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ABSTRACT: An organic acid, salicylic acid, and its derivatives are constituents of
various natural products possessing remarkable bioactivity. O-Acetyl salicylate
(aspirin) is a well-known life-saving drug. Its peptide derivative salicylamide has also
been explored in the designing of peptide-based therapeutic drugs. An organic base,
picolylamine has been recently explored for designing diagnostic probes. However,
both the acid and base have common features as metal chelating with coordinating
metals. Thus, these scaffolds could be used for designing inhibitors of various
metalloenzymes. Their characteristic properties encourage us to design peptides
containing both scaffolds (salicylic acid and picolylamine) at opposite terminals. So
far there is no report available on such conjugated peptides. This report describes the
synthesis, conformational analysis, and biochemical assessment of rationally designed
N-salicyl-AAn-picolamide peptides. Pleasantly, we have obtained the crystal structures
of representative peptides that confirm their roles in conformational changes. Our
biological assessment as quorum sensing inhibitors has revealed that their di/tripeptides inhibit quorum sensing of the pathogenic
bacterium PA14 strain. Hence, these peptides have promising foldameric and therapeutic values.

■ INTRODUCTION
Salicylic acid and its derivatives are constituents of various
natural products comprising the phenolic group with
numerous therapeutic effects.1 The simplest derivative, O-
acetyl salicylate, also known as aspirin, is a nonsteroidal anti-
inflammatory drug (NSAID).2 Salicylic acid-conjugated amino
acids/peptides are also explored in the development of novel
drug candidates. The amide derivatives of salicylic acid,
salicylamide (SAM), possess analgesic and antipyretic proper-
ties.3 Salicylamide is also considered as a potential scaffold for
designing therapeutic peptide drugs by altering the peptide
structure and conformation.4,5 Deng has synthesized novel
salicylamide derivatives which show selective Ache inhibition,
antioxidant features, Ab-aggregation, anti-neuroinflammation,
and BBB permeability, a potential drug of Alzheimer’s disease.6

The N-salicylic-dipeptides inhibit human platelet aggregation,
which is induced by collagen, ADP, and adrenaline.7 However,
RGD analogues containing salicylic acid derivatives show
antiplatelet activities.8 De Grado has used salicylic acid for
novel self-assembling foldamers that inhibit heparin−protein
interactions.9 Zeng has synthesized foldable aromatic oligoa-
mides comprising a salicylic acid moiety which form helical
structures through continuous hydrogen bonding.10,11 Imra-
movsky has synthesized benzamide derivatives of N-salicylate
amino acid molecules that induce apoptosis in cancer cell
lines.12 A very few picolylamine containing peptides are
reported and employed for the chelation with metal ions.13−16

In the literature, salicylic acid and its derivatives exhibit
antibacterial properties by inhibiting the quorum sensing (QS)

system of pathogenic bacteria.17 QS is a bacterial cell−cell
communication process that involves the production, detec-
tion, and response to extracellular signaling molecules.18 In
general, Gram-positive and Gram-negative bacteria use QS
communication circuits to regulate their various physiological
activities such as symbiosis, virulence, competence, conjuga-
tion, antibiotic production, motility, sporulation, and biofilm
formation.19 To control bacterial infections, drug-design
strategies have been advanced by aiming the inhibition of
the virulence factors against designing the complete bacter-
icidal drugs (QS inhibitors). Nowadays, antibiotic drug-design
strategies have been changed to find a sustainable solution to
counteract the multidrug resistance issue.20 A multidrug-
resistant and highly adaptable bacterium is responsible for
nosocomial infections. The pathogenic bacterium Pseudomonas
aeruginosa (PA) is also a multidrug-resistant and highly
adaptable bacterium which is responsible for nosocomial
infections21 and a prime concern for hospital-acquired
infections in European countries.22 The persistent use of
antibiotics has significantly reduced mortality but, at the same
time, become the leading cause for the emergence of
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antibiotic-resistant bacterial pathogenic strains.23 Recently, our
group has also explored nonbenzenoid derivatives, amino-
troponyl sulfones, as anti-QS inhibitors.24 In the repertoire of
salicylic acid−picolylamin-conjugated peptides, we have ration-
ally designed novel peptides N-salicyl-AAn-picolylamine to
evaluate their role in the structural folding and therapeutic
values. This report describes their synthesis, conformational
analyses, and QS inhibition studies in PA14.

■ RESULTS AND DISCUSSION
We derivatized salicylic acid (1) into N-salicyl-amino acid ester
derivatives, Sa-AA-OMe (2), under amide bond coupling
reaction conditions (Scheme 1). At this stage, the nonpolar
amino acids ester derivatives (glycine, alanine, valine, and
leucine) were employed to prepare the respective Sa-AA-OMe
(2a−2d). These derivatives were conjugated with picolylamine
in two steps (hydrolysis of ester and amide coupling), which
produced rationally designed picolylamine-conjugated dipep-
tides, Sa-AA-Pico (3a−3d). We also synthesized salicyl
dipeptides, Sa-AA2-OMe (4a−4d), and salicyl tripeptides, Sa-
AA3-OMe (6a−6d), to use as a spacer between picolylamine

and salicylic acid. Subsequently, these peptides were
conjugated with picolylamine and converted into the desired
peptides Sa-(AA)n-Pico (5 and 7) under amide coupling
conditions. The characterization data (NMR and HRMS) of all
new products are provided in the Supporting Information (SI).
For structural and conformational studies, we attempted to

crystallize those peptides and obtained the single crystals of 3a,
3b, 3d, and 5 in DCM/MeOH (1:1). Their solved data are
submitted to the Cambridge Crystallographic Data Centre
(CCDC). Their reference numbers are 2253679−2253684,
which also describe concerning compounds. Their structural
refinement parameters are provided in the SI. Carefully, we
prepared their packing diagram from the respective crystal X-
ray data and explored the role of salicylic acid/picolylamine
scaffolds in the structural organization of novel peptides
through noncovalent interactions. The peptide Sa-Gly-Pico
(3a) forms a three-dimensional cross-linked supramolecular
structure through the intermolecular H-bonding with the bond
distance of 2.1 Å, owing to the amide groups in both fashions,
parallel horizontally and antiparallel vertically (Figure 1A). In
addition, its salicylic residue has intramolecular hydrogen

Scheme 1. Synthesis of Salicylic Acid and Picolylamine-Conjugated Peptides
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bonding. The peptide Sa-Ala-Pico (3b) forms a novel
supramolecular helical structure through hydrogen bonding
between amide groups at a distance of 2.0 Å (Figure 1B). The
peptide Sa-Leu-Pico (3d) forms a ladder-type supramolecular
structure because of intermolecular hydrogen bonding between
two antiparallel molecules with a distance of 2.3 Å (Figure
1C). Its salicylic acid residue also has intramolecular hydrogen
bonding. The peptide Sa-Gly-Ala-Pico (5) has folded structure
and forms unique supramolecular helical structures owing to
the intermolecular hydrogen bonding through amide groups.
Two consecutive helices are also joined by another set of
hydrogen bonding with a bond distance of 2.0 Å (Figure 1D).
In addition, its salicylic acids also exhibit intramolecular
hydrogen bonding.

We also obtained the crystal structures of salicyl peptides
without containing picolylamine (4a/4c) in CDCl3. Their
structure and packing diagrams are depicted in Figure 2, while
other X-ray parameters are provided in the Supporting
Information. The crystal structure of the Sa-α-peptide (4a)
forms a unique cylindrical supramolecular structure with a
diameter of ∼4.5 Å through intermolecular hydrogen bonding
(∼2.1 Å) owing to the amide groups such as N−H···O�C in
the antiparallel orientation (Figure 2A). The Sa-α-γ-peptide
(4c) forms a supramolecular β-sheet-type structure owing to
the intermolecular hydrogen bonding in its antiparallel amide
groups with a distance of 2.0 Å. In addition, salicylic phenolic
residue also forms intermolecular H-bonds (1.8 Å) with
parallel amide carbonyl molecules (Figure 2B).

Figure 1. Crystal structure and packing diagram of peptides: (A) structure of 3a (a) and its packing diagram (b), (B) structure of peptide 3b (a)
and its packing diagram (b−c), (C) structure of peptide 3d (a) and its packing diagram (b−c), and (D) structure of peptide 5 (a) and its packing
diagram (b−d).
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Herein, we attempted to find the conformation of peptides
(3/5/7) in the solution phase by 1D/2D-NMR techniques.
We recorded 2D-NMR of peptides 3a−3d in CDCl3 and of
peptides 5/7a−7d in DMSO-d6. We assigned their chemical
shifts from respective 2D-COSY spectra and then extracted
their NOE connectivity from respective 2D-NOESY spectra
(see the Supporting Information). We noticed strong NOE
peaks including the aromatic ring/amide protons that helped
to propose the possible conformations as a unique foldamer
(Figures S41−S58). Next, we performed 1H NMR DMSO-d6
titration experiment for finding the intramolecular hydrogen
bonding owing to amide N−H’s of the chloroform (CDCl3)-
soluble peptides (3a−3d) and generated their titration profiles
(δ (ppm) vs VDMSO‑d6 in μL) (Figures 3A and S59−S62). In
peptide 3a, we noticed marginal downfield shifts (in ppm) of
picolylamide N−H (∼0.5 in 3a, ∼0.5 in 3b, and ∼0.2 in 3c/
3d) and amino acid amide N−H (∼1.0 in 3a, ∼0.5 3b, ∼0.3 in
3c, and ∼0.2 in 3d). In the literature,25,26 the lower value of
chemical shift change indicates the stronger intramolecular

hydrogen bonding in CDCl3. Our result supports that amino
acid residues have significant roles in the intramolecular
hydrogen bonding ability of their amide N−H. Hence, Sa-AA-
Pico peptides (3a−3d) form a stable folded structure in CDCl3
owing to the intramolecular hydrogen bonding.
We noticed that tetrapeptides 7a−7d are soluble only in the

DMSO solvent. Thus, we attempted to optimize their structure
theoretically using MMFF94 and to find energetically favorable
conformation by GMMX. Their energy plots show various
possible conformations, which are provided in the SI (Figures
4 and S75−S78). Peptide 7a shows intramolecular hydrogen
bonding (N−H···O�C; O···H−O�C) and π−π interactions
between picolylamide and salicylate aromatic rings at 3.9 Å
(Figure 4A). Contrastingly, peptide 7b exhibits only intra-
molecular hydrogen bonding, no such π−π interactions owing
to the bulky amino acid residue phenyl alanine. However, the
pyridine ring of 7b exhibit hydrogen bonding with salicylic O−
H as N−H···O (Figure 4B). The lowest energy conformer of
peptides 7c and 7d also exhibits intramolecular hydrogen
bonding and π−π interactions though their hydrogen donors
and acceptors are partially altered. Hence salicyl-picolamide-
conjugated peptides have a strong ability to form unique
foldamers.
The swarming motility and biofilm formation of PA14

reduces the efficacy of drug penetrating ability into the cell
walls. These virulent factors and their capacity to conquer
antibiotics are controlled by the complex cell to cell chemical
signaling system, also known as quorum sensing (QS).27,28 We
treated bacterium PA14 with peptides (3a−3d/5/7a−7d) and
examined swarming of bacterial cells. In comparison to control
studies, only peptides 3c and 5 significantly reduced swarming,
despite affecting the bacteria’s growing ability even with 100
μM (Figures 5A and S69). Thus, peptides 3c/5 are potential
antiquorum sensing agents. The QS system is also the key
regulator of biofilm formation in the bacterium PA14 strain.
We performed an initial screening of those peptides (3a−3d/
5/7a−7d) at a higher concentration (100 μM) to evaluate the
biofilm formation activity in the PA14 strain and compared it
with the control. Importantly, only two peptides 3c/5
remarkably suppressed the biofilm formation in PA14. Then,
we performed concentration-dependent biofilm formation in

Figure 2. Crystal structure and packing diagram of peptides: (A) structure of 4a (a) and its packing diagram (b−c) and (B) structure of peptide 4c
(a) and its packing diagram (b).

Figure 3. DMSO-d6 titration NMR profile of peptides 3a−3d.
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the same bacterial strain with those two peptides (3c/5). Their
biofilm activities are provided as a bar diagram (Figure 5B).
Our experimental results show that peptides 3c and 5
suppressed the biofilm formation most effectively at a low
concentration of ∼40 μM. In the QS system, pyocyanin is a
redox-active secondary metabolite phenazine compound that
has been considered as both a virulence factor and a quorum
sensing signaling molecule in bacterium P. aeruginosa.29 The
production of pyocyanin indicates the pathogenicity and

sustaining fitness of PA14 in a competitive environment.
Thus, we examined the impact of synthetic peptide derivatives
(3a−3d/5/7a−7d) on pyocyanin production in the PA14
strain. However, only two peptides (3c/5) exhibit a significant
reduction of the pyocyanin synthesis (p < 0.001) at 100 μM.
Next, we performed a pyocyanin production assay in a dose-
dependent manner and summarized in a bar diagram (Figure
5C). Our result shows that peptide 5 has inhibited the
pyocyanin synthesis by 39.18% at 40 μM while 60% at 100
μM.
In the literature, the lasI/R QS circuit regulates the

expression of virulent factors.30 lasR is a transcriptional
activator, while lasI regulates the production of the autoinducer
N-(3-oxododecanoyl) homoserine lactone (PAI-1).31 lasR and
PAI-1 are required for the induction of lasB (encoding
elastase) and other virulence genes. Elastase formation, one of
the most virulent characteristics of PA, is the primary cause of
PA-mediated death in hospitals. Elastase hydrolyzes internal
peptide bonds found on the amino part of hydrophobic amino
acid residues, allowing it to cleave a diverse spectrum of
proteinaceous substrates. Thus, we conducted a qRT-PCR
experiment to assess the effectiveness of synthesized peptide
derivatives 3c and 5 at the gene level. The transcript levels of
the 16S RNA gene were similar in control (cells grown LB
medium) or in LB medium supplemented with the mentioned
peptide, hence it was used for normalization. The compound 5
downregulated lasI and lasR significantly by 98.8% at 40 μM
concentration (Figure 6A,B). Interestingly, compound 3c had
no impact on both targeted genes (lasI and lasR), while
significantly reducing biofilm formation, pyocyanin production,
and swarming motility. The same expression pattern was
observed in lasB in the presence of compound 5 (SI, Figure
S72). Next, we performed a cytotoxicity experiment in
HEK239T cell lines for ensuring the safe usage of synthesized
peptides as anti-QS drugs to combat PA14 infection in the
human body (SI, Figure S73). We could not notice any
significant cytotoxicity at optimal concentration, significantly
greater than their anti-QS concentration. Further, to examine
the virulence effect of P. aeruginosa in cells, another
cytotoxicity assay was performed using our synthesized peptide
derivative as a therapeutic agent against PA14. PA14 was found
to be cytotoxic against the HEK293T cell line, significantly
reducing viability when compared to the DMSO control. Their
data are summarized in a bar diagram (Figure 6C). This result
indicates that compound 5 significantly reduced PA14
virulence-mediated cytotoxicity toward HEK293T cells and

Figure 4. Conformation of the theoretically minimized structure using MMFF94 and GMMX of peptides (A) 7a and (B) 7b.

Figure 5. (A) Swarming images of PA14 in the DMSO control and
the presence of compounds (3c and 5) at 100 μM concentration, (B)
dose-dependent biofilm formation for control and peptides (3c and
5), and (C) dose-dependent pyocyanin production of peptides 3c and
5.
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dramatically increased viability. Around 72.9% (p < 0.0001) of
PA14-infected cells survived in the presence of the compound.
In the literature, the phase contrast microscopic studies have
been explored to visualize morphology (the shape and size) of
bacteria which are directly related to their membrane.32 Thus,
we planned to study the impact of peptide 5 in the bacteria
membrane by phase contrast microscopic techniques and
compared with the control study (without peptide 5). Their
images are provided in the SI (Figure S74). We notice that the
shape and size of the bacterium are unaffected with peptide 5.
These studies further support that bacterial membranes are
unaffected with peptide 5. As a result of these findings,
compound 5 (40 μM) may be useful as a biofilm, swarming,
pyocyanin, and virulence inhibitor in acute PA infections.
We successfully synthesized the rationally designed salicylic

and polyamine-conjugated peptides. Their structures and
confirmations in the solution phase are demonstrated by
NMR, while their solid-state structures are confirmed by
single-crystal X-ray studies. A few of them form a supra-
molecular unique self-assembly structure. Interestingly, their
packing diagram exhibit unique structures such as helix, β turn,

and cross-linking. Our biochemical studies reveal that one of
conjugated peptides is a quorum sensing inhibitor.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Except as otherwise

specified, all commercial reagents were used without further
purification. Natural and unnatural amino acids, salicylic acid,
picolylamine, DIPA, NMM, EDC.HCl, and HOBt were
purchased from Spectrochem and Sigma-Aldrich. Anhydrous
DMF was purchased from Merck. Reactions were carefully
monitored by thin-layer chromatography (TLC) and visualized
under UV or by performing a ninhydrin test. Silica gel column
chromatography was carried out on Merck silica gel 100−200
mesh. Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker 400 MHz spectrometer operating at
400 and 101 MHz for 1H and 13C acquisitions, respectively.
Chemical shifts for 1H and 13C are reported in ppm downfield
from tetramethyl silane as an internal standard. Data are
abbreviated as follows: s = singlet, d = doublet, t = triplet, q =
quartet, quin = quintet, m = multiplate, and br = broad. All
HRMS data were recorded with a Bruker MicroTOF-Q II
spectrometer

General Procedure for Peptide Synthesis. Synthesis of
Salicylic Acid-Derivatized Peptides. Salicylic acid/salicylic
acid-derivatized L-amino acid (1 equiv) was dissolved in
commercially purchased anhydrous DMF, followed by addition
of NMM (3 equiv). Resulting solution was cooled to 0 °C, and
EDC.HCl (1.2 equiv) was added, followed by addition of
HOBt (1.2 equiv) and L-methylated amino acid. Then, the
reaction mixture is removed from the ice bath and placed in a
preheated heating bath at 55 °C for 8 h. After completion, the
reaction mixture is concentrated under reduced pressure and
extracted three times in water and ethyl acetate. The organic
layer is dried over sodium sulfate and concentrated. The
concentrated crude mixture is purified by column chromatog-
raphy with organic solvent system EtOAc and hexane and
characterized by 1H, 13C NMR and ESI-HRMS techniques.
Hydrolysis of salicylic acid-derivatized L-amino acid methyl
ester is performed by 1N LiOH over 8 h.
Coupling of Picolylamine. Salicylic acid-derivatized L-

amino acid (1 equiv) was dissolved in commercially purchased
anhydrous, DMF followed by addition of di-isopropyl amine
(DIPA) (1.5 equiv). Resulting solution was cooled to 0 °C,
and EDC.HCl (1.2 equiv) was added, followed by addition of
HOBt (1.2 equiv) and picolylamine (1.2 equiv). The reaction
mixture is stirred overnight at 55 °C. After completion, the
reaction mixture is concentrated under reduced pressure and
extracted three times in ethyl acetate and water. The organic
layer is dried over sodium sulfate and concentrated. The
concentrated crude mixture is purified by column chromatog-
raphy with organic solvent system EtOAC and MeOH and
characterized by 1H, 13C NMR and ESI-HRMS techniques.
Methyl (2-Hydroxybenzyol) Glycinate (2a). Compound 2a

was synthesized by the abovementioned procedure and
purified by column chromatography with solvent system
ethyl acetate/hexane (12:88) as a colorless gummy compound
(86% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.01 (s,
1H), 7.46 (d, J = 8.0 Hz, 1H), 7.40 (t, J = 7.7 Hz, 1H), 7.06 (s,
1H), 6.96 (d, J = 12.0 Hz, 1H), 6.85 (t, J = 7.5 Hz, 1H), 4.22
(d, J = 4.0 Hz, 2H), 3.82(s,3H). 13C NMR (101 MHz,
CDCl3) δ (ppm) 170.4, 170.1, 161.4, 134.6, 125.8, 118.9,
118.6, 113.7, 52.7, 41.2. HRMS (ESI-TOF) m/z: [M + Na]+
calcd. For C10H11NO4Na 232.0586, observed 232.0600.

Figure 6. Effect of peptide 5 on expression of (A) lasR and (B) lasI
genes and (C) % of viable cells in HEK293T cells in the presence of
peptides 3c and 5.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03404
ACS Omega 2023, 8, 30349−30358

30354

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03404/suppl_file/ao3c03404_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03404?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03404?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03404?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03404?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Methyl (2-Hydroxybenzoyl)-L-alaninate (2b). Compound
2b was synthesized by the abovementioned procedure and
purified by column chromatography with solvent system ethyl
acetate/hexane (15:85) as a white solid (84% yield). 1H NMR
(400 MHz, CDCl3) δ (ppm) 12.09 (s, 1H), 7.44 (d, J = 8.0
Hz, 1H), 7.38 (t, J = 7.7 Hz, 1H), 7.10 (s, 1H), 6.94 (d, J = 8.3
Hz, 1H), 6.83 (t, J = 7.6 Hz, 1H), 4.78 (dd, J = 14.3, 7.1 Hz,
1H), 3.80 (s, 3H), 1.52 (d, J = 4.0 Hz, 3H). 13 C NMR (101
MHz, CDCl3) δ (ppm) 173.5, 169.5, 161.5, 134.5, 125.8,
118.8, 118.5, 113.8, 52.8, 48.2, 18.3. HRMS (ESI-TOF) m/z:
[M + Na]+ calcd. For C11H13NO4Na 246.0737, observed
246.0733.
Methyl (2-Hydroxybenzoyl)-L-valinate (2c). Compound 2c

was synthesized by the abovementioned procedure and
purified by column chromatography with solvent system
ethyl acetate/hexane (12:88) as a white solid (83% yield).
1H NMR (700 MHz, CDCl3) δ (ppm) 12.05 (s, 1H), 7.51−
7.47 (m, 1H), 7.42−7.37 (m, 1H), 6.93−6.91 (m, 1H), 6.89−
6.84 (m, 2H), 4.74 (dd, J = 8.4, 4.9 Hz, 1H), 3.79 (s, 3H), 2.29
(dd, J = 6.8, 5.0 Hz, 1H), 1.03 (dd, J = 6.8, 3.4 Hz, 6H). 13C
NMR (101 MHz, CDCl3) δ (ppm) 172.3, 169.8, 161.5, 134.5,
125.7, 118.8, 118.6, 113.9, 57.1, 52.5, 31.6, 18.9, 18.1. HRMS
(ESI-TOF) m/z: [M + H]+ calcd. For C13H18NO4 252.1236,
observed 252.1223.
Methyl (2-Hydroxybenzoyl)-L-leucinate (2d). Compound

2d was synthesized by the abovementioned procedure and
purified by column chromatography with solvent system ethyl
acetate/hexane (10:90) as a white solid (81% yield). 1H NMR
(400 MHz, CDCl3) δ (ppm) 12.07 (s, 1H), 7.45 (dd, J = 8.0,
1.4 Hz, 1H), 7.38−7.31 (m, 1H), 7.12 (d, J = 8.0 Hz, 1H),
6.93−6.89 (m, 1H), 6.84−6.77 (m, 1H), 4.90−4.80 (m, 1H),
3.79 (s, 3H), 1.81−1.64 (m, 3H), 0.98 (d, J = 8.0 Hz, 6H). 13C
NMR (101 MHz, CDCl3) δ (ppm) 173.9, 169.9, 161.4, 134.5,
125.8, 118.7, 118.5, 113.7, 52.6, 50.8, 41.3, 24.9, 22.8, 21.8.
HRMS (ESI-TOF) m/z: [M + H]+ calcd. For C14H20NO4
266.1392, observed 266.1367.
2-Hydroxy-N-(2-oxo-2-((pyridine-2-ylmethyl)amino)-

ethyl)benzamide (3a). Compound 3a was synthesized by the
abovementioned procedure and purified by column chroma-
tography with solvent system ethyl acetate/methanol (98:2) as
a white solid (79% yield). 1H NMR (400 MHz, CDCl3) δ
(ppm) 12.13 (s, 1H), 8.54 (d, J = 4.6 Hz, 1H), 7.69 (t, J = 7.6
Hz, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.44 (s, 1H), 7.40 (t, J = 7.9
Hz, 1H), 7.28 (d, J = 10.5 Hz, 3H), 7.25−7.20 (m, 1H), 6.97
(d, J = 8.4 Hz, 1H), 6.86 (t, J = 7.6 Hz, 1H), 4.63 (d, J = 4.9
Hz, 2H), 4.21(d, J = 4.7 Hz, 2H). 13C NMR (100.06 MHz,
CDCl3) δ (ppm) 170.1, 168.2, 161.5, 155.4, 149.1, 137.0,
134.5, 126.0, 122.7, 122.1, 118.9, 118.5, 113.9, 44.4, 42.8.
HRMS (ESI-TOF) m/z: [M + Na]+ calcd. For C15H15N3O3Na
308.1006, observed 308.1003.
2-Hydroxy-N-(1-oxo-1((pyridine-2-ylmethyl)amino)-

propan-2-yl)benzamide (3b). Compound 3b was synthesized
by the abovementioned procedure and purified by column
chromatography with solvent system ethyl acetate/methanol
(97:3) as a white solid (77% yield). 1H NMR (400 MHz,
CDCl3) δ (ppm) 12.19 (s, 1H), 8.52 (d, J = 4.0 Hz, 1H), 7.67
(t, J = 4.0 Hz, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.46 (s, 1H), 7.37
(t, J = 8.0 Hz, 1H), 7.28−7.24 (d, J = 4.0 Hz, 1H), 7.23−7.17
(t, J = 8.0 Hz, 1H), 6.95 (d, J = 8.0 Hz, 1H), 6.82 (t, J = 8.0
Hz, 1H), 4.78 (m, 1H), 4.59 (t, J = 4.0 Hz, 2H), 1.53 (d, J =
8.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ (ppm) 172.2,
169.5, 161.3, 155.8, 149.0, 137.0, 134.3, 126.3, 122.6, 122.1,
118.8, 118.3, 114.2, 48.9, 44.5, 18.9. HRMS (ESI-TOF) m/z:

[M + H]+ calcd. For C16H18N3O3 300.1348, observed
300.1355.
2-Hydroxy-N-(3-methyl-1-oxo-1-((pyridine-2-ylmethyl)-

amino)butan-2-yl)benzamide (3c). Compound 3c was
synthesized by the abovementioned procedure and purified
by column chromatography with solvent system ethyl acetate/
methanol (97:3) as a white solid (71% yield). .1H NMR (400
MHz, CDCl3) δ (ppm) 12.20 (s, 1H), 8.50 (d, J = 1.8 Hz,
1H), 7.87 (s, 2H), 7.63 (m, 2H), 7.36−7.31 (m, 1H), 7.30−
7.27 (m, 1H), 7.18 (d, J = 1.9 Hz, 1H), 6.94 (m, 1H), 6.77 (m,
1H), 4.59 (d, J = 5.8 Hz, 3H), 2.22 (m, 1H), 1.25−0.77 (d, J =
8.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ (ppm) 171.5,
169.5, 160.7, 156.2, 148.9, 136.9, 134.1, 126.9, 122.5, 122.1,
118.8, 118.1, 114.7, 58.77, 44.56, 31.29, 19.3, 18.6. HRMS
(ESI-TOF) m/z: [M + H]+ calcd. For C18H22N3O3 328.1661,
observed 328.1681.
2 -Hyd ro x y -N - ( 4 -me thy l - 1 - o xo - 1 - ( ( p y r i d i n - 2 -

ylmethylamino)pentan-2-yl)benzamide (3d). Compound 3d
was synthesized by the abovementioned procedure and
purified by column chromatography with solvent system
ethyl acetate/methanol (97:3) as a white solid (70% yield).
1H NMR (400 MHz, CDCl3) δ (ppm) 12.21 (s, 1H), 8.47 (d,
J = 4.4 Hz, 1H), 8.19 (d, J = 8.0 Hz, 1H), 8.10 (q, J = 16.0 Hz,
1H), 7.66 (dd, J = 8.0, 1.3 Hz, 1H), 7.60 (t, J = 7.7 Hz, 1H),
7.33−7.24 (m, 2H), 7.15 (dd, J = 7.3, 5.1 Hz, 1H), 6.89 (d, J =
8.4 Hz, 1H), 6.70 (t, J = 7.6 Hz, 1H), 4.85 (m, 1H), 4.56 (d, J
= 5.4 Hz, 2H), 1.82−1.54 (m, 3H), 0.95−0.83 (m, 6H). 13C
NMR (101 MHz, CDCl3) δ (ppm) 172.9, 169.74, 160.73,
156.54, 148.9, 137.0, 134.1, 127.1, 122.5, 122.0, 118.8, 118.0,
114.7, 52.0, 44.7, 41.1, 24.9, 22.9, 21.9. HRMS (ESI-TOF) m/
z: [M + H]+ calcd. For C19H24N3O3 342.1818, observed
342.1793.
Methyl (2-Hydroxybenzoyl)glycyl-L-alaninate (4a). Com-

pound 4a was synthesized by the abovementioned procedure
and purified by column chromatography with solvent system
ethyl acetate/hexane (60:40) as a white solid (79% yield). 1H
NMR (400 MHz, CDCl3) δ (ppm) 12.03 (s, 1H), 7.49 (d, J =
7.9 Hz, 1H), 7.43−7.34 (m, 2H), 6.98 (d, J = 8.3 Hz, 1H),
6.86 (t, J = 7.6 Hz, 1H), 6.65 (s, 1H), 4.63 (m, 1H), 4.15 (d, J
= 4.8 Hz, 2H), 3.77 (s, 3H), 1.47 (d, J = 7.2 Hz, 3H). 13C
NMR (101 MHz, CDCl3) δ (ppm) 173.1, 170.2, 168.0, 161.5,
134.6, 126.0, 118.9, 118.5, 113.7, 52.7, 48.4, 42.8, 18.3. HRMS
(ESI-TOF) m/z: [M + Na]+ calcd. For C13H16N2O5Na
303.0951, observed 303.0952.
Methyl 3-(2-(2-Hydroxybenzamido)acetamido)-

propanoate (4b). Compound 4b was synthesized by the
abovementioned procedure and purified by column chroma-
tography with solvent system ethyl acetate/hexane (65:35) as a
white solid (73% yield). 1H NMR (400 MHz, CDCl3) δ
(ppm) 12.01 (s, 1H), 7.68 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H),
7.37 (t, J = 7.8 Hz, 1H), 6.94 (d, J = 8.3 Hz, 1H), 6.83 (t, J =
7.5 Hz, 2H), 4.07 (d, J = 5.0 Hz, 2H), 3.68 (s, 3H), 3.57 (q, J =
6.0 Hz, 2H), 2.58 (t, J = 6.0 Hz, 2H). 13C NMR (101 MHz,
CDCl3) δ (ppm) 172.3, 170.3, 168.8, 161.3, 134.5, 126.2,
118.9, 118.4, 113.9, 51.9, 43.1, 35.2, 33.6. HRMS (ESI-TOF)
m/z: [M + H]+ calcd. For C13H17N2O5 281.1137, observed
281.1131.
Methyl 4-(2-(2-Hydroxybenzamido)acetamido)butanoate

(4c). Compound 4c was synthesized by the abovementioned
procedure and purified by column chromatography with
solvent system ethyl acetate/hexane (65:35) as a white solid
(69% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.02 (s,
1H),8.05 (m, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.36 (t, J = 7.7 Hz,
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1H), 7.00 (m, 1H), 6.94 (d, J = 8.3 Hz, 1H), 6.83 (t, J = 7.6
Hz, 1H), 4.09 (d, J = 5.2 Hz, 2H), 3.64 (s, 3H), 3.33 (dd, J =
12.7, 6.5 Hz, 2H), 2.37 (t, J = 7.1 Hz, 2H), 1.91−1.79 (m,
2H). 13C NMR (101 MHz, CDCl3) δ (ppm) 174.0, 170.4,
169.4, 161.1, 134.5, 126.6, 119.0, 118.2, 114.1, 51.8, 43.2, 39.2,
31.4, 24.3. HRMS (ESI-TOF) m/z: [M + Na]+ calcd. For
C14H18N2O5Na 317.1108, observed 317.1103.
2-Hydroxy-N-(2-oxo-2-((pyridine-2-ylmethyl)amino)-

propan-2-yl)amino)ethyl)benzamide (5). Compound 5 was
synthesized by the abovementioned procedure and purified by
column chromatography with solvent system ethyl acetate/
methanol (96:4) as a light gray solid (yield 73%). 1H NMR
(400 MHz, DMSO) δ (ppm) 12.14 (s, 1H), 9.05 (s, 1H), 8.49
(d, J = 4.0 Hz, 2H), 8.32 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.0
Hz, 1H), 7.73 (t, J = 8.0 Hz, 1H), 7.40 (t, J = 8.0 Hz, 1H), 7.25
(m, 2H), 6.91 (m, 2H), 4.37 (d, J = 4.0 Hz, 3H), 3.99 (d, J =
4.0 Hz, 2H), 1.28 (d, J = 4.0 Hz, 3H). 13C NMR (101 MHz,
DMSO) δ (ppm) 172.8, 168.9, 168.7, 159.7, 159.0, 149.3,
137.1, 134.1, 128.9, 122.5, 121.1, 119.2, 117.7, 116.2, 48.9,
44.6, 42.8, 18.6. HRMS (ESI-TOF) m/z: [M + H]+ calcd. For
C18H21N4O4 357.1563, observed 357.1540.
Methyl (2-Hydroxybenzoyl)glycyl-L-alanyl Glycinate (6a).

Compound 6a was synthesized by the abovementioned
procedure and purified by column chromatography with
solvent system ethyl acetate/hexane (75:25) as a white solid
(72% yield). 1H NMR (400 MHz, MeOD4) δ (ppm) 7.82 (d, J
= 8.1 Hz, 1H), 7.41 (t, J = 7.7 Hz, 1H), 6.92 (m, 2H), 4.48 (d,
J = 7.2 Hz, 1H), 4.11 (s, 2H), 3.97 (s, 2H), 3.73 (s, 3H), 3.33
(s, 1H), 1.42 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz,
MeOD4) δ (ppm) 174.0, 170.2, 170.1, 169.8, 159.5, 133.6,
128.1, 118.8, 116.9, 115.6, 51.23, 48.9, 42.4, 40.4, 16.5. HRMS
(ESI-TOF) m/z: [M + H]+ calcd. For C15H20N3O6 338.1352,
observed 338.1337.
Methyl (2-Hydroxybenzoyl)glycyl-L-alanyl Phenylalani-

nate (6b). Compound 6b was synthesized by the above-
mentioned procedure and purified by column chromatography
with solvent system ethyl acetate/hexane (70:30) as a white
solid (69% yield). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.08
(s, 1H), 7.74 (s, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.42 (s, 1H),
7.33 (t, J = 8.0 Hz, 1H), 7.22−7.16 (m, 4H), 7.07 (d, J = 8.0
Hz, 2H), 6.93 (d, J = 12.0 Hz, 1H), 6.79 (t, J = 8.0 Hz, 1H),
4.89−4.80 (m, 1H), 4.62−4.54 (m, 1H), 4.06 (d, J = 4.0 Hz,
2H), 3.67 (s, 3H), 3.15−3.0 (m,2H), 1.32 (d, J = 4.0 Hz, 3H).
13C NMR (101 MHz, CDCl3) δ (ppm) 172.5, 171.9, 170.3,
169.3, 160.9, 135.1, 134.4, 129.2, 128.5, 127.1, 126.7, 118.9,
118.2, 116.5, 114.2, 111.6, 53.5, 52.5, 49.2, 42.9, 37.7, 18.1.
HRMS (ESI-TOF) m/z: [M + Na]+ calcd. For C22H25N3O6Na
450.1636, observed 450.1633.
Methyl (3-(2-(2-Hydroxybenzamido)acetamido)-

propanoyl)-L-alaninate (6c). Compound 6c was synthesized
by the abovementioned procedure and purified by column
chromatography with solvent system ethyl acetate/hexane
(75:25) as a white solid (67% yield). 1H NMR (400 MHz,
DMSO) δ (ppm) 12.22 (s, 1H), 9.04 (t, J = 8.0 Hz, 1H), 8.32
(d, J = 8.0 Hz, 1H), 8.03 (t, J = 4.0 Hz, 1H), 7.87 (d, J = 8.0
Hz, 1H), 7.40 (t, J = 8.0 Hz, 1H), 6.91 (m, 2H), 4.26 (m, 1H),
3.88 (d, J = 4.0 Hz, 2H), 3.61 (s, 3H), 3.28 (q, J = 12.0 Hz,
2H), 2.31 (t, J = 8.0 Hz, 2H), 1.26 (d, J = 8.0 Hz, 3H). 13C
NMR (101 MHz, DMSO) δ (ppm) 173.7, 170.7, 169.0, 168.8,
159.9, 134.1, 128.9, 119.2, 117.7, 116.1, 52.3, 48.0, 42.8, 35.6,
35.3, 17.4. HRMS (ESI-TOF) m/z: [M + Na]+ calcd. For
C16H21N3O6Na 374.1323, observed 374.1304.

Methyl (4-(2-(2-Hydroxybenzamido)butanoyl-L-alanate
(6d). Compound 6d was synthesized by the abovementioned
procedure and purified by column chromatography with
solvent system ethyl acetate/hexane (75:25) as a white solid
(63% yield). 1H NMR (400 MHz, DMSO) δ (ppm) 12.24 (s,
1H), 9.05 (t, J = 5.5 Hz, 1H), 8.25 (d, J = 6.9 Hz, 1H), 8.03 (t,
J = 5.4 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 7.40 (t, J = 7.7 Hz,
1H), 6.91 (m, 2H), 4.24 (m, 1H), 3.89 (d, J = 5.5 Hz, 2H),
3.61 (s, 3H), 3.08 (q, J = 16.0 Hz, 2H), 2.12 (t, J = 7.4 Hz,
2H), 1.64 (p, J = 7.2 Hz, 2H), 1.25 (d, J = 7.3 Hz, 3H). 13C
NMR (101 MHz, DMSO) δ (ppm) 173.7, 172.3, 169.0, 168.7,
159.9, 134.1, 128.9, 119.2, 117.7, 116.2, 52.3, 47.9, 42.8, 38.7,
32.9, 25.7, 17.4. HRMS (ESI-TOF) m/z: [M + Na]+ calcd. For
C17H23N3O6Na 388.1479, observed 388.1480.
2-Hydroxy-N-(2-oxo-2-((1-oxo-1-((2-oxo-2-((pyridin-2-

ylmethyl)amino)ethyl)amino)propan-2-yl)amino)ethyl)-
benzamide (7a). Compound 7a was synthesized by the
abovementioned procedure and purified by column chroma-
tography with solvent system ethyl acetate/methanol (95:5) as
an off-white solid (69% yield). 1H NMR (400 MHz, DMSO) δ
(ppm) 12.12 (s, 1H), 9.02 (t, J = 8.0 Hz, 1H), 8.46 (d, J = 4.0
Hz, 1H), 8.32 (d, J = 8.0 Hz, 2H), 8.27 (t, J = 8.0 Hz, 1H),
7.85 (d, J = 8.0 Hz, 1H), 7.70 (t, J = 8.0 Hz, 1H), 7.40 (t, J =
8.0 Hz, 1H), 7.29−7.20 (m, 2H), 6.90 (m, 2H), 4.40−4.29 (m,
3H), 3.97 (d, J = 8.0 Hz, 2H), 3.77 (t, J = 8.0 Hz, 2H), 1.24 (d,
J = 4.0 Hz, 3H). 13C NMR (101 MHz, DMSO) δ (ppm)
173.0, 169.4, 168.9, 168.8, 159.7, 158.8, 149.2, 137.1, 134.1,
128.9, 122.5, 121.3, 119.2, 117.7, 116.3, 48.9, 44.5, 42.6, 18.5.
HRMS (ESI-TOF) m/z: [M + Na]+ calcd. For C20H23N5O5Na
436.1597, observed 436.0931.
2-Hydroxy-N-(2-oxo-2-(((2S)-1-oxo-1-((1-oxo-3-phenyl-1-

((pyridine-2-ylmethyl)amino)propan-2-yl)amino)propan-3-
yl)amino)ethyl)benzamide (7b). Compound 7b was synthe-
sized by the abovementioned procedure and purified by
column chromatography with solvent system ethyl acetate/
MeOH (96:4) as white solid (68% yield). 1H NMR (400
MHz, DMSO) δ (ppm) 12.15 (s, 1H), 9.06 (t, J = 4.0 Hz,
1H), 8.50 (t, J = 8.0 Hz, 1H), 8.46 (d, J = 8.0 Hz, 1H), 8.28 (d,
J = 4.0 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 7.87 (d, J = 8.0 Hz,
1H), 7.64 (t, J = 8.0 Hz, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.32−
7.16 (m, 7H), 7.01 (d, J = 8.0 Hz, 1H), 6.92 (m, 2H), 4.55 (m,
1H), 4.41−4.25 (m, 3H), 3.95 (d, J = 4.0 Hz, 2H), 3.07 (dd, J
= 12.0, 8.0 Hz, 1H), 2.89 (dd, J = 12.0, 8.0 Hz, 1H), 1.17 (d, J
= 4.0 Hz, 3H). 13C NMR (101 MHz, DMSO) δ (ppm) 172.5,
171.3, 168.9, 168.8, 159.6, 158.8, 149.2, 138.1, 137.1, 134.1,
129.7, 129.0, 128.6, 126.8, 122.5, 121.0, 119.3, 117.7, 116.3,
54.7, 48.8, 44.5, 42.8, 42.6, 37.8, 18.6. HRMS (ESI-TOF) m/z:
[M + Na]+ calcd. For C27H29N5O5Na 526.2067, observed
526.2086.
2-Hydroxy-N-(2-oxo-2-((4-oxo-4-((1-oxo-1-((pyridine-2-

ylmethyl)amino)propan-2-yl)amino)butyl)amino)ethyl)-
benzamide (7c). Compound 7c was synthesized by the
abovementioned procedure and purified by column chroma-
tography with solvent system ethyl acetate/MeOH (95:5) as a
gray solid (61% yield). 1H NMR (400 MHz, DMSO) δ (ppm)
12.22 (s, 1H), 9.05 (t, J = 5.5 Hz, 1H), 8.47 (m, 2H), 8.16 (d, J
= 7.3 Hz, 1H), 8.05 (t, J = 5.5 Hz, 1H), 7.87 (d, J = 7.9 Hz,
1H), 7.75 (t, J = 7.6 Hz, 1H), 7.40 (t, J = 7.7 Hz, 1H), 7.25
(m, 2H), 7.00−6.84 (m, 2H), 4.36 (d, J = 5.8 Hz, 2H), 4.34−
4.29 (m, 1H), 3.88 (d, J = 5.5 Hz, 2H), 3.33−3.28 (m, 2H),
2.34 (m, 2H), 1.25 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz,
DMSO) δ (ppm) 173.1, 170.7, 168.9, 168.8, 159.9, 159.0,
149.1, 137.2, 134.1, 128.9, 122.5, 121.1, 119.2, 117.7, 116.1,
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48.9, 44.5, 42.8, 35.8, 35.6, 18.5. ESI-HRMS m/z: [M + Na]+
calcd. For C21H25N5O5Na 450.1748, observed 450.1942.
2-Hydroxy-N-(2-oxo-2-((4-oxo-4-((1-oxo-1-((pyridine-2-

ylmethyl)amino)propan-2-yl)amino)butyl)amino)ethyl)-
benzamide (7d). Compound 7d was synthesized by the
abovementioned procedure and purified by column chroma-
tography with solvent system ethyl acetate/MeOH (95:5) as a
white solid (58% yield). 1H NMR (400 MHz, DMSO) δ
(ppm) 12.22 (s, 1H), 9.04 (t, J = 5.4 Hz, 1H), 8.46 (m, 2H),
8.04 (m, 2H), 7.87 (d, J = 8.0 Hz, 1H), 7.73 (t, J = 8.0 Hz,
1H), 7.40 (t, J = 8.0 Hz, 1H), 7.24 (m, 2H), 6.90 (t, J = 8.0
Hz, 2H), 4.35 (d, J = 8.0 Hz, 2H), 4.30 (t, J = 8.0 Hz, 1H),
3.89 (d, J = 8.0 Hz, 2H), 3.20−2.98 (m, 2H), 2.15 (t, J = 7.3
Hz, 2H), 1.64 (m, 2H), 1.24 (d, J = 4.0 Hz, 3H). 13C NMR
(101 MHz, DMSO) δ (ppm) 173.2, 172.2, 168.7, 159.9, 159.1,
149.2, 137.1, 134.1, 128.9, 122.5, 121.1, 119.2, 117.7, 48.8,
44.5, 42.8, 33.0, 25.8, 18.6, 0.6. HRMS (ESI-TOF) m/z: [M +
Na + H]+ calcd. For C22H29N5O5Na 465.1988, observed
465.1974.
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