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ABSTRACT: In this work, we report the multicomponent synthesis of a focused histone deacetylase (HDAC) inhibitor library
with peptoid-based cap groups and different zinc-binding groups. All synthesized compounds were tested in a cellular HDAC
inhibition assay and an MTT assay for cytotoxicity. On the basis of their noteworthy activity in the cellular HDAC assays, four
compounds were further screened for their inhibitory activity against recombinant HDAC1−3, HDAC6, and HDAC8. All four
compounds showed potent inhibition of HDAC1−3 as well as significant inhibition of HDAC6 with IC50 values in the
submicromolar concentration range. Compound 4j, the most potent HDAC inhibitor in the cellular HDAC assay, revealed
remarkable chemosensitizing properties and enhanced the cisplatin sensitivity of the cisplatin-resistant head−neck cancer cell line
Cal27CisR by almost 7-fold. Furthermore, 4j almost completely reversed the cisplatin resistance in Cal27CisR. This effect is
related to a synergistic induction of apoptosis as seen in the combination of 4j with cisplatin.

■ INTRODUCTION

The interest in epigenetic drug targets has significantly
increased in recent years.1 Histone acetylation and deacetyla-
tion by histone acetyltransferases (HATs) and histone
deacetylases (HDACs) represent key epigenetic modifications
that modulate chromatin structures and the transcription of
genes.1 HDACs are overexpressed in several cancer types, and
inhibition of HDACs can result in anticancer effects through
various mechanisms involving reduced cell motility/migration,
invasion, angiogenesis, proliferation, induction of apoptosis,

and inhibition of DNA repair.2 As a consequence, HDACs have
emerged as valuable targets for the development of novel
anticancer drugs.3 Four HDAC inhibitors (HDACi) have been
FDA-approved to treat cancer. The first three approvals for
HDACi (vorinostat, romidepsin, belinostat; Figure 1) have
been granted for relatively rare types of lymphoma (cutaneous
T-cell lymphoma (CTCL) and/or peripheral T-cell lymphoma
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(PTCL)). Furthermore, chidamide (Figure 1), the first
benzamide-based HDACi, has recently received approval in
China for relapsed or refractory PTCL.4 However, the recent
FDA-approval of panobinostat (Figure 1) to treat multiple
myeloma proves that HDACi can show efficacy in more
common cancer types. Consequently, there are currently many
clinical trials underway to study HDACi as single agents and in
combination with other drugs to treat both solid and
hematological tumors.3 Moreover, there is growing evidence
that HDACi might be suitable to treat several noncancer
diseases such as inflammation, neurodegenerative diseases,
immune disorders, parasitic diseases, and HIV.2,5

On the basis of their homology to yeast proteins and cofactor
dependence, HDACs have been divided into different classes.
HDAC classes I, II (subdivided into classes IIa and IIb), and IV
are zinc-dependent enzymes, whereas class III HDACs
(sirtuins) are NAD+-dependent.2 Class I isozymes (HDAC1,
-2, -3, -8) are mainly located in the nucleus, while class IIa
(HDAC4, -5, -7, -9) and IV (HDAC11) HDACs shuttle
between nucleus and cytoplasm. In contrast, class IIb isoforms
(HDAC6, -10) are primarily found in the cytoplasm.2

Unselective HDACi possess a range of unwanted side effects
including bone marrow depression, diarrhea, weight loss,
fatigue, and cardiac arrhythmias.2 Thus, to discover efficacious
HDACi with a better safety profile, it has been proposed to
develop isoform-selective HDACi.6 Starting from the well-
established cap−linker−zinc-binding group (ZBG) pharmaco-
phore model (Figure 1) and available X-ray crystal structures or
homology models, several isoform-selective HDACi have been
discovered in recent years.6 It is evident that the use of
unselective HDACi outside of oncology is limited because of
their side effects.2 However, in the case of cancer therapy the

benefit of isoform- or class-selective HDACi is still under
debate. At least so far, there is no clear clinical evidence that
isoform-selective HDACi reveal sufficient efficacy in combina-
tion with fewer adverse effects.2

Class I HDACs, especially HDAC1−3, and HDAC6 (class
IIb), are considered key targets for cancer treatment.2,7

Recently, rocilinostat (ACY-1215),8 a preferential HDAC6
inhibitor with mediocre selectivity and low nanomolar activity
against class I HDACs, has reached phase II clinical trials for
multiple myeloma. Furthermore, resminostat, an HDACi that
primarily targets HDAC1−3 and HDAC6, received “orphan
drug” status by the FDA for Hodgkin lymphoma and
hepatocellular carcinoma.9 Thus, when developing HDAC
inhibitors for the treatment of cancer, it may be desirable to
inhibit both class I isoforms and HDAC6 to exploit the
cytotoxicity associated with inhibiting the class I isoforms while
simultaneously enhancing the anticancer activity by also
targeting HDAC6.4

In a previous communication, we have reported a series of
peptoid-based HDACi as preferential HDAC6 inhibitors.10 In
this project, we aimed at the development of highly potent
anticancer HDACi that simultaneously inhibit class I HDACs
and HDAC6. Using the HDAC pharmacophore model as a
starting point, we designed a novel series of HDACi bearing
peptoid-based cap groups in combination with an alkyl linker.
The synthesis of a focused HDACi library was achieved using a
straightforward and efficient multicomponent approach based
on the Ugi four-component reaction (U-4CR) as the key step.
Different ZBGs were introduced by a series of post-Ugi
transformations. Herein, we report the rational design,
multicomponent synthesis, biological evaluation, and modeling

Figure 1. Selected histone deacetylase inhibitors.

Figure 2. Design of the target compounds 1−5.
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studies of this new class of HDACi with potent anticancer
activity and remarkable chemosensitizing properties.

■ RESULTS AND DISCUSSION

Design and Synthesis of Peptoid-Based HDACi. In
2006, Fairlie and co-workers described analogues of the cyclic
tetrapeptide HDACi trapoxin B containing a hydroxamic acid
as ZBG in place of the epoxy ketone found in the natural
product.11 To simplify the chemical structure, they designed
ring-opened tripeptide analogues utilizing 2-aminosuberic acid
as a key building block resulting in the peptide-based HDACi of
type I (Figure 2).11 Several compounds from this series
revealed potent anticancer activity and remarkable activity
against HDAC1 and HDAC6.11,12 To expand the chemical
space, to avoid the cumbersome synthesis of enantiomerically
pure unnatural amino acids, and to enable a straightforward
multicomponent synthesis, we decided to attach the linker to
the nitrogen rather than to the α-carbon providing HDACi with
peptoid-based cap groups (1−5, Figure 2). Peptoids, or N-
alkylglycine derivatives, feature several notable differences over
peptides, including (1) proteolytic stability, (2) increased cell
permeability, (3) an achiral backbone, (4) ease of synthesis, and
(5) increased conformational space due to cis/trans-amide bond
rotamerism.13−16

From a synthetic point of view, a wide range of peptoids can
be efficiently prepared (among others) via the Ugi four-
component reaction (U-4CR), allowing the rapid generation of
focused compound libraries. On the basis of the U-4CR, we
aimed at the synthesis of a series of non-hydroxamate HDACi
(1−3), peptoid-based HDACi with a hydroxamic acid ZBG
(4), and HDACi with peptoid−peptide hybrid cap groups (5,
R3 and/or R4 ≠ H) (Figure 2). The structures of the designed
peptoid-based HDACi 1−5 can be described by a peptoid-
based cap (black), linker (red), and ZBG (blue) pharmaco-

phore model. We retained the alkyl linker realized in the
HDACi of type I because this type of linker is known to
provide HDACi with activity against class I HDACs and
HDAC6. To identify compounds with optimized anticancer
properties, we intended to perform a systematic variation of the
cap group. On the basis of the U-4CR synthetic protocol, the
cap group can be further divided into an isocyanide, carbonyl,
and carboxylic acid region (Figure 2). The systematic variation
of the peptoid-based cap can therefore be achieved by simple
variation of respective components in the U-4CR. To study
whether the hydroxamate can be replaced by other established
zinc-binding groups, the introduction of different ZBGs such as
carboxylic acids,17 ethyl carbamates,18 and mercaptoacetamides
(as acetyl prodrugs)19 was planned by performing suitable post-
Ugi transformations or by utilizing appropriately modified
amine components.
The synthesis of our HDACi library is summarized in

Schemes 1−3. The first series of compounds contained non-
hydroxamate ZBGs. In detail, the synthesis of the compounds
1a−c, 2a−c, and 3 was achieved through straightforward U-
4CR reactions differing in the use of the amine component
(Scheme 1). In all cases, the respective amine component and
paraformaldehyde were stirred in dry methanol in the presence
of 4 Å molecular sieves (4 Å MS) to provide the imine
intermediates. The subsequent addition of the carboxylic acid
and isocyanide component provided the desired Ugi products.
The ethyl carbamates 1a−c were directly obtained after the

U-4CR using ethyl (6-aminohexyl)carbamate trifluoroacetate as
amine component. Compounds 2a−c and 3 were synthesized
by performing suitable post-Ugi transformations. The peptoid-
based HDACi 2a−c with a carboxylic acid as ZBG were
prepared in a two-step protocol. The U-4CR using the amine
methyl 6-aminohexanoate hydrochloride in the presence of
triethylamine as base afforded the intermediates 6a−c. The

Scheme 1. Synthesis of Non-Hydroxamates 1a−c, 2a−c, and 3 Intended To Target HDACsa

aReagents and conditions: (a) (i) amine component (1.2 equiv), paraformaldehyde (1.2 equiv), Et3N (1.2 equiv), MeOH, 4 Å MS, rt, 30 min; (ii)
R1COOH (1 equiv), rt, 10 min; (iii) R2NC (1 equiv), rt, 16 h; (b) LiOH·H2O (2 equiv), MeOH, rt, 16 h; (c) (i) amine component (1.2 equiv),
paraformaldehyde (1.2 equiv), MeOH, 4 Å MS, rt, 30 min; (ii) R1COOH (1 equiv), rt, 10 min; (iii) R2NC (1 equiv), rt, 16 h; (d) (i) TFA/CH2Cl2
(1:5, v/v), rt, 30 min; (ii) 2-(acetylthio)acetic acid (1.2 equiv), pyridine (2 equiv), DIC (1.2 equiv), HOAt (1.2 equiv), CH2Cl2/DMF (1:1, v/v), rt,
16 h.
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target compounds 2a−c were subsequently prepared via the
hydrolysis of the corresponding methyl ester intermediates 6a−
c. For the synthesis of mercaptoacetamide derivative 3, N-Boc-
1,4-butanediamine was used as amine component to provide
the Boc-protected Ugi product 7. The acidic deprotection of 7
followed by the amide coupling reaction with 2-(acetylthio)-

acetic acid yielded the mercaptoacetamide compound 3 as
acetyl prodrug.
The synthesis of the hydroxamates 4a−k was accomplished

in three steps as outlined in Scheme 2. First, the Ugi reaction
furnished the methyl ester derivatives 6a−k. Conversion of the
intermediates into the corresponding carboxylic acid followed

Scheme 2. Synthesis of Hydroxamate HDACi 4a−ka

aReagents and conditions: (a) (i) methyl 6-aminohexanoate hydrochloride (1.2 equiv), paraformaldehyde (1.2 equiv), Et3N (1.2 equiv), MeOH, 4 Å
MS, rt, 30 min; (ii) R1COOH (1 equiv), rt, 10 min; (iii) R2NC (1 equiv), rt, 16 h; (b) (i) LiOH·H2O (2 equiv), MeOH, rt, 16 h; (ii) N-
methylmorpholine (1.3 equiv), isobutyl chloroformate (1.3 equiv), MeOH, 0 °C, 15 min; (iii) NH2OH·HCl (4 equiv), KOH (4 equiv), MeOH, rt,
16 h.

Scheme 3. Synthesis of Hydroxamate HDACi 5a−fa

aReagents and conditions: (a) (i) methyl 6-aminohexanoate hydrochloride (1.2 equiv), aldehyde or ketone (1.2 equiv), Et3N (1.2 equiv), MeOH, 4
Å MS, rt, 30 min; (ii) R1COOH (1 equiv), rt, 10 min; (iii) R2NC (1 equiv), rt, 16 h; (b) (i) LiOH·H2O (2 equiv), MeOH, rt, 16 h; (ii) N-
methylmorpholine (1.3 equiv), isobutyl chloroformate (1.3 equiv), MeOH, 0 °C, 15 min; (iii) NH2OH·HCl (4 equiv), KOH (4 equiv), MeOH, rt,
16 h.

Figure 3. Variable temperature NMR experiment of compound 4d in DMSO-d6 from 25 to 80 °C and cooling back to 25 °C.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b00197
J. Med. Chem. 2017, 60, 5493−5506

5496



by mixed anhydride coupling with a freshly prepared solution of
hydroxylamine provided the desired peptoid-based HDACi
4a−k.
The target compounds 5a−f were prepared using essentially

the same synthetic protocol. However, paraformaldehyde was
replaced by suitable aldehydes or ketones to enable the
incorporation of additional substituents at the glycine motif
(Scheme 3).
NMR Spectroscopy. Interestingly, the 1H and 13C NMR

spectra of most of the synthesized compounds of types 1−4
showed the presence of two distinct sets of NMR signals. The
occurrence of cis/trans-amide bond rotamers in peptoids is a
well-known phenomenon, and the effect of various N-alkyl side
chain functionalities on this cis−trans equilibrium has been
studied extensively.20−22 Accordingly, we assumed that the two
sets of NMR signals in our compounds are caused by the
presence of rotamers. Variable temperature proton spectra (VT
NMR, Figure 3) for 4d in DMSO-d6 over the range of 25−
80 °C supported our assumption that the complex peaks
obtained at room temperature were due to restricted rotation at
the tertiary amide bond. The two rotameric forms underwent
coalescence at 70−80 °C, and these changes in the NMR
spectra were reversible upon cooling.
Surprisingly, all peptoid-based compounds with a 4-

dimethylaminophenyl-based cap group (1c, 4c, 4f, 4g, 4h,
and 4j) showed only one set of NMR signals at room
temperature. However, we noticed that some signals appeared
relatively broad at room temperature. Therefore, we performed
VT NMR on compound 4c in MeOH-d4 at reduced
temperatures over the range of 25 to −20 °C. At low
temperatures (e.g., −20 °C) we observed again two sets of
NMR signals (Figure S1, Supporting Information) confirming
the presence of rotamers. Furthermore, the VT NMR
experiment on compound 4c disclosed a coalescence temper-
ature between 10 and 25 °C (Figure S1, Supporting
Information). The presence of rotamers suggests that it is

important to investigate both rotameric forms when predicting
the binding mode of this novel HDACi type.

Inhibition of Cellular HDAC Activity and Anticancer
Activity. All compounds were first tested in a whole cell
HDAC inhibition assay and an MTT assay for cytotoxicity. The
compounds with non-hydroxamate ZBGs (1a−c, 2a−c, and 3)
were screened for HDAC inhibition and cytotoxicity using the
human ovarian cancer cell lines A2780 and its cisplatin resistant
subclone A2780CisR. All non-hydroxamates were inactive or
revealed only very low activity (Table S1, Supporting
Information).
The ethyl carbamates 1a−c were designed based on a report

from Balunas and co-workers in which they identified the
natural product santacruzamate A (see Figure 1) as a picomolar
HDAC2 and nanomolar HDAC6 inhibitor with cytotoxic
properties.18 Compounds 1a−c were therefore designed as
santacruzamate A analogues. In order to exclude that the
inactivity of the santacruzamate A analogues 1a−c arises from
the modified cap group, we synthesized an authentic sample of
santacruzamate A according to the published protocol.18

However, also santacruzamate A was inactive in our cellular
assays. It is worth noting that our results are in good agreement
with a recent report of Liu et al. who studied santacruzamate A
and a series of analogues as potential anticancer agents.23 In
their hands, santacruzamate A showed no cytotoxicity and was
inactive against HDACs from cell lysates and HDAC2 in
enzymatic assays.23 Furthermore, Balunas and co-workers
recently reported in a follow-up study that they were unable
to repeat the results from their original report.24 Accordingly,
on the basis of our and literature data, santacruzamate A is not
acting as an HDACi.
Due to the low activity of the non-hydroxamates 1a−c, 2a−c,

and 3, we decided to focus our study on peptoid-based HDACi
with a hydroxamic acid as ZBG. All hydroxamate-based HDACi
4a−k and 5a−f were assessed for HDAC inhibitory activity and
cytotoxicity in the human ovarian cancer cell lines A2780 and
A2780CisR and the human tongue squamous cell carcinoma

Table 1. HDAC Inhibition and Cytotoxicity of the Compounds 4a−ka

HDACi IC50 [μM] MTT IC50 [μM] HDACi IC50 [μM] MTT IC50 [μM]

compd R1 R2 A2780 A2780CisR A2780 A2780CisR Cal27 Cal27CisR Cal27 Cal27CisR

4a Ph c-Hex 1.66 1.13 3.46 8.21 1.34 1.08 3.80 10.3

4b 1-naphthyl c-Hex 0.96 1.29 0.26 4.12 0.75 0.60 2.40 5.60

4c 4-Me2N-Ph c-Hex 1.42 1.90 1.54 3.31 1.40 1.52 2.97 35.5

4d 3,5-Me2-Ph c-Hex 0.88 0.93 0.16 3.81 0.71 0.64 1.13 1.14

4e Ph t-Bu 8.98 9.51 20.7 42.4 6.85 4.59 16.7 19.5

4f 4-Me2N-Ph t-Bu 2.06 2.49 1.03 5.18 1.78 1.97 4.04 2.18

4g 4-Me2N-Ph i-Bu 1.09 0.82 1.90 3.19 0.87 0.80 1.87 2.11

4h 4-Me2N-Ph 4-tolyl 0.66 0.68 0.40 1.61 0.37 0.49 0.53 0.60

4i 3,5-Me-Ph 4-tolyl 1.30 0.81 1.27 2.18 0.95 0.80 1.67 2.11

4j 4-Me2N-Ph Bn 0.48 0.32 0.47 1.62 0.27 0.35 0.44 1.13

4k 3,5-Me-Ph Bn 0.63 0.35 0.33 1.85 0.37 0.41 0.70 1.41

vorinostat 0.96 0.97 2.42b 3.12b 0.86 0.73 2.64b 2.08b

cisplatin 2.25 17.2 3.01 50.4
aValues are the mean of three experiments. The standard deviations are <10% of the mean. bData from ref 26.
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cell lines Cal27 and Cal27CisR. The results are summarized in
Tables 1 and 2.
Convincingly, all peptoid-based HDACi 4a−k revealed

single-digit micromolar or submicromolar HDAC inhibition
in our whole cell HDAC assays (Table 1). The screening
provided useful structure−activity relationships. In particular,
compounds derived from 3,5-dimethylbenzoic acid and 4-
(dimethylamino)benzoic acid as carboxylic acid component in
the U-4CR showed remarkable activity in the cellular HDAC
assay. The strongest HDAC inhibitory activity was observed in
the cases of compounds 4d, 4h, 4j, and 4k with submicromolar
IC50 values against all four cell lines. In regard to the isocyanide
component, a noteworthy gain of activity was observed when
benzyl isocyanide was employed in the U-4CR. As a
consequence, compounds 4j and 4k (R2 = Bn) were the
most potent HDACi from this series, showing IC50 values from
0.27 to 0.63 μM. Interestingly, both compounds revealed
almost equipotent cellular HDAC inhibition in the respective
cancer cell pairs. In good agreement with the results from the
cellular HDAC assay, compounds 4d, 4h, 4j, and 4k showed
strong activity in the MTT assay against the two cancer cell
pairs with IC50 values in the range of 0.16−3.81 μM. Cytotoxic
activity was reduced in cisplatin-resistant cell lines A2780CisR
(e.g., 4k, 5.6-fold) and to a lesser extent in Cal27CisR (e.g., 4k,
2-fold). These differences somewhat resemble effects seen for
cisplatin and may be attributed to transporter-mediated
differences between A2780 and A2780CisR.25 Most notably,
compounds 4h, 4j, and 4k clearly exceeded the anticancer
activities of the reference compounds vorinostat and cisplatin.

Compounds 5a−f were synthesized to study whether the
incorporation of additional hydrophobic groups at the α-
position of the glycine motif results in an increased activity.
However, as summarized in Table 2, all α-substituted

compounds revealed reduced activity in the whole cell
HDAC assay and decreased cytotoxicity compared with their
unsubstituted counterparts of type 4. These results suggest that
it is detrimental to modify the glycine motif, and future efforts
to optimize the anticancer activity of this type of peptoid-based
HDACi via Ugi four-component reactions should focus on the
systematic variation of the carboxylic acid, isocyanide, and
amine components.

Inhibition of HDAC1, HDAC2, HDAC3, HDAC6, and
HDAC8. Due to their remarkable cytotoxicity and activity in
the cellular HDAC assays, compounds 4d, 4h, 4j, and 4k were
screened for their inhibitory activity against recombinant
HDAC1, HDAC6, and HDAC8 using ZMAL (Z-Lys(ε-Ac)-
AMC) as substrate (Table 3). All four compounds showed
strong inhibition of HDAC1 with IC50 values in the range of
24.7−96.4 nM. The HDACi 4d, 4h, 4j, and 4k also showed
significant inhibition of HDAC6 with IC50 values in the range
of 106−281 nM. Compared to the potency on HDAC1, the
compounds were significantly less active against HDAC8
(Table 3). In order to investigate their activity against the
other class I isoforms, 4d, 4h, 4j, and 4k were screened for their
inhibition of HDAC2 and HDAC3 using MAL (Boc-Lys(ε-
Ac)-AMC)27 as substrate. As illustrated in Table 3, all four
compounds showed potent inhibition of HDAC2 and HDAC3
with IC50 values of 61−146 nM (HDAC2) and 6.5−60 nM
(HDAC3). Notably, 4j showed remarkable activity against
HDAC3 (IC50 = 6.5 nM). Taken together, compounds 4d, 4h,

Table 2. HDAC Inhibition and Cytotoxicity of the Compounds 5a−fa

HDAC IC50 [μM] MTT IC50 [μM] HDACi IC50 [μM] MTT IC50 [μM]

compd R1 R2 A2780 A2780CisR A2780 A2780CisR Cal27 Cal27CisR Cal27 Cal27CisR

5a Ph c-Hex 37.9 44.9 295 281 26.2 43.0 66.9 4.07

5b 4-Me2N-Ph c-Hex 24.5 30.8 68.5 107 18.2 28.8 47.7 46.1

5c Ph t-Bu 127 102 207 579 92.5 132 75.8 13.8

5d Ph c-Hex 13.4 10.1 42.6 50.5 14.3 10.2 44.1 77.5

5e Ph c-Hex 3.14 2.92 3.87 5.18 2.06 2.65 6.36 5.28

5f Ph c-Hex 2.81 3.63 2.09 4.29 2.94 3.22 4.52 19.0

vorinostat 0.96 0.97 2.42b 3.12b 0.86 0.73 2.64b 2.08b

cisplatin 2.25 17.2 2.50 16.1
aValues are the mean of three experiments. The standard deviations are <10% of the mean. bData from ref 26.

Table 3. Inhibition Activities (IC50 [nM]) of Compounds 4d, 4h, 4j, and 4k against HDAC Isoforms 1, 2, 3, 6, and 8

IC50 [nM]

compd HDAC1 HDAC2 HDAC3 HDAC6 HDAC8

4d 27.4 ± 4.6 84 ± 3.5 60 ± 3.0 214 ± 23.4 7400 ± 2970

4h 96.4 ± 19.7 146 ± 6.2 16 ± 0.8 106 ± 14.2 6760 ± 1050

4j 25.0 ± 9.2 66 ± 2.4 6.5 ± 0.6 281 ± 36.8 2750 ± 220

4k 24.7 ± 7.1 61 ± 3.1 26 ± 1.9 135 ± 12.7 7330 ± 770

vorinostat 45 ± 8 200 ± 5 13 ± 1 108 ± 11 1260 ± 210
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4j, and 4k revealed potent activity against recombinant
HDAC1−3 (class I) and HDAC6 (class IIb).
Docking Studies. Compounds 4j and 4k were docked

using AutoDock/DrugScore28 as docking engine/scoring
function into a crystal structure of HDAC1 and a homology
model of HDAC6, which had been refined by means of
molecular dynamics simulations, to understand their selectivity
profile.10 A crystal structure of HDAC629 only became available
by the end of this study. The HDAC6 homology model used
here and the crystal structure are very similar to an overall rmsd
of 2.93 Å and a binding pocket rmsd of 1.63 Å (residues within
8 Å of the zinc atom). It has been shown that despite backbone
movements of up to 2 Å within the binding pocket, a correct
binding pose can be identified by docking.30 Finally, the
orientation of the residues within the binding pocket of the
crystal structure and our homology model are very similar
(Figure S2, Supporting Information). Hence, we expect that
both HDAC6 structures are similarly suitable for elucidating
the binding modes of 4j and 4k. As NMR data show the
presence of both cis- and trans-rotamers of the compounds,
both rotamers of 4j and 4k were docked. The results of the
docking show a remarkable isoform selectivity of the rotamers:
While no valid docking pose can be identified for the trans-
rotamer of 4j in HDAC1 (i.e., the largest cluster contained
<20% of the docking poses), the largest cluster found for this
rotamer docked to HDAC6 contains 43% of all docking poses
(Table 4). In turn, the opposite was found for the cis-rotamer of

4j: Here, no valid docking pose can be identified in HDAC6,
while 69% of all poses are found in the largest cluster when
docked to HDAC1 (Table 4). This suggests that the cis-rotamer
of 4j binds to HDAC1 while the trans-rotamer binds to
HDAC6. In the predicted docking pose, the cis-rotamer of 4j
complexes the zinc ion in the binding pocket of HDAC1 with
its hydroxamic acid moiety, which also forms a hydrogen bond
to Y303. The cis-rotamer of 4j also forms π-stacking
interactions with Y204 and F205 of HDAC1 (Figure 4A).
The trans-rotamer of 4j also complexes the zinc ion and binds
with the aniline moiety into a hydrophobic pocket of an
incision in the rim of HDAC6, while forming π-stacking
interactions only with H171 (Figure 4B). In addition, in
contrast to the cis-rotamer binding to HDAC1, its hydroxamic
acid moiety cannot form a hydrogen bond to Y301. Together,
these findings could explain the 11-fold decreased inhibitory
activity toward HDAC6 (Table 3).
When docking the rotamers of 4k into HDAC6, no such

selectivity can be observed: For the cis- and trans-rotamer of 4k,
25% and 22% of all docked poses are found in the largest
cluster, respectively (Table 4). However, similar to 4j, only the
cis-rotamer of 4k binds to HDAC1 with 88% of all poses found
in the largest cluster (Table 4). Here, the cis-rotamer of 4k

complexes the zinc ion in the catalytic center while forming π-
stacking interactions with F150 and Y204 (Figure 4C). Again,
the hydrogen bond to Y303 is present, stabilizing the
hydroxamic acid moiety of the cis-rotamer of 4k inside the
catalytic center of HDAC1 (Figure 4C). Both rotamers of 4k
fill the hydrophobic pockets of the incision in the rim of
HDAC6 with their aromatic rings while complexing the zinc
ion in the catalytic center of HDAC6 (Figure 4D). However,
unlike in HDAC1 and similar to findings for 4j, the hydrogen
bond to Y301 is not present, which could explain the 6-fold
lower affinity of 4k toward HDAC6 compared to HDAC1
(Table 3).

Acetylation of α-Tubulin and Histone H3. Compound-
4j-induced acetylation of α-tubulin and histone H3 was
analyzed in Cal27 and Cal27CisR after incubation with
10 μM 4j for 24 h. Results of a representative Western blot
are shown in Figure 5. Vorinostat (pan-inhibitor) and
tubastatin A (HDAC6 selective HDACi) were used as controls.
In both cell lines, 4j induced an increase in acetylation of α-
tubulin and histone H3, indicating the inhibition of HDAC6
and class I HDACs. Both effects were more pronounced in
Cal27 than in Cal27CisR and were similar to the pan-HDACi
vorinostat. Tubastatin A increased only the acetylation of α-
tubulin without affecting histone H3, thus serving as control for
an HDAC6 selective effect in the cellular environment.

Computed Pharmacokinetic Properties and hERG K+

Channel Inhibition. To further characterize compound 4j,
pharmacokinetic properties and hERG K+ channel inhibition of
4j (both rotamers), and for comparison, our previously
published HDAC6 preferential HDACi 2i (both rotamers),10

and the structurally related HDACi BZDSa31 were computed
with QikProp (QP).32 All compounds show a favorable
computed QP log P < 3.2 and a moderate computed aqueous
solubility (QP log S) (Table 5). Furthermore, all compounds
show a moderate computed apparent Caco-2 and MDCK
permeability (Table 5). Interestingly, the trans-rotamer of 4j

Table 4. Docking Results of HDACi 4j and 4k into HDAC
Isoforms 1 and 6

compd HDAC1a HDAC6a

4j cis 69 n/ab

4j trans n/ab 43

4k cis 88 25

4k trans n/ab 22
aPercent of all configurations in the largest cluster. bNo docking
configuration fulfilling the criteria given in the section above could be
identified.

Figure 4. Binding mode models of the cis-rotamer of 4j (salmon; A),
trans-rotamer of 4j (green; B), cis-rotamer of 4k (orange; C, D) in a
crystal structure of HDAC1 (PDB code 4BKX, purple; A, C) and a
homology model of HDAC6 (cyan; B, D). Zinc is shown as a sphere;
the surface is shown in gray.
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shows a Caco-2 permeability that is larger by ∼2.4-fold than
that of the cis-rotamer. While all rotamers of compounds 2i and
4j showed a moderate computed inhibition of hERG K+

channels, BZDSa is predicted to inhibit hERG K+ channels
with an affinity (log IC50 < −5) that is concerning (Table 5).
Enhancement of Cisplatin-Induced Cytotoxicity. The

most potent (cellular HDAC assay) compound 4j was selected
for its ability to enhance the cytotoxicity of cisplatin in the
human head and neck squamous cancer cell line Cal27 and its
cisplatin-resistant subline Cal27CisR. 4j was preincubated at
250 and 500 nM, respectively, 48 h prior to determining the
IC50 of cisplatin. The HDAC6 selective inhibitor tubastatin A
(10 μM) and the pan-inhibitor vorinostat (1 μM) were
included as controls. Resulting IC50 values and shift factors of
these combination experiments are shown in Table 6.
4j enhanced cisplatin-induced cytotoxicity concentration-

dependent in both cell lines. Notably, 500 nM 4j induced a
significant hypersensitization (shift factor 3.9, p < 0.05) against
cisplatin in the sensitive cell line Cal27. In the cisplatin-resistant
cell line Cal27CisR, 4j induced a significant shift up to 6.8 at
both concentrations (Table 6), almost completely reversing

cisplatin resistance. The effect of 4j was thus similar to the
effect of the pan-inhibitor vorinostat (Table 6). In contrast,
tubastatin A induced no (Cal27) or only moderate, not
significant (Cal27CisR) enhancement of cisplatin sensitivity.
To analyze if the observed effects were mediated by an

enhancement of the cisplatin-induced apoptosis, Cal27 and
Cal27CisR were preincubated for 48 h with 250 nM or 500 nM
of 4j, respectively. Then, cisplatin was added in a concentration
corresponding to the approximate IC50 for each cell line and
apoptotic nuclei were counted by flow cytometry. Results are
shown in Figure 6.
4j in neither concentration induced a significant change in

the amount of apoptotic nuclei compared to untreated control
in both cell lines. This indicates that the concentrations of 4j
used in the apoptosis assay as well as for the combination
experiments had no cytotoxic effects by themselves. However,
in combination with cisplatin, 4j 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 250 nM and 500 nM 4j, whereas in the

Figure 5. α-Tubulin and histone H3 acetylation in Cal27 and Cal27CisR. (A, B) Representative immunoblot of acetylated α-tubulin (Ac-α-tub),
acetylated histone H3 (Ac-H3), and α-tubulin (α-tub) in Cal27 and Cal27CisR. Cal27 (A) and Cal27CisR (B) cells were incubated for 24 h with
vehicle (DMSO 0.1%, C), vorinostat 10 μM (V), tubastatin A 10 μM (T), or 4j 10 μM, respectively. (C−F) Densitometric analysis of tubulin
acetylation in Cal27 (C) and Cal27CisR (D) and histone H3 acetylation in Cal27 (E) and Cal27CisR (F) was performed by ImageJ software (NIH).
All values have been normalized to α-tubulin.
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cisplatin resistant cell line Cal27CisR 500 nM 4j induced a
significant increase in apoptosis induction.

■ CONCLUSIONS

This paper describes a fast and straightforward multicomponent
synthesis of novel peptoid-based HDACi with different ZBGs.
Compounds 4d, 4h, 4j, and 4k containing a peptoid-based cap
group and a hydroxamic acid as ZBG turned out to be the most
potent inhibitors in a cellular HDAC and MTT assay. When
screened for their inhibitory activity against selected recombi-
nant HDAC isoforms, all four compounds showed strong
inhibition of HDAC1−3 and also a significant inhibition of
HDAC6 with IC50 values in the submicromolar concentration
range. Experimental NMR data of the synthesized peptoid-
based HDACi revealed the presence of cis- and trans-rotamers.
Docking studies with 4j and 4k in HDAC1 and HDAC6

Table 5. Computed Pharmakokinetic Data and hERG K+ Inhibition of Compounds 2i,10 4j, and BZDSa31

compd

2i cisa 2i transa 4j cis 4j trans BZDSab

QP log P o/w 1.969 1.816 1.537 1.129 3.198

QP log S aqueous solubility −4.502 −4.283 −3.914 −3.659 −4.278

apparent Caco-2 permeabilityc 98 101 82 200 144

apparent MDCK permeabilityc 66 58 73 106 109

hERG K+ channel inhibition log IC50
d −4.667 −4.283 −4.294 −3.553 −5.652

aHDAC6 selective compound from ref 10. bCompound from ref 31. cIn nm/s. dOf concern if <−5.32

Table 6. IC50 (μM) of Cisplatin in Cal27 and Cal27CisR
after Treatment with Cisplatin or in Combination with
250 nM 4j, 500 nM 4j, 10 μM Tubastatin A, or 1 μM
Vorinostat, Respectivelya

cell line

Cal27 Cal27CisR

compd IC50 SF IC50 SF

cisplatin 3.01 50.4

cisplatin + 4j 250 nM 1.95 1.5 16.1 3.1

cisplatin + 4j 500 nM 0.78 3.9 7.37 6.8

cisplatin + tubastatin A 10 μM 2.74 1.1 33.6 1.5

cisplatin + vorinostat 1 μM 7.41 6.8
aShift factors (SF) were calculated by dividing the IC50 of cisplatin
alone by the IC50 of the corresponding drug combination.

Figure 6. 4j enhances cisplatin-induced apoptosis in Cal27 and Cal27CisR. Cal27 (A) and Cal27CisR (B) cells were preincubated with 250 nM or
500 nM 4j for 48 h. Cisplatin was added at concentrations of 3 μM (Cal27, A) or 25 μM (Cal27CisR, B). DMSO 10% was added for 24 h to serve as
a positive control for apoptosis induction. Cells cultured with DMSO 0.005% corresponding to the DMSO concentration of 500 nM 4j were used as
vehicle control. All experimental conditions were incubated for same periods of time. Data are the mean ± SD, n = 3. Statistical analysis to compare
the apoptosis induction by cisplatin alone and the combination of cisplatin with 4j was performed using one-way ANOVA test ((∗) p < 0.05 and
(∗∗) p < 0.01).
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exposed a preferential binding of the cis-rotamers of 4k and 4j
for HDAC1 over HDAC6 while showing a higher preference of
the trans-rotamer of 4j for HDAC6. Furthermore, the hit
compound 4j increased acetylation of α-tubulin and histone
H3. Notably, 4j enhanced the cisplatin sensitivity of the
cisplatin-resistant head−neck cancer cell line Cal27CisR by a
factor of 6.8. This effect is due to a synergistic induction of
apoptosis as seen in the combination of 4j with cisplatin. In
conclusion, the structure−activity relationships of the peptoid-
based HDACi revealed in this paper will guide further
development toward HDACi with improved anticancer and
chemosensitizing properties.

■ EXPERIMENTAL SECTION

Chemistry. General. Ethyl (6-aminohexyl)carbamate trifluoroace-
tate,18,33 methyl 6-aminohexanoate hydrochloride,34 and tert-butyl (4-
aminobutyl)carbamate35 were prepared according to published
procedures. All other chemicals and solvents were obtained from
commercial suppliers (Sigma-Aldrich, Acros Organics, Carbolution
Chemicals) and used as purchased without further purification. The
progress of all reactions was monitored by thin layer chromatography
(TLC) using Merck precoated silica gel plates (with fluorescence
indicator UV254). Components were visualized by irradiation with
ultraviolet light (254 nm) or staining in potassium permanganate
solution. 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 300, 500, or 600 using DMSO-d6,
MeOH-d4, or CDCl3 as solvent. Chemical shifts are given in parts per
million (ppm), relative to residual solvent peak for 1H and 13C. 1H
NMR signals marked with an asterisk (∗) correspond to peaks
assigned to the minor rotamer conformation. Elemental analysis was
performed on a PerkinElmer PE 2400 CHN elemental analyzer. High
resolution mass spectra (HRMS) analysis was performed on a UHR-
TOF maXis 4G, Bruker Daltonics, Bremen, by electrospray ionization
(ESI). Analytical HPLC analyses were carried out on a Varian Prostar
system equipped with a Prostar 410 (autosampler), 210 (pumps), and
330 (UV detector) using a Phenomenex Luna 5u C18(2) 1.8 μm
particle (250 mm × 4.6 mm) 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 of 10% A to 100% A in
20 min using HPLC-grade water + 0.1% TFA (solvent B) and HPLC-
grade acetonitrile + 0.1% TFA (solvent A) for elution at a flow rate of
1 mL/min. The purity of all final compounds was 95% or higher.
Experimental Data. General procedures for the synthesis of target

compounds 1a−c, 2a−c, 3, 4a−k, and 5a−f as well as compound
characterization data for compounds 1a, 2a, 3, 4a, and 5a are given
below. The synthesis of all other compounds is reported in the
Supporting Information.
General Procedure for the Synthesis of 1a−c. A mixture of

ethyl (6-aminohexyl)carbamate trifluoroacetate (226 mg, 1.2 mmol,
1.2 equiv), paraformaldehyde (36 mg, 1.2 mmol, 1.2 equiv),
triethylamine (166 μL, 1.2 mmol, 1.2 equiv), and 200 mg of crushed
molecular sieves (MS) 4 Å was stirred in dry methanol (2 mL, 0.5 M)
at room temperature for 30 min. Subsequently, the appropriate
carboxylic acid (1.0 mmol, 1.0 equiv) and, after further 10 min, the
isocyanide (1.0 mmol, 1.0 equiv) were added. The reaction mixture
was stirred at room temperature for 16 h. After completion of the
reaction, the reaction mixture was filtered and the solvent was removed
under reduced pressure. The crude products were purified by flash
column chromatography (prepacked silica cartridge, hexane−ethyl
acetate, gradient 100:00 → 50:50 in 30 min) and crystallized from
ethyl acetate/hexane to yield the desired carbamates 1a−c.
Ethyl (6-(N-(2-(Cyclohexylamino)-2-oxoethyl)benzamido)-

hexyl)carbamate (1a). White solid; 56% yield; mp 70 °C; 1H
NMR (600 MHz, DMSO-d6) δ = 7.79−7.76 (m, 1H), 7.44−7.34 (m,

5H), 7.04−6.98 (m, 1H), 3.99*/3.73 (s, 2H), 3.98−3.94 (m, 2H),
3.57−3.51 (m, 1H), 3.35−3.13 (m, 2H), 2.97−2.85 (m, 2H), 1.75−
1.04 (m, 21H). 13C NMR (151 MHz, DMSO-d6) δ = 171.38, 171.31,
167.50, 167.33, 156.71, 156.69, 137.32, 137.12, 129.63, 129.60, 128.80,
128.67, 126.95, 126.84, 59.83, 51.90, 50.05, 48.06, 47.76, 46.37, 32.92,
32.71, 29.87, 29.70, 28.08, 26.98, 26.62, 26.55, 26.13, 26.07, 25.68,
25.62, 25.00, 24.92, 15.17. Anal. Calcd for C24H38N3O4: C 66.79; H
8.64; N 9.74. Found: C 67.07; H 8.66; N 9.61.

General Procedure for the Synthesis of 2a−c. Lithium
hydroxide monohydrate (126 mg, 2.98 mmol, 2 equiv) was added
to the respective methyl ester 6a−c (577 mg, 1.49 mmol, 1 equiv)
dissolved in methanol (2 mL) and stirred at room temperature for 16
h. After completion of the reaction, the reaction mixture was acidified
with 1 M HCl to pH ≈ 1 and extracted with ethyl acetate (3 × 20
mL). The combined organic extracts were dried over sodium sulfate,
and the solvent was removed under reduced pressure. The products
were crystallized from ethyl acetate/hexane to yield the desired
carboxylic acids 2a−c.

N-(2-(Cyclohexylamino)-2-oxoethyl)-N-(6-(hydroxyamino)-
6-oxohexyl)benzamide (2a). White solid; quantitative yield; mp 93
°C; 1H NMR (600 MHz, DMSO-d6) δ = 11.99 (bs, 1H), 7.80−7.77
(m, 1H), 7.44−7.34 (m, 5H), 4.00*/3.74 (s, 2H), 3.57−3.51 (m, 1H),
3.34−3.13 (m, 2H), 2.22/2.10* (t, J = 7.2 Hz, 2H), 1.76−1.04 (m,
16H). 13C NMR (126 MHz, DMSO-d6) δ = 174.32, 174.18, 170.85,
166.94, 166.79, 136.79, 136.61, 129.04, 128.23, 128.12, 126.40, 126.31,
51.36, 49.44, 47.54, 47.24, 45.66, 33.52, 33.37, 32.35, 32.16, 27.39,
27.32, 26.18, 25.89, 25.41, 25.10, 24.38, 24.24, 23.87. Anal. Calcd for
C21H30N2O4: C 67.35; H 8.08; N 7.48. Found: C 67.08; H 7.93; N
7.35.

Synthetic Procedure for the Preparation of 3. Compound 7
(181 mg, 0.42 mmol, 1 equiv) was dissolved in a mixture of
trifluoroacetic acid/CH2Cl2 (15:85, 3 mL) and stirred for 2 h at room
temperature. After completion of the reaction, the mixture was treated
with saturated aqueous Na2CO3 solution, extracted with CH2Cl2 (3 ×

10 mL), and washed with brine (3 × 10 mL). The resulting oil was
dissolved in CH2Cl2/DMF (1:1, 10 mL). Pyridine (37 μL, 0.46 mmol,
2 equiv), 2-(acetylthio)acetic acid (29 μL, 0.276 mmol, 1.2 equiv),
DIC (48 μL, 0.276 mmol, 1.2 equiv), and HOAt (38 mg, 0.276 mmol,
1.2 equiv) were added, and the reaction mixture was stirred at room
temperature for 16 h. The reaction mixture was diluted with ethyl
acetate (10 mL) and washed with brine (3 × 20 mL). The solvent was
removed under reduced pressure and the crude product was purified
by flash column chromatography (prepacked silica cartridge, hexane−
ethyl acetate, gradient 100:00 → 50:50 in 30 min). The product was
crystallized from ethyl acetate−hexane to yield the desired product 3.

S-(2-((4-(N-(2-(Cyclohexylamino)-2-oxoethyl)benzamido)-
butyl)amino)-2-oxoethyl)ethane-thioate (3). White solid; 57%
yield; mp 128 °C; 1H NMR (600 MHz, CDCl3) δ = 7.37−7.31 (m,
5H), 6.97/6.50* (bs, 1H), 6.40/5.88* (bs, 1H), 4.06/3.78* (bs, 2H),
3.74−3.69 (m, 1H), 3.46 (s, 2H), 3.28−3.24 (m, 2H), 3.17−3.05 (m,
2H), 2.33 (s, 3H), 1.83−1.16 (m, 14H). 13C NMR (151 MHz, CDCl3)
δ = 195.91, 173.21, 168.77, 168.30, 135.43, 130.20, 128.82, 126.73,
51.03, 50.95, 48.39, 46.09, 39.16, 33.21, 32.90, 30.43, 26.09, 25.68,
25.58, 24.70. Anal. Calcd for C23H33N3O4S: C 61.72; H 7.43; N 9.39.
Found: C 61.45; H 7.34; N 9.52.

General Procedure for the Synthesis of 4a−k. N-Methyl-
morpholine (218 μL, 1.98 mmol, 2 equiv) and isobutyl chloroformate
(257 μL, 1.98 mmol, 2 equiv) were added to a solution of the
respective carboxylic acid 6a−k (388 mg, 0.99 mmol, 1 equiv) in
methanol (5 mL) and stirred for 15 min at 0 °C. Separately a fresh
solution of NH2OH was prepared. This was done by adding NH2OH·
HCl (310 mg, 4.46 mmol, 4.5 equiv) to a solution of KOH (250 mg,
4.46 mmol, 4.5 equiv) in MeOH (5 mL) at 0 °C. The NH2OH
solution was stirred for 15 min and filtered to the mixed anhydride of
6a−k and stirred for 16 h. The solvent was removed under reduced
pressure. The crude products were purified by flash column
chromatography (prepacked silica cartridge, dichloromethane−di-
chloromethane/methanol (70:30), gradient 100:00 → 70:30 in 25
min) and crystallized from dichloromethane−diethyl ether to yield the
desired hydroxamic acids 4a−k.
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N-(2-(Cyclohexylamino)-2-oxoethyl)-N-(6-(hydroxyamino)-
6-oxohexyl)benzamide (4a). White solid; 52% yield; mp 104 °C; tR
= 11.03 min, purity = 96.1%; 1H NMR (600 MHz, DMSO-d6) δ =
10.34/10.29* (s, 1H), 8.68−8.61 (m, 1H), 7.79−7.77 (m, 1H), 7.44−
7.34 (m, 5H), 3.99*/3.73 (s, 2H), 3.56−3.51 (m, 1H), 3.32−3.13 (m,
2H), 1.96/1.85* (t, J = 7.1 Hz, 2H), 1.76−1.00 (m, 16H). 13C NMR
(126 MHz, DMSO-d6) δ 170.84, 168.99, 168.81, 166.95, 166.79,
136.78, 136.59, 129.04, 128.24, 128.11, 126.40, 126.31, 64.81, 51.37,
49.50, 47.54, 47.21, 45.74, 32.35, 32.16, 27.36, 26.25, 26.00, 25.51,
25.10, 24.90, 24.39, 15.08. HRMS (ESI) [M + H]+: 390.2384. Calcd
for C21H32N3O4: 390.2387.
General Procedure for the Synthesis of 5a−f. Lithium

hydroxide monohydrate (82 mg, 1.96 mmol, 2 equiv) was added to
the respective methyl ester 8a−f (451 mg, 0.98 mmol, 1 equiv)
dissolved in methanol (2 mL) and stirred at room temperature for 16
h. After completion of the reaction, the reaction mixture was acidified
with 1 M HCl to pH ≈ 1 and extracted with ethyl acetate. The solvent
was removed under reduced pressure to provide the corresponding
carboxylic acid. N-Methylmorpholine (218 μL, 1.98 mmol, 2 equiv)
and isobutyl chloroformate (257 μL, 1.98 mmol, 2 equiv) were added
to a solution of the carboxylic acid dissolved in methanol (5 mL) and
stirred for 15 min at 0 °C. Separately a fresh solution of NH2OH was
prepared. This was done by adding NH2OH·HCl (310 mg, 4.46 mmol,
4.5 equiv) to a solution of KOH (250 mg, 4.46 mmol, 4.5 equiv) in
methanol (5 mL) at 0 °C. The NH2OH solution was stirred for 15
min and filtered to the mixed anhydride of 8a−f and stirred for 16 h.
The solvent was removed under reduced pressure. The crude products
were purified by flash column chromatography (prepacked silica
cartridge, dichloromethane−dichloromethane/methanol (70:30), gra-
dient 100:00 → 70:30 in 25 min) and crystallized from dichloro-
methane−diethyl ether to yield the desired hydroxamic acids 5a−f.
N-(2-(tert-Butylamino)-2-oxoethyl)-N-(6-(hydroxyamino)-6-

oxohexyl)benzamide (5a). White solid; 50% yield; mp 84 °C; tR =
11.62 min, purity = 99.0%; 1H NMR (600 MHz, DMSO-d6) δ = 10.27
(s, 1H), 8.62 (s, 1H), 7.44−7.37 (m, 5H), 7.13 (d, J = 8.3 Hz, 1H),
3.48−3.44 (m, 1H), 3.25−3.22 (m, 2H), 1.80 (t, J = 7.3 Hz, 2H),
1.67−0.89 (m, 22H). 13C NMR (151 MHz, DMSO-d6) δ = 172.75,
170.79, 168.77, 138.34, 128.66, 128.19, 125.89, 60.96, 47.67, 46.12,
32.48, 31.97, 30.49, 25.75, 25.34, 24.91, 24.35, 24.15. HRMS (ESI) [M
+ H]+: 546.1901. Calcd for C26H32N3O8S: 546.1905.
Biological Evaluation. Reagents. Cisplatin was purchased from

Sigma (Germany), propidium iodide (PI) was purchased from Santa
Cruz Biotechnology (Germany), and tubastatin A was purchased from
Selleckchem (Germany). Vorinostat was synthesized according to
known procedures.36 Subsequent compound dilutions were prepared
from stock solutions in DMSO (10 mM) by using the appropriate
medium. 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
weekly cycles of cisplatin in an IC50 concentration over a period of
24−30 weeks as described in Gosepath et al.37 and Eckstein et al.38 All
cell lines were grown at 37 °C under humidified air supplemented with
5% CO2 in RPMI 1640 (A2780) or DMEM (Cal27) 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.
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.26,39 In brief, A2780 or Cal27 cell lines were
seeded at a density of 5000 or 2500 cells/well in 96-well plates
(Corning, Germany). After 24 h, cells were exposed to increasing
concentrations of the test compounds. Combination experiments were
performed as previously described,40 4j was incubated 48 h prior to
cisplatin. 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).

Whole Cell HDAC Inhibition Assay. The cellular HDAC assay
was based on an assay published by Ciossek et al.39 and Bonfils et al.41

with minor modifications as described in ref 26. 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 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. 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 μM vorinostat) 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).

In Vitro Testing on HDAC1, -6, and -8.42,43 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)
were diluted in incubation buffer (50 mM Tris-HCl, pH 8.0, 137 mM
NaCl, 2.7 mM KCl, 1 mM MgCl2 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)44 (126 μM) at 37 °C. After 90
min of 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.45 An
amount of 22.5 μL of enzyme diluted in incubation buffer (50 mM
KH2PO4, 15 mM Tris, pH 7.5, 3 mM MgSO4·7H2O, 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 and
HDAC6.

In Vitro Testing on HDAC2 and -3.46 Black 96-well flat bottom
microplates (Corning Costar, Corning Incorporated, NY) were used.
Human recombinant C-terminal FLAG-tag HDAC2 (BPS Bioscience,
catalog no. 50052) or human recombinant C-terminal His-tag
HDAC3/NcoR2 (BPS Bioscience, catalog no. 50003) was diluted in
incubation buffer (25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM
KCl, 1 mM MgCl, 0.01% Triton-X, and 1 mg/mL BSA). 40 μL of this
dilution was incubated with 10 μL of different concentrations of
inhibitors in 10% DMSO/incubation buffer and 50 μL of the
fluorogenic Boc-Lys(ε-Ac)-AMC (20 μM, Bachem, Germany) at 37
°C. After a 90 min incubation time 50 μL of the stop solution (25 mM
Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.01%
Triton-X, 6.0 mg/mL trypsin from porcine pancreas type IX-S,
lyophilized powder, 13 000−20 000 BAEE units/mg protein (Sigma-
Aldrich), and 200 μM vorinostat) was added. After a following
incubation at 37 °C for 30 min, the fluorescence was measured on a
Synergy H1 hybrid multimode microplate reader (BioTek, USA) with
a gain of 70 and an excitation wavelength of 390 nm and an emission
wavelength of 460 nm. GraphPad Prism 5.0 (GraphPad Software, Inc.)
was used for the determination of the IC50 of each inhibitor. Nonlinear
regression was used for data fitting.

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 4j and cDDP alone or in
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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 4j or vehicle for

24 h. The pan-HDACi vorinostat and the HDAC6 selective inhibitor
tubastatin A 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).47

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 one-way
ANOVA test.
Docking Studies. For the molecular docking, the cis- and trans-

rotamers of 4j and 4k were drawn with ChemDraw Ultra,48 converted
into a 3D structure, and energy minimized with Moloc using the MAB
force field.49 The HDACi were then docked into HDAC1 (PDB code
4BKX)50 and into a homology model of HDAC6, which was already
successfully used to predict HDACi binding mode models,10 utilizing
AutoDock351,52 as a docking engine and the DrugScore53,54 distance-
dependent pair-potentials as an objective function as described in ref
55. Because of the flexibly connected saturated and unsaturated carbon
cycles, a clustering rmsd cutoff of 2.0 Å was chosen; for all other
docking parameters default values were used. Docking solutions with
more than 20% of all configurations in the largest cluster were
considered sufficiently converged, and the configuration with the
lowest docking energy of that cluster, binding to the zinc ion in the
binding pocket with a distance of <3 Å to the hydroxamic acid oxygen,
was used for further evaluation.
Computation of Pharmacokinetic Properties and hERG K+

Channel Inhibition. To compute the pharmacokinetic properties and
the hERG K+ channel inhibition of compounds 2i,10 4j, and BZDSa,31

the compounds were drawn in Maestro and, in the cases of 2i10 and 4j,
both cis-and trans-rotamers were evaluated. Subsequently, their
protonation states were assigned with LigPrep at a pH of 7.4, and
their pharmacokinetic properties and hERG K+ channel inhibition
were computed with the program QikProp from the Maestro suite of
programs.32
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Table S1. HDAC inhibition and cytotoxicity of the compounds 1a-c, 2a-c, and 3.a 

N

HN

O

R1

O

R2

OH
4

O

2a-c

N

HN

O

R1

O

R2

N
H3

O

S

3

N

HN

O

R1

O

R2

N
H5

O

O

1a-c

O

compd R1 R2 

HDACi  
IC50 [μM] 

MTT 
IC50 [μM] 

A2780 A2780 
CisR 

A2780 A2780 
CisR 

1a Ph c-Hex n.e. n.e. 366 336 
1b 1-Naphthyl c-Hex n.e. 134 112 105 
1c 4-Me2N-Ph tBu n.e. n.e. 149 221 
2a Ph c-Hex n.e. n.e. n.e. n.e. 
2b 1-Naphthyl c-Hex n.e. n.e. n.e. n.e. 
2c Ph tBu n.e. n.e. n.e. n.e. 
3 Ph c-Hex 80.4 100 212 116 

vorinostat --- --- 0.96  0.97  2.42b  3.12b  
cisplatin --- --- --- --- 2.25 17.2 

aValues are the mean of three experiments. The standard deviations are < 10% of the mean. 

n.e. = no effect up to 100 μM. bData from ref. 2. 



2.  Chemistry 

Ethyl (6-(N-(2-(cyclohexylamino)-2-oxoethyl)-1-naphthamido)hexyl)carbamate (1b). 

White solid; 53% yield; mp. 77 °C; 1H NMR (600 MHz, DMSO-d6) δ = 8.19 – 7.36 (m, 8H), 

7.07*/6.92 (t, J = 5.3 Hz, 1H), 4.45 – 2.76 (m, 9H), 1.81 – 0.90 (m, 21H). 13C NMR (151 

MHz, DMSO-d6) δ = 169.98, 169.96, 166.85, 166.74, 156.26, 156.14, 129.21, 128.96, 128.57, 

128.54, 128.26, 128.11, 126.79, 126.44, 126.32, 125.40, 125.23, 125.15, 124.67, 123.58, 

123.42, 59.37, 59.33, 50.91, 49.11, 47.70, 47.45, 46.77, 45.71, 40.09, 40.06, 32.53, 32.11, 

29.45, 29.06, 27.54, 26.69, 26.29, 26.09, 25.55, 25.42, 25.23, 25.10, 24.55, 24.37, 14.70, 

14.68. Anal. Calcd. for C26H28N2O8S: C 59.08; H 5.34; N 5.30. Found: C 58.95; H 5.41; N 

5.20.  

 

Ethyl (6-(N-(2-(tert-butylamino)-2-oxoethyl)-4-(dimethylamino)benzamido)hexyl)carba-

mate (1c). Colourless oil; 41% yield; tR = 12.03 min, purity = 97.3%; 1H NMR (600 MHz, 

CDCl3) δ = 7.31 – 7.30 (m, 2H), 6.64 – 6.63 (m, 2H), 4.86 – 4.74 (m, 1H), 4.07 – 4.04 (m, 

2H), 3.94 (s, 2H), 3.40 – 3.38 (m, 2H), 3.08 – 3.06 (m, 2H), 2.97 (s, 6H), 1.61 – 1.56 (m, 2H), 

1.40 – 1.38 (m, 2H), 1.32 (s, 9H), 1.20 – 1.18 (m, 5H). 13C NMR (151 MHz, CDCl3) δ = 

173.34, 169.29, 156.79, 151.72, 129.01, 122.20, 111.35, 60.76, 52.96, 51.23, 40.89, 4.33, 

29.91, 28.84, 28.29, 26.36, 26.30, 14.80. HRMS (ESI) [M+H]+: 449.3123, Calcd. for 

C24H41N4O4: 449.3122.  

 

Methyl 6-(N-(2-(cyclohexylamino)-2-oxoethyl)benzamido)hexanoate (6a). White solid; 

59% yield; mp. 67 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.80 – 7.76 (m, 1H), 7.44 – 7.34 

(m, 5H), 4.00*/3.73 (s, 2H), 3.59*/3.55 (s, 3H), 3.52 – 3.51 (m, 1H), 3.35 – 3.13 (m, 2H), 

2.32/2.19* (t, J = 7.3 Hz, 2H), 1.76 – 1.02 (m, 16H). 13C NMR (151 MHz, DMSO-d6) 

δ = 173.33, 173.16, 170.93, 170.83, 167.02, 166.85, 136.81, 136.63, 129.13, 128.33, 128.19, 

126.47, 126.34, 51.39, 51.17, 49.45, 47.59, 47.24, 45.69, 33.18, 32.98, 32.44, 32.23, 27.27, 

26.16, 25.84, 25.32, 25.20, 25.14, 24.54, 24.45, 24.23, 23.83. Anal. Calcd. for C22H32N2O4: C 

68.01; H 8.30; N 7.21. Found: C 67.76; H 8.28; N 7.10. 

 

Methyl 6-(N-(2-(cyclohexylamino)-2-oxoethyl)-1-naphthamido)hexanoate (6b). White 

solid; 71% yield; mp. 105 °C; 1H NMR (600 MHz, DMSO-d6) δ = 8.19 – 7.36 (m, 8H), 4.45 – 

2.95 (m, 8H), 2.37*/2.07 (t, J = 7.4 Hz, 2H), 1.81 – 0.91 (m, 16H). 13C NMR (151 MHz, 

DMSO-d6) δ = 173.35, 173.06, 170.01, 169.96, 166.85, 166.74, 134.79, 134.53, 132.97, 



132.79, 129.19, 128.96, 128.58, 128.55, 128.25, 128.11, 126.79, 126.44, 126.33, 125.38, 

125.21, 125.14, 124.71, 123.57, 123.42, 51.20, 51.10, 50.87, 48.99, 47.71, 47.45, 46.76, 

45.55, 33.23, 32.81, 32.52, 32.14, 27.21, 26.37, 26.00, 25.23, 25.12, 25.10, 24.55, 24.37, 

24.25, 23.68. Anal. Calcd. for C26H34N2O4: C 71.21; H 7.81; N 6.39. Found: C 71.50; H 8.05; 

N 6.34.  

 

Methyl 6-(N-(2-(tert-butylamino)-2-oxoethyl)benzamido)hexanoate (6c). White solid; 79% 

yield; mp. 57 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.53*/7.48 (s, 1H), 7.44 – 7.33 (m, 5H), 

3.97*/3.70 (s, 2H), 3.59/3.55* (s, 3H), 3.35 – 3.11 (m, 2H), 2.32/2.19* (t, J = 7.3 Hz, 2H), 

1.56 – 1.03 (m, 15H). 13C NMR (151 MHz, DMSO-d6) δ = 173.32, 173.15, 170.96, 170.80, 

167.44, 167.13, 136.90, 136.68, 129.10, 128.34, 128.16, 126.48, 126.33, 51.65, 51.17, 50.22, 

50.16, 49.33, 47.40, 45.70, 33.19, 32.97, 28.55, 28.33, 27.26, 26.23, 25.84, 25.33, 24.23, 

23.83. Anal. Calcd. for C20H30N2O4: C 66.27; H 8.34; N 7.73. Found: C 66.24; H 8.33; N 

7.66.  

 

Methyl 6-(N-(2-(cyclohexylamino)-2-oxoethyl)-4-(dimethylamino)benzamido)hexanoate 

(6d). White solid; 72% yield; mp. 93 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.80 (d, J = 6.7 

Hz, 1H), 7.27 – 7.24 (m, 2H), 6.69 – 6.66 (m, 2H), 3.94 – 3.82 (m, 2H), 3.57 – 3.54 (m, 4H), 

3.30 – 3.25 (m, 2H), 2.93 (s, 6H), 2.27 (t, J = 6.8 Hz, 2H), 1.74 – 1.09 (m, 16H). 13C NMR 

(151 MHz, DMSO-d6) δ = 173.27, 171.23, 167.38, 150.92, 128.39, 123.08, 110.95, 51.16, 

47.53, 33.13, 32.33, 25.74, 25.18, 24.50, 24.12. Anal. Calcd. for C24H37N3O4: C 66.79; H 

8.64; N 9.74. Found: C 66.57; H 8.75; N 9.60.  

 

Methyl 6-(N-(2-(cyclohexylamino)-2-oxoethyl)-3,5-dimethylbenzamido)hexanoate (6e). 

White solid; 89% yield; mp. 80 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.78*/7.74 (d, J = 7.7 

Hz, 1H), 7.06 – 6.91 (m, 3H), 3.97*/3.72 (s, 2H), 3.59 – 3.52 (m, 4H), 3.35 – 3.12 (m, 2H), 

2.32/2.19* (t, J = 7.4 Hz, 2H), 2.29*/2.25 (s, 6H), 1.75 – 1.04 (m, 16H). 13C NMR (151 MHz, 

DMSO-d6) δ = 173.32, 173.15, 171.01, 167.14, 166.88, 137.46, 137.30, 136.79, 136.61, 

130.38, 123.99, 123.91, 51.32, 51.16, 49.30, 47.59, 47.08, 45.69, 33.1732.97, 32.43, 32.29, 

27.22, 26.11, 25.83, 25.26, 25.20, 25.15, 24.53, 24.46, 24.24, 23.79, 20.76. Anal. Calcd. for 

C24H36N2O4: C 69.20; H 8.71; N 6.73. Found: C 69.12; H 8.48; N 6.67.   

 

Methyl 6-(N-(2-(tert-butylamino)-2-oxoethyl)-4-(dimethylamino)benzamido)hexanoate 

(6f). White solid; 68% yield; mp. 94 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.51 (s, 1H), 



7.26 – 7.24 (m, 2H), 6.68 – 6.67 (m, 2H), 3.84 (bs, 2H), 3.58 (s, 3H), 3.28 – 3.25 (m, 2H), 

2.93 (s, 6H), 2.35 – 2.21 (m, 2H), 1.52 – 1.26 (m, 15H). 13C NMR (151 MHz, DMSO-d6) 

δ = 173.27, 171.22, 167.80, 150.91, 128.39, 123.20, 110.94, 51.16, 50.18, 39.78, 33.13, 28.45, 

25.73, 24.12. Anal. Calcd. for C22H35N3O4: C 65.16; H 8.70; N 10.36. Found: C 65.04; 

H 8.41; N 10.35.  

 

Methyl 6-(N-(2-(butylamino)-2-oxoethyl)-4-(dimethylamino)benzamido)hexanoate (6g). 

White solid; 61% yield; mp. 79 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.96 – 7.83 (m, 1H), 

7.27 – 7.25 (m, 2H), 6.68 – 6.67 (m, 2H), 3.88 (bs, 2H), 3.57 (s, 3H), 3.29 – 3.26 (m, 2H), 

3.08 (dd, J = 12.7, 6.8 Hz, 2H), 2.93 (s, 6H), 2.35 – 2.21 (m, 2H),  1.54 – 1.20 (m, 10H), 0.87 

(t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ = 173.26, 171.25, 168.24, 150.93, 

128.41, 123.00, 110.91, 51.15, 39.75, 38.16, 33.13, 31.18, 25.70, 24.10, 19.50, 13.64. Anal. 

Calcd. for C22H35N3O4: C 65.16; H 8.70; N 10.36. Found: C 65.04; H 8.79; N 10.24.  

 

Methyl 6-(4-(dimethylamino)-N-(2-oxo-2-(p-tolylamino)ethyl)benzamido)hexanoate (6h). 

Yellow oil; 50% yield; tR = 13.44 min, purity = 97.5%; 1H NMR (600 MHz, DMSO-d6) 

δ = 9.90 (s, 1H), 7.47 – 7.46 (m, 2H), 7.28 – 7.26 (m, 2H), 7.12 – 7.10 (m, 2H), 6.70 – 6.69 

(m, 2H), 4.11 (bs, 2H), 3.57 (s, 3H), 3.36 – 3.33 (m, 2H), 2.93 (bs, 6H), 2.28 – 2.25 (m, 5H), 

1.59 – 1.08 (m, 6H). 13C NMR (151 MHz, DMSO-d6) δ = 173.26, 171.39, 167.19, 150.98, 

129.11, 128.35, 122.90, 119.09, 111.01, 51.16, 33.14, 25.68, 24.08, 20.42. HRMS (ESI) 

[M+H]+: 440.2545, Calcd. for C25H34N3O4: 440.2544. 

 

Methyl 6-(3,5-dimethyl-N-(2-oxo-2-(p-tolylamino)ethyl)benzamido)hexanoate (6i). 

Yellow oil; 56% yield; tR = 18.45 min, purity = 98.3%; 1H NMR (600 MHz, CDCl3) δ =  9.09 

(s, 1H), 7.41 – 7.00 (m, 7H), 4.23 (s, 2H), 3.62 (s, 3H), 3.44 – 3.31 (m, 2H), 2.32 – 2.30 (m, 

9H), 2.23 – 2.12 (m, 2H), 1.63 – 1.15 (m, 6H). 13C NMR (151 MHz, CDCl3) δ = 173.88, 

173.84, 167.67, 138.45, 135.52, 135.15, 133.88, 131.79, 129.53, 124.44, 119.99, 52.21, 51.57, 

51.34, 33.78, 28.23, 25.96, 24.35, 21.32, 20.96. HRMS (ESI) [M+H]+: 425.2432, Calcd. for 

C25H33N2O4: 425.2435.

Methyl 6-(N-(2-(benzylamino)-2-oxoethyl)-4-(dimethylamino)benzamido)hexanoate (6j). 

White solid; 73% yield; mp. 82 °C; 1H NMR (600 MHz, DMSO-d6) δ = 8.51 – 8.31 (m, 1H),  

7.34 – 6.65 (m, 9H), 4.31 (d, J = 5.8 Hz, 2H), 3.97 (bs, 2H), 3.58 (s, 3H), 3.32 – 3.30 (m, 2H), 



2.93 (s, 6H), 2.36 – 2.21 (m, 2H), 1.56 – 1.17 (m, 6H). 13C NMR (151 MHz, DMSO-d6) 

δ = 173.32, 171.38, 168.65, 150.96, 139.38, 128.43, 128.28, 127.28, 126.83, 122.95, 110.94, 

51.20, 42.14, 33.17, 27.49, 25.75, 24.14. Anal. Calcd. for C25H33N3O4: C 68.31; H 7.57; N 

9.56. Found: C 68.06; H 7.28; N 9.58.  

 

Methyl 6-(N-(2-(benzylamino)-2-oxoethyl)-3,5-dimethylbenzamido)hexanoate (6k). 

White solid; 89% yield; mp. 86 °C; 1H NMR (600 MHz, DMSO-d6) δ = 8.45 – 8.39 (m, 1H), 

7.33 – 6.92 (m, 8H), 4.33*/4.27 (d, J = 5.6 Hz, 2H), 4.06*/3.84 (s, 1H), 3.59/3.56* (s, 3H), 

3.37 – 3.16 (m, 2H), 2.33 – 2.18 (m, 8H), 1.57 – 1.05 (m, 6H). 13C NMR (151 MHz, DMSO-

d6) δ = 173.34, 173.17, 171.11, 171.09, 168.19, 168.17, 139.44, 139.20, 137.44, 137.41, 

136.70, 136.47, 130.45, 128.27, 128.24, 127.24, 127.15, 126.86, 126.73, 124.01, 123.98, 

51.36, 49.54, 51.17, 51.15, 47.55, 45.64, 42.15, 42.06, 33.19, 32.97, 27.31, 26.09, 25.83, 

25.25, 24.24, 23.79, 20.76. Anal. Calcd. for C25H32N2O4: C 70.73; H 7.60; N 6.60. Found: C 

70.84; H 7.51; N 6.90.  

 

6-(N-(2-(Cyclohexylamino)-2-oxoethyl)-1-naphthamido)hexanoic acid (2b). White solid; 

quantitative yield; mp. 101 °C; 1H NMR (600 MHz, DMSO-d6) δ = 11.95 (s, 1H), 8.19 – 7.36 

(m, 8H), 4.46 – 2.94 (m, 5H), 2.27*/1.99 (t, J = 7.4 Hz, 2H), 1.81 – 0.82 (m, 16H).13C NMR 

(126 MHz, DMSO-d6) δ = 174.34, 174.09, 170.01, 169.96, 166.83, 166.69, 134.75, 134.51, 

132.93, 132.76, 129.17, 128.95, 128.51, 128.16, 128.05, 126.72, 126.37, 126.24, 125.30, 

125.14, 125.06, 124.67, 123.56, 123.38, 50.90, 49.01, 47.68, 47.44, 46.79, 45.53, 33.59, 

33.22, 32.44, 32.04, 27.28, 26.38, 26.07, 25.26, 25.18, 25.05, 24.46, 24.28, 23.77. Anal. 

Calcd. for C25H32N2O4: C 70.73; H 7.60; N 6.60. Found: C 70.50; H 7.80; N 6.59.  

 

6-(N-(2-(tert-Butylamino)-2-oxoethyl)benzamido)hexanoic acid (2c). White solid; 

quantitative yield; mp. 135 °C; 1H NMR (600 MHz, DMSO-d6) δ = 11.97 (s, 1H), 7.53 – 7.33 

(m, 5H), 3.97*/3.70 (s, 2H), 3.33 – 3.11 (m, 2H), 2.22/2.10* (t, J = 7.3 Hz, 2H), 1.55 – 1.04 

(m, 15H). 13C NMR (151 MHz, DMSO-d6) δ = 174.46, 174.29, 170.96, 170.81, 167.44, 

167.14, 136.92, 136.71, 129.13, 129.10, 128.35, 128.17, 126.49, 126.33, 51.65, 50.23, 50.18, 

49.39, 47.39, 45.73, 33.57, 33.41, 28.56, 28.34, 27.36, 26.31, 25.95, 25.46, 24.31, 23.93. 

Anal. Calcd. for C19H28N2O4: C 65.49; H 8.10; N 8.04. Found: C 65.27; H 7.84; N 8.02.  



Synthetic procedure for the synthesis of 7 

 
A mixture of tert-butyl (4-aminobutyl)carbamate (681 mg, 3.62 mmol, 1.2 equiv), 

paraformaldehyde (109 mg, 3.62 mmol, 1.2 equiv), and 300 mg of crushed molecular sieves 

(MS) 4 Å was stirred in dry methanol (3 mL, 0.5 M) at room temperature for 30 min. 

Subsequently, benzoic acid (369 mg, 3.02 mmol, 1.0 equiv) and after further 10 min 

cyclohexyl isocyanide (376 μL, 3.02 mmol, 1.0 equiv) were added. The reaction mixture was 

stirred at room temperature for 16 h. After completion of the reaction, the reaction mixture 

was filtered and the solvent was removed under reduced pressure. The crude product was 

purified by flash column chromatography (prepacked silica cartridge, hexane-ethyl acetate, 

gradient: 100:00  50:50 in 30 min) to yield the desired product 7. 

 

tert-Butyl (4-(N-(2-(cyclohexylamino)-2-oxoethyl)benzamido)butyl)carbamate (7). 

Colourless oil; 57% yield; tR = 16.17 min, 91.0% purity; 1H NMR (500 MHz, DMSO-d6)  

7.74 – 7.73 (m, 1H), 7.44 – 7.36 (m, 5H), 6.76/6.68* (s, 1H), 4.00*/3.74 (s, 2H), 3.57 – 3.52 

(m, 1H), 3.36 – 3.19 (m, 2H), 2.94 – 2.77 (m, 2H), 1.75 – 1.09 (m, 23H).13C NMR (126 MHz, 

DMSO-d6)  170.82, 166.91, 155.52, 129.01, 128.14, 128.08, 126.32, 77.26, 54.70, 51.38, 

47.51, 45.60, 32.12, 28.16, 27.83, 25.07, 24.35, 23.94. HRMS (ESI) [M+H]+: 432.2858, 

Calcd. for C24H38N3O4: 432.2857. 

 

N-(2-(Cyclohexylamino)-2-oxoethyl)-N-(6-(hydroxyamino)-6-oxohexyl)-1-naphthamide 

(4b). White/yellowish solid; 55% yield; mp. 82 °C; tR = 13.06 min, purity = 95.3%; 1H NMR 

(600 MHz, DMSO-d6) δ = 10.39*/10.24 (s, 1H), 8.69*/8.61 (s, 1H), 8.20 – 7.36 (m, 8H), 4.47 

– 2.94 (m, 5H), 2.02 – 0.88 (m, 18 H). 13C NMR (151 MHz, DMSO-d6) δ = 170.00, 169.99, 

169.07, 168.82, 166.85, 166.75, 134.82, 134.54, 132.97, 132.77, 129.19, 128.96, 128.59, 

128.56, 128.25, 128.12, 126.86, 126.83, 126.47, 126.33, 125.38, 125.29, 125.15, 124.72, 

123.57, 123.44, 50.88, 49.07, 47.72, 47.46, 46.68, 45.63, 32.53, 32.26, 32.15, 32.01, 27.41, 

26.48, 26.19, 25.43, 25.23, 25.10, 24.98, 24.56, 24.38. HRMS (ESI) [M+H]+: 440.2548, 

Calcd. for C25H34N3O4: 440.2544.  

 



N-(2-(Cyclohexylamino)-2-oxoethyl)-4-(dimethylamino)-N-(6-(hydroxyamino)-6-oxo-

ethyl)benzamide (4c). White solid; 42% yield; mp. 105 °C; tR = 9.73 min, purity = 98.4%; 
1H NMR (600 MHz, DMSO-d6) δ = 10.32 (s, 1H), 8.65 (bs, 1H), 7.80 (bs, 1H), 7.26 – 7.24 

(m, 2H), 6.68 – 6.67 (m, 2H), 3.86 (bs, 2H), 3.56 – 3.55 (m, 1H), 3.28 – 3.25 (m, 2H), 2.93 (s, 

6H), 1.97 – 1.87 (m, 2H), 1.73 – 1.13 (m, 16H). 13C NMR (151 MHz, DMSO-d6) δ = 171.22, 

168.99, 167.39, 150.93, 128.40, 123.10, 110.96, 47.54, 32.34, 32.19, 25.99, 25.19, 24.89, 

24.51. HRMS (ESI) [M+H]+: 433.2813, Calcd. for C23H37N4O4: 433.2809.  

 

N-(2-(Cyclohexylamino)-2-oxoethyl)-N-(6-(hydroxyamino)-6-oxohexyl)-3,5-dimethyl-

benzamide (4d). White solid; 33% yield; mp. 140 °C; tR = 13.10 min, purity = 100%; 
1H NMR (600 MHz, DMSO-d6) δ = 10.34/10.28* (s, 1H), 8.66/8.63* (s, 1H), 7.78*/7.74 (d, J 

= 7.7 Hz, 1H), 7.06 – 6.91 (m, 3H), 3.97*/3.72 (s, 2H), 3.58 – 3.52 (m, 1H), 3.34 – 3.12 (m, 

2H), 2.29*/2.25 (s, 6H), 1.96/1.85* (t, J = 7.2 Hz, 2H), 1.75 – 1.00 (m, 16H). 13C NMR (151 

MHz, DMSO-d6) δ = 171.48, 169.53, 169.37, 167.63, 167.37, 137.97, 137.80, 137.27, 137.09, 

130.88, 124.47, 124.39, 51.81, 49.91, 48.07, 47.51, 46.31, 32.91, 32.77, 32.71, 32.58, 27.90, 

26.73, 26.53, 26.00, 25.68, 25.62, 25.47, 25.11, 25.02, 24.94, 21.26. HRMS (ESI) [M+H]+: 

418.2696, Calcd. for C23H36N3O4: 418.2700. 

 

N-(2-(tert-Butylamino)-2-oxoethyl)-N-(6-(hydroxyamino)-6-oxohexyl)benzamide (4e). 

White solid; 45% yield; mp. 80 °C; tR = 10.74 min, purity = 95.3%;  1H NMR (600 MHz, 

DMSO-d6) δ = 10.34/10.29* (s, 1H), 8.66 – 8.64 (m, 1H), 7.53*/7.48 (s, 1H), 7.44 – 7.33 (m, 

5H), 3.97*/3.70 (s, 2H), 3.33 – 3.10 (m, 2H), 1.96/1.85* (t, J = 7.3 Hz, 2H), 1.55 – 0.99 (m, 

15H). 13C NMR (151 MHz, DMSO-d6) δ = 170.95, 170.81, 169.06, 168.86, 167.45, 167.13, 

136.91, 136.68, 129.13, 129.10, 128.37, 128.16, 126.49, 126.33, 51.65, 50.23, 50.17, 49.43, 

47.34, 45.80, 32.24, 32.06, 28.56, 28.34, 27.42, 26.38, 26.05, 25.55, 24.99, 24.61. HRMS 

(ESI) [M+H]+: 364.2230, Calcd. for C19H30N3O4: 364.2231.

 

4-(Dimethylamino)-N-(6-(hydroxyamino)-6-oxohexyl)-N-(2-oxo-2-(p-tolylamino)ethyl)-

benzamide (4f). Beige solid; 46% yield; mp. 78 °C; tR = 8.33 min, purity = 100%;  1H NMR 

(600 MHz, DMSO-d6) δ = 10.32 (s, 1H), 8.65 (s, 1H), 7.51 (s, 1H), 7.26 – 7.24 (m, 2H), 6.68 

– 6.67 (m, 2H), 3.83 (bs, 2H), 3.27 – 3.25 (m, 2H), 2.93 (s, 6H), 1.99 – 1.86 (m, 2H), 1.50 – 

1.15 (m, 15H). 13C NMR (151 MHz, DMSO-d6) δ = 171.22, 169.01, 167.81, 150.92, 128.41, 



123.18, 110.96, 51.96, 50.19, 45.91, 40.06, 32.20, 28.48, 25.96, 24.91. HRMS (ESI) [M+H]+: 

407.2651, Calcd. for C21H35N4O4: 407.2653.  

 

N-(2-(Butylamino)-2-oxoethyl)-4-(dimethylamino)-N-(6-(hydroxyamino)-6-oxohexyl)-

benzamide (4g). White solid; 32% yield; mp. 73 °C; tR = 8.48 min, purity = 98.7%; 1H NMR 

(500 MHz, DMSO-d6) δ = 10.29 (s, 1H), 8.61 (s, 1H), 7.85 (bs, 1H), 7.27 – 7.25 (m, 2H), 

6.68 – 6.67 (m, 2H), 3.88 (bs, 2H), 3.29 – 3.26 (m, 2H), 3.08 (dd, J = 12.7, 6.6 Hz, 2H), 2.93 

(s, 6H), 1.97 – 1.87 (m, 2H), 1.52 – 1.11 (m, 10H), 0.87 (t, J = 7.3 Hz, 3H). 13C NMR (126 

MHz, DMSO-d6) δ = 171.18, 168.91, 168.15, 150.87, 128.30, 123.01, 110.87, 38.09, 32.10, 

31.08, 26.45, 25.84, 24.76, 19.39, 13.51. HRMS (ESI) [M+H]+: 407.2652, Calcd. for 

C21H34N4O4: 407.2653.  

 

4-(Dimethylamino)-N-(6-(hydroxyamino)-6-oxohexyl)-N-(2-oxo-2-(p-tolylamino)ethyl)-

benzamide (4h). Orange solid; 39% yield; mp. 85 °C; tR = 10.02 min, purity = 98.6%; 
1H NMR (600 MHz, DMSO-d6) δ = 10.32 (s, 1H), 9.90 (s, 1H), 8.65 (s, 1H), 7.47 – 6.70 (m, 

8H), 4.11 (bs, 2H), 3.35 – 3.32 (m, 2H), 2.93 (s, 6H), 2.25 (s, 3H), 1.97 – 1.89 (m, 2H), 1.59 – 

1.16 (m, 6H). 13C NMR (151 MHz, DMSO-d6) δ = 171.41, 169.00, 167.22, 151.00, 129.13, 

128.38, 119.11, 111.03, 32.25, 27.49, 26.00, 24.89, 20.44. HRMS (ESI) [M+H]+: 441.2502, 

Calcd. for C24H33N4O4: 441.2496.  

 

N-(1-(Cyclohexylcarbamoyl)cyclohexyl)-N-(6-(hydroxyamino)-6-oxohexyl)benzamide 

(4i). Orange solid; 28% yield; mp. 86 °C; tR = 13.84 min, purity = 100.0%; 1H NMR (600 

MHz, DMSO-d6) δ = 10.34*/10.29 (s, 1H), 9.97/9.78* (s, 1H), 8.66 – 8.63 (m, 1H), 7.50 – 

6.94 (m, 7H), 4.18/3.97* (s, 2H), 3.40 – 3.21 (m, 2H), 2.31 – 2.22 (m, 9H), 1.96 – 1.87 (m, 

2H), 1.53 – 1.05 (m, 6H). 13C NMR (151 MHz, DMSO-d6) δ = 171.20, 171.16, 169.06, 

168.91, 167.04, 166.72, 137.56, 137.46, 136.73, 136.52, 136.45, 136.02, 132.43, 132.00, 

130.53, 130.46, 129.14, 123.95, 119.30, 118.98, 51.99, 49.74, 47.94, 45.89, 32.25, 32.12, 

27.60, 26.41, 26.03, 25.53, 25.00, 24.63, 20.78, 20.43. HRMS (ESI) [M+H]+: 426.2385, 

Calcd. for C24H32N3O4: 426.2387.  

N-(1-(Cyclohexylcarbamoyl)cyclohexyl)-N-(6-(hydroxyamino)-6-oxohexyl)benzamide 

(4j). White solid; 32% yield; mp. 76 °C; tR = 9.15 min, purity = 98.9%; 1H NMR (500 MHz, 

DMSO-d6) δ = 10.30 (s, 1H), 8.62 (s, 1H),  8.41 (bs, 1H), 7.34 – 6.65 (m, 9H), 4.31 (d, J = 5.8 

Hz, 2H), 3.97 (bs, 2H), 3.32 – 3.29 (m, 2H), 2.93 (s, 6H), 1.93 – 1.91 (m, 2H), 1.56 – 1.15 (m, 



6H). 13C NMR (126 MHz, DMSO-d6) δ = 171.24, 168.92, 168.50, 150.87, 139.27, 128.30, 

128.15, 127.16, 126.68, 122.96, 110.87, 42.06, 32.11, 26.72, 25.85, 24.76. HRMS (ESI) 

[M+H]+: 441.2499, Calcd. for C24H33N4O4: 441.2496.  

 

N-(6-(Hydroxyamino)-6-oxohexyl)-3,5-dimethyl-N-(2-oxo-2-(p-tolylamino)ethyl)benz-

amide (4k). White solid; 38% yield; mp. 143 °C; tR = 12.78 min, purity = 99.6%; 1H NMR 

(500 MHz, DMSO-d6) δ = 10.32/10.26* (s, 1H), 8.63/8.60* (s, 1H), 8.42 – 8.35 (m, 1H), 

7.31 – 6.92 (m, 8H), 4.33*/4.27 (d, J = 4.8 Hz, 2H), 4.06*/3.84 (s, 2H), 3.37 – 3.18 (m, 2H), 

2.30*/2.22 (s, 6H), 2.01 – 1.81 (m, 2H), 1.54 – 1.03 (m, 6H). 13C NMR (126 MHz, DMSO-d6) 

δ = 171.01, 168.94, 168.83, 168.09, 139.33, 139.12, 137.32, 136.66, 136.45, 130.34, 128.15, 

127.11, 126.71, 123.91, 51.34, 49.57, 47.45, 45.68, 42.08, 32.14, 32.04, 27.43, 26.16, 25.97, 

25.45, 24.87, 24.53, 20.67. HRMS (ESI) [M+H]+: 426.2389, Calcd. for C24H32N3O4: 

426.2387.  

 

 

 

 

 

 

 



General procedure for the synthesis of 8a-f 

 
A mixture of methyl 6-aminohexanoate hydrochloride (153 mg, 0.84 mmol, 1.2 equiv), the 

respective aldehyde or ketone (1.2 equiv), triethylamine (116 μL, 0.84 mmol, 1.2 equiv) and 

150 mg of crushed molecular sieves (MS) 4 Å was stirred in dry methanol (2 mL, 0.5 M) at 

room temperature for 30 min. Subsequently, the appropriate carboxylic acid (1.0 mmol, 

1.0 equiv) and after further 10 min the isocyanide (1.0 mmol, 1.0 equiv) were added. The 

reaction mixture was stirred at room temperature for 16 h. After completion of the reaction, 

the reaction mixture was filtered and the solvent was removed under reduced pressure. The 

crude products were purified by flash column chromatography (prepacked silica cartridge, 

hexane-ethyl acetate, gradient: 100:00  50:50 in 30 min). The products were crystallized 

from ethyl acetate-hexane to yield the desired products 8a-f. 

 

Methyl 6-(N-(1-(cyclohexylamino)-2-methyl-1-oxopropan-2-yl)benzamido)hexanoate 

(8a). Yellowish oil; 65% yield; tR = 16.32 min, purity = 95.6%; 1H NMR (500 MHz, CDCl3) 

δ =  7.39 – 7.32 (m, 5H), 6.02 (d, J = 7.7 Hz, 1H), 3.79 – 3.74 (m, 1H), 3.63 (s, 3H), 3.32 – 

3.29 (m, 2H), 2.16 (t, J = 7.4 Hz, 2H), 1.93 – 1.01 (m, 22H). 13C NMR (126 MHz, CDCl3) 

δ = 174.03, 173.82, 173.03, 138.04, 129.40, 128.62, 126.41, 62.42, 51.57, 48.39, 46.82, 33.84, 

33.20, 31.24, 26.34, 25.87, 25.05, 24.95, 24.29. HRMS (ESI) [M+H]+: 546.1901, Calcd. for 

C26H32N3O8S: 546.1905.  

 

Methyl 6-(N-(1-(cyclohexylamino)-2-methyl-1-oxopropan-2-yl)-4-(dimethylamino)benz-

amido)hexanoate (8b). Yellow oil; 66% yield; tR = 12.25 min, purity = 95.2%; 1H NMR (600 

MHz, CDCl3) δ = 7.26 – 7.25 (m, 2H), 6.61 – 6.60 (m, 2H), 3.72 – 3.66 (m, 1H), 3.58 (s, 3H), 

3.41 – 3.38 (m, 2H), 2.95 (s, 6H) 2.14 (t, J = 7.5 Hz, 2H), 1.87 – 1.02 (m, 22H). 13C NMR 

(151 MHz, CDCl3) δ = 174.57, 174.23, 173.83, 151.40, 128.68, 124.58, 111.28, 62.27, 51.45, 

48.02, 47.56, 40.21, 33.77, 32.91, 30.79, 26.27, 25.69, 25.17, 24.74, 24.30. HRMS (ESI) 

[M+H]+: 460.3169, Calcd. for C26H42N3O4: 460.3170.  

 

Methyl 6-(N-(1-(tert-butylamino)-2-methyl-1-oxopropan-2-yl)benzamido)hexanoate (8c). 

Yellow oil; 56% yield; tR = 15.67 min, purity = 96.1%; 1H NMR (600 MHz, CDCl3) δ = 7.31 



– 7.24 (m, 5H), 5.92 (s, 1H), 3.55 (s, 3H), 3.24 – 3.21 (m, 2H), 2.08 (t, J = 7.4 Hz, 2H), 1.51 – 

0.93 (m, 21H). 13C NMR (151 MHz, CDCl3) δ = 173.86, 173.61, 172.61, 137.71, 129.20, 

128.44, 126.02, 62.54, 51.38, 50.69, 46.45, 33.56, 31.04, 28.54, 26.05, 24.66, 23.98. HRMS 

(ESI) [M+H]+: 359.2595, Calcd. for C22H35N2O4: 391.2591. 

Methyl 6-(N-(1-(cyclohexylcarbamoyl)cyclohexyl)benzamido)hexanoate (8d). White 

solid; 75% yield; mp. 89 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.53 (d, J = 8.1 Hz, 1H), 

7.45 – 7.36 (m, 5H), 3.56 – 3.52 (m, 4H), 3.26 – 3.23 (m, 2H), 2.19 – 0.90 (m, 28H). 
13C NMR (151 MHz, DMSO-d6) δ = 173.06, 172.38, 138.38, 129.08, 128.35, 126.25, 63.88, 

51.14, 47.17, 46.47, 32.90, 32.38, 32.34, 29.82, 25.56, 25.30, 25.14, 24.62, 23.60, 22.13. 

Anal. Calcd. for C27H40N2O4: C 71.02, H 8.83, N 6.13 Found: C 71.15; H 9.12; N 5.99.  

 

Methyl 6-(N-(2-(cyclohexylamino)-2-oxo-1-phenylethyl)benzamido)hexanoate (8e). White 

solid; 57% yield; mp. 84 °C; 1H NMR (600 MHz, DMSO-d6) δ = 8.06*/7.81 (bs, 1H), 7.45 – 

7.19 (m, 10H), 6.06*/5.27 (bs, 1H), 3.64 – 3.63 (m, 1H), 3.54 (bs, 3H), 3.41 – 3.13 (m, 2H), 

2.11 – 1.94 (m, 2H), 1.74 – 0.66 (m, 16H). 13C NMR (151 MHz, DMSO-d6) δ = 173.07, 

171.43, 171.04, 168.09, 167.95, 137.08, 136.59, 129.16, 128.94, 128.50, 127.98, 126.14, 

65.10, 60.79, 51.09, 47.67, 46.58, 44.73, 32.86, 32.10, 28.80, 27.05, 25.90, 25.44, 24.54, 

24.46, 23.83, 23.37, 17.42. Anal. Calcd. for C28H36N2O4: C 72.39; H 7.81; N 6.03. Found: C 

72.39; H 7.79; N 6.08. 

 

Methyl 6-(N-(2-(cyclohexylamino)-2-oxo-1-(p-tolyl)ethyl)benzamido)hexanoate (8f). 

White solid; 59% yield; mp. 86 °C; 1H NMR (600 MHz, DMSO-d6) δ = 7.98*/7.75 (bs, 1H), 

7.44 – 7.06 (m, 9H), 5.99*/5.22 (bs, 1H), 3.63 – 3.61 (m, 1H), 3.54 (bs, 3H), 3.41 – 3.11 (m, 

2H), 2.30 (bs, 3H), 2.10 – 0.66 (m, 18H). 13C NMR (151 MHz, DMSO-d6) δ = 173.12, 

171.39, 168.14, 137.34, 137.15, 133.48, 129.15, 129.04, 128.77, 128.49, 126.13, 51.11, 47.63, 

32.80, 32.11, 25.15, 24.54, 24.46, 20.65. Anal. Calcd. for C29H38N2O4: C 72.77; H 8.00; N 

5.85. Found: C 72.74; H 8.11; N 5.80. 

 

N-(1-(Cyclohexylamino)-2-methyl-1-oxopropan-2-yl)-4-(dimethylamino)-N-(6-(hydroxy- 

amino)-6-oxohexyl)benzamide (5b). Brownish solid; 66% yield; mp. 87 °C; tR = 9.41 min, 

purity = 95.8%; 1H NMR (600 MHz, DMSO-d6) δ = 10.28 (s, 1H), 8.63 (s, 1H), 7.28 – 7.26 

(m, 2H), 7.02 (d, J = 8.3 Hz, 1H), 6.70 – 6.68 (m, 2H), 3.46 – 3.41 (m, 1H), 3.37 – 3.33 (m, 



2H), 2.93 (s, 6H), 1.83 (t, J = 7.3 Hz, 2H), 1.64 – 0.92 (m, 22H). 13C NMR (151 MHz, 

DMSO-d6) δ = 173.14, 171.87, 168.84, 150.55, 127.85, 125.31, 111.04, 61.00, 47.56, 46.33, 

39.85, 32.43, 32.04, 30.63, 25.81, 25.34, 24.81, 24.57, 24.30. HRMS (ESI) [M+H]+: 

461.3121, Calcd. for C25H41N4O4: 461.3122.  

 

N-(1-(tert-Butylamino)-2-methyl-1-oxopropan-2-yl)-N-(6-(hydroxyamino)-6-oxohexyl)-

benzamide (5c). White solid; 48% yield; mp. 107 °C; tR = 10.93 min, purity = 95.5%; 
1H NMR (300 MHz, DMSO-d6) δ = 10.27 (s, 1H), 8.63 (s, 1H), 7.44 – 7.34 (m, 5H), 6.65 (s, 

1H), 3.28 – 3.22 (m, 2H), 1.80 (t, J = 7.2 Hz, 2H), 1.42 – 0.87 (m, 21H). 13C NMR (126 MHz, 

DMSO-d6) δ = 173.01, 170.86, 168.75, 138.24, 128.70, 128.21, 125.80, 61.55, 49.74, 46.08, 

31.92, 30.44, 28.44, 25.71, 24.26, 24.02. HRMS (ESI) [M+H]+: 392.2543, Calcd. for 

C21H34N3O4: 392.2544. 

 

N-(1-(Cyclohexylcarbamoyl)cyclohexyl)-N-(6-(hydroxyamino)-6-oxohexyl)benzamide 

(5d). Slight orange solid; 27% yield; mp. 98 °C; tR = 14.93 min, purity = 95.7%; 1H NMR 

(500 MHz, DMSO-d6) δ = 10.23 (s, 1H), 8.58 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.44 – 7.36 

(m, 5H), 3.58 – 3.52 (m, 1H), 3.25 – 3.22 (m, 2H), 2.18 – 0.86 (m, 28H).  13C NMR (126 

MHz, DMSO-d6) δ = 172.50, 172.36, 168.67, 138.30, 129.04, 128.27, 126.21, 63.93, 47.10, 

46.60, 32.24, 31.92, 29.89, 25.79, 25.22, 25.04, 24.45, 24.32, 22.03. HRMS (ESI) [M+H]+: 

458.3013, Calcd. for C26H40N3O4: 458.3013.  

 

N-(2-(Cyclohexylamino)-2-oxo-1-phenylethyl)-N-(6-(hydroxyamino)-6-oxohexyl)benz-

amide (5e). White solid; 33% yield; mp. 87 °C; tR = 14.06 min, purity = 99.3%; 1H NMR 

(600 MHz, DMSO-d6) δ = 10.28 – 10.15 (m, 1H), 8.61 (s, 1H), 8.05*/7.81 (bs, 1H), 7.45 – 

7.19 (m, 9H), 6.04*/5.27 (bs, 1H), 3.64 – 3.63 (m, 1H), 3.23 – 3.02 (m, 2H), 1.75 – 0.56 (m, 

18H). 13C NMR (151 MHz, DMSO-d6) δ = 171.21, 171.00, 168.93, 168.16, 167.97, 137.10, 

136.59, 129.22, 128.88, 128.55, 128.04, 126.16, 65.05, 60.86, 47.70, 46.97, 46.83, 44.89, 

32.12, 25.17, 24.55, 24.48. HRMS (ESI) [M+H]+: 466.2698, Calcd. for C27H36N3O4: 

466.2700. 

 

N-(2-(Cyclohexylamino)-2-oxo-1-(p-tolyl)ethyl)-N-(6-(hydroxyamino)-6-oxohexyl)benz-

amide (5f). White solid; 47% yield; mp. 80 °C; tR = 14.10 min, purity = 96.4%; 1H NMR 

(600 MHz, DMSO-d6) δ = 10.26 – 10.24 (m, 1H), 8.62 – 8.61 (m, 1H), 7.94/7.75* (s, 1H), 

7.44 – 7.06 (m, 9H), 5.99/5.22* (s, 1H), 3.63 – 3.61 (m, 1H), 3.21 – 3.05 (m, 2H), 2.30 (s, 



3H), 1.76 – 0.67 (m, 18H). 13C NMR (151 MHz, DMSO-d6) δ = 168.95, 168.87, 168.47, 

137.31, 137.14, 133.48, 129.17, 129.07, 128.92, 128.51, 128.36, 126.15, 47.67, 32.20, 32.11, 

26.01, 25.15, 24.54, 24.47, 20.68. HRMS (ESI) [M+H]+: 480.2856, Calcd. for C28H37N3O4: 

480.2857.  
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a-Aminoxy Peptoids: A Unique Peptoid Backbone with
a Preference for cis-Amide Bonds

Viktoria Krieger,[a] Emanuele Ciglia,[a] Roland Thoma,[b] Vera Vasylyeva,[b] Benedikt Frieg,[a]

Nader de Sousa Amadeu,[b] Thomas Kurz,[a] Christoph Janiak,[b] Holger Gohlke,[a] and
Finn K. Hansen*[a, c]

Abstract: a-Peptoids, or N-substituted glycine oligomers, are

an important class of peptidomimetic foldamers with pro-

teolytic stability. Nevertheless, the presence of cis/trans-

amide bond conformers, which contribute to the high flexi-

bility of a-peptoids, is considered as a major drawback. A

modified peptoid backbone with an improved control of the

amide bond geometry could therefore help to overcome

this limitation. Herein, we have performed the first thorough

analysis of the folding propensities of a-aminoxy peptoids

(or N-substituted 2-aminoxyacetic acid oligomers). To this

end, the amide bond geometry and the conformational

properties of a series of model a-aminoxy peptoids were in-

vestigated by using 1D and 2D NMR experiments, X-ray crys-

tallography, natural bond orbital (NBO) analysis, circular di-

chroism (CD) spectroscopy, and molecular dynamics (MD)

simulations revealing a unique preference for cis-amide

bonds even in the absence of cis-directing side chains. The

conformational analysis based on the MD simulations re-

vealed that a-aminoxy peptoids can adopt helical conforma-

tions that can mimic the spatial arrangement of peptide side

chains in a canonical a-helix. Given their ease of synthesis

and conformational properties, a-aminoxy peptoids repre-

sent a new member of the peptoid family capable of con-

trolling the amide isomerism while maintaining the potential

for side-chain diversity.

Introduction

a-Peptoids, or oligomers of N-substituted glycine, have several

advantages over peptides as potential bioactive compounds

including proteolytic stability and increased cell permeabili-

ty.[1, 2] Peptoid libraries have been utilized as protein binding

agents and as inhibitors of protein–protein interactions,[3–6] al-

though primary screening hits identified from peptoid libraries

have usually not displayed high activity or potency.[7] The

major limitation of peptoids is the lack of conformational con-

straints due to the absence of internal hydrogen bonding,

which may reduce their binding affinity to proteins. In contrast

to peptides, a high degree of cis-amide bonds is observed in

a-peptoids.[8] The cis- and trans-amide conformations are

almost isoenergetic for N-alkyl a-peptoid monomers, and stud-

ies have shown that the nature of the side chain can signifi-

cantly modulate the ratio of cis/trans-amide bond conform-

ers.[9] Nevertheless, a-peptoids can form stable, helical secon-

dary structures when the cis/trans-amide isomerism is optimal-

ly controlled.

Similarly, it has been hypothesized that b-peptoids (N-alkyl

b-alanines) can exhibit foldamer properties.[10–14] A recent study

by Olsen and co-workers provided a high-resolution X-ray crys-

tal structure of a b-peptoid hexamer containing strongly cis-in-

ducing N-(S)-1-(1-naphthyl)ethyl side chains. The crystal struc-

ture disclosed an all-cis-amide bond geometry and a right-

handed helical conformation with exactly three residues per

turn and a helical pitch of 9.6–9.8 � between the turns.[15]

However, it is important to note that the amide bond geome-

try in b-peptoids is also highly dependent on the nature of the

side chain.[16]

Thus far, the control of the folding properties of a- and b-

peptoids is mainly achieved by incorporation of specific cis- or

trans-directing side chains. This focus on a small number of

side chains comes at the expense of diversity.[7,17] Accordingly,

it is worthwhile to address this limitation and to aim at the

design of peptoid backbones with an improved control of the

cis/trans-amide isomerism. In 2002, Shin and Park reported the

preparation of a-aminoxy peptoid pentamers, but the folding

properties were not investigated.[18] The backbone-controlled

secondary structures of a-aminoxy peptides[19,20] prompted us
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to analyze the conformational properties of a-aminoxy pep-

toids (or oxa-analogues of b-peptoids) in detail. In this work,

we report the results of our study revealing a unique cis-amide

bond preference of a-aminoxy peptoids in comparison to

other peptoid backbones.

Results and Discussion

We first designed and synthesized a series of model a-aminoxy

peptoids utilizing an N-terminal acetyl and a C-terminal piperi-

dinyl cap group to investigate the influence of several side

chains on the amide conformation (see the Supporting Infor-

mation for synthetic details). To be consistent with the peptoid

nomenclature, we use the terms “cis” and “trans” to describe

the amide dihedral angle omega referring to the relative posi-

tion of the backbone atoms (see Figure 1). As a consequence,

the cis conformer features an E-configured hydroxamate

moiety, whereas the trans conformer corresponds to a Z-con-

figured hydroxamate. The definition of all other relevant dihe-

dral angles is outlined in Figure 2. The a-aminoxy peptoids

1 and 3–5 were designed to investigate the cis/trans isomerism

in the absence of strongly cis- or trans-directing side chains.

Compound 2 was included due to its strongly trans-amide

bond-inducing phenyl side chain.[21] The a-aminoxy peptoid 6

served as a cis-promoting model compound due to the cis-di-

recting triazolium side chain.[17] The model peptoid 7 contain-

ing a tert-butyl ester was incorporated to analyze an alterna-

tive C-terminal cap group. The a-aminoxy peptoids 8–10 were

synthesized as model compounds for oligomeric a-aminoxy

peptoids to study the conformational preference in oligomers

(see the Supporting Information for synthetic details).

We next studied the conformational homogeneity of our

model systems by using standard 1D NMR techniques at room

temperature. 1H NMR spectra of the peptoid monomers 1–6

were recorded in CDCl3 at room temperature and revealed

only a single set of NMR signals. However, some signals ap-

peared broad. We therefore collected the 1H spectra of the

monomers 1–6 in [D3]acetonitrile, [D4]MeOH, D2O, and

[D6]DMSO observing again some relatively broad signals in the

case of the peptoids 1–5 (see the Supporting Information).

These results prompted us to study the 1H NMR spectra in

more detail. We performed variable temperature (VT) NMR ex-

periments on the a-aminoxy peptoid 3 in CDCl3. Cooling

caused the signals of compound 3 to split into two sets of

sharp signals at �20 and �30 8C in ratios of 87:13 and 86:14,

respectively (Figure S1 in the Supporting Information). In order

to exclude that the second species arises from the piperidinyl

group, we repeated the VT NMR experiment with the model a-

aminoxy peptoid 7 containing a tert-butyl ester as the C-termi-

nal cap. Compound 7 followed the same trend as observed for

the a-aminoxy peptoid 3 (Figure S2 in the Supporting Informa-

tion). To study whether the additional NMR signals arise from

aggregation, we recorded the 1H NMR spectra of compound 3

at �30 8C with varying concentrations (0.15–150 mm, Figure S3

in the Supporting Information), which showed no concentra-

tion dependency of the peak ratio. Interestingly, a VT NMR ex-

periment with the deacetylated analogue of the a-aminoxy

peptoid 3 (i.e. , 2-((benzylamino)oxy)-1-(piperidin-1-yl)ethan-1-

one) did not show any additional conformational peaks (Fig-

ure S4 in the Supporting Information). Thus, we reasoned the

presence of two sets of NMR signals might indicate the coexis-

tence of two well-defined species that equilibrate slowly on

the NMR time scale, for example, cis/trans-amide bond rotam-

ers. This hypothesis was supported by detection of EXSY sig-

nals in a 2D NOESY experiment on compound 3 in CDCl3 at

�30 8C (Figure S5 in the Supporting Information).[22] This be-

havior is typical for protons under significant chemical ex-

change on the saturation time scale and thus implies the exis-

tence of rotamers.[23] Subsequent 1H NMR experiments with

compounds 1, 2, and 4–6 at �30 8C provided further evidence

for the existence of cis/trans-amide bond conformers. In the

case of compounds 1, 4, and 5 we observed a similar behavior

as for compound 3 with ratios[24] of 84:16 (compound 1), 84:16

(compound 4), and 82:18 (compound 5). Notably, the 1H NMR

spectrum of the peptoid 2 (containing a trans-directing side

chain) revealed an increased amount of the minor conformer

at �30 8C in CDCl3 (ratio of 65:35), whereas the spectrum of

the a-aminoxy peptoid 6 (containing a cis-directing side chain)

showed well-defined peaks with no evidence for a significant

population of another conformer. To study the conformational

Figure 1. Selected peptoid backbones.

Figure 2. a-Aminoxy peptoids investigated in this study. The relevant back-

bone dihedral angles are defined as follows: w= [Ca(i�1), C(i�1), N, O],

f= [C(i�1), N, O, Ca] , q= [N, O, Ca, C] , y= [O, Ca, C, N(i++1)] , and c1= [NCb,

NCa, N, O].
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stability of longer peptoid sequences, the a-aminoxy peptoid

oligomers 8–10 were synthesized (see the Supporting Informa-

tion). The 1H NMR spectra conducted in CDCl3, [D3]acetonitrile,

and [D4]MeOH showed well-defined signals (see the Support-

ing Information for details). The 1H NMR spectra measured at

�30 8C in CDCl3 revealed one major conformer in all cases.

However, in the a-aminoxy dipeptoid 8 a second conforma-

tional isomer was observed (ratio of 86:14). In the case of the

a-aminoxy tripeptoid 9 and the a-aminoxy tetrapeptoid 10

only traces of side peaks were observed.

Because several model monomers and oligomers revealed

the presence of two conformers, we performed comprehensive

NMR experiments on the a-aminoxy peptoid 3 in CDCl3 to de-

termine the Arrhenius activation energy for the rotational bar-

rier. For this purpose, the interconversion rate constants at the

respective coalescence temperatures were measured by VT

NMR experiments by using different NMR instruments. A plot

of the temperature dependence of the interconversion rate

constants afforded the Arrhenius activation energy (Ea= (42�

2) kJmol�1, see the Supporting Information for details).

In order to investigate whether a-aminoxy peptoid mono-

mers prefer cis- or trans-configured amide bonds, we decided

to study the amide bond geometry of our model compounds

in detail. Based on our observed side-chain dependency we as-

sumed a cis preference in the case of our model a-aminoxy

peptoids. To confirm a preferred cis-amide bond configuration

in solution, the torsion angle w was analyzed by 2D NMR spec-

troscopy. Compound 6 was chosen for recording a 2D NOESY

NMR spectrum due to the absence of any additional conforma-

tional peaks. We observed a strong cross peak between the N-

terminal acetyl group and the backbone methylene protons as

well as a weak NOE between the acetyl and the side chain

methylene protons (Figure S6 in the Supporting Information).

We reasoned that a cis-configured amide (w�08) would fulfill

these distance requirements, whereas a trans-configured

amide (w�1808) should show a stronger NOE between the

acetyl and the side chain methylene protons. A 2D NOESY

spectrum of the a-aminoxy peptoid 3 at �30 8C revealed

a strong cross peak between the N-terminal acetyl group and

the backbone methylene protons for the major conformer,

which indicates a cis-amide bond geometry (Figure S7 in the

Supporting Information). Notably, our results are in good

agreement with data reported from Grel and co-workers who

showed that simple alkoxyamides prefer cis-amide bonds in

the absence of hydrogen bonds.[25] The above-mentioned data

suggest that the a-aminoxy peptoid monomers 1 and 3–6

possess a strong preference for cis-configured amide bonds. In

particular, it is worth noting that the model compounds 1 and

3–5 are showing a significant preference for cis-amide bonds

(>80%) even in the absence of any cis-directing side chains. In

contrast, a-peptoids bearing identical cap groups and side

chains revealed inhomogeneous mixtures of cis/trans rotamers

or even a preference for trans-amide bonds (Figure S8 in the

Supporting Information).

Fortunately, we were able to obtain X-ray quality crystals of

the a-aminoxy peptoid monomer 1 and the tripeptoid 9 by

slow evaporation from a CDCl3 solution. The X-ray structure

analysis of the a-aminoxy peptoid 1 proved a cis-amide config-

uration in the solid state. Although the N-methylacetamide

group in the a-aminoxy peptoid 1 was disordered in the crys-

tal structure, it is important to note that the amide is cis-con-

figured in both the A and B component (Figure 3). The X-ray

structure of the a-aminoxy tripeptoid 9 revealed an all-cis-

amide geometry (Figure 3). The observed torsion angles are

summarized in Table S1 in the Supporting Information. Inter-

estingly, the N-terminal (i) and the internal (i++1) monomer dis-

closed almost identical backbone torsion angles, whereas the

C-terminal monomer (i++2) showed different torsion angles.

This phenomenon can be explained by packing effects in the

solid state (see the Supporting Information for a detailed dis-

cussion). The X-ray structure shows the trimer adopting

a zigzag conformation in which the i and the i++2 side chains

are oriented on the same side of the backbone, whereas the

i++1 benzyl group points in the opposite direction.

On the first view, the cis preference of a-aminoxy peptoids

is somewhat surprising keeping in mind that a-aminoxy pep-

tides preferentially adopt trans-amide bonds.[26] However, we

and others showed that the secondary structure in a-aminoxy

peptides is primarily stabilized by eight-membered ring hydro-

gen bonds between the C=Oi and the N�Hi++2 moieties, which

are not possible in the case of a-aminoxy peptoids.[19,20, 26]

Thus, in order to further investigate the cis-amide preference

in a-aminoxy peptoids, we performed a natural bond orbital

(NBO) analysis on all-methyl model a-aminoxy peptoids in cis-

and trans-amide configurations (Figures 4A and B) as well as

the cis-amide a-aminoxy tripeptoid 9 (Figure 4C).

For the model a-aminoxy peptoid in a cis-amide configura-

tion, the NBO analysis revealed Cai�H···O=Ci++1 donor–acceptor

interactions, which results in an eight-membered d turn ac-

cording to the classification by Toniolo and Benedetti[27] (Fig-

ure 4A); the second-order perturbation theory analysis in the

NBO basis revealed a mean donor–acceptor stabilization

energy of 1.56 kcalmol�1 (Figures 4A and S9A in the Support-

ing Information). The Ca hydrogen atom involved in the Ca-

Figure 3. Thermal ellipsoid plots of A) the a-aminoxy peptoid 1 and B) the

a-aminoxy tripeptoid 9 (50% probability for compound 1, 70% probability

for compound 9, hydrogen atoms with arbitrary radii). The N and C(=O)

atom of the N-methylacetamide group in compound 1 is disordered in a C2-

type (1808) rotation around the O3�O2 connector with equal occupancy

(see the Supporting Information for further details). One of the disordered

positions is shown semi-transparent.
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H···O=C interaction is more electron deficient than the geminal,

non-involved hydrogen atom (0.2458 au in Ca�H···O=C vs.

0.2281 au in Ca�H; Figure S9A in the Supporting Information),

indicating that electrons are delocalized through the Ca�

H···O=C interaction. The stabilization energy computed herein

is close to the absolute value of the lower limit of the electron-

ic association energy De of 2.1 kcalmol�1 computed for N,N-di-

methylformamide dimers associated through C�H···O=C hydro-

gen bonds.[28] The Ca···O distance of 3.1 � coincides with ex-

pectations of distances of weak hydrogen bonds.[29] As to the

trans configuration, no Ca�H···O=C interaction was revealed by

the NBO analysis but rather a Cwi�H···O=Ci interaction within

the same residue (Figure 4B); the latter interaction (stabiliza-

tion energy: �1.00 kcalmol�1) is weaker than the Cai�H···O=

Ci++1 one (Figures 4A and B as well as S9A and B in the Sup-

porting Information).

In agreement with results from the all-methyl model peptoid

in the cis configuration, the NBO analysis also revealed the

eight-membered d turn in the cis-amide a-aminoxy tripeptoid

9 (Figure 4C). Herein, the donor–acceptor stabilization energy

is stronger than in the model peptoid (1.85 kcalmol�1 in com-

pound 9 vs. 1.56 kcalmol�1 in the model peptoid; Figures 4A

and C as well as S9A and C in the Supporting Information).

This might be explained by the electron-pushing effect of the

benzyl side chains, leading to the amide oxygen atom being

more negatively charged (�0.7269 au for compound 9 vs.

�0.6980 au for the model peptoid; Figures S9A and C in the

Supporting Information).

Taken together, by means of NBO calculations, we found sta-

bilizing donor–acceptor interactions for both the cis and trans

configurations. The formation of an eight-membered d turn

between the residues i!i++1 in the cis configuration is accom-

panied by a favorable stabilization energy for Cai�H···O=Ci++1 in-

teractions, which could explain the cis-amide bond preference

for a-aminoxy peptoids. Note that, to the best of our knowl-

edge, no unambiguous report has become available so far for

the occurrence of a d turn in a linear peptide.[30]

To gain further insight into the potential folding propensities

of oligomers we decided to synthesize oligomers featuring

a-chiral side chains (Scheme 1). Circular dichroism (CD) spec-

Figure 4. Results from the natural bond orbital analysis. A,B) HF/6-31G*-opti-

mized structures from an all-methyl model compound in a A) cis and

B) trans configuration. C) HF/6-31G*-optimized structure of the a-aminoxy

tripeptoid 9 in a cis configuration. In A–C) the orange dotted lines depict

donor–acceptor interactions. The labels depict the donor–acceptor stabiliza-

tion energies (in [kcalmol�1]) averaged over the two respective oxygen lone

pairs, determined by the second-order perturbation theory analysis.

Scheme 1. Synthesis of the a-aminoxy peptoids 19–21 containing a-chiral aromatic side chains (Ns=2-nitrobenzenesulfonyl, tBu= tert-butyl, DIAD=diiso-

propyl azodicarboylate, TFA= trifluoroacetic acid, DIC=diisopropylcarbodiimide, Ac=acetyl).
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troscopy has been extensively used to study the secondary

structure of a-peptoids. Figure 5 shows the CD spectra of the

a-aminoxy peptoids 19–21 in acetonitrile. The CD spectra of

compounds 19–21 reveal a characteristic minimum around l=

220 nm. Somewhat surprisingly, the intensity of the minimum

near l=220 nm decreased with an increasing chain length of

the a-aminoxy peptoids. This phenomenon might indicate that

this signal is not caused by secondary structure formation but

is related to the N-(S)-1-phenylethyl-containing amide motif

itself.[11,15] To verify this hypothesis we synthesized an acetylat-

ed monomer containing the N-(S)-1-phenylethyl group (see the

Supporting Information). The CD spectrum of this a-chiral mo-

nomer disclosed a strong minimum at around l=220 nm (Fig-

ure S10 in the Supporting Information). Based on this result it

appears unlikely that the minimum at l=220 nm is related to

secondary structure formation as simple monomers would not

be expected to adopt an ordered conformation. On the other

hand, starting at the length of a tetramer a shoulder appeared

at l=209 nm. It could be speculated that this minimum at l=

209 nm might be indicative of a length-dependent secondary

structure formation. Because characteristic CD signals do not

necessarily need to be indicative of a folding event,[31] further

studies on longer oligomers will be required to investigate the

nature of the minimum near l=209 nm in more detail. How-

ever, to study the thermostability of the observed CD spectral

bands, we collected CD spectra of the hexamer 21 at tempera-

tures in the temperature range 20–70 8C. As can be seen in Fig-

ure 5B, the hexamer 21 shows only a small reduction in the el-

lipticity and no change in the shape until 70 8C, denoting the

thermal stability of the CD spectral bands.

It is not possible to identify the secondary structure of novel

peptidomimetics in solution by solely analyzing CD spectra.

We therefore designed and synthesized the tetramer 28 and

the hexamer 29 in order to perform additional conformational

studies. Based on the X-ray analysis of the tripeptoid 9, we

speculated that a-aminoxy peptoids can adopt a conformation

in which the i, i++2, and i++4 side chains are located on one

side of the peptoid face, whereas the i++1, i++3, and i++5 side

chains are located on the opposite side. Thus, we designed the

hexamer 29 containing a-chiral, aromatic side chains at the

i++1, i++3, and i++5 positions to create an “aromatic face”, which

is known to stabilize peptoid helices.[32] Three structurally di-

verse side chains were chosen for the i, i++2, and i++4 in order

to minimize overlapping NMR signals. The tetramer 28 repre-

sents a simplified and truncated analogue of compound 29.

The synthesis of the oligomers 28 and 29 is outlined in

Scheme 2 (see the Supporting Information for synthetic de-

tails). Briefly, we prepared a set of dimeric building blocks

(Scheme 2A), which were subsequently assembled to the de-

sired oligomers by amide coupling reactions followed by de-

protection and acetylation of the N-terminal aminoxy moiety

(Schemes 2B and C). We conducted 2D NOESY experiments on

compounds 28 and 29 to gain further insights into the amide

bond geometry and the secondary structure of oligomeric a-

aminoxy peptoids. When analyzing the tetramer 28 we ob-

served a strong cross peak between the N-terminal acetyl

group and the backbone methylene group of the N-terminal

monomer (i) as well as a strong cross peak between the back-

bone protons of the monomers i++2 and i++3 indicating a cis-

amide geometry for the C- and N-terminal amide bonds (Fig-

ure S11 in the Supporting Information). However, no cross

peaks could be observed for the internal amides. Moreover, no

further distinct inter-residue NOEs could be detected. In the

case of the hexamer 29, a clear NOE was found for the C-termi-

nal amide suggesting a cis-amide geometry (Figure S12 in the

Supporting Information). Unfortunately, no inter-residual

NOESY cross peaks could be detected. This issue was further

investigated by a proton inversion-recovery experiment

(Table S2 in the Supporting Information), revealing significant

differences in the longitudinal relaxation times of backbone

and side-chain protons, which can affect cross relaxation. Nota-

bly, a VT NMR experiment on compound 28 revealed no indi-

cations for the presence of cis/trans-amide bond rotamers (Fig-

ure S13 in the Supporting Information). The CD spectra of

compounds 28 and 29 in acetonitrile (Figure S14 in the Sup-

porting Information) look very similar when compared to the

spectra of compounds 19–21 (Figure 5).

Because our CD and NMR data are insufficient to verify the

presence of distinct secondary structures, we performed com-

prehensive computational studies to investigate the conforma-

tional preferences of a-aminoxy peptoids and their potential

as helix mimetics. The backbone torsion angles f, q, w, and y

(Figure 2) are critical for an accurate description of the confor-

mational preferences. We parameterized f and q for molecular

dynamics (MD) simulations at the molecular mechanics level

based on ab-initio calculations (Figures 2 and S15 in the Sup-

porting Information). Fitting of the molecular mechanics

energy against the ab-initio energy for the angles f and q pro-

vided very good correlations [R2
�0.95 (Figure S15 in the Sup-

porting Information)] . For the backbone torsion angles w and

y (Figure 2), molecular mechanics energies using the parame-

ters of the GAFF force field (see the Supporting Information)

already yielded a very good agreement with the ab-initio ener-

gies [R2
=0.99 (Figure S16 in the Supporting Information)] . The

energy minima identified for the torsion potentials of the

angles f, q, w, and y showed good agreement with the tor-

sion angles found in the crystal structure of the a-aminoxy

peptoids 1 and 9 (Figures S15 and S16 as well as Table S3 in

the Supporting Information). Hence, the torsion angle parame-

ters accurately reproduce the relative energies of the backbone

dihedral angles of a-aminoxy peptoids.

Figure 5. A) CD spectra of compounds 19–21 in acetonitrile (50 mm) at 25 8C.

B) CD spectra of compound 21 at varying temperatures in acetonitrile

(50 mm) (data are expressed in terms of per-residue molar ellipticity (in

[degcm2dmol�1]).
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Subsequently, we performed MD simulations of the a-ami-

noxy peptoids 1 (3.5 ms length), 2 and 3 (3 ms length each),

and 9 (3.5 ms length) in explicit chloroform. Choosing this sol-

vent allows for a direct comparison of the simulation results

with the NMR data (see above). The MD simulations reached

equilibrium with respect to conformational preferences of the

angels f, q, and y, as indicated by highly symmetric torsion

angle distributions (Figures S17, S18, and S19 in the Support-

ing Information) and frequent transitions between energetical-

ly preferred states (Figures S20, S21, and S22 in the Supporting

Information). In contrast, for the a-aminoxy peptoids 1, 2, or 3

started either with a cis- or trans-amide conformation, a transi-

tion in the w torsion angle between the two conformers was

not observed, which is in line with an energetic barrier separat-

ing the two conformers (Figure S16 in the Supporting Informa-

tion for the N-ethoxyformamide model compound; Figure S23

in the Supporting Information for the a-aminoxy peptoid 30

(N,N-dimethyl-2-((N-methylacetamido)-oxy)acetamide) for prob-

ing the effect of an acetyl cap group and an N-methyl side

chain) and previous work.[33] In addition, our calculations show

that the cis conformer is preferred over the trans conformer by

approximately 2.8 kcalmol�1 for peptoid 30, whereas the cis

and trans conformers are virtually isoenergetic for the N-

ethoxyformamide model compound (Figures S23 and S16 in

the Supporting Information, respectively), which is consistent

with cis/trans energy differences of up to 1.4 kcalmol�1 in reg-

ular (not a-aminoxy) peptoids, as reported by Yoo and Kirshen-

baum.[9] These findings also agree with the above-described

NMR experiments and the crystal structure analyses. Finally,

the distributions of the backbone torsion angles of the mono-

meric a-aminoxy peptoids 1, 2, and 3 observed in the MD sim-

ulations showed a very good to good agreement with the tor-

sion angle values found in the crystal structures of the a-ami-

noxy peptoids 1 and 9 (Figures S17, S18, and S19 as well as

Table S3 in the Supporting Information). The relative free ener-

gies of the a-aminoxy peptoid 1 as a function of the backbone

dihedral angles f, q, and y computed from the frequency of

occurrence of the conformations during the MD simulations al-

lowed us to identify the preferred backbone conformations of

the a-aminoxy peptoid 1 (Figure S24 in the Supporting Infor-

mation); given the almost identical torsion angle distributions

(Figures S17, S18, and S19 in the Supporting Information), simi-

Scheme 2. Synthesis of the tetramer 28 and the hexamer 29 (DEAD=diethyl azodicarboxylate, HOAt=1-hydroxy-7-azabenzotriazole).
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lar conformations are expected to be favorable also for the

other a-aminoxy peptoids. The lack of mirror symmetry in the

q/f and q/y projections of the relative free energy is compati-

ble with the observation that the amide nitrogen atom shows

a certain degree of pyramidalization, which is in agreement

with findings of Jordan and co-workers, leading to a transient

chirality.[33] Superimposing the low-energy conformations of

the a-aminoxy peptoids 1, 2, and 3 extracted from the respec-

tive MD simulations onto the crystal structure of the a-amino-

xy peptoid 1 results in backbone-atom root mean square devi-

ations (RMSD)�0.6 � (Figure 6A–C). Similarly, overlaying a low-

energy conformation of the a-aminoxy peptoid 9 onto the

crystal structure of the same compound results in a backbone-

atom RMSD value of 1.2 � (Figure 6D). These results show that

the MD simulations yield low-energy conformations of a-ami-

noxy peptoids that are in very good agreement with the ex-

perimentally determined structures.

We used the thus validated setup of MD simulations to in-

vestigate the conformational properties of the more complex

tetrameric (compound 28) and hexameric (compound 29) a-

aminoxy peptoids. MD simulations of compounds 28 (3.5 ms

length) and 29 (2 ms length) in explicit chloroform again yield-

ed distributions of backbone torsion angles that are in very

good agreement with the values of the crystal structures of

the a-aminoxy peptoids 1 and 9, and are similar to those ob-

tained with the a-aminoxy peptoids 1, 2, and 3 (data not

shown). The conformational ensembles obtained by the MD

simulations of the a-aminoxy peptoids 28 and 29 were clus-

tered according to the RMSD values. The four most populated

clusters that account for 71% (for the a-aminoxy peptoid 28)

and 64% (for the a-aminoxy peptoid 29) of the MD ensembles

were further analyzed. Overlaying the Cb atoms of the a-ami-

noxy peptoid 28 onto the Cb atoms of a canonical a-helix

shows that the a-aminoxy peptoid scaffold can closely mimic

the spatial arrangement of the peptide side chains at the posi-

tions i, i++1, i++3, and i++5. When the N terminus of the peptoid

is oriented toward the C terminus of the helix, the RMSD value

of the coordinates of the respective atom pairs is 0.5 � (Fig-

ure 7A). When the peptoid is oriented in the opposite direc-

tion, the RMSD value is 0.7 � (Figure 7B). Overlaying the Cb

atoms of the peptoid 29 with the Cb atoms of a canonical a-

helix shows that the a-aminoxy peptoid scaffold can also ad-

dress an i, i++2, i++3, i++5, i++7, i++11 amino acid pattern when

the N terminus of the peptoid is oriented toward the C termi-

nus of the helix (Figure 7C), and alternatively an i, i++4, i++6,

i++8, i++9, i++11 pattern when the peptoid is oriented in the op-

posite direction (Figure 7D). The RMSD value of the coordi-

nates of the respective atom pairs is 1.1 � in both cases. In

summary, the conformational analysis based on the MD simula-

tions reveals that a-aminoxy peptoids adopt conformations

that can mimic i, i++1, i++3, i++5 ; i, i++2, i++3, i++5, i++7, i++11; and

i, i++4, i++6, i++8, i++9, i++11 patterns of substituent orientations

with respect to an a-helix.

Conclusion

We have performed the first thorough analysis of the folding

propensities of a-aminoxy peptoids. To this end, we designed

and synthesized a series of model a-aminoxy peptoids utilizing

well-established cap groups to investigate the influence of sev-

eral side chains on the amide conformation and secondary

structure. Interestingly, for a-aminoxy peptoids we observed

a unique preference for cis-amide bonds in comparison to

other peptoid backbones. The formation of an eight-mem-

bered d turn that is stabilized by Cai�H···O=Ci++1 interactions

between the residues i!i++1 in the cis configuration might ex-

plain the cis-amide preference of a-aminoxy peptoids. MD sim-

ulations suggest that a-aminoxy oligopeptoids can fold into

a distinct secondary structure closely mimicking the spatial ar-

rangement of peptide side chains in a canonical a-helix. It is

worth noting that a-aminoxy peptoid monomers can be easily

prepared from the readily available starting material 11 either

by classical alkylation with alkyl halides or by a Mitsunobu re-

action. This efficient monomer synthesis may therefore allow

for the preparation of a-aminoxy peptoid libraries with a large

chemical diversity in the future. Given their ease of synthesis,

their structural diversity, and their conformational properties,

a-aminoxy peptoids represent a promising new class of pepti-

domimetic foldamers that may be highly useful in a variety of

novel applications such as material sciences and medicinal

chemistry. In conclusion, a-aminoxy peptoids were introduced

as a new peptoid backbone capable of controlling the amide

Figure 6. A–C) Overlay of the low-energy conformations of the a-aminoxy

peptoids 1, 2, and 3 obtained from MD simulations (green) onto the crystal

structure of the a-aminoxy peptoid 1 (pink), resulting in RMSD values of the

backbone atoms of 0.57, 0.60, and 0.59 � for compounds 1, 2, and 3, respec-

tively. In the lower panel, the overlays are rotated by 908. D) Overlay of

a low-energy conformation of the a-aminoxy peptoid 9 obtained from MD

simulations (green) onto the crystal structure of the a-aminoxy peptoid 9

(magenta), resulting in an RMSD value of the backbone atoms of 1.2 �. In

the right panel, the overlay is rotated by 908.
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isomerism while maintaining the potential for side-chain diver-

sity.

Experimental Section

See the Supporting Information for experimental details.

CCDC 1508156 (1) and 1508157 (9) contain the supplementary

crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data_request/cif.
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