). An amount of 52 μL of
this dilution was incubated with 3 μL of different concentrations of
inhibitors in DMSO and 5 μL of the fluorogenic substrate ZMAL (Z-
(Ac)Lys-AMC)38 (126 μM) at 37 °C. After a 90 min incubation time 60
μL of the stop solution (33 μM trichostatin A (TSA) and 6 mg/mL
trypsin in trypsin buffer (Tris-HCl 50 mM, pH 8.0, NaCl 100 mM))
were added. After a following incubation at 37 °C for 30 min, the
fluorescence was measured on a BMG LabTech POLARstar OPTIMA
plate reader (BMG LabTech, Germany) with an excitation wavelength
of 390 nm and an emission wavelength of 460 nm. For the inhibition of
human HDAC8 1/2-AREAPLATE-96 F microplates (PerkinElmer)
with an assay volume of 30 μL were used. Human HDAC8 enzyme was
obtained as described before.39 An amount of 22.5 μL of enzyme diluted
in incubation buffer (50 mM KH2PO4, 15 mM Tris, pH 7.5, 3 mM
MgSO4·7 H2O, 10 mM KCl) was mixed with 2.5 μL of inhibitor in
DMSO and 5 μL of Z-L-Lys(ε-trifluoroacetyl)-AMC (150 μM). The
plate was incubated at 37 °C for 90 min. An amount of 30 μL of the stop
solution (see HDAC1 and HDAC6) was added, and the plate was
incubated again at 37 °C for 30 min. Measurement was performed as
described for HDAC1/6.
In Vitro Testing of HDAC4. The in vitro inhibitory activity of

compounds 1a and 1g−i against HDAC4 isoform was performed at
Reaction Biology Corp. (Malvern, PA) with a fluorescent based assay
according to the company’s standard operating procedure. The IC50
values were determined using 10 different concentrations with 3-fold
serial dilution. TMP269 was used as reference compound.
MTT Cell Viability Assay. The rate of cell survival under the action

of test substances was evaluated by an improved MTT assay as
previously described.14,40 The assay is based on the ability of viable cells
to metabolize yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT, Serva, Germany) to violet formazan that
can be detected spectrophotometrically. In brief, A2780 and Cal27 cell
lines were seeded at a density of 5000 and 2500 cells/well in 96-well
plates (Corning, Germany). After 24 h, cells were exposed to increased
concentrations of the test compounds. Incubation was ended after 72 h,
and cell survival was determined by addition of MTT solution (5 mg/
mL in phosphate buffered saline). The formazan precipitate was
dissolved in DMSO (VWR, Germany). Absorbance was measured at
544 and 690 nm in a FLUOstar microplate reader (BMG LabTech,
Offenburg, Germany).
CellTiter-Glo Luminescent Cell Viability Assay. ONS76 and

Med8a were seeded at a density of 1000 and 2000 cells/well in 384-well
plates (Corning) and incubated with increasing concentrations of the
test compounds. After 72 h the Celltiter Glo reagent was added, and
after shaking the plates for 2 min and a subsequent incubation time of 10
min the luminescent signals were read on a Spark 10Mmicroplate reader
(Tecan).
Combination Experiments. For the investigation of the effect of

1g−i on cisplatin induced cytotoxicity, the compounds were added 48 h
before cisplatin administration. After 72 h, the cytotoxic effect was
determined with a MTT cell viability assay. Calcusyn software 2.1
(Biosoft, U.K.) was used to calculate the combination index (CI) as a
quantitative measure of the degree of drug interactions.

Whole-Cell HDAC Inhibition Assay. The cellular HDAC assay
was based on an assay published by Ciossek et al.41 and Bonfils et al.42

with minor modifications as described in ref 14. Briefly, human cancer
cell lines Cal27/Cal27CisR and A2780/A2780CisR were seeded in 96-
well tissue culture plates (Corning, Germany) at a density of 1.5 × 104

cells/well in a total volume of 90 μL of culture medium. After 24 h, cells
were incubated for 18 h with increasing concentrations of test
compounds. The reaction was started by adding 10 μL of 3 mM Boc-
Lys(ε-Ac)-AMC (Bachem, Germany) to reach a final concentration of
0.3 mM.43 The cells were incubated with the Boc-Lys(ε-Ac)-AMC for 3
h under cell culture conditions. After this incubation, 100 μL/well stop
solution (25 mM Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl, 1 mM
MgCl2, 1%NP40, 2.0 mg/mL trypsin, 10 μMvorinostat) was added and
the reaction was developed for 3 h under cell culture conditions.
Fluorescence intensity was measured at excitation of 320 nm and
emission of 520 nm in a NOVOstar microplate reader (BMG LabTech,
Offenburg, Germany).

Measurement of Apoptotic Cells. Cal27 and Cal27CisR cells
were seeded at a density of 3 × 104 cells/well in 24-well plates (Sarstedt,
Germany). Cells were treated with 1g−i and cDDP alone or in
combination for the indicated time points. Supernatant was removed
after a centrifugation step, and the cells were lysed in 500 μL of
hypotonic lysis buffer (0.1% sodium citrate, 0.1% Triton X-100, 100 μg/
mL PI) at 4 °C in the dark overnight. The percentage of apoptotic nuclei
with DNA content in sub-G1 was analyzed by flow cytometry using the
CyFlow instrument (Partec, Germany).

Immunoblotting. Cells were treated with 1 μM 1g−i or vehicle for
24 h. The pan-HDACi vorinostat and the HDAC1 and -3 selective
inhibitor entinostat were used as controls. Cell pellets were dissolved
with lysis buffer 6 (Bio-Techne, Germany) and clarified by
centrifugation. Equal amounts of total protein (20 μg) were resolved
by SDS−PAGE and transferred to polyvinylidene fluoride membranes.
Blots were incubated with primary antibodies against acetylated α-
tubulin, α-tubulin, and acetyl histone H3 (Lys24) (Santa Cruz
Biotechnology, Germany). Immunoreactive proteins were visualized
using luminol reagent (Santa Cruz Biotechnology, Heidelberg,
Germany) with an Intas imager (Intas, Germany). Densitometric
analysis was performed on scanned images using the ImageJ software
(National Institutes of Health).44

Data Analysis. Concentration−effect curves were constructed with
Prism 4.0 (GraphPad, San Diego, CA) by fitting the pooled data of at
least three experiments performed in triplicates to the four-parameter
logistic equation. Statistical analysis was performed using t test or one-
way ANOVA.
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