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ABSTRACT: Histone deacetylase inhibitors (HDACi) are estab-
lished anticancer drugs, especially in hematological cancers. This
study aimed to design, synthesize, and evaluate a set of HDACi
featuring a pentyloxyamide connecting unit linker region and
substituted phenylthiazole cap groups. A structural optimization
program yielded HDACi with nanomolar inhibitory activity against
histone deacetylase class I/IIb enzymes. The novel inhibitors (4d
and 4m) showed superior antileukemic activity compared to
several approved HDACi. Furthermore, 4d and 4m displayed
synergistic activity when combined with chemotherapeutics,
decitabine, and clofarabine. In vitro pharmacokinetic studies
showed the most promising profile for 4d with intermediate
microsomal stability, excellent plasma stability, and concentration-
independent plasma protein binding. Additionally, 4d demonstrated comparable in vivo pharmacokinetics to vorinostat. When
administered in vivo, 4d effectively inhibited the proliferation of leukemia cells without causing toxicity. Furthermore, the binding
modes of 4d and 4m to the catalytic domain 2 of HDAC6 from Danio rerio were determined by X-ray crystallography.

1. INTRODUCTION
Leukemia is characterized by genetic and epigenetic
heterogeneity due to the presence of diverse molecular
alterations, contributing to the formation of distinct
subgroups and influencing the prognosis and therapeutic
outcome of patients.1−3 Leukemia is the most common
cancer in children, with a 5 year-overall survival rate
exceeding 85%.4 However, approximately 20−25% of child-
hood leukemia patients experience relapsed or refractory
leukemia; among those cases only around 15−50% of
patients are able to achieve remission.5 Another ongoing
challenge in leukemia treatment is the therapy-related toxicity
of routinely used drugs,6,7 along with certain leukemia
subtypes that continue to be linked to unfavorable out-
comes.8 In order to prevent long-term therapy-related health
damage and to successfully treat therapy-refractory subtypes,
new antileukemic drugs are urgently needed.

A possible target for new therapies is the characteristic
perturbations of cancer cells in their epigenetic regulation.9

Epigenetic dysregulation is common for all kinds of human
cancer irrespective of solid tumors or hematological

malignancies.10 It has been argued that epigenetic disruption
is the causative mechanism behind all hallmarks of cancer
steering proliferation, growth suppressor evasion, or apoptosis
of cancer cells.11 Previous studies revealed that hematological
malignant cells are especially sensitive to treatment with
HDAC inhibitors (HDACi),12 although the exact mechanism
behind this observation remains elusive as it is not allocated
to a single cause.13 Today, all approved HDACi are approved
for the therapy of hematological malignancies.14 The
epigenetic regulation of transcription is significantly governed
by the acetylation status of histones.15 This status is tightly
regulated by the interplay of two families of enzymes that
control the acetylation or deacetylation of ε-amino-groups of
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lysine residues: histone acetyltransferases acetylate the
ε-amino group of lysine residues while HDAC remove acetyl
groups from lysines.16 HDAC enzymes are classified into four
classes related to their homology toward yeast deacetylases.17

Three of the four classes, namely class I, II, and IV HDAC
enzymes, are zinc-dependent metalloenzymes. Class I consists
of HDAC enzymes 1, 2, 3, and 8. Especially the nucleic
HDAC enzymes 1, 2, and 3 are directly involved in the
regulation of the acetylation status of histones.18 Class IIb
HDACs are formed by the cytosolic enzymes HDAC6 and
10. Substrates of HDAC6 are, among others, proteins that are
found to be dysregulated in cancer like HSP9019 or Ku70.20

In addition to their potent antileukemic effects used as
mono treatment, HDACi are displaying strong synergistic
effects in combination with a broad variety of anticancer
drugs.21 For instance, HDACi act synergistically with
alkylating22,23 and hypomethylating agents,24 proteasome
inhibitors,25−27 and immunomodulating drugs.28,29 In light
of the promising results seen in preclinical studies, clinical
trials are currently underway to investigate the potential of
HDACi (vorinostat) in combination with the hypomethylat-
ing agent (azacytidine) for the treatment of pediatric or adult
acute myeloid leukemia (AML) patients (NCT03843528 and
NCT00392353). This provides the rationale for a systematic
investigation of HDACi as synergistic combination partners
for the therapy of resistant leukemic cells.

Our newly developed HDAC inhibitors, targeting class I
and IIb, have demonstrated remarkable efficacy against
different types of leukemic cells, including those resistant to
standard therapies. Notably, these inhibitors exhibit a higher
selectivity toward leukemic cells while minimizing damage to

healthy cells, distinguishing them from several approved
HDACi. Moreover, our most promising candidates (4d and
4m) have displayed significant synergistic effects when
combined with the approved chemotherapeutic agents,
decitabine and clofarabine. Promising in vitro pharmacoki-
netic characteristics and in vivo activity encourage their
further investigation.

2. RESULTS AND DISCUSSION
We screened our internal library for novel and easily
accessible lead structures against three leukemic cell lines
K562�(chronic myeloid leukemia or CML); HL60�(AML
or AML); and HPBALL�(T-cell acute lymphoblastic
leukemia or T-ALL) and identified HDACi 4a as a hit
compound. Strikingly, 4a outperformed the approved
HDACi, vorinostat, both in terms of the HDAC enzyme
inhibitory activity and on cytotoxic activity on various
leukemic cell lines. 4a combines a phenylthiazole cap group
that has been successfully deployed in the development of
HDACi before30−33 and an oxyamide group as a bioisosteric
replacement for the common amide moiety26,34 (Figure 1).
Currently, the two clinically approved Mitogen-activated
protein kinase (MEK) 1/2 inhibitors, binimetinib and
selumetinib, are establishing the oxyamide group as a valuable
structural motif in the field of anticancer drugs.35,36 We have
shown previously that HDACi with an oxyamide linker
region are equally or even more potent than some approved
HDACi with an amide connecting unit.26,34 The oxyamide
connecting unit extends the chemical space of amide
bioisosters and may contribute to the recently emerging

Figure 1. Development of novel pentyloxyamide-based HDACi (A) pharmacophore model of HDAC-inhibitors exemplified on vorinostat. CU
= connecting unit and ZBG = zinc-binding-group. (B) Previously published pentyloxyamide-derived HDAC inhibitor.26 (C) Initial screening hit
4a showed nanomolar HDAC-isoenzyme inhibition and high nanomolar cytotoxic activity on three different leukemic cell lines. Derivatisation of
the terminal phenyl moiety improved the antileukemic activity while retaining HDAC isoenzyme inhibition.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.4c02024
J. Med. Chem. 2024, 67, 21223−21250

21224

https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02024?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02024?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02024?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c02024?fig=fig1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c02024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Reagents and conditions: (a) (1) 1M NaOH, THF, RT o.n., (2) HBTU, DIPEA, DMF, RT, o.n., and (b) TFA, Et3SiH, DCM, RT,
30 min.

Table 1. Inhibition of Human HDAC2, 4, 6, and 8 by Compounds 4a−m and Reference Compounds Vorinostat,
Panobinostat, and Tubastatin A

aAll compounds were evaluated in duplicate in two independent experiments. Values represent the mean ± SEM. N.D. = not determined.
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topic of hydroxylamine analogs to established amine
moieties.37,38

As starting materials for a diverse set of phenylthiazole
analogs were readily available, we aimed in this study to
further develop 4a into a new antileukemic lead structure by
elucidating the structure−activity relationship of its terminal
phenyl moiety.
2.1. Synthesis. The synthesis of the novel HDACi

(4a−m) started with the saponification of phenylthiazole
carboxylic esters (1a−m) followed by HBTU-mediated
coupling reactions of the generated corresponding sodium
salts with the hydroxylamine linker 2 containing the O-trityl-
protected hydroxamic acid zinc binding group using a
modified protocol of Goodreid et al.39 (Figure 2). The
coupling reactions for the construction of the pentyloxyamide
moiety were performed utilizing the in situ generated sodium
salts of the respective carboxylic acids as the corresponding
acids of 1a−m were prone to decarboxylation. The synthesis
of the hydroxylamine linker 2 was previously published by
our group.26 Subsequent TFA and triethylsilane-mediated

deprotection of the O-trityl-protected hydroxamates yielded
the hydroxamic acids 4a−m.
2.2. HDAC Enzyme Inhibition. All synthesized HDACi

are nanomolar inhibitors of HDAC2, a representative of
HDAC class I, and of HDAC6, a representative of HDAC
class IIb. The HDAC enzyme inhibition profile did not differ
remarkably among the improved analogs (Table 1). Derivate
4m was the most potent HDAC2 inhibitor improving the
IC50 of the parent compound 4a (IC50 0.140 μM)
significantly by a factor of 13 (IC50 0.0045 μM). Also,
compounds 4d (IC50 0.015 μM) and 4l (IC50 0.010 μM)
improved HDAC2 inhibition in comparison to 4a by a factor
of 4 or 6, respectively. Interestingly, HDAC6 inhibition was
not improved to the same extent as HDAC2 inhibition. 4c is
the most active HDAC6 inhibitor in this series and exceeded
the activity of the parent compound by a factor of about
three (IC50 0.026 μM). However, each newly synthesized
HDAC inhibitor surpassed vorinostat in regards to HDAC2
inhibition and was similarly potent as tubastatin A in HDAC6
enzyme inhibition.

Table 2. Inhibition of Human HDAC1, 2, 3, 4, 6, 8, and 11 by Compounds 4d and 4m and Reference Compounds
Vorinostat, Panobinostat, and Tubastatin A

aAll compounds were evaluated in duplicate in two independent experiments. Values represent the mean ± SEM. N.D. = not determined.

Figure 3. (A) Comparison of the docking results between the isoenzymes HDAC2, 4, 6, and 8 for compounds 4a−4m. The results mirror the
enzyme assay data in that the compounds on average show better inhibition of HDAC2, HDAC6, and HDAC8 than HDAC4. (B) MM-GBSA
results of the best-docked pose of a compound in HDAC2. In line with the results of the enzyme assay, 4m is predicted to have the best
effective binding energy.
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Encouraged by the promising results of 4m and 4d, these
compounds were subjected to an expanded HDAC isozyme
analysis (Table 2), which demonstrated nanomolar inhibition
of HDAC 1 and 3 but only weak HDAC11 inhibition.
2.3. Docking Studies. Molecular docking was performed

to assess the binding affinities of the compounds 4a−4m to
human HDAC2, 4, 6, and 8 from a structural perspective.
Binding affinities predicted with the Glide SP scoring
function of the Schrödinger Suite40 generally align with the
enzyme assay results when considered on a per-isoform basis
(Table 1, Figure 3): On average, 4a−4m yield more favorable
docking scores in HDAC2, HDAC6, and HDAC8 (−5.1 ±
1.8 kcal mol−1, −5.3 ± 1.5 kcal mol−1, and −4.7 ± 1.2 kcal
mol−1, respectively) than in HDAC4 (−3.0 ± 1.4 kcal
mol−1). Although predicting binding affinities with scoring
functions requires caution when the differences are small,41

this agreement mirrors that IC50 values for HDAC4 are one
to two orders of magnitude larger than for the other
isoforms. To support the results, Molecular Mechanics -
Generalized Born Surface Area (MM-GBSA) computations
were used to predict effective binding energies for the best-
docked pose of each compound in HDAC2. The results
identify 4m as the compound with the highest binding
affinity, which agrees with the experimental data. The other
compounds cannot be expected to be ranked well due to the
small value range (a factor of ∼2 except for 4d, 4l, which are
predicted second and third best, qualitatively in line with the
experimental data; 4c is overpredicted; Table 1) and SEM
values of up to ∼50% of the mean value.

The docking poses of 4m and the unsubstituted compound
4a (Figure 4) in human HDAC2 show an interaction of the
hydroxamate moiety with the zinc ion, hydrogen bonds with
D100 and Y304, and stacking interactions of the phenyl

moiety with H29 close to the rim of the binding tunnel. The
p-substitution of the phenyl ring with pyrrolidine in 4m
increases the interaction surface of the complex, allowing for
additional apolar interactions. The entropic penalty for
extending the ligand with the pyrrolidine moiety is likely
small since free rotation about the C−N axis is already
restricted in solution due to conjugation such that only a few
degrees of freedom are lost upon binding.
2.4. Crystal Structures of 4d and 4m in Complex

with HDAC6. To analyze the binding mode of 4d and 4m to
HDAC6, both inhibitors were cocrystallized with the catalytic
domain 2 (CD2) of HDAC6 from Danio rerio (zebrafish).
This enzyme can be used as a model for human HDAC6 due
to high structural similarity and high conservation of the
active site.43

The crystal structures of CD2 from DrHDAC6 bound to
4d and 4m were solved at 1.90 and 2.14 Å resolutions,
respectively (Figure 5 and Supporting Information Table S1),

providing, for the first time, insights into the binding mode of
pentyloxyamide-based HDACi. The structures do not reveal
pronounced conformational changes relative to the HDAC6
structure in the absence of any ligands (PDB ID: 5EEM).44

The root-mean-square deviation (rmsd) between unliganded
and 4d-bound structures is 0.4 Å for 353 Cα atoms and
between unliganded and 4m-bound structures is 0.5 Å for
353 Cα atoms.

The inhibitors 4d and 4m bind in a similar conformation
to DrHDAC6 with the hydroxamate group coordinated to the
zinc ion in the active site. The flexible pentyloxyamide
connecting unit linker region is able to enter the narrow
channel to the active site and enable a tight coordination to
the zinc with O−Zn distances of 2.0 Å. The higher electron
density observed in the simulated annealing omit map of the
inhibitor shows that the sulfur atom of the thiazole group has
the same orientation in both inhibitors, suggesting that only
one conformation is adopted (Supporting Information Figure
S1). Interestingly, the oxygen and nitrogen atoms of the
oxyamide connecting unit of 4d and 4m are in a similar
position despite not forming a specific interaction with the
protein surface. In addition to the coordination of the
hydroxamate group to the zinc ion, we observe two

Figure 4. Predicted binding poses of compounds 4a (A) and 4m
(B) to human HDAC2 (PDB-ID: 7KBG).42

Figure 5. Crystal structures of (A) HDAC6−4d complex and (B)
HDAC6−4m complex. The HDAC6 protein is shown as a cartoon
and colored pale green. Close-up view of the active site with the
ligands and the side chains of the amino acids coordinated to the
zinc ion shown as a stick model and colored light blue (4d) and
wheat (4m). The ligands and amino acid side chains are colored
according to the element-specific color code. The zinc ion is shown
as a sphere and colored gray. A figure displaying the simulated
annealing omit map of the ligands is shown in the Supporting
Information (Figure S1) (PDB ID: 9GGH and 9GGK).
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interactions with the HDAC6 protein. The imidazole ring of
H574 interacts with the nitrogen atom in the hydroxamate
group of the inhibitor, and the oxygen atom in the hydroxy
group of S531 interacts with the bivalent oxygen atom of the
oxyamide connecting unit. Notably, the predicted binding
mode of 4m to human HDAC2 differs from the
conformation observed in the crystal structure of DrHDAC6,
which may be due to the differences in the sequence between
human HDAC2 and zebrafish HDAC6. Taken together, the

crystal structures of 4d and 4m in CD2 of DrHDAC6
provide important insights into the binding mode of the
novel pentyloxyamide-based HDACi.
2.5. High Throughput Drug Screening on Cytotox-

icity of Novel HDACi. A HTDS45 was conducted to
evaluate the activity of 13 new synthesized HDACi across
three leukemia cell lines: K562, HPBALL, and HL60 (Table
3). By representing the IC50 values of each HDACi through
heatmaps and performing unsupervised clustering, three

Table 3. Comparison of the IC50 of the Experimental Compounds in Three Different Leukemia Entities
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distinct clusters were identified (Supporting Information
Figure S2). Compared to the lead inhibitor 4a, the first
cluster had similar activity against the three entities, while the
second cluster consisted of HDACi with slightly lower IC50
and the third one showed significantly lower IC50 (∼0.7 log10
fold change). In the HL60 cell line, which is the most
sensitive, HDACi 4d, 4m, and 4l showed IC50 values between
0.049 and 0.086 μM, whereas in the K562 cell line, the range
was 0.141 to 0.242 nM. Throughout all three cell lines the
inhibitor with the most potent anticancer activity is 4m,
followed by 4d and 4l.
2.6. Structure−Activity-Relationship Analysis. First,

we modulated the electronic properties of the terminal
phenyl ring by introducing a methoxy or fluorine substituent
at the 1′, 2′, or 3′-position. Though the introduction of
fluorine did not influence the antileukemic effect of the
HDAC inhibitors significantly regardless of the ring position
(4e−g), the introduction of a methoxy substituent at the
4′-position (4d) enhanced the cytotoxic activity against
leukemia cells in comparison to the 2′ or the 3′ derivates
(4b, 4c).

Second, the replacement of the phenyl ring with thiophene
was tolerated (4h and 4i). Interestingly, the sulfur in the
2′-position (4h) proved to be beneficial for the antileukemic
activity. However, the overall influence on the cytotoxic
activity against leukemic cells remained rather small.

Third, we focused on the optimization of the substituent in
4′-position. The molecular docking studies suggested that the
introduction of a larger substituent would favor additional
apolar interactions with the HDAC2 enzyme. Correlating
with the molecular docking studies, the pyrrolidine analog
4m is a compound with strong antileukemic activity and low
nanomolar inhibition of the HDAC2 enzyme. Further
agreeing with that, extending the size of the cap group
with a 2′-benzofuran moiety (4l) also enhanced the cytotoxic
activity remarkably in comparison to 4a. Overall, the
introduction of larger substituents in 4′-position in
combination with electron donating heteroatoms (4d, 4m)
and the 2′-substitued benzofuran (4l) improved the
antileukemic activity in comparison to the unsubstituted
compound 4a remarkably (Figure 5). In addition, there is
also a good correlation between the antileukemic activity and
the inhibition of HDAC2 and 6.
2.7. Western Blot Analysis. The HDAC inhibitory

effects of the three most promising derivatives (4d, 4l, and
4m) were next evaluated through cell-based assays using the
HL60 cell line. Treatment of HL60 cells with compounds 4d,
4l, and 4m resulted in notable α-tubulin acetylation
(indicating effective inhibition of HDAC6), as determined
by Western blot analysis. Vorinostat was utilized as a control
for comparison (Figure 6). When evaluating HDAC class I
inhibition, the optimized inhibitors displayed higher histone
H3 acetylation levels compared to vorinostat. Furthermore,
correlating with the H3 acetylation, we observed higher
PARP cleavage (indicator of apoptosis induction) with 4d, 4l
and 4m, suggesting their enhanced effectiveness in compar-
ison to vorinostat.
2.8. Selective Cytotoxicity of 4d and 4m against

Leukemia Cells Surpasses Various Commercial HDAC
Inhibitors. Following the confirmation of cellular HDAC
inhibition by the promising new HDACi series, we selected
two most potent HDACi (4d and 4m) for an extended drug
screening analysis. This analysis involved evaluating their

effectiveness against 12 commercially available HDAC
inhibitors using 7 leukemia cell lines (Figure 7A and
Supporting Information Tables S2−S4) and 27 leukemia
patient-derived xenograft (PDX) cells (Figure 7B and
Supporting Information Tables S2−S4) across distinct
therapy response subgroups. We incorporated healthy
controls into our screens to determine whether 4d and 4m
operate within a safe therapeutic window. These controls
comprised CD34+ hematopoietic stem and progenitor cells
derived from cord blood and T-cells from healthy donors. By
determining drug sensitivity scores (DSS) and generating
selective or differential DSS (dDSS),46 we obtained
comparative data to evaluate their selectivity on the leukemia
cells compared to the healthy controls. In comparative
studies, both 4d and 4m demonstrated superior efficacy
compared to clinically advanced HDAC inhibitors including
tubastatin A, ricolinostat, CI994, romidepsin, and vorinostat.
This was evidenced by their significantly elevated sDSS values
when assayed against a panel of leukemia cell lines and PDX
cells. Moreover, 4d and 4m consistently displayed selective
antileukemic effects in the majority of tested leukemia cell
types, suggesting their superiority over other examined
HDACi. Additionally, standard chemotherapeutics used in
leukemia treatment protocols, including cytarabine, idarubi-
cin, daunorubicin, and azacitidine, were incorporated into the
PDX drug screening analysis. Both 4d and 4m demonstrated
significantly higher sDSS values, indicative of an improved
therapeutic window and relatively similar cytotoxic profiles
toward both chemotherapy-sensitive and chemotherapy-
resistant subgroups (Figure 7B).
2.9. 4d and 4m Induce Cell Cycle Arrest and

Apoptosis in Leukemia Cells. HDAC inhibition com-
monly leads to cell cycle arrest as an initial response, followed
by the induction of apoptosis.47,48 Analysis of the cell cycle
demonstrated that treatment with 4d in a concentration of
0.15 μM and 4m at both concentrations significantly
increased the proportion of HL60 cells in the G1 phase.

Figure 6. Western Blot analysis was conducted to assess the effects
on HDAC inhibition markers (ac-H3 and ac-Tubulin) and the
induction of apoptosis marker (cleaved PARP) following a 24 h
treatment with 4d, 4m, and vorinostat (control) in HL60 leukemia
cells (n = 3). A representative blot is shown here with GAPDH
serving as the loading control.
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4d and 4m reduced the number of cells in the S and G2/M
phases significantly (Figure 8). Furthermore, an increased
population of cells exhibited sub G1 labeling, indicating DNA
fragmentation and confirming the induction of apoptosis. In

comparison, 4m exhibited greater potency than 4d in
inducing cell cycle arrest at the same concentration, which
can be attributed to the lower IC50 value reported for 4m as
compared to 4d (Table 3).

Figure 7. Unsupervised clustered heatmap displaying the differential drug sensitivity score (dDSS) of (A) leukemia cell lines and (B) PDX-
grown leukemia cells. The statistical analysis was conducted using one-way ANOVA, n = 1. ALL = acute lymphoblastic leukemia, AML = acute
myeloid leukemia, B-ALL = B-cell acute lymphoblastic leukemia, CML = chronic myeloid leukemia, MLLr = MLL rearranged leukemia, T-ALL
= T-cell acute lymphoblastic leukemia, na = not applicable, ns = not significant, * = p(adj) > 0.05, ** = p(adj) > 0.01, *** = p(adj) > 0.001,
and **** = p(adj) > 0.0001.
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To assess apoptosis induction by 4d and 4m further, we
employed a trypan blue staining in conjunction with a
caspase 3/7 assay on HL60 leukemia cells. As a control, we
used the pan-caspase inhibitor Q-VD.49 Treatment with 4d
or 4m resulted in a significant reduction of viability ∼20%
after 24 h and 70% after 48 h (Figure 9A). Q-VD reduced
the loss of viability by 50%, suggesting that the cytotoxic
effects triggered by both compounds are associated with
apoptosis and are largely caspase-dependent. The caspase 3/7
assay further validated these findings, showing a marked
increase in caspase activity after 48 h treatments with 4d or

4m (Figure 9B). Notably, Q-VD effectively negated this
caspase 3/7 activity. In sum, the findings robustly indicate
that both 4d and 4m induce apoptosis, leading to cytotoxic
impacts on leukemia cells.
2.10. 4d and 4m Synergize Effectively with the

Standard Chemotherapy Drugs Decitabine and
Clofarabine. Current clinical therapeutic strategies acknowl-
edge the shortcomings of singular drug treatments,
advocating for the utilization of synergistic drug combina-
tions. These combinations aim to reduce cytotoxicity, exploit
the unique susceptibilities of cancer cells, and avert drug
resistance development. Therefore, we investigated potential
synergistic drug combinations with the novel HDACi 4d and
4m. Decitabine, a first line chemotherapeutic, functions as a
DNA methyltransferase inhibitor resulting in DNA hypo-
methylation. Synergistic drug effects between decitabine and
HDACi have been well characterized, particularly in the
context of AML.50,51 Utilizing a matrix synergy screening
method with the zero-interaction potency (ZIP) algorithm,
we identified high ZIP synergy scores ranging from 60 to 80
across various concentration for both 4d and 4m when
combined with decitabine (Figure 10A,B). Subsequently, we
looked into the underlying mechanism of this drug synergy
by evaluating the acetylation levels of histone H3 (Figure
10C). Although decitabine alone did not augment H3
acetylation, its combination with 4d or 4m showcased
more pronounced bands compared to the individual
HDACi treatment.

The combination ratio of decitabine to 4d (5:1) was
determined through synergy analysis, as this concentration
ratio exhibited the highest synergistic interaction between
them against AML cells. We have conducted additional
combination experiments using a broad range of 4d
concentrations in conjunction with decitabine (Figure 10D).
We included vorinostat as a positive control, maintaining the
same concentrations as for 4d. Notably, at equivalent
concentrations, 4d significantly increased actylated-H3 levels
and cleaved PARP levels (a marker of apoptosis) compared
to vorinostat in combination with decitabine (Figure 10E,F).
Therefore, this enhanced effect on protein acetylation (Ac−
H3) likely contributes to the observed synergistic cytotoxicity
outcomes.

Figure 8. Bar graph depicting a cell cycle analysis via propidium iodide staining of HL60 leukemia cells treated with 4m or 4d, while the bar
graphs displays statistical significance (unpaired student t-test, n = 3). ns = not significant, ** = p(adj) > 0.01, *** = p(adj) > 0.001, and ****
= p(adj) > 0.0001.

Figure 9. Bar diagram comparing the changes in (A) viability and
(B) apoptosis induction via caspase 3/7 activity of HL60 leukemia
cells treated with 4m or 4d and Q-VD (pan-Caspase inhibitor) via
trypan blue or caspase3/7 assay, respectively. The statistical analysis
was conducted using unpaired student t-test, n = 3. ns = not
significant, * = p(adj) > 0.05, ** = p(adj) > 0.01, *** = p(adj) >
0.001, and **** = p(adj) > 0.0001.
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The observed synergy of the epigenetic combination, which
includes HDACi (4d) and DNMTi (Decitabine), has been
corroborated by our studies and others, demonstrating
significant synergistic activity against AML cells.24,50−52 In
fact, the safety, tolerability, and antileukemia activity of this
combination have led to clinical trials involving AML
patients.53,54 Mechanistic insights suggest that the observed
synergistic interaction is due to the crosstalk between DNA

methylation and HDAC pathways. This mechanism involves
a 5-methylcytosine-binding protein binding to gene pro-
moters and recruiting HDACs.55 In AML cells, this
interaction is significant for the activation of tumor
suppressor genes, including CDKN2B.56 However, we
acknowledge that the detailed mechanism underlying
enhanced cytotoxicity upon combining HDAC and DNMT
inhibitors is still unclear.

Figure 10. 3D synergy plots of HL60 cells treated with drug combinations for 72 h. The plots represent synergy scores from a combination
matrix analyzed by the ZIP algorithm: (A) 4d + decitabine and (B) 4m + decitabine (n = 2). (C) Western blot analysis illustrating the
differences in HDAC inhibition markers, ac-H3 and ac-Tubulin, in HL60 cells. The comparison is between solo treatment and combination
treatments of either 4d or 4m with decitabine (n = 3) for 24 h. A representative blot is displayed with GAPDH as the loading control. (D)
Western blot with increasing concentrations of 4d and vorinostat combined with a fixed concentration of decitabine (n = 3). (E/F)
Quantification of the signal of ac-H3 or cleaved PARP of D (unpaired student t-test, n = 3). ns = not significant, ** = p(adj) > 0.01, *** =
p(adj) > 0.001, and **** = p(adj) > 0.0001.
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HDAC inhibition contributes to increased DNA damage.57

We examined the synergistic impact of combining 4d and 4m
with clofarabine, a purine nucleoside analog and DNA
synthesis inhibitor. In line with our previous observations, we
found in a similar matrix synergy approach, ZIP synergy

scores around 50 when 4d and 4m were administered in

combination with clofarabine (Figure 11A,B).
These findings indicate that HDAC inhibitors 4d and 4m

enhance the effectiveness of first line chemotherapeutics

Figure 11. 3D synergy plots of HL60 cells treated with drug combinations for 72 h. The plots represent synergy scores from a combination
matrix analyzed by the ZIP algorithm: (A) 4d + clofarabine and (B) 4m + clofarabine (n = 2).

Figure 12. Overview of in vitro pharmacokinetics of 4d and 4m. (A) Interval plot of the determination of the coefficient of distribution (log
D). Carvedilol was used as a control. (B) Stability of 4d and 4m in human plasma over 24 h at three different concentrations. A limit of −15%
was set as acceptance criterium for stability according to bioanalytical guidelines. 4% bovine serum albumin (BSA) (absence of plasma enzymes)
was used as a control spiked with a concentration of 50 nM of the drug. (C) Blood-to-plasma ratio of 4d and 4m for the three assessed
concentration levels applying carvedilol as a control. (D) Plasma protein binding for 4d and 4m at three different concentration levels. The
mean value of n = 3 is displayed. Itraconazol was used as a control. (E) Microsomal stability of 4d and 4m in HLMs. Propranolol was used as a
control. The blank contains no drug, while the negative is free of HLMs. BSA: bovine serum albumin, HLM: HLMs, and SD: standard
deviation.
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decitabine and clofarabine potentially allowing for dose
reduction and decreasing the likelihood of drug resistance.
2.11. 4d Shows Promising Human In Vitro Pharma-

cokinetics Superior to 4m. Determination of in vitro
pharmacokinetic properties of new chemical entities is a key
step in drug discovery and aids in nonclinical evaluation. To
assess the initial ADME characteristics (absorption, distribu-
tion, metabolism, and elimination) of 4d and 4m, coefficient
of distribution, plasma stability, blood-to-plasma ratio,
microsomal stability, and plasma protein binding were
investigated.

Good oral absorption can be assumed for the coefficient of
distribution (log D) between 0 and 3.58 The log D value was
determined as 1.47 ± 0.05 for 4d and 4.15 ± 0.18 for 4m
(Figure 12A), favoring 4d. Carvedilol acted as a control and
confirmed the assay validity (obtained: 3.21 vs in literature:
3.2).59

Further, in vitro plasma stability was determined, as
instability is an indicator for rapid clearance or a short half-
life (t1/2), resulting in poor in vivo performance. 4d and 4m
demonstrated excellent stability over the 24 h period
monitored in human plasma at 37 °C (Figure 12B).
4m showed equal affinity to plasma and red blood cells,

while 4d tended toward higher distribution into red blood
cells (Figure 12C), as determined by the blood-to-plasma
ratio (KB/P). One-way ANOVA confirmed no concentration
dependency over the range of 2.5 nM to 1 μM for 4d (KB/P:
1.27 at 2.5 nM, 1.26 at 50 nM, and 1.37 at 1 μM), while for
4m the KB/P at the highest concentration level investigated
(1 μM) was significantly lower if compared to the lower
concentration levels (KB/P: 1.00 at 2.5 nM, 1.02 at 50 nM,
and 0.88 at 1 μM). The control compound carvedilol
validated the assay performance (KB/P obtained: 0.76 vs KB/P
in literature: 0.76).60

Plasma protein binding was high for 4d with a mean of
99.0% over the observed concentration range with no
concentration-dependency. 4m exhibited an atypical concen-
tration-dependent plasma protein binding with lower binding
for lower concentrations (Figure 12D). If proceeding in drug
development, this phenomenon needs to be further
investigated.61 Itraconazol as control showed high plasma

protein binding throughout all cavities confirming no leakage
and being in line with values reported in the literature.62

While 4m was extensively metabolized by hepatic enzymes,
such as Cytochrome P450 and Uridine 5′-diphospho-
glucuronosyltransferases, in Human liver microsomes
(HLMs), 4d showed moderate metabolism (Figure 12E).
The half-life of 4d was 35.9 min, with an intrinsic clearance
of 38.6 μL/min/mg. When corrected for nonspecific protein
binding in the incubation mixture, the unbound intrinsic
clearance was determined as 54.7 μL/min/mg. The half-life
of 4m was substantially shorter with 11.2 min. While the
corresponding intrinsic clearance resulted in 123.6 μL/min/
mg, its unbound intrinsic clearance was 466.4 μL/min/mg.

Using the collected data, the in vivo hepatic clearance was
estimated to be 0.39 L/min for 4d and 8.18 L/min for 4m.
Assuming a hepatic blood flow of 1500 mL/min, 4d can
therefore be classified as a low hepatic extraction drug
(calculated hepatic extraction ratio (Eh) < 0.3) and 4m as
high hepatic extraction drug (Eh > 0.7).

Finally, the collected in vitro pharmacokinetic data of 4d
and 4m were compared to that of the approved drug
vorinostat (Table 4). In comparison to vorinostat, 4d
appeared most promising for further pharmacokinetic
investigation.
2.12. Preclinical Pharmacokinetic Study of 4d in

Mice Showed Comparability to Vorinostat. Building on
our human in vitro pharmacokinetic data, an in vivo
pharmacokinetic study using 4d was performed in three
C57BL/6 mice. After intraperitoneal application of 10 mg/kg,
a rapid onset of the compound was observed with a tmax of
0.25 h (mean) and Cmax of 1250 ± 232 ng/mL (mean ±
SD). Remarkably, dose adjusted overall exposure (AUCinf/
dose) of 4d in mice was higher if compared to vorinostat
(47 vs 12 h·kg·ng/mL/mg). Similar to vorinostat (t1/2 =
0.75), 4d was characterized by a short elimination half-life of
0.35 h (mean), indicating a substantial metabolism/
elimination of 4d in mice. A summary of pharmacokinetic
data and a comparison with vorinostat is shown in Table 5.
2.13. 4d Suppresses In Vivo Growth of Myeloid

Leukemia (MV4-11 and C1498) Cells. The pronounced
cytotoxic effect of 4d on leukemia cells, combined with the
comparatively promising in vitro pharmacokinetic character-

Table 4. Comparison of In Vitro Pharmacokinetic Data of 4d and 4m to Vorinostata

vorinostat 4d 4m

log D 1.4663 1.47 ± 0.05 4.15 ± 0.18
plasma stability/t1/2 75 min63 >24 h >24 h
KB/P 2.064 1.26 ± 0.16 (50 nM) 1.02 ± 0.06 (50 nM)
plasma protein binding 71%65 (1.89 μM) 99.0% (1 μM) 99.6% (1 μM)
microsomal stability/t1/2(clearance category) 60 min66 (intermediate) 35.9 min66 (intermediate) 11.2 min (high)

aKB/P: blood-to-plasma ratio, log D: coefficient of distribution at pH 7.4, t1/2: half-life.

Table 5. Pharmacokinetic Parameters (AUClast, Cmax, Tmax, and t1/2) Were Calculated According to a Noncompartmental
Analysis (NCA) from the Blood Concentration of 4d Based on Actual Blood Sampling Time Pre-Dose and Post-Dosea

variable mouse 1 mouse 2 mouse 3 mean [±SD] vorinostat

intraperitoneal 10 mg/kg per oral 50 mg/kg

Cmax (ng/mL) 1490 1030 1230 1250 [±232] 50167 58068

Tmax (h) 0.25 0.25 0.25 0.25 [±0] na67 0.0868

AUClast (h·ng/mL) 523 396 480 466 [±65] 61967 34768

t1/2 (h) 0.275 0.554 0.227 0.352 [±0.177] 0.7567 0.868

aNa: not applicable.
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istics of 4d, prompted us to evaluate its effectiveness in a
preclinical leukemic xenograft mouse (NSG) model using
human AML cell line MV4-11. Initially, we determined the
IC50 of 4d in the MV4-11 cell line using the CellTiter-Glo
assay, with vorinostat serving as a positive control, as
described in prior methods. The dose−response curve and

corresponding IC50 values were generated by applying a
nonlinear regression algorithm to plot the log of inhibitor
concentrations against normalized cell viability (Supporting
Information Figure S3A). 4d demonstrated an IC50 of 0.036
μM in MV4-11 cells, exhibiting over a 7-fold increase in
potency compared to vorinostat. The in vivo experimental

Figure 13. (A) Dose−response curve with IC50 value showing the inhibitory effect of vorinostat and compound 4d on the proliferation of the
C1498 cell line. The curve and IC50 values were generated with GraphPad Prism software by measuring the percentage of viable cells after 72 h
incubation of cells with vorinostat and compound 4d via CellTiter-Glo assay. Cell viability was normalized to DMSO (solvent)-treated controls.
This curve and each point represent the results of the mean ± SD of biological and technical triplicates. (B) Schematic timeline of the
experimental design. Each mouse received 0.5 × 106 C1498 luc-GFP+ murine leukemic cells. After confirmation of tumor engraftment via
monitoring the bioluminescence-based in vivo imaging system (IVIS) on day5, mice were grouped into three treatment groups, Vehicle (n = 4),
Vorinostat (n = 4), and 4d (n = 4). All mice received daily treatments accordingly via intraperitoneal injection. Tumor progression was
examined by measuring bioluminescent signals with IVIS and ROI (p/s/cm2/sr) quantification. (C) IVIS images of treated mice were taken on
days 5 and 17. (D) ROI values at various time points, representing the measurement of leukemia cell growth. Statistical analysis was performed
using a two-way mixed ANOVA with Greenhouse-Geisser correction. (E) Changes in body weight of each mouse from the three treatment
groups before and after the treatment course.
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design is illustrated in Supporting Information Figure S3B.
Briefly, mice were first intravenously (i.v.) injected with
(0.5 × 106) human AML (MV4-11) cells, stably expressing
luciferase-GFP for tracking in vivo transplantation. The in
vivo growth of the leukemia cells was examined after 14 days
of injection via bioluminescence measurement using in vivo
imaging system (IVIS). Next, the leukemia bearing mice were
distributed randomly to two groups. From day 16 onward,
the mice were treated for 8 consecutive days with
intraperitoneal injections of either with a vehicle control or
4d (at a dose of 10 mg/kg). The IVIS images (Supporting
Information Figure S3C) and the quantified region of interest
(ROI) measurements during the treatment period indicated
that the treatment with 4d significantly (p = 0.002)
suppresses the in vivo growth of MV4-11 leukemia cells as
compared to the vehicle control group (Supporting
Information Figure S3D). At day 42, which is 3 weeks
after discontinuing the 4d treatment, no differences in the
growth of leukemia cells was observed between 4d treated
and vehicle group. Importantly, for measuring the potential
signs of toxicity, such as body weight alterations, the 4d
treatment group exhibited a minor (not significant) reduction
during and after the treatment course when compared to the
vehicle control group (Supporting Information Figure S3E).

Next, given the growing evidence of immunomodulatory
effects of HDAC inhibitors in cancer therapy,69 we utilized an
allograft leukemia model. In this model, leukemia is
established by injecting (C57BL/6) derived murine AML
(C1498) cells by intravenous injection in immunocompetent
wildtpye (C57BL/6) mice.70 Similarly, we initially deter-
mined the IC50 of 4d in C1498 cells, with vorinostat serving
as a positive control. Both 4d and vorinostat affected C1498
cell growth in a concentration-dependent manner with IC50
of 0.425 and 1.06 μM, respectively (Figure 13A). Similar to
human leukemia cells, exposure to 4d or vorinostat increased
actylated-H3 levels in murine C1498 leukemia cells
(Supporting Information Figure S4). The in vivo exper-
imental design is illustrated in Figure 13B. Briefly, leukemia
was established by injecting (0.5 × 106) murine AML
(C1498) cells, stably expressing luciferase-GFP by intra-
venous injection in C57BL/6 mice.70 Confirmation of tumor
engraftment was assessed on day 5 after injection of leukemia
cells by measuring the luminescence signals in the mice
following D-Luciferin intraperitoneal injection (Figure 13C).
Starting on day 6, the mice were divided into three treatment
groups and administered intraperitoneally with either vehicle,
positive control vorinostat (20 mg/kg), or 4d (20 mg/kg) for
2 weeks. Compared to the vehicle control group, both the
vorinostat- (p = 0.0249) and 4d (p = 0.0326)-treated groups
exhibited significantly lower leukemia burden after the second
treatment cycle, with this difference becoming more
pronounced by day 19 (Figure 13D). Additionally, no
significant differences in body weight were observed during
the treatment course (Figure 13E). Additionally, for the
target engagement studies, we isolated liver cells from mice
24 h post-treatment with 4d. Consistent with our in vitro
observations, the intracellular staining intensity of acetyl-
histone H3 in liver cells was markedly increased in the 4d-
treated mice, pointing toward target engagement inside the
organ tissues (Supporting Information Figure S5).

3. CONCLUSIONS
We developed a novel pentyloxyamide-based HDACi with
substituted phenylthiazole cap groups and evaluated their
potential as novel antileukemic lead structures. The leading
candidates from this series, 4d and 4m, exhibited nanomolar
inhibition toward HDAC2 and HDAC6 and demonstrated
cytotoxic effects against a wide range of therapy-sensitive and
therapy-resistant leukemia cell lines as well as against patient-
derived leukemia cells. In addition, the binding modes of
both inhibitors were determined by X-ray crystallography,
revealing specific interactions with the CD2 of HDAC6 from
D. rerio (zebrafish).

Importantly, 4d and 4m exhibited comparable or even
higher DSS than well-established and clinically used HDAC
inhibitors, along with greater selectivity toward malignant
cells relative to healthy controls. Considering the current
reliance on combination therapies in modern cancer treat-
ment, drugs that demonstrate synergistic interactions can
significantly influence the therapeutic outcome, delay or
prevent the development of resistance, and increase the
treatable population of patients. In this regard, the
combination of 4d and 4m with the routinely used
chemotherapeutic agents clofarabine and decitabine exhibited
a notable synergistic cytotoxic effect. The promising in vitro
pharmacokinetic characteristics and first in vivo pharmacoki-
netic data support comprehensive in vivo investigation of 4d.
Notably, in vivo administration of 4d effectively suppressed
the growth of leukemia cells without inducing any observable
signs of toxicity in mice. Overall, these findings position 4d
and 4m as novel lead structures with potential for further
preclinical development, as they not only demonstrate a
therapeutic window but also promising antileukemic effects
when used in combination with established antileukemic
drugs. Current challenges, such as the improvable in vivo
pharmacokinetics of HDAC inhibitors 4d and 4m will be
addressed along with further structure−activity relationship
(SAR) studies in a follow-up lead optimization program.

4. EXPERIMENTAL SECTION
4.1. Chemistry. Chemicals and solvents were purchased from

commercial suppliers (Acros Organics, TCI, abcr, Alfa Aesar,
Ambeed, BLDpharm, and Merck) and used without further
purification. Dry solvents were purchased from Acros Organics.
The reactions were monitored by thin-layer chromatography (TLC)
using Macherey-Nagel precoated ALUGRAM Xtra SIL G/UV254
plates. Spots were visualized either by irradiation with ultraviolet
light (254 nm) or staining in potassium permanganate solution.
Hydroxamic acids were further stained using a 1% solution of
iron(III) chloride in ethanol. Flash chromatography was performed
on a CombiFlash RF 200 or a Büchi Pure C-810 Flash using
RediSep Rf-columns using the solvent mixtures of n-hexane/ethyl
acetate or dichloromethane/methanol according to the separation.
Melting points (mp) analyses were performed using a Büchi M-565
melting point apparatus and are uncorrected. Proton (1H) and
carbon (13C) NMR spectra were recorded on a Bruker Avance III
300 or 600 MHz using DMSO-d6 as the solvent. Chemical shifts are
given in parts per million (ppm) relative to the residual solvent peak
for 1H and 13C NMR. Coupling constants, J, were reported in Hertz
(Hz). High-resolution mass spectra (HRMS) analysis was performed
on a UHR-QTOF maXis 4G, Bruker Daltonics, by electrospray
ionization (ESI). Analytical HPLC analyses were carried out on an
Knauer AZURA system equipped with AZURA 6.1L (pumps),
AZURA column thermostat CT 2.1 and AZURA UVD 2.1L (UV-
detector), and a Spark Holland B.V. OPTIMAS model 820
autosampler, or on a Agilent LC 1260 Infinity II system equipped
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with an G7116A Infinity II Multicolumn Thermostat, a G7104C
Infinity II Flexible Pump a G7129C Infinity II Vialsampler and a
G7114A Infinity II Variable Wavelength Detector. The separation
took place on a Eurospher II 100 5 C18 (150 × 4 mm) column. UV
absorption was detected at 254 nm. HPLC-grade water +0.1% TFA
(solvent A) and HPLC-grade acetonitrile +0.1% TFA (solvent B)
were used for elution at a flow rate of 1 mL/min. A linear gradient
of 10% B to 100% B within 30 min was used. In the case of the O-
trityl protected compounds 3a-m HPLC-grade water (solvent A)
and HPLC-grade acetonitrile (solvent B) were used for elution at a
flow rate of 1 mL/min. A linear gradient of 10% B to 100% B within
30 min was used. All compounds are >95.0% pure by HPLC.

4.1.1. General Procedure for the Preparation of Phenylthiazoles
1a−1m. The respective 2-bromoketone (1.0 equiv) and ethyl
thiooxamate (1.0 equiv) were dissolved in ethanol (7 mL/mmol)
and heated at 70 °C. If the TLC (eluent: ethyl acetate/n-hexane)
showed incomplete conversion after 7 h of heating, the reaction was
stirred at room temperature overnight. After evaporation of the
solvent, the resulting residue was diluted with ethyl acetate and
washed three times with 50 mL of saturated sodium bicarbonate
solution and once with 50 mL of brine. The organic phase was dried
over anhydrous sodium sulfate and filtrated, and the solvent was
evaporated under reduced pressure. The crude product was purified
using flash chromatography using ethyl acetate and n-hexane as the
eluent (0−30% ethyl acetate) to yield phenylthiazoles 1a−m.

4.1.1.1. 1a Ethyl 4-Phenylthiazole-2-carboxylate. Synthesis
according to general procedure A using phenacyl bromide (4.1 g,
20.0 mmol) afforded 1a as a light yellow solid (3.3 g, 14.1 mmol,
71%). mp 36.9 °C, tr 14.47 min, purity: 99.3%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 4.42
(q, J = 7.1 Hz, 2H), 7.36−7.44 (m, 1H), 7.45−7.53 (m, 2H), 7.98−
8.00 (m, 1H), 8.02 (d, J = 1.5 Hz, 1H), 8.53 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 62.2, 121.0, 126.2, 128.7,
129.0, 133.2, 156.3, 157.5, 159.4.

HRMS (m/z): MH+ calcd for C12H11NO2S 234.0583; found,
234.0584.

4.1.1.2. 1b Ethyl 4-(2-Methoxyphenyl)thiazole-2-carboxylate.
Synthesis according to general procedure A using 2-bromo-1-(2-
methoxyphenyl)ethanone (2.3 g, 10,0 mmol) afforded 1b as a white
solid (2.0 g, 7.6 mmol, 76%). mp 70.3 °C, tr 15.21 min purity:
99.1%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 3.94
(s, 3H), 4.41 (q, J = 7.1 Hz, 2H), 7.09 (ddd, J = 7.8, 7.3, 1.1 Hz,
1H), 7.18 (dd, J = 8.4, 1.1 Hz, 1H), 7.40 (ddd, J = 8.3, 7.3, 1.8 Hz,
1H), 8.13 (dd, J = 7.7, 1.8 Hz, 1H), 8.45 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 55.6, 62.1, 111.9, 120.7,
121.6, 124.2, 129.4, 129.9, 152.3, 155.8, 156.6, 159.5.

HRMS (m/z): MH+ calcd for C13H13NO3S 264.0689; found,
264.0696.

4.1.1.3. 1c Ethyl 4-(3-Methoxyphenyl)thiazole-2-carboxylate.
Synthesis according to general procedure A using 3-methoxyphe-
nacyl bromide (2.3 g, 10.0 mmol) afforded 1c as a white solid (1.9
g, 7.4 mmol, 74%). mp 76.6 °C, tr 14.36 min purity: 98.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 3.83
(s, 3H), 4.42 (q, J = 7.1 Hz, 2H), 6.98 (ddd, J = 8.2, 2.6, 1.0 Hz,
1H), 7.40 (ddd, J = 8.2, 7.7, 0.4 Hz, 1H), 7.51−7.62 (m, 2H), 8.56
(s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 55.2, 62.2, 111.6, 114.4,
118.6, 121.3, 130.1, 134.6, 156.1, 157.3, 159.3, 159.7.

HRMS (m/z): MH+ calcd for C13H13NO3S 264.0689; found,
264.0693.

4.1.1.4. 1d Ethyl 4-(4-Methoxyphenyl)thiazole-2-carboxylate.
Synthesis according to general procedure A using 4-methoxyphe-
nacyl bromide (2.3 g, 10.0 mmol) afforded 1d as a white solid (1.9
g, 7.3 mmol, 73%). mp 150.5 °C, tr 14.40 min purity: 97.7%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 3.81
(s, 3H), 4.41 (q, J = 7.1 Hz, 2H), 6.99−7.09 (m, 2H), 7.90−7.98
(m, 2H), 8.37 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 55.2, 62.1, 114.3, 119.0,
126.0, 127.7, 156.3, 157.2, 159.4, 159.7.

HRMS (m/z): MH+ calcd for C13H13NO3S 264.0689; found,
264.0693.

4.1.1.5. 1e Ethyl 4-(2-Fluorophenyl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-2′fluoro-
acetophenone (2.2 g, 10.0 mmol) afforded 1e as a white solid (1.3
g, 5.2 mmol, 52%). mp 65.7 °C, tr 15.25 min purity: 99.8%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 4.42
(q, J = 7.1 Hz, 2H), 7.31−7.43 (m, 2H), 7.48 (tdd, J = 7.2, 5.3, 2.7
Hz, 1H), 8.11 (td, J = 7.8, 1.7 Hz, 1H), 8.37 (d, J = 2.4 Hz, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.0, 62.3, 116.3 (d, J = 22.0
Hz), 121.0 (d, J = 11.5 Hz), 124.8−125.2 (m), 129.8 (d, J = 2.8
Hz), 130.6 (d, J = 8.7 Hz), 149.8 (d, J = 2.3 Hz), 157.1, 157.8,
159.3, 161.1.

HRMS (m/z): MH+ calcd for C12H10FNO2S 252.0489; found,
252.0490.

4.1.1.6. 1f Ethyl 4-(3-Fluorophenyl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-1-(3-
fluorophenyl)ethan-1-one (2.2 g, 10.0 mmol) afforded 1f as a
white solid (1.6 g, 6.5 mmol, 65%). mp 66.0 °C, tr 14.81 min purity:
99.7%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 4.42
(q, J = 7.1 Hz, 2H), 7.24 (dddd, J = 9.1, 8.3, 2.6, 1.0 Hz, 1H),
7.41−7.66 (m, 1H), 7.73−7.92 (m, 2H), 8.64 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 62.3, 112.8 (d, J = 23.2
Hz), 115.5 (d, J = 21.2 Hz), 121.1−123.0 (m), 131.1 (d, J = 8.4
Hz), 135.5 (d, J = 8.3 Hz), 154.8 (d, J = 2.9 Hz), 157.7, 159.3,
161.0, 164.2.

HRMS (m/z): MH+ calcd for C12H10FNO2S 252.0489; found,
252.0489.

4.1.1.7. 1g Ethyl 4-(4-Fluorophenyl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-1-(4-
fluorophenyl)ethan-1-one (1.1 g, 5.0 mmol) afforded 1g as a
white solid (0.8 g, 3.3 mmol, 66%). mp 74.0 °C tr 14.79 min purity:
99.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 4.41
(q, J = 7.1 Hz, 2H), 7.25−7.39 (m, 2H), 7.96−8.13 (m, 2H), 8.51
(s, 1H).

13C NMR (126 MHz, DMSO-d6): δ 13.9, 62.1, 115.7 (d, J = 21.7
Hz), 120.6, 128.3 (d, J = 8.3 Hz), 129.8 (d, J = 3.1 Hz), 155.2,
157.5, 159.2, 161.3, 163.2.

HRMS (m/z): MH+ calcd for C12H10FNO2S 252.0489; found,
252.0494.

4.1.1.8. 1h Ethyl 4-(Thiophen-2-yl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 2-bromo-1-(thiophen-
2-yl)ethanone (2.1 g, 10.0 mmol) afforded 1h as a black solid (1.3
g, 10.0 mmol, 54%). mp 53.4 °C tr 13.81 min purity: 96.5%.

1H NMR (300 MHz, DMSO-d6): δ 1.35 (t, J = 7.1 Hz, 3H), 4.41
(q, J = 7.1 Hz, 2H), 7.16 (dd, J = 5.1, 3.6 Hz, 1H), 7.61 (dd, J =
5.1, 1.2 Hz, 1H), 7.68 (dd, J = 3.6, 1.2 Hz, 1H), 8.37 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 62.3, 119.3, 125.5, 126.9,
128.2, 136.8, 151.1, 157.4, 159.2.

HRMS (m/z): MH+ calcd for C10H9NO2S2 240.0147; found,
240.0149.

4.1.1.9. 1i Ethyl 4-(Thiophen-3-yl)thiazole-2-carboxylate. Syn-
thesis according to general procedure A using 3-(bromoacetyl)-
thiophene (1.0 g, 4.7 mmol) afforded 1i as a brown oil (0.7 g, 3.0
mmol, 63%). Tr 13.43 min purity: 99.0%.

1H NMR (300 MHz, DMSO-d6): δ 1.35 (t, J = 7.1 Hz, 3H), 4.41
(q, J = 7.1 Hz, 2H), 7.63−7.69 (m, 2H), 8.03 (dd, J = 2.6, 1.6 Hz,
1H), 8.36 (s, 1H).

13C NMR (151 MHz, DMSO-d6): δ 14.1, 62.2, 120.3, 123.3,
126.2, 127.4, 135.4, 152.6, 157.3, 159.4.

HRMS (m/z): MH+ calcd for C10H9NO2S2 240.0147; found,
240.0151.

4.1.1.10. 1j Ethyl 4-(p-Tolyl)thiazole-2-carboxylate. Synthesis
according to general procedure A using 2-bromo-1-(p-tolyl) (2.2 g,
10.0 mmol) afforded 1j as a white solid (1.7 g, 6.9 mmol, 69%). mp
60.0 °C, tr 15.59 min purity: 99.3%.
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1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 2.35
(s, 3H), 4.41 (q, J = 7.1 Hz, 2H), 7.29 (dd, J = 7.9, 0.7 Hz, 2H),
7.84−7.94 (m, 2H), 8.45 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 20.8, 62.2, 120.1, 126.2,
129.5, 130.6, 138.2, 156.4, 157.3, 159.4.

HRMS (m/z): MH+ calcd for C13H13NO2S 248.0740; found,
248.0744.

4.1.1.11. 1k Ethyl 4-(4-(Trifluoromethyl)phenyl)thiazole-2-car-
boxylate. Synthesis according to general procedure A using 2-
bromo-4′-(trifluoromethyl)acetophenone (2.8 g, 10.0 mmol) af-
forded 1k as a white solid (2.3 g, 7.7 mmol, 77%). mp 134.3 °C, tr
16.36 min purity: 96.4%.

1H NMR (300 MHz, DMSO-d6): δ 1.36 (t, J = 7.1 Hz, 3H), 4.43
(q, J = 7.1 Hz, 2H), 7.85 (d, J = 8.1 Hz, 2H), 8.23 (d, J = 8.0 Hz,
2H), 8.74 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 14.1, 62.3, 123.3, 125.9 (d, J
= 4.1 Hz), 126.9, 128.5, 128.9, 136.9, 154.5, 158.0, 159.3.

HRMS (m/z): MH+ calcd for C13H10F3NO2S 302.0457; found,
302.0465.

4.1.1.12. 1l Ethyl 4-(Benzofuran-2-yl)thiazole-2-carboxylate.
Synthesis according to general procedure A using 2-(bromoacetyl)-
benzofuran (1.0 g, 4.1 mmol) afforded 1l as a brown solid (0.5 g,
1.7 mmol, 42%). mp 128.6 °C, tr 16.02 min purity: 99.4%.

1H NMR (300 MHz, DMSO-d6): δ 1.37 (t, J = 7.1 Hz, 3H), 4.43
(q, J = 7.1 Hz, 2H), 7.25−7.41 (m, 2H), 7.42 (d, J = 0.9 Hz, 1H),
7.69 (ddq, J = 17.4, 8.1, 0.8 Hz, 2H), 8.49 (s, 1H).

13C NMR (151 MHz, DMSO-d6): δ 14.1, 62.4, 104.2, 111.3,
121.8, 122.5, 123.5, 125.3, 128.2, 147.3, 150.3, 154.3, 158.7, 159.1.

HRMS (m/z): MH+ calcd for C14H11NO3S 274.0532; found,
274.0534.

4.1.1.13. 1m Ethyl 4-(4-(Pyrrolidine-1-yl)phenyl)thiazole-2-car-
boxylate. Synthesis according to general procedure A using 2-
bromo-4′-(1-pyrrolidinyl)acetophenone (2.8 g, 10.0 mmol) afforded
1m as a dark yellow solid (0.9 g, 2.9 mmol, 29%). mp 180.5 °C,
tr 15.15 min purity: 99.3%.

1H NMR (300 MHz, DMSO-d6): δ 1.35 (t, J = 7.1 Hz, 3H),
1.88−2.04 (m, 4H), 3.21−3.32 (m, 4H), 4.40 (q, J = 7.1 Hz, 2H),
6.54−6.67 (m, 2H), 7.75−7.87 (m, 2H), 8.16 (s, 1H).

13C NMR (151 MHz, DMSO-d6): δ 14.1, 25.0, 47.2, 62.0, 111.6,
116.5, 120.5, 127.3, 147.8, 156.7, 157.5, 159.5.

HRMS (m/z): MH+ calcd for C16H18N2O2S 303.1162; found,
303.1167.

4.1.1.14. 6-(Aminooxy)-N-(trityloxy)hexanamide. The synthesis
of the linker 2 was performed after an adapted protocol of Avelar et
al.71

4.1.1.15. 6-Bromo-N-(trityloxy)hexanamide. To a stirred solution
of 6-bromohexanoic acid (7.4 g, 38 mmol, 1.0 equiv) in 100 mL
THF, isobutyl chloroformate (IBCF) (5.8 mL, 45 mmol, 1.2 equiv)
and N-methylmorpholine (NMM) (5.0 mL, 45 mmol, 1.2 equiv)
were added at 10 °C. After stirring for 15 min O-tritylhydroxylamine
(13 g, 38 mmol, 1.0 equiv) dissolved in 50 mL, THF was carefully
added, and the reaction was left stirring at room temperature
overnight. The precipitate was filtered off, the filtrate was
evaporated, and the crude residue was dissolved in ethyl acetate
and washed three times with 100 mL of saturated sodium
bicarbonate solution and once with 100 mL of brine. The organic
phase was dried over anhydrous sodium sulfate, filtrated, and
evaporated. The crude product was recrystallized from ethyl acetate/
n hexanes to yield I (14 g, 30 mmol, 80%) as a white solid. mp
128.0 °C, tr 17.58 min purity: 99.6%.

1H NMR (300 MHz, DMSO-d6): δ 1.07 (dd, J = 15.6, 6.6 Hz,
1H), 1.14−1.28 (m, 1H), 1.64 (p, J = 6.9 Hz,1H), 1.79 (t, J = 7.2
Hz, 1H), 3.41 (t, J = 6.8 Hz, 2H), 7.33 (s, 8H), 10.18 (s, 1H) 13C
NMR (75 MHz, DMSO-d6): δ 23.8, 26.9, 31.7, 31.9, 34.9, 91.7,
127.4, 127.5, 128.9, 142.4, 170.1.

HRMS (m/z): MNa+ calcd for C25H26BrNO2 474.1039; found,
474.1041.

4.1.1.16. 6-((1,3-Dioxoisoindolin-2-yl)oxy)-N-(trityloxy)-
hexanamide. I (7.1 g, 16 mmol, 1.0 equiv), N-hydroxyphthalimide
(NHPI) (2.6 g, 16 mmol, 1.0 equiv), and triethylamine (4.5 mL,

31 mmol, 2.0 equiv) were suspended in 100 mL acetonitrile and
refluxed for 12 h. The solvent was removed, the residue dissolved in
ethyl acetate and extracted with saturated sodium bicarbonate
solution until the aqueous phase did not show any left NHPI. The
organic phase was dried over anhydrous sodium sulfate, filtrated,
and evaporated. The crude product was recrystallized using ethyl
acetate/n hexanes to yield II (6.2 g, 12 mmol, 74%) as a white
solid. mp 142.0 °C, HPLC tr 16.72 min purity: 96.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.11 (d, J = 16.0 Hz, 2H),
1.18−1.30 (m, 2H), 1.52 (t, J = 7.4 Hz, 2H), 1.72−1.85 (m, 2H),
4.03 (t, J = 6.7 Hz, 2H), 7.32 (s, 15H), 7.86 (s, 4H), 10.19 (s, 1H)
13C NMR (75 MHz, DMSO-d6): δ 24.4, 27.3, 77.5, 91.7, 123.2,
127.4, 127.5, 128.6, 129.0, 134.7, 142.5, 163.3, 170.2.

HRMS (m/z): MH+ calcd for C33H30N2O5 535.2227; found,
535.2237.

4.1.1.17. Synthesis of 6-(Aminooxy)-N-(trityloxy)hexanamide. II
(2.1 g, 4.0 mmol, 1.0 equiv) was dissolved in 40 mL dichloro-
methane; subsequently, hydrazine monohydrate (0.4 mL, 8 mmol,
2.0 equiv) was added, and the reaction was left stirring overnight.
The precipitate was filtered off, and the filtrate was washed three
times with 50 mL of saturated sodium bicarbonate solution and
once with 50 mL of brine. The organic phase was dried over
anhydrous sodium sulfate, filtrated, and evaporated to yield the 2
(1.5 g, 3.7 mmol, 94%) as a white wax, which was suitable to use
without any further purification. HPLC: tr 13.17 min purity: 96.0%.

1H NMR (300 MHz, DMSO-d6): δ 0.98 (q, J = 8.5 Hz, 2H),
1.18 (t, J = 7.6 Hz, 2H), 1.32 (q, J = 7.0 Hz, 2H), 1.77 (t, J = 7.4
Hz, 2H), 3.40 (t, J = 6.7 Hz, 2H), 5.84 (s, 2H), 7.32 (s, 15H),
10.16 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.7, 25.0, 27.7, 31.9, 74.7,
91.7, 127.4, 127.5, 128.9, 142.5, 170.2.

HRMS (m/z): MH+ calcd for C25H28N2O3 405.2173; found,
405.2172.

4.1.2. General Procedure for the Preparation of the O-Trityl-
Protected Hydroxamates 3a−m. The synthesis of the O-trityl-
protected hydroxamates was performed after an adapted protocol of
Goodreid et al.39

After solving the corresponding phenylthiazole (1a−m)
(1.0 equiv) in tetrahydrofuran (15 mL/mmol), an equimolar
amount of 1 M sodium hydroxide solution in water was added.
The reaction was monitored via TLC (eluent ethyl acetate/n-
hexane). After complete consumption of the starting material, the
solvent was evaporated under reduced pressure, and the resulting
solid was dried in a vacuum. The dried product was suspended in
N,N-dimethylformamide (2.2 mL/mmol). HBTU (1.1 equiv) and
DIPEA (1.1 equiv) were added, and the resulting suspension was
left stirring until a clear solution was formed (usually after 1 h). To
that solution 2 (1.1 equiv) solved in N,N-dimethylformamide
(2.2 mL/mmol) was added, and the reaction was left stirring
overnight. The solvent was removed under reduced pressure, the
resulting product diluted with 50 mL dichloromethane and washed
three times with 50 mL of saturated sodium bicarbonate solution
and three times with 50 mL of brine. The organic layer was dried
over anhydrous sodium sulfate, filtrated, and the solvent was
removed under reduced pressure. The obtained crude product was
purified via flash chromatography, unless otherwise stated, using n-
hexane/ethyl acetate (0−100%) as the eluent to yield the O-trityl-
protected hydroxamates 3a−m.

4.1.2.1. 3a N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-phenyl-
thiazole-2-carboxamide. Synthesis according to general procedure
B using 2a (114 mg, 0.5 mmol) afforded 3a as a white solid
(150 mg, 0.25 mmol, 51%). mp 130.0 °C, tr 17.46 min purity:
99.6%.

1H NMR (600 MHz, DMSO-d6): δ 1.11 (dd, J = 14.8, 7.9 Hz,
2H), 1.25 (dq, J = 11.3, 5.4 Hz, 2H), 1.45−1.53 (m, 2H), 1.82 (t, J
= 7.3 Hz, 2H), 3.86 (t, J = 6.6 Hz, 2H), 7.26−7.38 (m, 15H), 7.40
(t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.7 Hz, 2H), 8.07 (d, J = 7.3 Hz,
2H), 8.44 (s, 1H), 10.21 (s, 1H), 12.15 (s, 1H).
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13C NMR (151 MHz, DMSO-d6): δ 25.0, 25.2, 27.8, 32.4, 76.0,
92.2, 119.8, 126.8, 127.9, 128.0, 129.1, 129.3, 129.4, 133.8, 142.9,
155.9, 157.1, 162.0, 170.7.

HRMS (m/z): MNa+ calcd for C35H33N3O4S 614.2084; found,
614.2092.

4.1.2.2. 3b 4-(2-Methoxyphenyl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2b (0.8 g, 3.0 mmol) afforded 3b as a white solid
(1.7 g, 2.2 mmol, 74%). mp 190.6 °C, tr 17.66 min purity: 98.8%.

1H NMR (300 MHz, DMSO-d6): δ 1.04−1.17 (m, 2H), 1.18−
1.31 (m, 2H), 1.48 (t, J = 7.8 Hz, 2H), 1.80 (t, J = 7.0 Hz, 2H),
3.84 (t, J = 6.7 Hz, 2H), 3.94 (s, 3H), 7.03−7.13 (m, 1H), 7.17 (d,
J = 8.4 Hz, 1H), 7.33 (s, 16H), 8.29−8.37 (m, 2H), 10.19 (s, 1H),
12.12 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.5, 24.7, 27.3, 31.9, 55.6,
75.5, 91.7, 111.7, 120.4, 121.7, 122.6, 127.4, 127.5, 129.0, 129.7,
129.8, 142.4, 151.4, 156.6, 159.8, 170.2.

HRMS (m/z): MH+ calcd for C36H35N3O5S 622.2370; found,
622.2373.

4.1.2.3. 3c 4-(3-Methoxyphenyl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2c (0.8 g, 3.0 mmol) afforded 3c as a white solid
(1.2 g, 1.9 mmol, 62%). mp 142.8 °C, tr 17.36 min purity: 99.3%.

1H NMR (300 MHz, DMSO-d6): δ 12.15 (s, 1H), 10.20 (s, 1H),
8.46 (s, 1H), 7.73−7.58 (m, 2H), 7.33 (d, J = 4.6 Hz, 16H), 6.96
(dd, J = 8.2, 2.6 Hz, 1H), 3.84 (d, J = 5.5 Hz, 5H), 1.81 (t, J = 6.9
Hz, 2H), 1.59−1.40 (m, 2H), 1.24 (s, 2H), 1.19−1.01 (m, 2H).

13C NMR (75 MHz, DMSO-d6): δ 24.5, 24.7, 27.3, 31.9, 55.2,
75.5, 91.7, 111.9, 114.2, 118.6, 119.6, 127.4, 127.5, 129.0, 129.9,
134.7, 142.4, 155.3, 156.5, 159.7, 161.4, 170.2.

HRMS (m/z): MH+ calcd for C36H35N3O5S 622.2370; found,
622.2373.

4.1.2.4. 3d 4-(4-Methoxyphenyl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2d (263 mg, 1.0 mmol) afforded 3d as a white
solid (150 mg, 0.24 mmol, 24%). mp 195.4 °C, tr 17.34 min purity:
98.2%.

1H NMR (300 MHz, DMSO-d6): δ 1.11 (q, J = 7.7 Hz, 2H),
1.16−1.33 (m, 2H), 1.48 (p, J = 7.0 Hz, 2H), 1.81 (t, J = 7.3 Hz,
2H), 3.83 (d, J = 10.2 Hz, 5H), 6.99−7.08 (m, 2H), 7.33 (d, J = 4.7
Hz, 15H), 7.95−8.04 (m, 2H), 8.27 (s, 1H), 10.20 (s, 1H), 12.11
(s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.5, 24.7, 27.3, 31.9, 55.2,
75.5, 91.7, 114.2, 117.3, 126.2, 127.4, 127.5, 127.7, 129.0, 142.5,
155.4, 156.6, 159.6, 161.3, 170.2.

HRMS (m/z): MNa+ calcd for C36H35N3O5S 644.2189; found,
644.2196.

4.1.2.5. 3e 4-(2-Fluorophenyl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2e (0.8 g, 3.0 mmol) afforded 3e as a white solid
(1.3 g, 2.1 mmol, 70%). mp 159.2 °C, tr 17.87 min purity: 98.6%.

1H NMR (300 MHz, DMSO-d6): δ 1.00−1.18 (m, 2H), 1.24 (s,
2H), 1.47 (d, J = 8.2 Hz, 2H), 1.80 (t, J = 7.1 Hz, 2H), 3.85 (t, J =
6.6 Hz, 2H), 7.33 (s, 16H), 7.46 (dt, J = 7.9, 5.4 Hz, 1H), 8.21−
8.34 (m, 2H), 10.19 (s, 1H), 12.18 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.5, 24.7, 27.3, 31.9, 75.5,
91.7, 116.2 (d, J = 22.0 Hz), 121.0 (d, J = 11.5 Hz), 123.5 (d, J =
13.5 Hz), 124.8 (d, J = 3.4 Hz), 127.4, 127.5, 129.0, 130.1, 130.5
(d, J = 8.8 Hz), 142.5, 148.9, 156.4, 157.9, 161.2, 170.2.

HRMS (m/z): MH+ calcd for C35H32FN3O4S 610.2170; found,
610.2163.

4.1.2.6. 3f 4-(3-Fluorophenyl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2f (0.8 g, 3.0 mmol) afforded 3f as a white solid
(0.6 g, 1.0 mmol, 34%). mp 142.8 °C, tr 17.85 min purity: 99.1%.

1H NMR (300 MHz, DMSO-d6): δ 1.11 (d, J = 7.2 Hz, 2H),
1.23 (d, J = 7.0 Hz, 2H), 1.48 (t, J = 7.3 Hz, 2H), 1.80 (t, J = 7.1
Hz, 2H), 3.85 (t, J = 6.6 Hz, 2H), 7.17−7.41 (m, 16H), 7.53 (td, J
= 8.2, 6.2 Hz, 1H), 7.88−7.97 (m, 2H), 8.55 (s, 1H), 10.19 (s, 1H),
12.16 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.7, 27.3, 75.6, 91.8, 113.3,
115.3 (d, J = 21.5 Hz), 120.6, 122.3, 127.4, 127.5, 129.0, 130.9 (d, J
= 9.1 Hz), 135.7 (d, J = 8.4 Hz), 142.5, 154.0, 156.4, 161.7.

HRMS (m/z): MH+ calcd for C35H32FN3O4S 610.2170; found,
610.2173.

4.1.2.7. 3g 4-(4-Fluorophenyl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2g (253 mg, 1.0 mmol) afforded 3g as a white
solid (313 mg, 0.5 mmol, 51%). mp 163.0 °C, tr 17.57 min purity:
99.6%.

1H NMR (300 MHz, DMSO-d6): δ 1.11 (d, J = 7.3 Hz, 2H),
1.24 (s, 2H), 1.40−1.55 (m, 2H), 1.79 (d, J = 7.5 Hz, 2H), 3.84 (t,
J = 6.6 Hz, 2H), 7.24−7.41 (m, 17H), 8.06−8.15 (m, 2H), 8.41 (s,
1H), 10.18 (s, 1H), 12.13 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.5, 24.7, 27.3, 31.9, 75.5,
91.7, 115.7 (d, J = 21.7 Hz), 119.1, 127.4, 127.5, 128.4 (d, J = 8.3
Hz), 128.9, 130.0 (d, J = 2.9 Hz), 142.4, 154.4, 156.5, 160.6, 161.6,
163.9, 170.2.

HRMS (m/z): MH+ calcd for C35H32FN3O4S 610.2170; found,
610.2180.

4.1.2.8. 3h N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(thio-
phen-2-yl)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2h (0.7 g, 3.0 mmol) afforded 3h as a white solid
(1.6 g, 2.6 mmol, 88%). mp 174.6 °C, tr 17.23 min purity: 98.1%.

1H NMR (600 MHz, DMSO-d6): δ 1.09 (p, J = 7.9 Hz, 2H),
1.24 (p, J = 7.5 Hz, 2H), 1.47 (p, J = 7.0 Hz, 2H), 1.80 (q, J = 7.9
Hz, 2H), 3.84 (t, J = 6.6 Hz, 2H), 7.15 (dd, J = 5.0, 3.6 Hz, 1H),
7.25−7.38 (m, 15H), 7.58−7.62 (m, 1H), 7.64−7.68 (m, 1H), 8.25
(s, 1H), 10.19 (s, 1H), 12.09 (s, 1H).

13C NMR (151 MHz, DMSO-d6): δ 24.5, 24.7, 27.3, 31.9, 75.4,
91.7, 118.0, 125.4, 126.8, 127.4, 127.5, 128.1, 129.0, 136.8, 142.5,
150.3, 156.4, 161.8, 170.2.

HRMS (m/z) MH+ calcd for C33H31N3O4S2 598.1829, found
598.1832.

4.1.2.9. 3i N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(thiophen-
3-yl)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2i (665 mg, 2.8 mmol) afforded 3i after
recrystallization in n-hexane/ethyl acetate as a white solid (1.5 g, 2.6
mmol, 92%). mp 214.7 °C, tr 16.91 min purity: 96.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.10 (d, J = 7.2 Hz, 2H),
1.23 (d, J = 6.8 Hz, 2H), 1.46 (d, J = 7.2 Hz, 2H), 1.79 (d, J = 7.5
Hz, 2H), 3.84 (t, J = 6.6 Hz, 2H), 7.33 (d, J = 4.3 Hz, 15H), 7.62−
7.73 (m, 2H), 8.01 (dd, J = 2.8, 1.5 Hz, 1H), 8.25 (s, 1H), 10.19 (s,
1H), 12.09 (s, 1H).

13C NMR (126 MHz, DMSO-d6): δ 24.9, 25.1, 27.7, 32.3, 75.9,
92.2, 119.0, 123.3, 126.7, 127.6, 127.8, 127.9, 129.3, 136.1, 142.9,
152.1, 157.0, 161.8, 170.6.

HRMS (m/z): MH+ calcd for C33H31N3O4S2 598.1829; found,
598.1836.

4.1.2.10. 3j N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(p-tolyl)-
thiazole-2-carboxamide. Synthesis according to general procedure
B using 2j (742 mg, 3.0 mmol) afforded 3j as a white solid
(313 mg, 0.5 mmol, 17%). mp 163.2 °C, tr 17.93 min purity: 95.1%.

1H NMR (300 MHz, DMSO-d6): δ 1.10 (d, J = 6.4 Hz, 2H),
1.23 (s, 2H), 1.46 (d, J = 7.7 Hz, 3H), 1.79 (d, J = 7.6 Hz, 2H),
2.35 (s, 3H), 3.84 (t, J = 6.6 Hz, 2H), 7.24−7.41 (m, 17H), 7.95
(d, J = 8.1 Hz, 2H), 8.36 (s, 1H), 10.19 (s, 1H), 12.11 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 20.9, 24.5, 24.7, 27.3, 31.9,
75.5, 91.7, 118.5, 126.2, 127.4, 127.5, 129.0, 129.4, 130.7, 138.0,
142.5, 156.6, 161.4, 170.2.

HRMS (m/z): MNa+ calcd for C36H35N3O4S 628.2240; found,
628.2244.

4.1.2.11. 3k N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(4-
(trifluoromethyl)phenyl)thiazole-2-carboxamide. Synthesis accord-
ing to general procedure B using 2k (904 mg, 3.0 mmol) afforded
3k as a white solid (499 mg, 0.8 mmol, 25%). mp 182.5 °C, tr
19.44 min purity: 99.8%.

1H NMR (300 MHz, DMSO-d6): δ 1.11 (q, J = 7.7 Hz, 2H),
1.25 (t, J = 7.3 Hz, 2H), 1.48 (t, J = 7.4 Hz, 2H), 1.81 (t, J = 7.0
Hz, 2H), 3.85 (t, J = 6.6 Hz, 2H), 7.33 (s, 15H), 7.86 (d, J = 8.2
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Hz, 2H), 8.29 (d, J = 8.1 Hz, 2H), 8.66 (s, 1H), 10.19 (s, 1H),
12.22 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.4, 24.6, 27.2, 31.7, 75.4,
91.6, 121.6, 125.7, 126.8, 127.3, 127.4, 128.8, 137.0, 142.3, 153.6,
156.3, 162.0, 170.1.

HRMS (m/z): MNa+ calcd for C36H32F3N3O4S 682.1958; found,
682.1966.

4.1.2.12. 3l 4-(Benzofuran-2-yl)-N-((6-oxo-6-((trityloxy)amino)-
hexyl)oxy)thiazole-2-carboxamide. Synthesis according to general
procedure B using 2l (547 mg, 2.0 mmol) afforded 3l after
recrystallization in dichlorormethane/ethyl acetate as a light brown
solid (408 mg, 0.7 mmol, 32%). mp 200.7 °C, tr 18.46 min purity:
97.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.03−1.19 (m, 2H), 1.14−
1.34 (m, 3H), 1.42−1.56 (m, 2H), 1.74−1.87 (m, 2H), 3.85 (t, J =
6.6 Hz, 2H), 7.20−7.43 (m, 18H), 7.63−7.69 (m, 1H), 7.74 (dd, J
= 7.3, 1.4 Hz, 1H), 8.42 (s, 1H), 10.19 (s, 1H), 12.24 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.5, 24.7, 27.3, 31.9, 75.5,
91.7, 104.0, 111.2, 121.2, 121.8, 123.5, 125.3, 127.4, 127.5, 128.1,
129.0, 142.5, 146.5, 150.5, 154.3, 156.3, 163.1, 170.2.

HRMS (m/z): MH+ calcd for C37H33N3O5S 532.2214; found,
632.2211.

4.1.2.13. 3m N-((6-Oxo-6-((trityloxy)amino)hexyl)oxy)-4-(4-(pyr-
rolidin-1-yl)phenyl)thiazole-2-carboxamide. Synthesis according to
general procedure B using 2m (907 mg, 3.0 mmol) afforded 3m,
after flash chromatography with dichloromethane/30% methanol in
dichloromethane as a eluent, as a yellow solid (487 mg, 0.7 mmol,
25%). mp 192.1 °C, tr 20.03 min purity: 95.3%.

1H NMR (300 MHz, DMSO-d6): δ 1.05−1.17 (m, 2H), 1.18−
1.30 (m, 2H), 1.43−1.53 (m, 2H), 1.79 (d, J = 7.2 Hz, 2H), 1.92−
2.02 (m, 4H), 3.27 (q, J = 5.1 Hz, 4H), 3.84 (t, J = 6.6 Hz, 2H),
6.56−6.64 (m, 2H), 7.31 (q, J = 5.1 Hz, 15H), 7.81−7.91 (m, 2H),
8.05 (s, 1H), 10.20 (s, 1H), 12.05 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.5, 24.7, 25.0, 26.3, 27.3,
31.9, 47.3, 75.5, 91.7, 111.5, 114.7, 120.7, 127.4, 127.5, 129.0, 142.5,
147.8, 156.6, 156.8, 170.2.

HRMS (m/z): MH+ calcd for C39H40N4O4S 661.2843; found,
661.2838.

4.1.2.14. General Procedure for the Preparation of the
Hydroxamates 4a−4m. O-trityl-protected hydroxamate (4a−m)
was dissolved in DCM (30 mL/mmol). Et3SiH (10 equiv) and TFA
(10 equiv) were added successively, and the reaction was left stirring
for 30 min at room temperature. After that time, the reaction
mixture was purified via flash chromatography using dichloro-
methane and 30% methanol in dichloromethane as eluents to yield
hydroxamic acids 4a−m.

4.1.2.15. 4a N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-phenyl-
thiazole-2-carboxamide. Synthesis according to general procedure
C using 3a (296 mg, 0.5 mmol) afforded 4a as a colorless wax
(240 mg, 0.41 mmol, 81%). tr 9.32 min purity: 95.1%.

1H NMR (600 MHz, DMSO-d6): δ 1.38 (qd, J = 9.0, 6.2 Hz,
2H), 1.55 (p, J = 7.5 Hz, 2H), 1.62 (p, J = 6.8 Hz, 2H), 1.98 (t, J =
7.4 Hz, 2H), 3.94 (t, J = 6.5 Hz, 2H), 7.40 (t, J = 7.3 Hz, 1H), 7.49
(t, J = 7.7 Hz, 2H), 8.07 (d, J = 7.4 Hz, 2H), 8.43 (s, 1H), 8.68 (s,
1H), 10.37 (s, 1H), 12.18 (s, 1H).

13C NMR (151 MHz, DMSO-d6): δ 25.3, 25.5, 27.8, 32.7, 76.1,
119.8, 126.8, 129.1, 129.3, 133.8, 155.9, 157.1, 162.0, 169.5.

HRMS (m/z): MH+ calcd for C16H19N3O4S 349.1096; found,
350.1170.

4.1.2.16. 4b N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(2-
methoxyphenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3b (622 mg, 1.0 mmol) afforded 4b as
a white solid (284 mg, 0.75 mmol, 75%). mp 137.4 °C, tr 9.84 min,
purity: 99.6%.

1H NMR (300 MHz, DMSO-d6): δ 1.26−1.47 (m, 2H), 1.58 (dp,
J = 22.2, 7.0 Hz, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.93 (d, J = 4.0 Hz,
5H), 7.08 (td, J = 7.5, 1.1 Hz, 1H), 7.17 (dd, J = 8.4, 1.1 Hz, 1H),
7.39 (ddd, J = 8.4, 7.3, 1.8 Hz, 1H), 8.31 (dd, J = 7.8, 1.8 Hz, 1H),
8.35 (s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.14 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 55.6,
75.6, 111.8, 120.5, 121.7, 122.6, 129.8, 129.8, 151.4, 156.6, 156.7,
159.8, 169.0.

HRMS (m/z): MH+ calcd for C17H21N3O5S 380.1275; found,
380.1272.

4.1.2.17. 4c N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(3-
methoxyphenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3c (622 mg, 1.0 mmol) afforded 4c as
a yellow wax (253 mg, 0.67 mmol, 67%). tr 9.53 min purity 99.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.38 (ddd, J = 12.4, 6.0, 3.2
Hz, 2H), 1.58 (dp, J = 22.5, 7.0 Hz, 4H), 1.97 (t, J = 7.3 Hz, 2H),
3.84 (s, 3H), 3.93 (t, J = 6.4 Hz, 2H), 6.96 (ddd, J = 8.3, 2.6, 1.0
Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.57−7.72 (m, 2H), 8.46 (s, 1H),
8.67 (d, J = 1.8 Hz, 1H), 10.35 (s, 1H), 12.17 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 55.3,
75.6, 111.9, 114.2, 118.6, 119.6, 129.9, 134.7, 155.3, 156.5, 159.7,
161.3, 169.0.

HRMS (m/z): MH+ calcd for C17H21N3O5S 380.1275; found,
380.1276.

4.1.2.18. 4d N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(4-
methoxyphenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3d (1.8 g, 3.0 mmol) afforded 4d as a
white solid (603 mg, 1.59 mmol, 53%). mp 151.1 °C, tr 9.46 min
purity 98.1%.

1H NMR (300 MHz, DMSO-d6): δ 1.38 (q, J = 8.1 Hz, 2H),
1.58 (dp, J = 22.1, 7.0 Hz, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.81 (s,
3H), 3.92 (t, J = 6.4 Hz, 2H), 6.92−7.18 (m, 2H), 7.85−8.13 (m,
2H), 8.27 (s, 1H), 8.67 (d, J = 1.8 Hz, 1H), 10.35 (d, J = 1.9 Hz,
1H), 12.13 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 55.2,
75.6, 114.2, 117.3, 126.2, 127.7, 155.4, 156.6, 159.6, 161.3, 169.0.

HRMS (m/z): MH+ calcd for C17H21N3O5S 380.1275; found,
380.1277.

4.1.2.19. 4e 4-(2-Fluorophenyl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3e (610 mg, 1.0 mmol) afforded 4e as
an orange wax (221 mg, 0.6 mmol, 60%). tr 9.93 min purity 99.2%.

1H NMR (300 MHz, DMSO-d6): δ 1.28−1.46 (m, 2H), 1.58 (dp,
J = 22.5, 7.0 Hz, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.93 (t, J = 6.4 Hz,
2H), 7.28−7.41 (m, 2H), 7.41−7.52 (m, 1H), 8.21−8.36 (m, 2H),
8.67 (d, J = 1.8 Hz, 1H), 10.35 (d, J = 1.8 Hz, 1H), 12.21 (s, 1H).

13C NMR (126 MHz, DMSO-d6): δ 24.7, 24.9, 27.3, 32.1, 75.5,
116.1 (d, J = 22.0 Hz), 121.0 (d, J = 11.5 Hz), 123.2 (d, J = 13.4
Hz), 124.7 (d, J = 3.4 Hz), 130.0 (d, J = 2.8 Hz), 130.3 (d, J = 8.7
Hz), 148.9, 156.4, 158.4, 160.4, 161.0, 168.9.

HRMS (m/z): MH+ calcd for C16H18FN3O4So 368.1075; found,
368.1067.

4.1.2.20. 4f 4-(3-Fluorophenyl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3f (505 mg, 0.8 mmol) afforded 4f as
a colorless wax (258 mg, 0.7 mmol, 85%). tr 9.89 min purity 95.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.30−1.48 (m, 2H), 1.46−
1.70 (m, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.93 (t, J = 6.5 Hz, 2H),
7.23 (td, J = 8.6, 2.5 Hz, 1H), 7.53 (td, J = 8.1, 6.1 Hz, 1H), 7.87−
7.99 (m, 2H), 8.54 (s, 1H), 8.67 (s, 1H), 10.36 (s, 1H), 12.18 (s,
1H).

13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 75.6,
113.1 (d, J = 23.6 Hz), 115.3 (d, J = 20.7 Hz), 120.5, 122.3, 130.9
(d, J = 8.5 Hz), 135.8, 154.0, 156.4, 161.0, 161.7, 164.3, 169.0.

HRMS (m/z): MH+ calcd for C16H18FN3O4S 368.1075; found,
368.1081.

4.1.2.21. 4g 4-(4-Fluorophenyl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3g (260 mg, 0.4 mmol) afforded 4g as
a white solid (99 mg, 0.3 mmol, 63%). mp 170.7 °C, tr 9.65 min
purity 98.5%.

1H NMR (300 MHz, DMSO-d6): δ 1.38 (q, J = 7.8 Hz, 2H),
1.45−1.67 (m, 4H), 1.97 (t, J = 7.2 Hz, 2H), 3.92 (t, J = 6.4 Hz,
2H), 7.26−7.39 (m, 2H), 8.03−8.16 (m, 2H), 8.41 (s, 1H), 8.68 (s,
1H), 10.36 (s, 1H), 12.17 (s, 1H).
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13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 75.6,
115.7 (d, J = 21.6 Hz), 119.1, 128.5 (d, J = 8.3 Hz), 130.0 (d, J =
3.0 Hz), 154.4, 156.5, 160.6, 161.6, 163.9, 169.0.

HRMS (m/z): MH+ calcd for C16H18FN3O4S 368.1075; found,
368.1074.

4.1.2.22. 4h N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(thio-
phen-2-yl)thiazole-2-carboxamide. Synthesis according to general
procedure C using 3h (598 mg, 1.0 mmol) afforded 4h as a white
solid (226 mg, 0.6 mmol, 63%). mp 123.4 °C, tr 8.87 min purity
98.8%.

1H NMR (300 MHz, DMSO-d6): δ 1.28−1.47 (m, 2H), 1.44−
1.75 (m, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.92 (t, J = 6.4 Hz, 2H),
7.15 (dd, J = 5.1, 3.6 Hz, 1H), 7.54−7.71 (m, 2H), 8.25 (s, 1H),
8.67 (s, 1H), 10.35 (s, 1H), 12.12 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 75.5,
118.0, 125.4, 126.8, 128.1, 136.8, 150.3, 156.4, 161.8, 169.0.

HRMS (m/z): MH+ calcd for C14H17N3O4S2 356.0733; found,
356.0735.

4.1.2.23. 4i N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(thiophen-
3-yl)thiazole-2-carboxamide. Synthesis according to general
procedure C using 3i (598 mg, 1.0 mmol) afforded 4i as a white
solid (198 mg, 0.6 mmol, 56%). mp 140.4 °C, tr 8.79 min purity
98.6%.

1H NMR (300 MHz, DMSO-d6): δ 1.38 (tt, J = 11.3, 6.3 Hz,
2H), 1.58 (dp, J = 22.1, 7.0 Hz, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.92
(t, J = 6.4 Hz, 2H), 7.42−7.81 (m, 2H), 8.01 (dd, J = 2.7, 1.6 Hz,
1H), 8.25 (s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.12 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.8, 25.0, 27.3, 32.1, 75.5,
118.7, 122.9, 126.3, 127.3, 135.7, 151.7, 156.5, 161.4, 169.0.

HRMS (m/z): MH+ calcd for C14H17N3O4S2 356.0733; found,
356.0734.

4.1.2.24. 4j N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(p-tolyl)-
thiazole-2-carboxamide. Synthesis according to general procedure
C using 3j (606 mg, 1.0 mmol) afforded 4j as a white solid
(212 mg, 0.6 mmol, 58%). mp 134.3 °C, tr 10.20 min purity 97.8%.

1H NMR (600 MHz, DMSO-d6): δ 1.37 (tt, J = 9.5, 6.2 Hz, 2H),
1.54 (p, J = 7.5 Hz, 2H), 1.61 (p, J = 6.7 Hz, 2H), 1.97 (t, J = 7.4
Hz, 2H), 2.35 (s, 3H), 3.92 (t, J = 6.5 Hz, 2H), 7.22−7.34 (m, 2H),
7.90−8.00 (m, 2H), 8.35 (s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.14
(s, 1H).

13C NMR (151 MHz, DMSO-d6): δ 20.9, 25.0, 25.0 (d, J =
9.3 Hz), 27.4, 32.2, 75.6, 118.5, 126.2, 129.4, 130.7, 138.0, 155.6,
156.6, 161.4, 169.0.

HRMS (m/z): MH+ calcd for C17H21N3O4S 364.1326; found,
364.1330.

4.1.2.25. 4k N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(4-
(trifluoromethyl)phenyl)thiazole-2-carboxamide. Synthesis accord-
ing to general procedure C using 3k (382 mg, 0.6 mmol) afforded
4k as a light brown solid (134 mg, 0.3 mmol, 56%). mp 127.2 °C,
tr 11.278 min purity 98.5%.

1H NMR (300 MHz, DMSO-d6): δ 1.37 (qd, J = 8.7, 5.5 Hz,
2H), 1.48−1.68 (m, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.93 (t, J = 6.4
Hz, 2H), 7.86 (d, J = 8.2 Hz, 2H), 8.23−8.33 (m, 2H), 8.66 (s,
2H), 10.36 (s, 1H), 12.25 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 75.6,
121.7, 122.4, 125.8 (d, J = 3.2 Hz), 126.0, 126.9, 127.9−129.4 (m),
137.1, 153.7, 156.4, 162.1, 169.0.

HRMS (m/z): MH+ calcd for C17H18F3N3O4S 418.1043; found,
418.1041.

4.1.2.26. 4l 4-(Benzofuran-2-yl)-N-((6-(hydroxyamino)-6-
oxohexyl)oxy)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3l (316 mg, 0.5 mmol) afforded 4l as
a off-white solid (112 mg, 0.3 mmol, 58%). Yield 58%, mp 150.4
°C, tr 10.70 min purity 99.3%.

1H NMR (300 MHz, DMSO-d6): δ 1.18−1.45 (m, 2H), 1.58 (dp,
J = 22.2, 7.0 Hz, 4H), 1.97 (t, J = 7.3 Hz, 2H), 3.93 (t, J = 6.4 Hz,
2H), 7.25−7.43 (m, 3H), 7.66 (dq, J = 8.2, 0.9 Hz, 1H), 7.70−7.78
(m, 1H), 8.42 (s, 1H), 8.67 (d, J = 1.8 Hz, 1H), 10.35 (d, J = 1.8
Hz, 1H), 12.27 (s, 1H).

13C NMR (75 MHz, DMSO-d6): δ 24.9, 25.0, 27.4, 32.2, 75.6,
104.1, 111.2, 121.3, 121.8, 123.5, 125.3, 128.1, 146.5, 150.5, 154.3,
156.3, 163.1, 169.0.

HRMS (m/z): MH+ calcd for C18H19N3O5S 390.1118; found,
390.1117.

4.1.2.27. 4m N-((6-(Hydroxyamino)-6-oxohexyl)oxy)-4-(4-(pyrro-
lidin-1-yl)phenyl)thiazole-2-carboxamide. Synthesis according to
general procedure C using 3m (500 mg, 0.8 mmol) afforded as 4m
a yellow solid (93 mg, 0.2 mmol, 29%). mp 136.2 °C, tr 9.29 min
purity 98.9%.

1H NMR (300 MHz, DMSO-d6): δ 1.28−1.47 (m, 2H), 1.58 (dp,
J = 21.9, 6.9 Hz, 4H), 1.86−2.07 (m, 6H), 3.23−3.34 (m, 4H), 3.92
(t, J = 6.4 Hz, 2H), 6.48−6.81 (m, 2H), 7.75−8.01 (m, 2H), 8.05
(s, 1H), 8.67 (s, 1H), 10.35 (s, 1H), 12.07 (s, 1H).

13C NMR (151 MHz, DMSO-d6): δ 24.9, 25.0, 25.0, 27.4, 32.2,
47.3, 48.6, 75.5, 111.5, 114.7, 120.7, 127.4, 147.8, 156.6, 156.8,
160.8, 169.0.

HRMS (m/z): MH+ calcd for C20H26N4O4S 419.1748; found,
419.1746.
4.2. Biological Evaluation. 4.2.1. Enzyme Assay. HDAC1, 2, 3,

4, 6, and 8 human recombinant enzymes were purchased from
Reaction Biology Corp. (Malvern, PA). HDAC 11 was purchased
from Sigma-Aldrich (Saint Louis, MO). The HDAC activity assay of
HDAC1 (catalog no. KDA-21-365), 2 (catalog no. KDA-21-277), 3
(catalog no. KDA-22-278), 4 (catalog no. KDA-21-279), 6 (catalog
no. KDA-21-213), 8 (catalog no. KDA-21-481), and 11 (catalog no.
SRP0113) was performed in 96-well plates (Corning Incorporated,
New York City, NY). Briefly, 20 ng of HDAC1, 2, 3, and 8, 2 ng of
HDAC4, 17.5 ng of HDAC6, and 30 ng of HDAC11 per reaction
were used. Recombinant enzymes were diluted in assay buffer (50
mM Tris−HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2,
and 1 mg/mL BSA). 80 μL of this dilution was incubated with 10
μL of different concentrations of inhibitors in assay buffer. After a 5
min incubation step, the reaction was started with 10 μL of 400 μM
(HDAC1), 300 μM (HDAC2), 500 μM (HDAC3), 150 μM
(HDAC6) Boc-Lys(Ac)-AMC (Bachem, Bubendorf, Switzerland) or
100 μM (HDAC4), 60 μM (HDAC8), 500 μM (HDAC11) Boc-
Lys(TFA)-AMC (Bachem, Bubendorf, Switzerland). The reaction
was stopped after 90 min by adding 100 μL stop solution 16 mg/
mL trypsin, 8 μM vorinostat for HDAC1, 2, and 3, 8 μM
panobinostat for HDAC4, 8, and 11, and 4 μM tubastatin for
HDAC6 in 50 mM Tris−HCl, pH 8.0, and 100 mM NaCl. Fifteen
min after the addition of the stop solution, the fluorescence intensity
was measured at an excitation of 355 nm and emission of 460 nm in
a NOVOstar microplate reader (BMG Lab-Tech, Ortenburg,
Germany).

4.2.2. Cell Culture. All leukemic cell lines were cultured at 37 °C
with 5% CO2 in RPMI 1640 GlutaMax medium supplemented with
10−20% fetal bovine serum (FBS), depending on the recommen-
dation of the German collection of microorganisms and cell culture
(DSMZ). PDX samples were generated by (intravenously) injecting
leukemia cells, isolated from patients into immune-deficient
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ or NSG mice aged 8−12
weeks.45,72 The transplanted leukemia cells were isolated from the
spleen or the bone marrow of the mice. If the proportion of human
cells was below 90%, a mouse cell depletion kit (Miltenyi Biotec)
was used to enrich the human cells. Subsequently, leukemia cells
(≥90% human) derived from the bone marrow and spleen of the
mice were utilized to conduct a short-term ex vivo drug sensitivity
assay. PDX cells were short-term cultured in RPMI 1640 GlutaMax
with 15% FBS, 0.1 mM 2- Mercaptoethanol, 1 mM Sodium
Pyruvate, and Gentamicin 0.5 μg/mL. All animal experiments were
conducted in accordance with the regulatory guidelines of the
official committee at LANUV (Akt. 81-02.04.2017.A441), under the
authorization of the animal research institute (ZETT) at the
Heinrich Heine University Düsseldorf. Patient samples were received
after obtaining informed consent in accordance with the Declaration
of Helsinki. The experiments were approved by the ethics
committee of the medical faculty of the Heinrich Heine University
(Study no.: 2019-566).
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4.2.3. High Throughput Drug Screening. All compounds were
used in 10 mM stock solutions and dissolved in DMSO.45 Drug
screening plates were preprinted with the Tecan D300e in 384 or
1536 well plates. To avoid plate effects, all plates were randomized,
and all wells were further on normalized to the highest DMSO
volume on the plate. Plates were stored at −80 °C and thawed 1 h
prior to the experiment. Cells concentration and viability was
determined via the Vi-CELL BLU cell counter. Only if cells
exceeded 90% viability they were deemed acceptable for seeding.
Cell lines were seeded at a concentration of 0.04 × 106 cells/mL in
384 well plates or at 0.5 × 106 cells/mL in 1536 well plates, while
PDX samples were seeded in 1536 well plates at 1.5 × 106 cells/mL
via the Multidrop reagent dispenser. The seeded plates were
incubated for 72 h and subsequently evaluated via CellTiter-Glo. A
Tecan Spark microplate reader was used to measure the emerging
luminescence.

Initial IC50 determination of all experimental compounds was
done in 11 concentrations (from 0.005 to 25 μM) three times with
the three cell lines, K562 (CML), HL60 (AML), and HPBALL (T-
ALL). The viability was determined in relation to the DMSO
controls, and IC50 was calculated via Prism (log(inhibitor) vs
normalized response − Variable slope). Screening with commercially
available inhibitors was done in 6 concentration from 0.005−25 μM.
Viability and inhibition curves were determined in the same way.
DSS was calculated via the R package DSS. The dDSS was
calculated by subtracting the DSS value of five healthy controls from
the leukemia value. Significance was calculated by comparing all
dDSS values of two drugs in a one-way Anova test. Heatmaps were
generated via the complex heatmap package.

4.2.4. Synergy Drug Screening. Drug synergy was investigated by
a matrix screening approach. Plates were designed by combining
each concentration of drug A with each concentration of drug B. All
drugs were printed in 8 concentrations on 384 well plates. (4d:
0.025−0.75 μM, 4m: 0.005−0.35 μM, decitabine and clofarabine
0.005−5 μM). HL60 were seeded with a concentration of 0.1 × 106

cells/ml and afterward processed by the previously described
protocol.26 After the viability calculation, ZIP scores were generated
through the “SynergyFinder” package.

4.2.5. Immunoblotting. Leukemia cells were treated with the
indicated concentrations for 24 h. Afterward, the cells were collected
and washed three times with cold PBS and, in the end, snap frozen
with liquid nitrogen. Cells were lysed in Pierce RIPA buffer (with
cOmplete Protease Inhibitor cocktail, PhosSTOP & Dithiothreitol),
and DNA was removed via high speed centrifugation. The protein
concentration was determined via the BCA assay. Protein lysates
were diluted via 5× laemmli buffer and denatured at 95 °C for 5
min. Into every pocket of a 10% acryl amid gel, a volume with 20 μg
of protein was added. SDS-Page were run for 90 min at 100 mV in
1× running buffer. The proteins were transferred with 1× transfer
buffer with 10% methanol onto nitrocellulose membranes at 100 mV
for 90 min.

The membranes were blocked with 3% BSA in Tris buffered
saline with Tween for 1 h. The membranes were incubated
overnight at 4 °C with primary antibodies, including antiacetyl-α-
tubulin (catalog no. 5335), antiacetyl-histone H3 (catalog no.
9677S), anticleaved PARP (catalog no. 9541), and anti-GAPDH
(catalog no. 97166), following the manufacturer’s guidelines (Cell
Signaling Technology). Signals were quantified via ImageJ and
divided by the signal of the housekeeper.

4.2.6. Caspase 3/7 and Trypan Blue Assay. At a concentration
of 0.25 μM, either 4d or 4m was introduced to wells containing
HL60 leukemia cells. Additionally, compounds were coadministered
with a caspase inhibitor Q-VD at a concentration of 10 μM in
separate wells. Control conditions encompassed wells treated solely
with DMSO or exclusively with Q-VD. Each experimental condition
was executed in quadruplicate. Following a 24 or 48 h incubation
period, the cells underwent treatment with a Caspase 3/7 Kit
(Promega), and luminescence was quantified using the Tecan Spark
microplate reader. In parallel, the identical cell solutions was
dispensed into 24-well plates, and cell enumeration was conducted

employing the Vi-CELL BLU (Beckman Coulter) cell counter after
24 or 48 h.

4.2.7. Cell Cycle Analysis. HL60 cells were plated in a
concentration of 0.1 × 106 cells/ml in 12 well plates with a volume
of 1.5 mL. Both 4d and 4m were added to the cultures at 0.15 or
0.20 μM. After 24 h of incubation, the cells were centrifuged and
incubated with 0.2 mL Nicoletti assay buffer (0.1% trisodium citrate
dehydrate, 0.1% Triton X-100, 50 μg/mL propidium iodide, 0.5 mg/
mL RNase A). The solution was incubated 15 min at 4 °C and
afterward measured via CytoFLEX (Beckman Coulter).
4.3. Molecular Modeling Studies. 4.3.1. Molecular Docking.

The cryo-EM structures of HDAC2 (PDB-ID: 7KBG),42 HDAC4
(PDB-ID: 2VQM),73 and HDAC8 (PDB-ID: 1T69)74 were
prepared for molecular docking using the Protein Preparation
Wizard as implemented in the Maestro GUI of the Schrödinger
Suite version 2024-1. Protonation states for Asp, Glu, His, and Lys,
tautomers for His, and chi flips for Asp, Glu, and His were
calculated at pH 7.0 ± 2.0 using the PROPKA75 implementation
within Maestro. A restrained energy minimization was performed
focusing only on hydrogen atoms. Three-dimensional structures of
the ligands 4a−4m and vorinostat were generated and prepared
using the LigPrep module in Maestro. Docking studies were
performed with Glide (Schrödinger Release 2024-1) using the Glide
XP docking protocol,40 generating 75 poses for each ligand.

4.3.2. Effective Binding Energy Computations. To estimate
relative affinities of compounds 4d and 4m, the best scoring pose of
each ligand in HDAC2 was postprocessed using the MM-GBSA
method in Prime with the VSGB 2.1 solvation model.76 Side-chain
flexibility of the protein was considered for all residues within 8 Å of
the ligand pose.
4.4. Structure Determination. 4.4.1. Protein Preparation.

CD2 from DrHDAC6 was recombinantly expressed using His6-
MBP-TEV-HDAC-pET28a(+) vector and purified as previously
described with minor modifications.77 Briefly, HDAC6 was ex-
pressed using the Escherichia coli strain BL21(DE3) grown in 2×
yeast extract tryptone media (2YT) supplemented with 0.02 M
glucose and kanamycin (50 mg/mL). Expression was induced at an
optical density at 600 nm (OD600) of 1.5 with 0.1 mM isopropyl-β-
D-1-thiogalactopyranoside (IPTG) along with the addition of 0.2
mM zinc sulfate. Cultures were then incubated at 20 °C overnight
and harvested by centrifugation.

To isolate the protein, cells were resuspended in wash buffer (50
mM K2HPO4/KH2PO4 pH 8.0, 300 mM NaCl, 5% Glycerol, 1 mM
TCEP) and lysed by sonication. The crude lysate was clarified by
centrifugation and then applied to a Protino Ni-NTA 5 mL column
(Macherey-Nagel, Düren, Germany) using an ÄKTA Go system
(Cytiva, Marlborough, Massachusetts, United States). The His6-
MBP-TEV-HDAC6 fusion protein was eluted using 150 mM
imidazole. The fractions containing protein were combined, and
the buffer exchanged with wash buffer. To remove the maltose
binding protein and the affinity tag from the fusion protein TEV
cleavage was performed. TEV cleavage was performed by adding the
protease in a ratio of 1:10 in a buffer containing 1 mM DTT and
0.5 mM EDTA at 4 °C overnight. Subsequently, the solution was
applied to an HisTrap Excel 5 mL column (Cytiva). Fractions were
collected while washing the column with 10 mM imidazole. The
volume of the combined fractions was reduced, and the solution
loaded onto an HiLoad 16/600 Superdex 75 pg column (Cytiva).
The column was washed with buffer (50 mM HEPES, 100 mM KCl
and 5% Glycerol, pH 7.5). The purity of the target protein was
monitored throughout using SDS-PAGE.

4.4.2. Crystallization. All HDAC6−inhibitor complexes were
crystallized in sitting drops by the vapor diffusion method at 18 °C.
For cocrystallization of the inhibitors with HDAC6, the protein
solution (14.7 mg/mL in 50 mM HEPES, 100 mM KCl, and 5%
Glycerol, pH 7.5) was incubated with 2 mM inhibitor. Then, 1 μL
of the HDAC6−inhibitor complex solution was mixed with 1 μL of
a reservoir solution. The structure of the HDAC6−4d complex was
determined from a crystal obtained in 0.1 M sodium acetate, pH
8.7, 0.1 M sodium formiate, and 28% PEG3350. The structure of
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the HDAC6−4m complex was determined from a crystal obtained
in 0.1 M sodium acetate, pH 8.7, 0.1 M sodium formiate, and 22%
PEG3350. Crystals were harvested after 6 weeks and flash frozen in
liquid nitrogen using a 50% aqueous PEG3350 solution as the
cryoprotectant.

4.4.3. Data Collection and Structure Determination. X-ray
diffraction data was collected at 100 K using synchrotron radiation
on beamline MASSIF-3 (ID30A-3) at the European Synchrotron
Radiation Facility, Grenoble, France.78,79 The data was processed
using XDS,80 molecular replacement, and structure refinement were
performed using CCP4i2.81 Data reduction was performed with
AIMLESS,82 and molecular replacement was performed using
Phaser83 with the coordinates of CD2 of HDAC6 from D. rerio in
complex with trichostatin A (TSA) (PDB ID: 5WGI).77 Model
building and refinement were performed with Coot84 and Refmac.85

PyMOL86 was used to prepare the figures and to calculate the root-
mean-square deviation (RMSD) of the Cα atoms using the align
command with the number of cycles set to 0, thus, not including
outlier rejection. The atomic coordinates have been deposited with
the Protein Data Bank, Research Collaboratory for Structural
Bioinformatics at Rutgers University (PDB ID: 9GGH and
9GGK). Authors will release the atomic coordinates upon article
publication.
4.5. In Vitro Pharmacokinetics. 4.5.1. LC−MS/MS Method.

For the determination of in vitro pharmacokinetics of 4d and 4m, a
tailored liquid chromatography coupled with tandem mass
spectrometry (LC−MS/MS) assay was developed. Chromatographic
separation was performed using a Luna Pentafluorophenyl (PFP
(2)) column (100.0 × 2.0 mm; 3 μm; Phenomenex Ltd.,
Aschaffenburg, Germany). For the mobile phase, 0.1% FA in
water (v/v) and 0.1% FA in methanol (v/v, B) were applied.
Gradient separation at a flow rate of 0.4 mL/min was used,
involving the following steps: 0.0−1.5 min: 5% B, 1.5−2.5 min:
5%−20% B, 2.5−4.5 min: 20%−95% B, 4.5.−7.5 min: 95% B, and
7.5−8.0 min: 95%−5% B. The injection volume was set to 20 μL,
and the column oven was maintained at 60 °C. A TSQ Quantum
Ultra triple quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, Massachusetts) with an ESI interface was
used for the mass spectrometric detection. A spray voltage of 4000
V and a capillary temperature of 300 °C were applied. The vaporizer
temperature was maintained at 380 °C, the sheath gas at 50 au, aux
gas pressure at 5 au and ion sweep gas at 1.0 au. Argon was utilized
as the collision gas with a pressure of 1.6 mTorr. 4j was used as the
internal standard for 4d and 4m, while deuterated standards were
used for the control compounds in the respective in vitro
pharmacokinetic assays. The following multiple reaction monitoring
transitions with their collision energy and tube lens voltage (TL)
were monitored in the positive ion mode: 4d: 380.23 → 175.0
mass-to-charge ratio (m/z) (CE: 40 V, TL: 96 V), 4m: 419.19 →
229.1 m/z (CE: 26 V, TL: 100 V), 4j: 364.15 → 217.1 m/z (CE:
17 V, TL: 158 V), Carvedilol: 407.04 → 224.07 m/z (CE: 22 V,
TL: 150 V), Carvedilol d5 CE: 412.28 → 229.1 m/z (CE: 23 V,
TL: 116 V), Propranolol 260.0 → 155.0 m/z (CE: 24 V, TL: 86 V),
Propranolol d7 267.18 → 116.12 m/z (CE: 20 V, TL: 88 V),
Itraconazol 705.4 → 392.18 m/z (CE: 34 V, TL: 154 V),
Itraconazol d4 709.6 → 396.23 m/z (CE: 36 V, TL: 165 V).

4.5.2. Distribution Coefficient (log D). The log D determination
was based on the shake flask method optimized for mass
spectrometric analysis.87 The distribution of test compounds was
investigated between buffer presaturated octanol and octanol-
presaturated 0.1 M potassium phosphate buffer pH 7.4. A 10 mM
solution of the test compounds in DMSO and the control carvedilol
were diluted 1:100 in buffer. A 200 μL aliquot was directly taken
and 1:1 diluted in acetonitrile (v/v, standard). To the residual buffer
volume, octanol was added in different v/v ratios: 1:0.1, 1:0.01,
3:0.01, and 5:0.01. Samples were shaken for 1 h to reach
equilibrium before the two phases were separated by centrifugation
at 13.200g for 10 min. Determinations were performed in triplicate
for each compound from the aqueous phase. For the calculation of
log D, the buffer/octanol v/v ratio was used in which the amount of

drug was most similar in order to obtain the most precise
measurement. The log D was then calculated by the following eq 1:

Calculation of log D. ASt: area ratio standard, Aw: area ratio after
partition, Vw: volume aqueous phase, and Vo: volume octanol.
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4.5.3. Plasma Stability. Ex vivo plasma stability was studied in
fresh human plasma at 37 °C. Plasma was prewarmed to 37 °C, and
reactions were started by spiking 4d and 4m to the plasma to a final
concentration of 1 μM, 50 nM, and 2.5 nM. Sample aliquots of 100
μL were taken at 0, 30, 60, 120, 240, and 360 min and after 24 h.
Each aliquot was mixed with 300 μL ice-cold acetonitrile containing
the internal standards and directly vortexed, followed by 15 min
shaking at 800 rpm at room temperature. Then, samples were
centrifuged for 5 min at 13.200g. 300 μL of the supernatant was
evaporated to dryness under heated nitrogen stream at 50 °C.
Samples were stored at 4 °C, until completion of the assay and
reconstituted in 100 μL 50/50 acetontitrile/water (v/v). This
customized sample preparation protocol was characterized by good
recoveries of 104.7 ± 6.7% for 4d and 104.5 ± 6.6% for 4m and
low matrix effects of less than 11% for both compounds. The assay
was conducted in triplicate. As a control, the compounds were
incubated in 4% BSA to identify potential enzyme-related
degradation in plasma. In vitro plasma half-life (t1/2) was calculated
by t1/2 = ln 2/ke, where ke is the slope in the linear fit of the natural
logarithm of the fraction remaining of the parent compound vs
incubation time.

4.5.4. Blood-To-Plasma Ratio. The blood-to-plasma ratio (KB/P)
was determined to investigate the drug binding to erythrocytes.
Therefore, freshly drawn whole blood was spiked to a final
concentration of 1 μM, 50 nM, and 2.5 nM and cautiously shaken
to avoid lysis and incubated at 37 °C for 30 min. Spiked whole
blood was centrifuged at room temperature for 10 min at 2,000g,
and the obtained plasma was used for analysis. Additionally, plasma
was directly spiked to a final concentration of 1 μM, 50 nM, and 2.5
nM and also incubated for 30 min at 37 °C (reference plasma; not
considering distribution into the red blood fraction). 100 μL of
reference plasma and of plasma separated from spiked whole blood
were precipitated with 300 μL of ice-cold acetonitrile containing
3.33 ng/mL of the internal standards. Following immediate
vortexing, samples were shaken for 15 min at 800 rpm at room
temperature. Subsequently, samples were centrifuged for 5 min at
13,200g and 300 μL of the supernatant was evaporated to dryness
under a heated nitrogen stream at 50 °C. The residue was
reconstituted in 100 μL 50/50 acetonitrile/water (v/v). Whole
blood and plasma of two donors (male and female) in three
independent replicates were used for the analysis. Carvedilol was
used as a control compound with known KB/P. The hematocrit was
determined volumetrically. The blood-to-plasma-ratios were calcu-
lated according to eqs 2 and 3:88,89

Calculation of the Red blood cell partitioning coefficient. H:
hematocrit; Ke/p: red blood cell partition coefficient, pref: reference
plasma; and p: plasma separated from spiked whole blood.
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Calculation of the Blood-to-plasma ratio (Ke/p). H: hematocrit;
Ke/p: red blood cell partition coefficient.

K K H H( ) (1 )b/p e/p= × + (3)

4.5.5. Plasma Protein Binding. Plasma protein binding was
determined using equilibrium dialysis. A 20% ethanol regenerated
dialysis membrane with a molecular weight cutoff of 6 kDa (Reichelt
Chemietechnik GmbH + Co, Heidelberg, Germany) was placed into
a 96-well dialysis apparatus to obtain two chambers. 150 μL of
plasma spiked to a final concentration of 1 μM, 50 nM, and 2.5 nM
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of the test compounds and 150 μL of 0.9% saline were added to the
respective sides of the 96-well dialysis plate; wells were sealed and
the plate was placed into an incubator at 37 °C to dialyze for 24 h.
Following 24 h of incubation, 100 μL of plasma were removed,
directly precipitated with ice-cold acetonitrile containing the internal
standards, and prepared as described above. 100 μL of methanol
with internal standards was added to the saline at the acceptor
chamber to keep the compounds dissolved before taking the
respective aliquot. Plasma protein binding was analyzed in three
independent replicates and itraconazole was used as a control in
each chamber to account for potential leaking of the dialysis
membrane. Plasma protein binding was calculated according to eq 4,
where fb is the fraction bound, cte is the total plasma drug
concentration at equilibrium, cf is the free drug concentration of the
acceptor side, Vpi is the initial plasma volume, and Vpe is the
equilibrium plasma volume.90

Calculation of drug fraction bound.
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To determine plasma protein binding >99% more accurately, the
dilution method was applied.91 For this purpose, a 1:10 and a 1:20
dilution of plasma in 0.9% saline was additionally used as the donor.
The diluted plasma was spiked to a final concentration of 1 μM, 50
nM, and 2.5 nM of 4d and 4m and incubated with 0.9% saline in
the acceptor chamber for 24 h at 37 °C. Sample purification was
performed as for the classical approach. Calibration curves from 1:10
and 1:20 diluted plasma were used to determine the corresponding
donor concentrations. Plasma protein binding was analyzed in
triplicates. As a control, the plasma protein binding of itraconazole
was determined. Plasma protein binding was calculated according to
eqs 5, 6, and 7 where f u is the fraction unbound and D is the
dilution level of the plasma.

Calculation of diluted fraction unbound. f u,d: free fraction from
diluted plasma.
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Calculation of undiluted fraction unbound. D: plasma dilution
factor, fu: fraction unbound, f u,d: fraction unbound from diluted
plasma.
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Calculation of undiluted fraction bound.

f fUndiluted % (1 ) 100b u[ ] = × (7)

4.5.6. Microsomal Stability. HLMs were used to determine
microsomal stability using the cosolvent method. For this purpose,
905 μL of 0.1 M potassium phosphate buffer pH 7.4 and 25 μL of
20 mg/mL pooled (from 150 donors) HLMs (Corning, New York,
USA) were added and gently inverted for mixing. 10 μL of a 100
μM working solution for 4d, 4m, and the control compound
propranolol in acetonitrile/DMSO 80/20 (v/v) was added and
gently inverted for three times. 47 μL of this mix was aliquoted into
three reaction tubes per time point. To start the reaction, 3 μL of a
freshly prepared mix of 125 μL NADPH Regenerating System
Solution A and 25 μL NADPH Regenerating System Solution B
(Corning, New York, USA) was added. The tubes were incubated at
37 °C and 300 rpm, and reactions were stopped at the time points
0, 15, 30, 45, and 60 min by adding 150 μL of ice-cold acetonitrile
(containing 100 ng/mL of the internal standards). Each sample was

directly vortexed and placed on ice. Following, samples were
centrifuged at 13,200g for 10 min, and the supernatant was diluted
1:10 with acetonitrile/water 50/50 (v/v). A negative control (no
HLMs) and a blank (no analytes) were used as controls besides
propranolol. First-order kinetics was used to calculate half-life (t1/2)
and intrinsic clearance (Clint) (eqs 8 and 9).

Calculation of half-life (t1/2). ke: elimination rate constant.

t
k
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e
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Calculation of intrinsic clearance. t1/2: half-life.
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The elimination rate constant (ke) was determined as the negative
slope of the plotted natural logarithm of the test compound peak
area ratio versus time.

To correct for nonspecific binding in the HLM incubation,
plasma protein binding of 4d and 4m to HLMs was determined by
equilibrium dialysis. The procedure was conducted as described
above, replacing plasma by a 0.5 mg/mL HLM mixture (no
NADPH). The unbound intrinsic clearance, which is solely
influenced by the activity of metabolizing enzymes, was calculated
(eq 10).

Calculation of unbound intrinsic clearance. Clint: intrinsic
clearance and f umic: unbound fraction microsomal incubation.
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4.5.7. In Vitro−In Vivo Extrapolation of Hepatic Clearance. The
in vivo hepatic clearance of 4d and 4m was estimated using the in
vitro determined KB/P, unbound intrinsic clearance, and plasma
protein binding at 50 nM according to eq 11. A hepatic blood flow
of 1500 mL/min was used for calculation, displaying the normal
value in the healthy male.92 In addition, the hepatic extraction ratio
was calculated according to eq 12. Drugs with an extraction ratio
<0.3 were classified as low hepatic extraction drugs, 0.3−0.7 as
intermediate hepatic extraction drugs, and >0.7 as high hepatic
extraction drugs.

Calculation of hepatic clearance. ClH: hepatic clearance, Clint,u:
unbound intrinsic clearance, f u: fraction unbound in plasma, KB/P,
blood-to-plasma ratio, and QH: hepatic blood flow.
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Calculation of the hepatic extraction ratio (EH). ClH: hepatic
clearance and QH: hepatic blood flow.
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4.5.7.1. Preclinical Pharmacokinetic Study and Assessment.
The pharmacokinetics of 4d were assessed (by Pharmacelsus
GmbH) following a single intraperitoneal dose (10 mg/kg) in
C57BL/6 mice. Blood samples were collected from the tail vein of
C57BL/6 mice at 0.25, 0.5, 1, 2, 4, 7, and 24 h post dose. The
pharmacokinetic parameters were calculated based on the concen-
tration time profiles of three mice using a standard NCA method.
The maximum concentration (Cmax) and the time to reach Cmax
(tmax) were directly acquired from the concentration−time curves.
The apparent elimination half-life (t1/2) was calculated as 0.693/λz,
where λz was the elimination rate constant calculated by linear
regression of the terminal linear portion of the ln-concentration−
time curve. The area under the plasma concentration−time curve
(AUC) from time 0 to the last time point (AUClast) was calculated
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using the linear trapezoidal rule method. The AUC from 0 to
infinity (AUCinf) was calculated as AUClast + Ct/λz, where Ct is the
last measurable concentration. Oral clearance (CL/F) was calculated
as dose/AUCinf, and apparent volume of distribution (Vd/F) was
obtained by dividing CL/F by λz.

4.5.7.2. Animal Experiment. The periclinal animal experiments
were conducted to evaluate the therapeutic efficacy of 4d on two in
vivo leukemic mouse models encompassing cell line -derived
xenograft (CDX) and mouse tumor allografts.

A CDX model was constructed by transplanting MV4-11 (DSMZ,
no. ACC 102), a human AML cell line, into immunodeficient mice.
MV4-11 cells were maintained in RPMI 1640 medium supple-
mented with 20% FBS. Luc-GFP-expressing MV4-11 cells were
generated by lentiviral transduction with the luciferase reporter
gene.93 MV4-11 cells were maintained in RPMI 1640 medium
supplemented with 20% FBS. MV4-11 GFP-Luc (0.5 × 106) cells
were intravenously injected into 6 to 8 weeks old immunodeficient
NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, Jackson labora-
tory). Engraftments of the leukemia cells was verified by the in vivo
imaging system (IVIS Spectrum In Vivo Imaging System,
PerkinElmer) 14 days after injection. The leukemia bearing mice
were randomly divided to two treatment groups (4 mice/group),
vehicle control (10% DMSO+ 18% PEG300 + 5% TWEEN 20+ 68%
dH2O), and compound 4d (10 mg/kg). Starting from day 16, a
total of 8 daily doses were administered through intraperitoneal
(i.p.) injections.

A murine cell line-derived syngeneic model was constructed by
transplanting C1498 (ATCC, TIB-49), an AML cell line that
originated from a female C57BL/6 mouse, into immunocompetent
mice.70 C1498 cells were maintained in RPMI 1640 medium
supplemented with 20% FBS. Luc-GFP-expressing C1498 cells were
generated according to methods described above. C1498 GFP-Luc
(0.5 × 106) cells were intravenously injected into 6 weeks old male
C57BL/6J mice (Janvier). Verification of leukemic engraftments was
done with IVIS imaging 5 days after tumor inoculation. The tumor-
bearing mice were randomly divided into three treatment groups (4
mice/group), namely vehicle control, vorinostat (HDACi) (20 mg/
kg), and compound 4d (20 mg/kg). From day 6 to 10, daily
treatments were administered i.p. for 5 consecutive days, followed
by an IVIS imaging on day 11 and another successive 5 day
treatment course. Body weight from each mouse was recorded every
day. Treatment efficacy and tumor progression were monitored by
means of IVIS and quantification of ROI values (radiance, p/s/cm2/
sr). The animal experiments were conducted in accordance with the
regulatory guidelines of the official committee at LANUV, under the
authorization of the animal research institute (ZETT) at the
Heinrich Heine University Düsseldorf.

4.5.7.3. Flow Cytometry. In order to investigate changes in
intracellular expression levels of histone 3 acetylation upon
compound 4d treatment, C1498 tumor-bearing C57B6/LJ mice
were treated with vehicle or 4d (20 mg/kg). For preparation of
mice liver cells, liver tissue of vehicle or 4d (20 mg/kg) treated mice
were excised 12 h post treatment administration. The liver cells were
isolated by smashing and filtering the liver tissue through a 40 μm
cell strainer filter (Greiner cat. no. 542040). Erythrocyte lysis was
performed by washing the cells once in ammonium chloride isotonic
buffer. The liver cells acquired from both vehicle control or 4d
treated mice were harvested and fixed with fixation/permeabilization
concentrate (Invitrogen cat. no. 00-5123-43) for 30 min at room
temperature in the dark and were washed with permeabilization
buffer (Invitrogen cat. no. 00-8333-56). Afterward, the cells were
stained with Acetyl-Histone H3 (Lys9) antibody (Cell signaling, cat.
no. 9649) for 3 h at room temperature in the dark. After incubation,
the cells were washed again with the permeabilization buffer and
stained with the 1:300 diluted Cyanine3 Donkey antirabbit IgG
antibody (BioLegend, cat. no. 406402), and were then suspended in
FACS buffer (PBS, 1% FCS, 5 mM EDTA) for flow cytometric
analysis. Flow cytometry was performed by utilizing the Beckman
Coulter CytoFLEX Cytometer, and the results were analyzed with
FlowJo software.
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■ ABBREVIATIONS
AML, acute myeloid leukemia; AUCinf, area under the curve
from 0 to infinity; AUClast, area under the curve from 0 to
the time of the last quantifiable concentration; BCP-ALL, B
cell precursor acute lymphoblastic leukemia; BSA, bovine
serum albumin; CE, collision energy; CL/F, apparent total
body clearance following extravascular administration; Cmax
(ng/mL), maximum observed concentration; CML, chronic
myeloid leukemia; dDSS, differential DSS; DSMZ, german
collection of microorganisms and cell culture; DSS, drug
sensitivity scores; ESI, electrospray ionization; FBS, fetal
bovine serum; HAT, histone acetyltransferases; HBTU, O-
(benzotrialzol-1-yl)-N, N,N′,N′,-tetramethyluroniumhexafluor-
ophosphat; HDAC, histone deacetylases; HDACi, HDAC
inhibitors; HLM, human liver microsomes; HRMS, high-
resolution mass spectra; HSCs, hematopoietic stem cells;
HTDS, high throughput drug screening; Hz, Hertz; KB/P,
blood-to-plasma ratio; mp, melting points; MRM, multiple
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reaction monitoring; PDX, patient-derived xenograft; ppm,
parts per million; t1/2, Terminal elimination half-life or
apparent terminal elimination half-life; T-ALL, T cell acute
lymphoblastic leukemia; TBST, tris buffered saline with
Tween; TFA, trifluoroacetic acid; TL, Tube lens; TLC, thin-
layer chromatography; tmax (h), time to reach the maximum
concentration; Vz/F, apparent volume of distribution
following extravascular administration; Λz, first order terminal
elimination rate constant; ZIP, zero interaction potency
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