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Abstract 22 

In this study, a series of novel HDAC inhibitors, using 23 

1,2,4-oxadiazole-containing as the cap group, were synthesized and evaluated in vitro. 24 

Compound 14b, 25 

N-hydroxy-2-(methyl((3-(1-(4-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)meth26 

yl)amino)pyrimidine-5-carboxamide, displayed the most potent histone deacetylase 27 

(HDAC) inhibition, especially against HDAC1, 2, and 3 with IC50 values of 1.8, 3.6 28 

and 3.0 nM, respectively. In vitro antiproliferative studies confirmed that 14b was 29 

more potent than SAHA, with IC50 values against 12 types of cancer cell lines ranging 30 

from 9.8 to 44.9 nM. The results of Western blot assays showed that compound 14b 31 

can significantly up-regulate the acetylation of the biomarker his-H3 and molecular 32 

docking analyses revealed the mode of action of compound 14b against HDAC1. The 33 

results of flow-cytometry analysis suggested that compound 14b induces cell cycle 34 

arrest at the G1 phase and has apoptotic effects. Further investigation of the activity of 35 

14b on the primary cells of three patients, showed IC50 values of 21.3, 61.1, and 77.4 36 

nM. More importantly, an oral bioavailability of up to 53.52% was observed for 14b. 37 

An in vivo pharmacodynamic evaluation demonstrated that compound 14b can 38 

significantly inhibit tumor growth in a Daudi Burkitt's lymphoma xenograft model, 39 

with tumor inhibition rates of 53.8 and 46.1% observed at 20 and 10 mg/kg when 40 

administered p.o. and i.v., respectively. These results indicate that compound 14b may 41 

be a suitable lead for further evaluation and development as an HDAC inhibitor and a  42 

potent anticancer agent. 43 

 44 

Keywords: HDAC; 1,2,4-oxadiazole; antiproliferative; anticancer. 45 

 46 
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Introduction 47 

Histone deacetylases (HDACs) are responsible for the deacetylation of lysine 48 

residues in histone or non-histone substrates,[1, 2] the epigenetic targeting of which 49 

has shown clinical benefits, especially for the treatment of cancer.[3] To date, 18 50 

HDAC isoforms have been identified that are classified in four groups: classes I 51 

(HDAC1, 2, 3, and 8); II (HDAC4, 5, 6, 7, 9, and 10); III (SIRT1-7); and IV 52 

(HDAC11), depending on their sequence similarity, cellular localization, tissue 53 

expression patterns, and enzymatic mechanism.[4, 5] HDAC inhibitors can mediate 54 

cancer cell death by promoting reduced cell motility/migration, invasion, 55 

angiogenesis, proliferation, induction of apoptosis, and inhibition of DNA repair.[6-9] 56 

Currently, five HDAC inhibitors, vorinostat (SAHA),[10] romidepsin (FK-228),[11] 57 

belinostat (PXD-101),[12] panobinostat (LBH589),[13] and chidamide, have been 58 

approved for the treatment of cutaneous T-cell lymphoma (CTCL), peripheral T cell 59 

lymphoma (PTCL), or multiple myeloma (MM).[14] In addition, many inhibitors are 60 

currently in clinical trials for the treatment of hematological and/or solid tumors.[15] 61 

However, these drugs still have a number of problems. For instance, LBH589 has a 62 

“Highlights of prescribing information” boxed warning due to severe diarrhea 63 

occurring in 25% of LBH589-treated patients, with severe and fatal cardiac ischemic 64 

events, severe arrhythmias, and ECG changes also having occurred in patients 65 

receiving LBH589 treatment.[16] Due to decades of synthetic efforts, more than 66 

twenty candidates have entered clinical trials for a variety of disease treatments.[17] 67 

Although the use of unselective HDAC inhibitors outside of oncology is limited due 68 

to their side effects,[18-20] the benefit of isoform- or class-selective HDAC inhibitors 69 

in cancer therapy is still under debate. To date, there is no clear clinical evidence that 70 

isoform-selective HDAC inhibitors have sufficient efficacy while causing fewer 71 

adverse effects.[18-20] However, it is particularly important to develop a novel 72 

HDAC inhibitors with lower toxic side effects and better efficacy for cancer therapy. 73 
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 74 

Figure 1. Licensed HDAC inhibitors 75 

 76 

The pharmacophore models of most HDAC inhibitors always have three parts: a 77 

cap group used as a selective vector, a ZBG group to bind with the Zn2+ ion, and a 78 

linker region that traditionally allows the ZBG group stretch into the catalytic binding 79 

zone.[21-23] To date, modifications of the cap have been introduced that cause 80 

changes in HDAC potency and selectivity profiles.[24-29] In our previous study, we 81 

designed and synthesized a series of selective HDAC inhibitors by introducing 82 

different heterocyclic groups as the cap group, such as purine and quinoline 83 

groups.[30-32] Importantly, in 2014, Prof Antonello Mai et al reported a type of 84 

1,3,4-oxadiazole-containing HDAC inhibitors with micromole antiproliferative 85 

activities against a panel of cancer cell lines.[33] Guided by the results of previous 86 

studies and available X-ray crystal structures[34, 35] or homology models generated 87 

by our lab[31], in this study, we describe the synthesis, biological evaluation, and 88 

modeling studies of a series of novel HDAC inhibitors that use 89 

1,2,4-oxadiazole-containing derivatives as a cap group and exhibit nanomole 90 

antiproliferative activities and remarkable bioavailability as potent anticancer agents. 91 

 92 

2. Results and Discussion 93 

2.1 Chemistry 94 

The synthetic route is presented in Scheme 1-3. t-Butyl 95 
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4-cyanopiperidine-1-carboxylate (1) was first reacted with hydroxylamine 96 

hydrochloride to generate compound 2. Then, compound 2 and chloroacetyl chloride 97 

was reacted in the presence of triethylamine at room temperature, and without further 98 

purification, the crude compound was heated in 1,4-dioxane under reflux to obtain the 99 

intermediate compound 3. The linker group was introduced by coupling compound 3 100 

with methyl 4-hydroxycinnamate to obtain compound 4, which was further 101 

de-protected of the Boc group to yield compound 5. Subsequently, we used different 102 

R-Cl or R-Br compounds to react with compound 5 to obtain compounds 6, which 103 

were directly converted to hydroxamic acid compounds 7 with NH2OH. 104 

 105 

 106 

Scheme 1. Reagents and conditions: (a) H2NOH·HCl, NaHCO3, EtOH/H2O (v/v, 5/1), 107 

reflux, overnight; (b) ClCH2COCl, TEA, CH2Cl2, 0 oC to rt, 2 h; Dioxane, reflux, 2 h; 108 

(c) Methyl 4-hydroxycinnamate, CsCO3, KI, MeCN, reflux, overnight; (d) CF3COOH, 109 

CH2Cl2, rt, 4 h; (e) R-Cl or R-Br, K2CO3, KI, MeCN, rt, 4 h; (f) NH2OH, NaOH, 110 

MeOH/CH2Cl2 (v/v, 2/1), rt, 2 h. 111 

 112 

To evaluate the influence of linker groups on HDAC inhibition, we also 113 

synthesized a series of compounds using different commercially available compounds 114 
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that were reacted with the intermediate compound 3. The resulting compounds 8 were 115 

further treated as previous described in Scheme 1 to yield compounds 9 (Scheme 2). 116 

 117 

 118 

Scheme 2. Reagents and conditions: (a) CsCO3, KI, MeCN, reflux, overnight; (b) i. 119 

CF3COOH, CH2Cl2, rt, 4 h; ii. R-Cl or R-Br, K2CO3, KI, MeCN, rt, 4 h; iii NH2OH, 120 

NaOH, MeOH/CH2Cl2 (v/v, 2/1), rt, 2 h. 121 

 122 

For the pyrimidine structure used as the linker region, compounds 13a-13b and 123 

14a-14j were synthesized to modify the SAR (Scheme 2). Compound 10 was 124 

synthesized by reacting compound 3 with methylamine, after which compound 10 125 

was coupled with ethyl-2-chloropyrimidine-5-carboxylate and ethyl 126 

(E)-3-(2-chloropyrimidin-5-yl)acrylate to yield compounds 11 and 12, respectively. 127 

Subsequently, compounds 11 and 12 were treated as described in Scheme 1 to yield 128 

compounds 13a-13b and 14a-14j, respectively. 129 

 130 

131 

 132 

Scheme 3. Reagents and conditions: (a) Methylamine, EtOH, rt, 2 h; (b) DIPEA, 133 

MeOH, rt, 8 h; (c) i. CF3COOH, CH2Cl2, rt, 4 h; ii. BnBr, K2CO3, KI, MeCN, rt, 4 h; 134 

iii NH 2OH, NaOH, MeOH/CH2Cl2 (v/v, 2/1), rt, 2 h. 135 
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 136 

2.2 Evaluation of the vitro activities evaluation of synthesized compounds 137 

The synthesized compounds were initially evaluated for their inhibitory activities 138 

toward HDAC1 and HDAC6 at a concentration of 100 nM, the results of which are 139 

presented in Tables 1, 2 and 3. As shown in Table 1, at 100 nM, compounds 7a-7p all 140 

caused less than 50% inhibition of HDAC1, whereas more than 50% inhibition of 141 

HDAC6 was observed. Compound 7a, which had an n-propyl chain introduced into 142 

the cap group, showed 40 and 69% inhibition of HDAC1 and HDAC6 at 100 nM 143 

respectively. However, the introduction of an unsaturated alkyl chain allyl group in 144 

compoudn 7b caused a decrease in HDAC inhibition. Since the cap group promotes 145 

the ability of compounds to achieve selective inhibition of HDACs, a series 146 

substituted benzyl group were introduced. Compound 7c displayed 71% inhibition of 147 

HDAC6 at 100 nM, whereas the inhibition of HDAC1 remained unchanged. When 148 

introducing substituted groups to the benzyl group, the inhibitory activities showed 149 

para- > meta- > ortho-position trend, such as compounds 7f>7e>7d, in which a 150 

methyl groups were introduced, and 7i>7h>7g, in which fluorine atoms were 151 

introduced. These results confirmed that para-position substitutions in these 152 

compouds could increase their inhibition of HDAC1 and HDAC6. When 153 

di-substituted benzyl groups were introduced, the ortho- and para- position-substituted 154 

compound 7j was more effective than the meta- and para- position-substituted 155 

compound 7k, with 35 and 17% inhibition of  HDAC1 and 74 and 60% inhibition of 156 

HDAC6 observed, respectively. In contrast with compounds 7g and 7i, introducing 157 

the larger halogen chlorine (compound 7l) and bromine atom (compound 7m) caused 158 

significant decreases in HDAC inhibition. Compounds 7o and 7p, which had 159 

electron-withdrawing groups introduced, showed a reduction in HDAC1 and HDAC6 160 

inhibition.  161 
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Table 1. Inhibition of HDAC1 and HDAC6 by compounds 7a-7p (100 nM).a 162 

 163 

Compounds R 
% Inhibition 

Compounds R 
% Inhibition 

HDAC1 HDAC6 HDAC1 HDAC6 

7a Propyl 40 69 7i 4-F-Bn 38 75 

7b Allyl 34 66 7j 2,4-difluoro-Bn 35 74 

7c Bn 35 71 7k 3,4-difluoro-Bn 17 60 

7d 2-Me-Bn 14 68 7l 2-Cl-Bn 8 59 

7e 3-Me-Bn 25 73 7m 4-Br-Bn 6 58 

7f 4-Me-Bn 32 76 7n 4-MeO-Bn 36 75 

7g 2-F-Bn 31 68 7o 2-CN-Bn 36 65 

7h 3-F-Bn 35 73 7p 2-NO2-Bn 19 63 
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a Values are the averages of at least two independent experiments, SD < 10%. 164 
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To evaluate the influence of the linker group, the synthesized compounds 9a-9f 165 

(100 nM) were also assessed for their ability to inhibit HDAC1 and HDAC6. As 166 

shown in Table 2, when the ethylene linkage was replaced by a saturated alkyl chain 167 

(compounds 9a and 9b) their inhibitory activities were significantly decreased, in 168 

contrast with the activities of compounds 7a and 7b, which have the same cap groups. 169 

The inhibitory activities of compounds 9c and 9d, in which benzyl groups were 170 

introduced to the cap groups, showed the same trends. The inhibitory activities of the 171 

compounds were significantly decreased, introducing benzyl groups to the cap groups 172 

was more favorable with respect to the inhibition of HDAC1 and HDAC6. The 173 

inhibitory activities of 9e and 9f were effectively increased with the decrease in 174 

carbon chain length. Taken together, these results suggest that the linker group is 175 

important for the inhibition of HDACs. 176 

Table 2. Inhibition of HDAC1 and HDAC6 by compounds 9a-9f (100 nM).a 177 

 178 

compounds R n 
% inhibitory at 100 nM 

HDAC1 HDAC6 

9a Propyl 2 5 13 

9b Allyl 2 4 15 

9c Bn 2 11 22 

9d 4-Me-Bn 2 12 28 

9e Bn 1 18 35 
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9f Bn 0 29 66 

a Values are the averages of at least two independent experiments, SD < 10%. 179 

Based on the SAR analysis, the synthesized compounds 13a-13b and 14a-14j, 180 

which had pyrimidine introduced into the linker region, were evaluated for their 181 

inhibitory activities toward HDAC1 and HDAC6 at concentrations at 100 nM and for 182 

their antiproliferative activities toward the Raji cell line, the results of which are 183 

presented in Table 3. In contrast with compounds 7c and 7f, which have vinyl groups 184 

in their linker regions, the inhibitory activities of compounds 13a and 13b toward 185 

HDAC1 were significantly improved, by 65% and 61% respectively. When the vinyl 186 

group was removed, compounds 14a and 14b showed increased inhibitory activities 187 

toward HDAC1 at 100 nM, both 96%, and the antiproliferative IC50 values toward B 188 

cell lymphoma Raji cell line were 27.6 and 12.1 nM, respectively. Based on this result, 189 

we further explored the effect of different substituted benzyl groups on the HDAC 190 

inhibitory activity. The inhibition of HDAC1 and HDAC6 as well as the 191 

antiproliferative activity of compound 14c was reduced after shifting the methyl 192 

substitution to the meta position. Compounds 14d and 14e exhibit a similar SAR, with 193 

the F atom being the better substitution. A comparison of the activities of compounds 194 

14f and 14d shows that the Cl substitution is better than F, but when F and Cl are 195 

simultaneously introduced into the molecule, the biological activity of 14j was 196 

significantly reduced. When a 2,4-difluoro substitution was introduced, compound 14i 197 

exhibited better antiproliferative activity, with an IC50 value 34.3 nM, although its 198 

activity against HDAC1 and HDAC6 decreased. When the electron-withdrawing 199 

groups CN (14g) or CF3 (14h) were introduced in the para position, the HDAC 200 

inhibition and antiproliferative activities decreased. Based on the results of the SAR 201 

analysis, compound 14b was selected as a seed compound for further research. 202 

Table 3. Inhibition of HDAC1 and HDAC6 and antiproliferative activity toward the 203 

Raji cell line of compounds 13a-13b and 14a-14j (100 nM).a 204 
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 205 

Compounds R % Inhibition  Raji 

HDAC1 HDAC6 IC 50 (nM) 

13a H 65 55 547.3 ± 121.8 

13b 4-Me 61 60 292.5 ± 79.4 

14a H 96 63 27.6 ± 3.8 

14b 4-Me 96 71 12.1 ± 1.9 

14c 3-Me 93 54 47.3 ± 3.1 

14d 2-F 84 44 98.6 ± 8.6 

14e 4-F 92 65 22.0 ± 3.2 

14f 2-Cl 93 55 48.3 ± 5.7 

14g 4-CN 68 38 116.6 ± 10.9 

14h 4-CF3 62 30 207 ± 32.3 

14i 2,4-F 88 66 34.3 ± 2.8 

14j 2-Cl-4-F 73 49 115.7 ± 15.7 

a Values are the averages of at least two independent experiments, SD < 10%. 206 

2.3 Compound 14b inhibitory activity toward HDAC1-11 207 

Compound 14b was further evaluated for its activity toward the other HDAC 208 

isoforms, the results of which are summarized in Table 4. Compound 14b was 209 

effective toward class I HDAC1, 2, and 3, with IC50 values of 1.8, 3.6, and 3.0 nM 210 

respectively, which were more effective than SAHA. In contrast, the activity of 211 

compound 14b toward class II and IV HDACs were relatively lower, especially 212 

toward HDAC11, with an observed IC50 value of more than 10 µM. 213 

 214 

Table 4. HDAC inhibitory activity of compound 14b 215 

Isoform IC 50
a (nM) 
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14b SAHA 

Class I HDAC1 1.8 ± 0.2 20 ± 6 

HDAC2 3.6 ± 0.3 29 ± 4 

HDAC3 3.0 ± 0.8 33 ± 2 

HDAC8 260 ± 40 682 ± 87 

Class IIa HDAC4 473 ± 30 >10000 

HDAC5 540 ± 12 >10000 

HDAC7 392 ± 18 >10000 

HDAC9 441 ± 21 >10000 

Class IIb HDAC6 56 ± 1 27 ± 2 

HDAC10 102 ± 8 208 ± 19 

Class IV HDAC11 >10000 >10000 

a: Compounds were tested in the 10-dose IC50 mode in duplicate with 3-fold serial 216 

dilutions starting at 10 µM. The IC50 values are the means of at least two experiments. 217 

 218 

2.4 In vitro antiproliferative activity of 14b toward multiple tumor cell lines 219 

To evaluate the antiproliferative activity of compound 14b, the IC50 values 220 

toward 12 tumor cell lines were measured, including solid tumors (colon cancer 221 

HCT116, ovarian cancer A2780s, SKOV3, breast cancer MCF-7, MDA-MB-231, and 222 

liver cancer HepG2 cells) and hematological tumor (multiple myeloma ARD, MM1S, 223 

RPMI-8226, B cell lymphoma Raji, Jeko-1, and Ramos cells), by MTT, with SAHA 224 

used as the positive control. As presented in Table 5, compound 14b possessed more 225 

potent inhibitory activity than SAHA. The IC50 values of compound 14b ranged from 226 

9.8 to 44.9 nM, whereas SAHA was weakly active toward the tumor cell lines, with 227 

IC50s > 500 nM. Remarkably, compound 14b was equally effective toward the solid 228 

and hematological tumor cell lines, whereas the traditional HDAC inhibitors such as 229 

SAHA are only effective toward hematological tumors. Those results confirmed that 230 

compound 14b is a potent antitumor agent that could be used to treat solid tumors. 231 

To determine the antiproliferative efficacy of 14b toward primary cells, we 232 
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obtained PB blasts from three AML patients (Supplementary Table S1) and evaluated 233 

the antiproliferative activity of 14b toward these cells. Compound 14b effectively 234 

inhibited cell proliferation, with IC50 values of 21.2, 77.4, and 61.13 nM observed. 235 

These results prompted us to further study compound 14b. 236 

 237 

Table 5. The activity of compound 14b against various human tumor cell lines and 238 

three primary AML cell lines. 239 

Tumor type Cell line 
IC50 ± SDa (nM) 

14b SAHA 

Colon HCT116 16.0 ± 3.3 720.0 ± 45.3 

Ovarian A2780s 40.0 ± 19.5 5541.0 ± 833.0 

 SKOV3 20.5 ± 5.4 1130.0 ± 236.5 

Breast MCF-7 14.4 ± 3.5 637.2 ± 56.4 

 MDA-MB-231 25.6 ± 4.2 1710.0 ± 230.8 

Liver HepG2 13.0 ± 28 514.5 ± 93.1 

Multiple myeloma ARD 44.9 ± 1.8 630.1 ± 177.5 

 MM1S 9.8 ± 1.1 590.3 ± 125.4 

 RPMI-8226 15.6 ± 4.4 585.8 ± 116.5 

B cell lymphoma Raji 12.1 ± 1.9 867.4 ± 105.9 

 Jeko-1 7.2 ± 1.7 638.6 ± 137.4 

 Ramos 17.8 ± 0.5 514.6 ± 66.0 

Primary AML 

cells 

Patient #1 21.2 ± 3.4 ND 

Patient #1 77.4 ± 8.2 ND 

Patient #1 61.13 ± 13.7 ND 

a: IC50 = concentration of the compound required to inhibit tumor cell proliferation by 240 

50%. The data are expressed as the means ± SD from the dose-response curves of at 241 

least three independent experiments. ND: Not determined. 242 

 243 

2.5 Upregulation of the acetylation of the histone H3 and α-tubulin. 244 
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Upregulation of the acetylation of histone H3 (substrate for HDAC 1, 2 and 3) 245 

and α-tubulin (substrate for HDAC6) are biomarkers of HDAC inhibition. To 246 

investigate the ability of compound 14b in this context, western blot analysis of 247 

α-tubulin and histone H3 acetylation in the MM1S cell line after 6 h of treatment with 248 

compound 14b or SAHA at 40, 200, 1000, and 5000 nM was performed, the results of 249 

which are shown in Figure 2. Compound 14b could induce the formation of Ac-H3 250 

and Ac-α-tubulin in a concentration-dependent manner, in agreement with the effects 251 

of SAHA. Notably, compound 14b could significantly upregulate the acetylation of 252 

histone H3 at 40 nM, whereas the acetylation level of α-tubulin could only be 253 

increased at high concentrations. This result confirmed the compound 14b is an 254 

effective HDAC inhibitor. 255 

 256 

Figure 2. Western blot analysis of α-tubulin and histone H3 in the MM1S cell line 257 

after 6 h of treatment with compound 14b or SAHA at 40, 200, 1000, and 5000 nM. 258 

GAPDH was used as a loading control. 259 

 260 
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2.6 Cell cycle and apoptotic induction assay 261 

Previous studies have shown that the class I HDAC inhibitors promote the 262 

induction of apoptosis, cell differentiation, and cell growth arrest. We further 263 

evaluated compound 14b for its ability effect on cell cycle arrest and the induction of 264 

apoptosis in B cell lymphoma Jeko-1 cells. The assays were performed at four 265 

different doses (0, 10, 100 and 1000 nM) for 24 and 48 h, the results of which are 266 

summarized in Figure 3. Consistent with previous reports, compound 14b induced 267 

G1 cell cycle arrest in Jeko-1 cells after 24 h treatment in a dose-dependent manner 268 

(Figure 3A and 3B). In addition, after 48 h of treatment, 14b displayed a clear 269 

dose-dependent apoptotic effect in Jeko-1 cells, with the percentages of apoptosis 270 

cells increasing from 6.41 up to 73.1% (Figure 3C and 3D). Thus, compound 14b can 271 

block tumor cells in the G1-phase and induce tumor cell apoptosis in a 272 

dose-dependent manner. 273 

 274 

 275 

Figure 3. (A) and (B) Jeko-1 cells were cultured with 14b (0, 10, 100, and 1000 nM) 276 

for 24 h and the cell cycle distribution of these cells was analyzed. (C) and (D) Jeko-1 277 

cells were cultured with 14b (0, 10, 100, and 1000 nM) for 48 h, and the cell 278 

apoptosis induction of these cells was analyzed. 279 

 280 

2.7 Molecular docking 281 

To identify potential interactions, compound 14b was docked into a crystal 282 
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structure of HDAC1 (PDB code 4BKX) [36] using a previously reported method [30, 283 

32, 37, 38]. In the predicted docking pose (shown in Figure 4), the hydroxyl group of 284 

the hydroxamic tail transferred a proton to a neighboring basic residue and formed a 285 

penta-coordination bond to a catalytic Zn2+ ion with the carbonyl group of the 286 

hydroxamic tail, that involved residues, His178, Asp264, and Asp176. Simultaneously, 287 

the NH of hydroxamic tail formed a hydrogen bond with the Gly149 residue. In the 288 

linker region, the pyrimidine and methyl groups were formed three weak hydrogen 289 

bonds with Gly149 and Asp99, with Asp99 also forming a pi-anion interaction with 290 

1,2,4-oxadiazole. The piperidine ring allows the toluene ring to occupy a hydrophobic 291 

pocket on the surface of the HDAC1 protein. In addition to this hydrophobic 292 

interaction, the toluene formed a pi-donor hydrogen bonding interaction with His28, 293 

while there is no such interaction in the docking simulation result of HDAC6 with 294 

14b (Supplementary Figure S1). This result may explain the observed difference in 295 

activity of compound 14b for HDAC1 over HDAC6. Therefore, these interactions 296 

appeared to enhance the binding affinity of 14b for HDAC1. 297 

 298 

 299 

 300 

Figure 4. The binding models of 14b in HDAC1 crystal structure (PDB code 4BKX). 301 

 302 

2.8 Pharmacokinetic studies 303 

HDAC inhibitors are well known to be limited by their low bioavailability, 304 

which limits the administration of these compounds. To investigate the bioavailability 305 

of compound 14b, it was administered to SD rats at 5 mg/kg both intravenously (i.v.) 306 

and orally (p.o.), with blood samples subsequently analyzed for the concentration of 307 
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14b using an LC-MS/MS system. As shown in Table 6, the oral bioavailability of 14b 308 

was excellent in rats, up to 53.52%, suggesting that 14b is suitable both for i.v. and 309 

p.o. dosing as a potent anticancer agent. 310 

 311 

Table 6. Pharmacokinetic parameters tested in vivo 312 

Route 14b 

i.v. p.o. 

Na 6 6 

Dose (mg/kg) 5 5 

Cl (Lh -1kg-1)b 11.87 22.31 

Vss (L/kg)c 6.33 29.13 

AUC0-t (µg/L*h) d 433.26 231.89 

Cmax (µg/L)e 954.91 240.96 

T1/2 (h)f 0.39 1.01 

F (%)g 53.52 

a: Numbers of rats. b: Systemic clearance. c: Volume of distribution following 313 

intravenous dosing. d: Area under the curve following intravenous dosing, integrated 314 

drug concentration with respect to time and integrated drug concentration with respect 315 

to time following oral dosing. e: Maximum plasma concentration following 316 

intravenous dosing. f: Plasma half-life. g: Percent of bioavailability. 317 

 318 

2.9 Antitumor activity in a Daudi xenograft model. 319 

To determine the antitumor potency of compound 14b, we established a Burkitt's 320 

lymphoma Daudi xenograft model. Compound 14b was administrated three times 321 

over the cours of a week (10 mg/kg i.v. and 20 mg/kg p.o.). After the experiment was 322 

completed, the organ tissues and tumors of the experimental animals were collected, 323 

and the safety and effectiveness of compound 14b were evaluated by H&E staining 324 

and immunohistochemistry analysis. As shown in Figure 5A and 5B, 14b promoted a 325 

remarkable reduction in tumor growth, with 46.1% (10 mg/kg, i.v.) and 53.8% (20 326 
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mg/kg, p.o.) TGI observed. It is worth noting that oral administration had a better 327 

effect than intravenous administration, which may be related to a higher 328 

bioavailability of compound 14b. Immunohistochemical analysis showed that 329 

compared with the control group, the administration group exhibited significantly 330 

increased expression of Ac-H4 in tumor tissues, inhibited the proliferation of tumor 331 

cells, and caused DNA damage of tumor cells, with the oral administration group 332 

being more effective than the intravenous group. In addition, all treated groups did not 333 

exhibit obvious abnormal behavior or significant toxic side effects, and H&E staining 334 

of organ tissues showed that compound 14b did not cause organ damage in 335 

experimental animals (Supplementary Figure S2). These findings suggest that 336 

compound 14b can be used as a potential oral anticancer drug. 337 

 338 

 339 
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Figure 5. Antitumor effect of 14b on the Daudi xenograft model. (A) Changes in 340 

tumor volume. (B) Tumor weight results. (c) H&E and immunohistochemistry results 341 

of tumor tissues. 342 

 343 

3. Conclusion 344 

In summary, in this study we developed a novel series of HDAC inhibitors with 345 

containing 1,2,4-oxadiazole as cap group and hydroxamic acid as ZBG group. The 346 

inhibitory activities of the synthesized compounds on the HDAC1 and 6 isoforms and 347 

a SAR analysis were performed. The most potent compound (14b) displayed optimal 348 

HDAC inhibitory activity, especially toward HDAC1, 2, and 3, with IC50 values 1.8, 349 

3.6 and 3.0 nM, respectively, with the antiproliferative IC50 values ranging from 9.8 to 350 

44.9 nM against 12 diverse cancer cell lines from both hematological and solid tumors. 351 

Importantly, 14b also showed excellent antiproliferative activity against primary AML 352 

cells. The results of western blot analyses indicated that compound 14b can increase 353 

the level of Ac-α-tubulin and Ac-H4 in a concentration-dependent manner, and 354 

molecular docking analysis showed the mode of action of compound 14b with 355 

HDAC1. Further assays confirmed that compound 14b could promote cell cycle arrest 356 

and induce apoptosis, while pharmacokinetic studies showed an up to 53.52% oral 357 

bioavailability of 14b. In vivo pharmacodynamics experiments showed that 358 

compound 14b achieved 46.1 and 53.8% inhibition at 10 and 20 mg/kg when i.v. and 359 

p.o. administered, respectively, with no significant side effects. These results show 360 

that compound 14b represents a new scaffold to target HDAC for novel antitumor 361 

drug discovery. 362 

 363 

4. Experimental section 364 

4.1 Chemistry 365 

All the chemical solvents and reagents, which were analytically pure without 366 

further purification, were commercially available. TLC was performed on 0.20 mm 367 

Silica Gel 60 F254 plates (Qingdao Ocean Chemical Factory, Shandong, China). 368 

Hydrogen nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic 369 
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resonance (13C NMR) spectra were recorded on a Bruker Avance 400 spectrometer 370 

(Bruke Company, Germany) or Varian spectrometer (Varian, Palo Alto, CA). 371 

Chemical shifts are given in ppm relative to tetramethylsilane (TMS) as an internal 372 

standard, where TMS = 0.00 ppm. Mass spectra (MS) were measured by Q-TOF 373 

Priemier mass spectrometer (Micro mass, Manchester, UK). Room temperature (rt) is 374 

within the range 20-25 oC. 375 

 376 

4.1.1. t-Butyl-4-(N'-hydroxycarbamimidoyl)piperidine-1-carboxylate (2)  377 

The t-butyl-4-cyanopiperidine-1-carboxylate 1 (2.0 g, 9.51 mmol) was dissolved 378 

in ethanol (25 mL) and hydroxylamine hydrochloride (0.91 g, 14.27 mmol), water (5 379 

mL) and sodium bicarbonate (1.6 g, 19.02 mmol) were added. The reaction mixture 380 

was stirred 1 h at ambient temperature and then heated overnight at reflux. After 381 

cooling to room temperature, the EtOH was removed in vacuo, and the aqueous layer 382 

was extracted with EtOAc (3 × 60 mL). The organic fractions were combined, washed 383 

with water (3 × 80 mL), then brine, and dried (Na2SO4). Removal of the sovent in 384 

vacuo afforded t-butyl-4-(N'-hydroxycarbamimidoyl)piperidine-1-carboxylate 2. 385 

White solid, yield: 81.3%. 1H NMR (400 MHz, DMSO-d6) δ: 8.79 (s, 1H), 5.31 (s, 386 

2H), 4.01–3.87 (m, 2H), 2.80–2.58 (m, 2H), 2.14 (tt, J = 11.7, 3.5 Hz, 1H), 1.72–1.62 387 

(m, 2H), 1.49–1.40 (m, 2H), 1.39 (s, 9H). MS (ESI), m/z: 244.2 [M + H]+. 388 

 389 

4.1.2. t-Butyl-4-(5-(chloromethyl)-1,2,4-oxadiazol-3-yl)piperidine-1-carboxylate (3)  390 

To a solution of the compound 2 (1.5 g, 6.17 mmol) in dichloromethane (25 mL) 391 

was added triethylamine (1.7 mL, 12.33 mmol) and the mixture was cooled to 0 °C. 392 

Chloroacetyl chloride (0.69 mL, 9.25 mmol) was slowly added dropwise over 5 min. 393 

The reaction was stirred at 0 °C for 10 min and then at room temperature for 2 h. The 394 

solvent was removed under vacuum and then the 1,4-dioxane solution was added and 395 

heated to reflux for 2 h. After completion of the reaction, the solvent was extracted 396 

with EtOAc, washed with water and brine, and dried with anhydrous Na2SO4. Then 397 

the solvent was removed under reduced pressure. The product was purified by Flash 398 

Chromatography eluting with 1/5 EtOAc/PE (petroleum ether) to give the title 399 
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compound 3. Light yellow solid, yield: 79.2%. 1H NMR (400 MHz, DMSO-d6) δ: 400 

5.08 (s, 2H), 3.99–3.88 (m, 2H), 3.06 (tt, J = 11.3, 3.8 Hz, 1H), 2.99–2.85 (m, 2H), 401 

1.97–1.87 (m, 2H), 1.61–1.46 (m, 2H), 1.40 (s, 9H). MS (ESI), m/z: 302.2 [M + H]+. 402 

 403 

4.1.3. 404 

t-Butyl-4-(5-((4-(3-methoxy-3-oxoprop-1-en-1-yl)phenoxy)methyl)-1,2,4-oxadiazol-3405 

-yl)piperidine-1-carboxylate (4) 406 

Preparation of the compound 3 (1 g, 3.31 mmol), methyl 4-hydroxycinnamate 407 

(0.65 g, 3.65 mmol), caesium carbonate (1.62 g, 4.97 mmol) and potassium iodide 408 

(54.8 mg, 0.3 mmol) were dissolved in acetonitrile (20 mL) and heated overnight at 409 

reflux. Reaction mixture was cooled and the solvent removed under vacuum. 410 

Extracted with EtOAc, washed with solution of sodium carbonate (Na2CO3) and brine, 411 

and dried with anhydrous Na2SO4. Then the solvent was removed under reduced 412 

pressure to provide the title compound 4. White solid, yield: 90.2%. 1H NMR (400 413 

MHz, CDCl3) δ: 7.64 (d, J = 16.0 Hz, 1H), 7.50 (d, J = 8.7 Hz, 2H), 7.00 (d, J = 8.8 414 

Hz, 2H), 6.34 (d, J = 16.0 Hz, 1H), 5.29 (s, 2H), 4.21–4.06 (m, 2H), 3.80 (s, 3H), 415 

3.04–2.96 (m, 1H), 2.96–2.87 (m, 2H), 2.06–1.95 (m, 2H), 1.84–1.71 (m, 2H), 1.47 (s, 416 

9H). MS (ESI), m/z: 444.4 [M + H]+. 417 

 418 

4.1.4. 419 

Methyl-3-(4-((3-(piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)acrylate-2,2,2-420 

trifluoroacetate (5) 421 

To a solution of intermediate 4 (1.25 g, 6.3 mmol) dissolved in dichloromethane 422 

(10 mL) was added TFA (2.34 mL) and the solution stirred at room temperature for 4 423 

h. After completion of the reaction, the solvent removed under vacuum afforded an 424 

oily liquid which was added to a diethyl ether solution to precipitate a white solid. 425 

The white solid formed was collected by filtration and dried under vacuum to give the 426 

title compound 5. White solid, yield: 95.1%.1H NMR (400 MHz, DMSO-d6) δ: 8.62 (s, 427 

1H), 8.36 (s, 1H), 7.72 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 16.0 Hz, 1H), 7.09 (d, J = 8.8 428 

Hz, 2H), 6.54 (d, J = 16.0 Hz, 1H), 5.58 (s, 2H), 3.71 (s, 3H), 3.34–3.28 (m, 2H), 429 
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3.27–3.18 (m, 1H), 3.10–2.98 (m, 2H), 2.17–2.05 (m, 2H), 1.91–1.77 (m, 2H). MS 430 

(ESI), m/z: 344.2 [M + H]+. 431 

 432 

4.1.5. General procedure for synthesis of compounds 6a-p 433 

To a solution of the compound 5 (2.27 mmol) in acetonitrile (10 mL) was added 434 

potassium carbonate (4.53 mmol) and potassium iodide (0.2 mmol). Halide (2.49 435 

mmol) was then added to the reaction mixture. The reaction mixture was stirred at 436 

room temperature for 4 h. The solvent removed under vacuum, extracted with EtOAc, 437 

the organic layers were combined, washed with water and brine, dried with MgSO4, 438 

and concentrated in vacuo. Flash chromatography (5% EtOAc/petroleum ether to 30% 439 

EtOAc/petroleum ether) afforded the title compound 6a-p.  440 

 441 

4.1.5.1. 442 

Methyl-3-(4-((3-(1-propylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)acryla443 

te (6a). Pale yellow solid, yield: 83%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J = 444 

16.0 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H), 6.34 (d, J = 16.0 Hz, 445 

1H), 5.28 (s, 2H), 3.80 (s, 3H), 3.05–2.96 (m, 2H), 2.89–2.78 (m, 1H), 2.43–2.31 (m, 446 

2H), 2.19–1.87 (m, 6H), 1.62–1.50 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). 447 

 448 

4.1.5.2. 449 

Methyl-3-(4-((3-(1-allylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)acrylate 450 

(6b). White solid, yield: 87%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J = 16.0 Hz, 451 

1H), 7.49 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H), 6.34 (d, J = 16.0 Hz, 1H), 452 

5.96–5.83 (m, 1H), 5.28 (s, 2H), 5.25–5.15 (m, 2H), 3.80 (s, 3H), 3.10–3.03 (m, 2H), 453 

3.02–2.95 (m, 2H), 2.90–2.79 (m, 1H), 2.25–2.03 (m, 4H), 2.00–1.88 (m, 2H). 454 

 455 

4.1.5.3. 456 

Methyl-3-(4-((3-(1-benzylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)acryla457 

te (6c). White solid, yield: 88%. 1H NMR (400 MHz, DMSO-d6) δ: 7.71 (d, J = 8.8 458 

Hz, 2H), 7.63 (d, J = 16.0 Hz, 1H), 7.35–7.28 (m, 4H), 7.27–7.21 (m, 1H), 7.09 (d, J 459 
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= 8.8 Hz, 2H), 6.54 (d, J = 16.0 Hz, 1H), 5.55 (s, 2H), 3.71 (s, 3H), 3.48 (s, 2H), 460 

2.87–2.75 (m, 3H), 2.14–2.03 (m, 2H), 1.97–1.87 (m, 2H), 1.78–1.61 (m, 2H). MS 461 

(ESI), m/z: 434.19 [M + H]+. 462 

 463 

4.1.5.4. 464 

Methyl-3-(4-((3-(1-(2-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)ph465 

enyl)acrylate (6d). White solid, yield: 88%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J 466 

= 16.0 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H), 7.30–7.26 (m, 1H), 7.23–7.10 (m, 3H), 6.99 467 

(d, J = 8.8 Hz, 2H), 6.33 (d, J = 16.0 Hz, 1H), 5.28 (s, 2H), 3.80 (s, 3H), 3.47 (s, 2H), 468 

2.97–2.90 (m, 2H), 2.88–2.78 (m, 1H), 2.36 (s, 3H), 2.18–2.09 (m, 2H), 2.03–1.95 (m, 469 

2H), 1.94–1.81 (m, 2H). 470 

 471 

4.1.5.5. 472 

Methyl-3-(4-((3-(1-(3-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)ph473 

enyl)acrylate (6e). White solid, yield: 81%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J 474 

= 16.0 Hz, 1H), 7.49 (d, J = 8.6 Hz, 2H), 7.21 (t, J = 7.4 Hz, 1H), 7.16 (s, 1H), 7.12 (d, 475 

J = 7.5 Hz, 1H), 7.07 (d, J = 7.3 Hz, 1H), 6.99 (d, J = 8.6 Hz, 2H), 6.33 (d, J = 16.0 476 

Hz, 1H), 5.28 (s, 2H), 3.80 (s, 3H), 3.51 (s, 2H), 3.01–2.90 (m, 2H), 2.88–2.76 (m, 477 

1H), 2.35 (s, 3H), 2.20–2.07 (m, 2H), 2.03–1.87 (m, 4H). 478 

 479 

4.1.5.6. 480 

Methyl-3-(4-((3-(1-(4-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)ph481 

enyl)acrylate (6f). White solid, yield: 85%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J 482 

= 16.0 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.21 (d, J = 7.8 Hz, 2H), 7.13 (d, J = 7.7 Hz, 483 

2H), 6.99 (d, J = 8.6 Hz, 2H), 6.33 (d, J = 16.0 Hz, 1H), 5.27 (s, 2H), 3.80 (s, 3H), 484 

3.49 (s, 2H), 2.98–2.89 (m, J = 11.4 Hz, 2H), 2.87–2.75 (m, 1H), 2.34 (s, 3H), 2.16–485 

2.06 (m, 2H), 2.03–1.96 (m, 2H), 1.96–1.84 (m, 2H). 486 

 487 

4.1.5.7. 488 

Methyl-3-(4-((3-(1-(2-fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phe489 
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nyl)acrylate (6g). White solid, yield: 76%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J = 490 

16.0 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H), 7.43–7.37 (m, 1H), 7.26–7.20 (m, 1H), 7.13–491 

7.08 (m, 1H), 7.04 (d, J = 8.8 Hz, 1H), 6.99 (d, J = 8.8 Hz, 2H), 6.33 (d, J = 16.0 Hz, 492 

1H), 5.28 (s, 2H), 3.80 (s, 3H), 3.61 (s, 2H), 3.01–2.92 (m, 2H), 2.86–2.77 (m, 1H), 493 

2.23–2.14 (m, 2H), 2.04–1.98 (m, 2H), 1.97–1.88 (m, 2H). 494 

 495 

4.1.5.8. 496 

Methyl-3-(4-((3-(1-(3-fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phe497 

nyl)acrylate (6h). White solid, yield: 80%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J = 498 

16.0 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.32–7.27 (m, 1H), 7.14–7.07 (m, 2H), 7.00 (d, 499 

J = 8.8 Hz, 2H), 6.98–6.90 (m, 1H), 6.33 (d, J = 16.0 Hz, 1H), 5.28 (s, 2H), 3.80 (s, 500 

3H), 3.54 (s, 2H), 2.99–2.79 (m, 3H), 2.27–1.84 (m, 6H). 501 

 502 

4.1.5.9. 503 

Methyl-3-(4-((3-(1-(4-fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phe504 

nyl)acrylate (6i). White solid, yield: 82%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, J = 505 

16.0 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.32–7.26 (m, 2H), 7.03–6.95 (m, 4H), 6.33 (d, 506 

J = 16.0 Hz, 1H), 5.28 (s, 2H), 3.80 (s, 3H), 3.48 (s, 2H), 2.95–2.88 (m, 2H), 2.87–507 

2.77 (m, 1H), 2.15–2.07 (m, 2H), 2.04–1.97 (m, 2H), 1.95–1.85 (m, 2H). 508 

 509 

4.1.5.10 510 

Methyl-3-(4-((3-(1-(2,4-difluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)511 

phenyl)acrylate (6j). White solid, yield: 86%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, 512 

J = 16.0 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H), 7.37 (dd, J = 15.1, 8.4 Hz, 1H), 6.99 (d, J 513 

= 8.8 Hz, 2H), 6.89–6.75 (m, 2H), 6.33 (d, J = 16.0 Hz, 1H), 5.28 (s, 2H), 3.80 (s, 3H), 514 

3.56 (s, 2H), 2.95–2.90 (m, 2H), 2.86–2.77 (m, 1H), 2.22–2.12 (m, 2H), 2.07–1.97 (m, 515 

2H), 1.96–1.87 (m, 2H). 516 

 517 

4.1.5.11. 518 

Methyl-3-(4-((3-(1-(3,4-difluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)519 
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phenyl)acrylate (6k). White solid, yield: 89%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, 520 

J = 16.0 Hz, 1H), 7.50 (d, J = 8.8 Hz, 2H), 7.23–7.16 (m, 1H), 7.13–7.05 (m, 1H), 521 

7.05–7.02 (m, 1H), 7.00 (d, J = 8.8 Hz, 2H), 6.34 (d, J = 16.0 Hz, 1H), 5.29 (s, 2H), 522 

3.80 (s, 3H), 3.46 (s, 2H), 2.94–2.87 (m, 2H), 2.87–2.79 (m, 1H), 2.18–2.08 (m, 2H), 523 

2.06–1.98 (m, 2H), 1.96–1.84 (m, 2H). 524 

 525 

4.1.5.12. 526 

Methyl-3-(4-((3-(1-(2-chlorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phe527 

nyl)acrylate (6l). Pale yellow solid, yield: 79%. 1H NMR (400 MHz, CDCl3) δ: 7.64 528 

(d, J = 16.0 Hz, 1H), 7.50 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 7.6 Hz, 1H), 7.25–7.14 (m, 529 

3H), 7.00 (d, J = 8.7 Hz, 2H), 6.34 (d, J = 16.0 Hz, 1H), 5.29 (s, 2H), 3.80 (s, 3H), 530 

3.66 (s, 2H), 3.14–2.94 (m, 2H), 2.91–2.76 (m, 1H), 2.38–2.18 (m, 2H), 2.13–1.84 (m, 531 

4H). 532 

 533 

4.1.5.13. 534 

Methyl-3-(4-((3-(1-(4-bromobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)ph535 

enyl)acrylate (6m). Yellow solid, yield: 81%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, 536 

J = 16.0 Hz, 1H), 7.49 (d, J = 8.6 Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 7.21 (d, J = 8.1 537 

Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 6.33 (d, J = 16.0 Hz, 1H), 5.28 (s, 2H), 3.80 (s, 3H), 538 

3.48 (s, 2H), 2.94–2.88 (m, 2H), 2.87–2.78 (m, 1H), 2.18–2.07 (m, 2H), 2.05–1.97 (m, 539 

2H), 1.96–1.83 (m, 2H). 540 

 541 

4.1.5.14. 542 

Methyl-3-(4-((3-(1-(4-methoxybenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)p543 

henyl)acrylate (6n). White solid, yield: 86%. 1H NMR (400 MHz, CDCl3) δ: 7.64 (d, 544 

J = 16.0 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.30–7.22 (m, 2H), 6.99 (d, J = 8.7 Hz, 545 

2H), 6.86 (d, J = 8.5 Hz, 2H), 6.33 (d, J = 16.0 Hz, 1H), 5.28 (s, 2H), 3.80 (s, 3H), 546 

3.80 (s, 3H), 3.52 (s, 2H), 3.02–2.92 (m, 2H), 2.89–2.78 (m, 1H), 2.24–1.88 (m, 6H). 547 

 548 

4.1.5.15. 549 
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Methyl-3-(4-((3-(1-(2-cyanobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phe550 

nyl)acrylate (6r). Pale yellow solid, yield: 75%. 1H NMR (400 MHz, CDCl3) δ: 7.66 551 

(d, J = 4.5 Hz, 1H), 7.63 (d, J = 3.5 Hz, 1H), 7.61–7.53 (m, 2H), 7.49 (d, J = 8.7 Hz, 552 

2H), 7.35 (t, J = 7.4 Hz, 1H), 7.00 (d, J = 8.7 Hz, 2H), 6.33 (d, J = 16.0 Hz, 1H), 5.28 553 

(s, 2H), 3.80 (s, 3H), 3.73 (s, 2H), 2.99–2.91 (m, 2H), 2.90–2.81 (m, 1H), 2.32–2.21 554 

(m, 2H), 2.06–1.99 (m, 2H), 1.98–1.87 (m, 2H). 555 

 556 

4.1.5.16. 557 

Methyl-3-(4-((3-(1-(2-nitrobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phen558 

yl)acrylate (6p). Yellow solid, yield: 71%. 1H NMR (400 MHz, CDCl3) δ: 7.83 (d, J = 559 

7.7 Hz, 1H), 7.68–7.61 (m, 2H), 7.58–7.52 (m, 1H), 7.50 (d, J = 8.7 Hz, 2H), 7.42–560 

7.36 (m, 1H), 7.00 (d, J = 8.7 Hz, 2H), 6.34 (d, J = 16.0 Hz, 1H), 5.28 (s, 2H), 3.86–561 

3.76 (m, 5H), 2.91–2.78 (m, 3H), 2.27–2.14 (m, 2H), 2.03–1.95 (m, 2H), 1.94–1.82 562 

(m, 2H). 563 

 564 

4.1.6. General procedure for synthesis of compounds 7a-p 565 

The ester intermediate (1 mmol) was dissolved in dichloromethane and methanol 566 

(1:2, 9 mL). The resulting solution was cooled to 0 oC, and then hydroxylamine (50 567 

wt% in water, 30 mmol) and sodium hydroxide (2 mmol) were added. At the 568 

temperature, the reaction was stirred for 2 h. The solvent was then removed under 569 

reduced pressure, and the obtained solid was dissolved in water, which was adjusted 570 

to pH = 7–8 by acetic acid to precipitate a white solid. The white solid formed was 571 

collected by filtration to afford the crude 7a-p and purified by flash chromatograph. 572 

 573 

4.1.6.1. 574 

N-Hydroxy-3-(4-((3-(1-propylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)a575 

crylamide (7a). White powder, yield: 62%, m.p.: 133-135 oC. 1H NMR (400 MHz, 576 

DMSO-d6) δ: 7.58–7.49 (m, 2H), 7.41 (d, J = 15.8 Hz, 1H), 7.08 (d, J = 8.7 Hz, 2H), 577 

6.34 (d, J = 15.8 Hz, 1H), 5.29 (s, 2H), 3.10–3.00 (m, 1H), 2.88–2.79 (m, 2H), 2.23 578 

(m, 2H), 2.08–1.99 (m, 4H), 1.79–1.64 (m, 2H), 1.49–1.36 (m, 2H), 0.84 (t, J = 7.4 579 
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Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ: 183.08, 175.18, 166.80, 159.02, 129.50, 580 

128.83, 115.65, 61.26, 60.41, 52.95, 52.62, 34.16, 29.96, 29.54, 20.09, 20.05, 12.31. 581 

MS (ESI), m/z: 387.2 [M + H]+. 582 

 583 

4.1.6.2. 584 

3-(4-((3-(1-Allylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-hydroxyacr585 

ylamide (7b). Pale yellow powder, yield: 66%, m.p.: 127-129 oC. 1H NMR (400 MHz, 586 

DMSO-d6) δ: 7.58–7.49 (m, 2H), 7.41 (d, J = 15.8 Hz, 1H), 7.08 (d, J = 8.4 Hz, 2H), 587 

6.35 (dd, J = 15.8, 3.2 Hz, 1H), 5.89–5.75 (m, 1H), 5.30 (s, 2H), 5.22–2.06 (m, 2H), 588 

3.11–3.00 (m,1H), 2.95 (d, J = 6.4 Hz, 2H), 2.88–2.78 (m, 2H), 2.13–1.89 (m,4H), 589 

1.80–1.61 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 183.03, 175.20, 173.46, 590 

166.81, 163.44, 136.08, 129.51, 117.90, 115.65, 61.49, 61.49, 61.25, 52.72, 52.38, 591 

33.98, 33.65, 29.87, 29.45. MS (ESI), m/z: 385.1 [M + H]+. 592 

 593 

4.1.6.3. 594 

3-(4-((3-(1-Benzylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-hydroxya595 

crylamide (7c). White powder, yield: 71%, m.p.: 83-84 oC. 1H NMR (400 MHz, 596 

DMSO-d6) δ: 10.68 (s, 1H), 8.99 (s, 1H),7.53 (d, J = 8.3 Hz, 2H), 7.40 (d, J = 16.1 Hz, 597 

1H), 7.36–7.28 (m, 4H), 7.27–7.22 (m, 1H), 7.07 (d, J = 8.7 Hz, 2H), 6.34 (d, J = 15.8 598 

Hz, 1H), 5.52 (s, 2H), 3.48 (s, 2H), 2.88–2.73 (m, 3H), 2.13–2.03 (m, 2H), 1.97–1.85 599 

(m, 2H), 1.78–1.61 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 175.20, 173.46, 600 

166.81, 158.63, 138.89, 129.54, 129.23, 128.63, 127.34, 115.63, 62.76, 61.24, 52.76, 601 

33.64, 29.91. MS (ESI), m/z: 435.16 [M + H]+. 602 

 603 

4.1.6.4. 604 

N-Hydroxy-3-(4-((3-(1-(2-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methox605 

y)phenyl)acrylamide (7d). White powder, yield: 72%, m.p.: 154-156 oC. 1H NMR 606 

(400 MHz, DMSO-d6) δ: 7.51 (d, J = 6.9 Hz, 2H), 7.36 (d, J = 14.9 Hz, 1H), 7.22 (d, 607 

J = 5.8 Hz, 1H), 7.18–7.14 (m, 2H), 7.07 (d, J = 8.1 Hz, 3H), 6.33 (d, J = 15.7 Hz, 608 

1H), 5.29 (s, 2H), 3.43 (s, 2H), 3.15–3.04 (m, 1H), 2.87–2.75 (m, 2H), 2.32 (s, 3H), 609 
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2.18–2.10 (m, 2H), 2.05–1.97 (m, 2H), 1.78–1.68 (m, 2H). 13C NMR (101 MHz, 610 

DMSO-d6) δ: 182.64, 166.42, 137.15, 136.46, 130.16, 129.61, 126.99, 125.47, 115.24, 611 

94.85, 60.36, 52.21, 33.65, 29.18, 18.88. MS (ESI), m/z: 449.2 [M + H]+. 612 

 613 

4.1.6.5. 614 

N-Hydroxy-3-(4-((3-(1-(3-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methox615 

y)phenyl)acrylamide (7e). White powder, yield: 68%, m.p.: 96-98 oC. 1H NMR (400 616 

MHz, DMSO-d6) δ: 7.51 (d, J = 8.2 Hz, 2H), 7.37 (d, J = 15.6 Hz, 1H), 7.20 (t, J = 617 

7.5 Hz, 1H), 7.11 (s, 1H), 7.10–7.03 (m, 4H), 6.34 (d, J = 15.7 Hz, 1H), 5.29 (s, 2H), 618 

3.43 (s, 2H), 3.13–3.01 (m, 1H), 2.86–2.77 (m, 2H), 2.29 (s, 3H), 2.15–2.06 (m, 2H), 619 

2.05–1.97 (m, 2H), 1.77–1.67 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 183.04, 620 

166.82, 138.64, 137.67, 129.91, 129.41, 128.52, 128.02, 126.39, 115.63, 62.68, 61.25, 621 

52.44, 33.98, 29.48, 21.48. MS (ESI), m/z: 449.3 [M + H]+. 622 

 623 

4.1.6.6. 624 

N-Hydroxy-3-(4-((3-(1-(4-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methox625 

y)phenyl)acrylamide (7f). White powder, yield: 68%, m.p.: 135-137 oC. 1H NMR (400 626 

MHz, DMSO-d6) δ: 7.47: (d, J = 8.6 Hz, 2H), 7.20 (d, J = 14.2 Hz, 1H), 7.18 (d, J = 627 

7.8 Hz, 2H), 7.12 (d, J = 7.8 Hz, 2H), 7.03 (d, J = 8.6 Hz, 2H), 6.31 (d, J = 15.8 Hz, 628 

1H), 5.27 (s, 2H), 3.43 (s, 2H), 3.12–2.99 (m,1H), 2.86–2.72 (m, 2H), 2.28 (s, 3H), 629 

2.14–2.05 (m, 2H), 2.04–1.97(m, 2H), 1.80–1.65 (m, 2H). 13C NMR (101 MHz, 630 

DMSO-d6) δ: 183.02, 166.86, 158.34, 136.39, 135.59, 129.27, 129.21, 128.92, 115.55, 631 

62.40, 61.24, 52.35, 34.01, 29.49, 21.16. MS (ESI), m/z: 449.4 [M + H]+. 632 

 633 

4.1.6.7. 634 

3-(4-((3-(1-(2-Fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-635 

hydroxyacrylamide (7g). White powder, yield: 65%, m.p.: 92-94 oC. 1H NMR (400 636 

MHz, DMSO-d6) δ: 7.51 (d, J = 8.3 Hz, 2H), 7.40 (d, J = 8.7Hz, 1H), 7.36–7.28 (m, 637 

2H), 7.21–7.15 (m, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.33 (d, J = 15.8 Hz, 1H), 5.29 (s, 638 

2H), 3.55 (s, 2H), 3.12–3.01 (m, 1H), 2.88–2.75 (m, 2H), 2.19–2.12 (m, 2H), 2.06–639 
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1.98 (m, 2H), 2.06–1.98 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 182.98, 166.82, 640 

132.07, 129.58, 124.68, 115.73, 115.63, 115.50, 61.25, 55.11, 52.23, 33.85, 29.45. MS 641 

(ESI), m/z: 453.2 [M + H]+. 642 

 643 

4.1.6.8. 644 

3-(4-((3-(1-(3-Fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-645 

hydroxyacrylamide (7h). White powder, yield: 77%, m.p.: 86-88 oC. 1H NMR (400 646 

MHz, CDCl3) δ: 7.67 (d, J = 15.7 Hz, 1H), 7.51 (d, J = 5.1 Hz, 2H), 7.32–7.27 (m, 647 

1H), 7.10 (t, J = 9.1 Hz, 2H), 7.04–6.93 (m, 3H), 6.36 (d, J = 15.6 Hz, 1H), 5.29 (s, 648 

2H), 3.62 (s, 2H), 3.09–2.95 (m, 2H), 2.91–2.77 (m, 1H), 2.31–2.16 (m, 2H), 2.11–649 

1.88 (m, 4H). 13C NMR (101 MHz, DMSO-d6) δ: 183.03, 166.82, 133.06, 129.48, 650 

128.68, 115.72, 115.53, 115.31, 61.25, 55.11, 52.24, 33.89, 29.46. MS (ESI), m/z: 651 

453.3 [M + H]+. 652 

 653 

4.1.6.9. 654 

3-(4-((3-(1-(4-Fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-655 

hydroxyacrylamide (7i). White powder, yield: 76%, m.p.: 91-92 oC. 1H NMR (400 656 

MHz, DMSO-d6) δ: 7.52 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 14.2 Hz, 1H), 7.33 (dd, J = 657 

8.5, 5.8 Hz, 2H), 7.14 (t, J = 8.9 Hz, 2H), 7.07 (d, J = 8.6 Hz, 2H), 6.34 (d, J = 15.8 658 

Hz, 1H), 5.29 (s, 2H), 3.47 (s, 2H), 3.17–3.01 (m, 1H), 2.83–2.75 (m, 2H), 2.15–2.07 659 

(m, 2H), 2.06–1.98 (m, 2H), 1.80–1.69 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 660 

183.01, 166.82, 134.91, 131.11, 131.03, 129.42, 115.64, 115.45, 115.24, 61.67, 61.25, 661 

52.29, 33.95, 29.46. MS (ESI), m/z: 453.2 [M + H]+. 662 

 663 

4.1.6.10. 664 

3-(4-((3-(1-(2,4-Difluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl665 

)-N-hydroxyacrylamide (7j). White powder, yield: 65%, m.p.: 100-102 oC. 1H NMR 666 

(400 MHz, DMSO-d6) δ: 7.52 (d, J = 8.5 Hz, 2H), 7.49–7.42 (m, 1H), 7.40 (d, J = 667 

15.9 Hz, 1H), 7.23–7.16 (m, 1H), 7.11–7.03 (m, 3H), 6.33 (d, J = 15.8 Hz, 1H), 5.29 668 

(s, 2H), 3.52 (s, 2H), 3.13–3.02 (m, 1H), 2.87–2.77 (m, 2H), 2.19–2.10 (m, 2H), 2.06–669 
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1.98 (m, 2H), 1.79–1.65 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 182.96, 166.81, 670 

129.48, 115.64, 111.79, 104.31, 61.25, 54.61, 52.10, 33.82, 29.85, 29.43. MS (ESI), 671 

m/z: 471.2 [M + H]+. 672 

 673 

4.1.6.11. 674 

3-(4-((3-(1-(3,4-Difluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl675 

)-N-hydroxyacrylamide (7k). White powder, yield: 75%, m.p.: 103-105 oC. 1H NMR 676 

(400 MHz, CDCl3) δ: 7.70 (d, J = 15.9 Hz, 1H), 7.52 (d, J = 8.6 Hz, 2H), 7.24–7.16 677 

(m, 1H), 7.13–7.07 (m, 1H), 7.07–7.03 (m, 1H), 7.01 (d, J = 8.6 Hz, 2H), 6.35 (d, J = 678 

16.0 Hz, 1H), 5.30 (s, 2H), 3.51 (s, 2H), 2.98–2.91 (m, 2H), 2.90–2.79 (m, 2H), 2.24–679 

2.11 (m, 2H), 2.09–2.00 (m, 2H), 2.00–1.86 (m, 2H). 13C NMR (101 MHz, DMSO-d6) 680 

δ: 183.02, 166.82, 129.47, 115.61, 111.80, 104.29, 61.34, 54.61, 52.23, 33.87, 29.45. 681 

MS (ESI), m/z: 471.4 [M + H]+. 682 

 683 

4.1.6.12. 684 

3-(4-((3-(1-(2-Chlorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-685 

hydroxyacrylamide (7l). Yellow powder, yield: 71%, m.p.: 136-138 oC. 1H NMR (400 686 

MHz, DMSO-d6) δ: 7.52 (d, J = 8.9 Hz, 2H), 7.46 (d, J = 22.1 Hz, 1H), 7.43–7.25 (m, 687 

4H), 7.08 (d, J = 8.4 Hz, 2H), 6.34 (d, J = 15.7 Hz, 1H), 5.30 (s, 2H), 3.58 (s, 2H), 688 

3.16–3.06 (m, 1H), 2.88–2.80 (m, 2H), 2.28–2.18 (m, 2H), 2.08–1.99 (m, 2H), 1.83–689 

1.72 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 182.99, 166.82, 136.18, 133.74, 690 

131.26, 129.72, 129.46, 129.06, 127.52, 115.64, 61.26, 59.15, 52.52, 33.85, 29.50. 691 

MS (ESI), m/z: 469.7 [M + H]+. 692 

 693 

4.1.6.13. 694 

3-(4-((3-(1-(4-Bromobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-695 

hydroxyacrylamide (7m). Yellow powder, yield: 78%, m.p.: 98-100 oC. 1H NMR (400 696 

MHz, DMSO-d6) δ: 7.51 (d, J = 8.3 Hz, 4H), 7.36 (d, J = 15.7 Hz, 1H), 7.27 (d, J = 697 

8.3 Hz, 2H), 7.07 (d, J = 8.5 Hz, 2H), 6.34 (d, J = 15.8 Hz, 1H), 5.29 (s, 2H), 3.46 (s, 698 

2H), 3.14–3.03 (m, 1H), 2.84–2.73 (m,2H), 2.18–2.07 (m, 2H), 2.06–1.97 (m, 2H), 699 
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1.82–1.66 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 182.99, 166.82, 138.29, 700 

131.53, 131.39, 129.38, 120.38, 115.63, 61.71, 61.24, 52.32, 33.90, 29.46. MS (ESI), 701 

m/z: 513.5 [M + H]+. 702 

 703 

4.1.6.14. 704 

N-Hydroxy-3-(4-((3-(1-(4-methoxybenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)metho705 

xy)phenyl)acrylamide (7n). White powder, yield: 78%, m.p.: 89-91 oC. 1H NMR (400 706 

MHz, DMSO-d6) δ: 7.52 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 15.8 Hz, 1H), 7.20 (d, J = 707 

8.5 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 6.34 (d, J = 15.8 Hz, 708 

1H), 5.29 (s, 2H), 3.73 (s, 3H), 3.41 (s, 2H), 3.11–3.02 (m, 1H), 2.85–2.74 (m, 2H), 709 

2.13–2.04 (m, 2H), 2.03–1.97 (m, 2H), 1.79–1.67 (m, 2H). 13C NMR (101 MHz, 710 

DMSO-d6) δ: 183.04, 166.80, 158.73, 130.50, 129.50, 115.65, 114.01, 62.05, 61.25, 711 

55.45, 52.27, 34.03, 29.48. MS (ESI), m/z: 465.3 [M + H]+. 712 

 713 

4.1.6.15. 714 

3-(4-((3-(1-(2-Cyanobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-715 

hydroxyacrylamide (7o). Pale yellow powder, yield: 61%, m.p.: 98-100 oC. 1H NMR 716 

(400 MHz, DMSO-d6) δ: 7.82 (d, J = 7.7 Hz, 1H), 7.68 (td, J = 7.7, 1.0 Hz, 1H), 7.59 717 

(d, J = 7.7 Hz, 1H), 7.53 (d, J = 8.6 Hz, 2H), 7.47 (t, J = 7.6 Hz, 1H), 7.40 (d, J = 15.6 718 

Hz, 1H), 7.08 (d, J = 8.6 Hz, 2H), 6.34 (d, J = 15.8 Hz, 1H), 5.30 (s, 2H), 3.67 (s, 2H), 719 

3.18–3.07 (m, 1H), 2.88–2.75 (m, 2H), 2.31–2.16 (m, 2H), 2.10–1.98 (m, 2H), 1.84–720 

1.65 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 182.94, 166.81, 142.66, 133.50, 721 

130.56, 129.50, 128.46, 118.17, 115.64, 112.53, 61.25, 60.34, 52.36, 33.76, 29.40. MS 722 

(ESI), m/z: 460.3 [M + H]+. 723 

 724 

4.1.6.16. 725 

N-Hydroxy-3-(4-((3-(1-(2-nitrobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)726 

phenyl)acrylamide (7p). Yellow powder, yield: 66%, m.p.: 106-107 oC. 1H NMR (400 727 

MHz, DMSO-d6) δ: 7.85 (d, J = 8.0 Hz, 1H), 7.70–7.61 (m, 2H), 7.59–7.48 (m, 3H), 728 

7.33 (d, J = 15.7 Hz, 1H), 7.06 (d, J = 8.4 Hz, 2H), 6.36 (d, J = 15.6 Hz, 1H), 5.28 (s, 729 
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2H), 3.74 (s, 2H), 3.13–3.01 (m, 1H), 2.74–2.64 (m, 2H), 2.25–2.10 (m, 2H), 2.01–730 

1.84 (m, 2H), 1.73–1.57 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 182.90, 175.27, 731 

173.35, 166.83, 150.10, 133.43, 133.33, 133.07, 131.51, 129.26, 128.98, 128.94, 732 

124.58, 115.60, 61.24, 58.83, 58.70, 52.79, 52.44, 33.70, 33.38, 29.85, 29.45. MS 733 

(ESI), m/z: 480.2 [M + H]+. 734 

 735 

4.1.7. General procedure for synthesis of compounds 8a-c  736 

The compounds 8a-c were prepared analogously starting from compound 3 and 737 

the appropriate phenol following the procedure for intermediate 4. 738 

 739 

4.1.7.1. 740 

t-Butyl-4-(5-((4-(3-methoxy-3-oxopropyl)phenoxy)methyl)-1,2,4-oxadiazol-3-yl)pipe741 

ridine-1-carboxylate (8a). White solid, yield: 91%. 1H NMR (400 MHz, CDCl3) δ: 742 

7.07 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 5.16 (s, 2H), 4.10–4.01 (m, 2H), 743 

3.60 (s, 3H), 2.97–2.89 (m, 1H), 2.88–2.79 (m, 4H), 2.53 (t, J = 7.7 Hz, 2H), 1.97–744 

1.89 (m, 2H), 1.77–1.65 (m, 2H), 1.40 (s, 9H). MS (ESI), m/z: 456.3 [M + H]+. 745 

 746 

4.1.7.2. 747 

t-Butyl-4-(5-((4-(2-methoxy-2-oxoethyl)phenoxy)methyl)-1,2,4-oxadiazol-3-yl)piperi748 

dine-1-carboxylate (8b). White solid, yield: 85%. 1H NMR (400 MHz, CDCl3) δ: 7.22 749 

(d, J = 6.5 Hz, 2H), 6.95 (d, J = 6.5 Hz, 2H), 5.24 (s, 2H), 4.18–4.05 (m, 2H), 3.69 (s, 750 

3H), 3.58 (s, 2H), 3.04–2.96 (m, 1H), 2.95–2.86 (m, 2H), 2.05–1.96 (m, 2H), 1.84–751 

1.70 (m, 2H), 1.47 (s, 9H). MS (ESI), m/z: 432.2 [M + H]+. 752 

 753 

4.1.7.3. 754 

t-Butyl-4-(5-((4-(ethoxycarbonyl)phenoxy)methyl)-1,2,4-oxadiazol-3-yl)piperidine-1-755 

carboxylate (8c). White solid, yield: 87%. 1H NMR (400 MHz, CDCl3) δ: 8.03 (d, J = 756 

8.9 Hz, 2H), 7.01 (d, J = 8.9 Hz, 2H), 5.31 (s, 2H), 4.36 (q, J = 7.1 Hz, 2H), 4.18–757 

4.06 (m, 2H), 3.05–2.96 (m, 1H), 2.96–2.87 (m, 2H), 2.04–1.97 (m, 2H), 1.82–1.71 758 

(m, 2H), 1.47 (s, 9H), 1.38 (t, J = 7.1 Hz, 3H). MS (ESI), m/z: 454.3 [M + Na]+. 759 
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 760 

4.1.8. General procedure for synthesis of compounds 9a-f 761 

The compounds 9a-f were prepared as described for compound 7a. 762 

 763 

4.1.8.1. 764 

N-Hydroxy-3-(4-((3-(1-propylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)pr765 

opanamide (9a). White powder, yield: 66%. 1H NMR (400 MHz, DMSO-d6) δ: 10.34 766 

(s, 1H), 8.69 (s, 1H), 7.13 (dd, J = 8.4, 4.9 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 5.19 (s, 767 

2H), 3.13–2.96 (m, 1H), 2.89–2.79 (m, 2H), 2.75 (t, J = 7.5 Hz, 2H), 2.22 (dd, J = 768 

13.8, 6.5 Hz, 4H), 2.09–1.85 (m, 4H), 1.80–1.60 (m, 2H), 1.50–1.37 (m, 2H), 0.85 (t, 769 

J = 7.4 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 182.98, 175.47, 173.47, 168.72, 770 

167.03, 156.45, 156.12, 134.87, 134.50, 129.81, 129.74, 115.10, 115.08, 61.26, 60.49, 771 

60.40, 56.50, 52.96, 52.63, 34.53, 34.49, 34.17, 33.84, 30.42, 29.96, 29.55, 20.09, 772 

20.05, 19.02, 12.31. MS (ESI), m/z: 390.6 [M + H]+. 773 

 774 

4.1.8.2. 775 

3-(4-((3-(1-Allylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-hydroxypro776 

panamide (9b). White powder, yield: 78%. 1H NMR (400 MHz, DMSO-d6) δ: 10.35 777 

(s, 1H), 8.70 (s, 1H), 7.22–7.06 (m, 2H), 6.94 (d, J = 8.6 Hz, 2H), 5.88–5.75 (m, 1H), 778 

5.43 (s, 1H), 5.22–5.08 (m, 3H), 2.95 (d, J = 6.3 Hz, 2H), 2.89–2.78 (m, 3H), 2.75 (t, 779 

J = 7.7 Hz, 2H), 2.22 (t, J = 7.6 Hz, 2H), 2.12–1.89 (m, 4H), 1.79–1.62 (m, 2H). 13C 780 

NMR (101 MHz, DMSO-d6) δ 182.93, 175.49, 173.43, 168.72, 167.04, 156.44, 781 

156.12, 136.20, 136.07, 134.88, 134.50, 129.82, 129.74, 117.88, 117.76, 115.10, 782 

115.08, 61.58, 61.48, 61.26, 52.72, 52.39, 34.53, 34.49, 34.00, 33.67, 30.41, 29.87, 783 

29.46. MS (ESI), m/z: 387.0 [M + H]+. 784 

 785 

4.1.8.3. 3-(4-((3-(1-Benzylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N- 786 

hydroxypropanamide (9c). White powder, yield: 82%. 1H NMR (400 MHz, DMSO-d6) 787 

δ: 7.33–7.29 (m, 4H), 7.27–7.22 (m, 1H), 7.16–7.11 (m, 2H), 6.94 (d, J = 8.6 Hz, 2H), 788 

5.42 (s, 2H), 3.48 (s, 2H), 2.87–2.78 (m, 3H), 2.75 (t, J = 7.6 Hz, 2H), 2.22 (t, J = 7.7 789 
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Hz, 2H), 2.12–2.05 (m, 2H), 1.96–1.87 (m, 2H), 1.75–1.67 (m, 2H). 13C NMR (101 790 

MHz, DMSO-d6) δ 182.93, 175.49, 175.43, 173.43, 168.62, 168.60, 167.03, 156.44, 791 

156.11, 138.88, 138.72, 134.91, 134.54, 129.82, 129.74, 129.26, 129.23, 128.62, 792 

127.37, 127.33, 115.09, 115.07, 62.77, 62.66, 61.26, 52.77, 52.42, 34.58, 34.54, 34.00, 793 

33.67, 30.46, 29.90, 29.48, 24.94, 19.92. MS (ESI), m/z: 437.1 [M + H]+. 794 

 795 

4.1.8.4. 796 

N-Hydroxy-3-(4-((3-(1-(4-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methox797 

y)phenyl)propanamide (9d). White powder, yield: 78%. 1H NMR (400 MHz, 798 

DMSO-d6) δ: 10.35 (s, 1H), 8.70 (s, 1H), 7.18 (d, J = 7.9 Hz, 2H), 7.15–7.10 (m, 4H), 799 

6.94 (d, J = 8.6 Hz, 2H), 5.19 (s, 2H), 3.43 (s, 2H), 2.86–2.76 (m, 3H), 2.75 (t, J = 7.7 800 

Hz, 2H), 2.28 (s, 3H), 2.22 (t, J = 7.6 Hz, 2H), 2.14–1.86 (m, 4H), 1.79–1.60 (m, 2H). 801 

13C NMR (101 MHz, DMSO-d6) δ 182.95, 175.49, 173.44, 168.68, 167.03, 156.44, 802 

156.12, 136.39, 136.34, 135.76, 135.60, 134.88, 134.50, 129.82, 129.74, 129.26, 803 

129.23, 129.20, 115.10, 115.07, 62.51, 62.40, 61.26, 52.71, 52.36, 34.49, 34.02, 33.69, 804 

30.42, 29.92, 29.50, 21.16. MS (ESI), m/z: 451.0 [M + H]+. 805 

 806 

4.1.8.5. 807 

2-(4-((3-(1-Benzylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)phenyl)-N-hydroxya808 

cetamide (9e). White powder, yield: 77%. 1H NMR (400 MHz, DMSO-d6) δ: 10.47 (s, 809 

1H), 8.83 (s, 1H), 7.35–7.28 (m, 4H), 7.27–7.22 (m, 1H), 7.18 (d, J = 8.5 Hz, 2H), 810 

6.96 (d, J = 8.5 Hz, 2H), 5.21 (s, 2H), 3.48 (s, 2H), 3.20 (s, 2H), 3.12–3.02 (m, 1H), 811 

2.86–2.77 (m, 2H), 2.16–2.06 (m, 2H), 2.06–1.98 (m, 2H), 1.80–1.64 (m, 2H). 13C 812 

NMR (101 MHz, DMSO-d6) δ 182.95, 175.45, 173.43, 167.60, 166.99, 156.81, 813 

138.90, 138.75, 130.55, 130.47, 129.60, 129.25, 129.22, 128.63, 127.36, 127.33, 814 

115.03, 115.00, 62.77, 62.66, 61.25, 52.78, 52.43, 38.92, 34.01, 29.92, 29.50. MS 815 

(ESI), m/z: 423.0 [M + H]+. 816 

 817 

4.1.8.6 818 

4-((3-(1-Benzylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methoxy)-N-hydroxybenzamide 819 
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(9f). White powder, yield: 75%. 1H NMR (400 MHz, DMSO-d6) δ: 11.08 (s, 1H), 8.95 820 

(s, 1H), 7.73 (d, J = 8.8 Hz, 2H), 7.35–7.28 (m, 4H), 7.27–7.22 (m, 1H), 7.09 (d, J = 821 

8.9 Hz, 2H), 5.31 (s, 2H), 3.48 (s, 2H), 3.13–3.03 (m, 1H), 2.89–2.73 (m, 2H), 2.16–822 

2.07 (m, 2H), 2.06–1.98 (m, 2H), 1.81–1.66 (m, 2H). 13C NMR (101 MHz, DMSO-d6) 823 

δ 183.05, 175.11, 173.47, 166.75, 164.19, 160.21, 129.26, 129.23, 129.10, 128.64, 824 

127.37, 126.40, 114.90, 62.65, 61.28, 52.41, 34.00, 29.91, 29.49. MS (ESI), m/z: 825 

409.0 [M + H]+. 826 

 827 

4.1.9 tert-Butyl 828 

4-(5-((methylamino)methyl)-1,2,4-oxadiazol-3-yl)piperidine-1-carboxylate (10). 829 

Compound 3 (0.6 g, 2 mmol) was dissolved in 30% methylamine (15 mL) and stirred 830 

for 2 h at room temperature. After completion of the reaction, the solvent was 831 

removed under reduced pressure. The resulting was dissolved in ethyl acetate, and 832 

washed with water. The organic phase was further removed under reduced pressure, 833 

and got the desired product 10. 1H NMR (400 MHz, DMSO-d6) δ: 4.02 (s, 2H), 3.04–834 

2.81 (m, 3H), 2.53 (s, 3H), 2.05–1.95 (m, 2H), 1.91–1.70 (m, 2H), 1.47 (s, 9H). MS 835 

(ESI), m/z: 297.2 [M + H]+. 836 

 837 

4.1.10 tert-Butyl 838 

(E)-4-(5-(((5-(3-ethoxy-3-oxoprop-1-en-1-yl)pyrimidin-2-yl)(methyl)amino)methyl)-839 

1,2,4-oxadiazol-3-yl)piperidine-1-carboxylate (11). Compound 10 (0.3 g, 1 mmol) 840 

and methyl (E)-3-(2-chloropyrimidin-5-yl)acrylate (0.2 g, 1 mmol) were dissolved in 841 

MeOH (15 mL), DIPEA (2.5 mL, 1.5 mmol) was added into the solution. The reaction 842 

was stirred overnight at room temperature. Then the solvent was removed, the residue 843 

was dissolved in ethyl acetate and washed with water. The organic phase was further 844 

removed under reduced pressure, and got the desired product 11 (66% yield, yellow 845 

solid). 1H NMR (400 MHz, CDCl3) δ: 8.50 (s, 2H), 7.51 (d, J = 16.1 Hz, 1H), 6.33 (d, 846 

J = 16.1 Hz, 1H), 5.11 (s, 2H), 3.80 (s, 3H), 3.37 (s, 3H), 2.99–2.88 (m, 2H), 2.84–847 

2.70 (m, 1H), 2.15–2.05 (m, 2H), 2.03–1.81 (m, 4H), 1.39 (s, 9H). MS (ESI), m/z: 848 

481.0 [M + Na]+. 849 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

37 

 

 850 

4.1.11 Ethyl 851 

2-(((3-(1-(tert-butoxycarbonyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)a852 

mino)pyrimidine-5-carboxylate (12). Compound 10 (0.3 g, 1 mmol) and methyl ethyl 853 

2-chloropyrimidine-5-carboxylate (0.2 g, 1 mmol) were dissolved in MeOH (15 mL), 854 

DIPEA (2.5 mL, 1.5 mmol) was added into the solution. The reaction was stirred 855 

overnight at room temperature. Then the solvent was removed, the residue was 856 

dissolved in ethyl acetate and washed with water. The organic phase was further 857 

removed under reduced pressure, and got the desired product 12 (71% yield, white 858 

solid). 1H NMR (400 MHz, DMSO-d6) δ: 8.83 (m,2H), 5.20 (s, 2H), 4.27 (q, J = 7.1 859 

Hz, 2H), 3.98–3.83 (m, 2H), 3.32 (s, 3H), 2.98 (tt, J = 11.2, 3.7 Hz, 1H), 2.92–2.81 (m, 860 

2H), 1.93–1.85 (m, 2H), 1.54–1.41 (m, 2H), 1.39 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H). MS 861 

(ESI), m/z: 469.7 [M + Na]+. 862 

 863 

4.1.12.1 864 

(E)-3-(2-(((3-(1-Benzylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)amino)py865 

rimidin-5-yl)-N-hydroxyacrylamide (13a). The compound 13a was synthesized as 866 

7a-7p. Yellow solid. 1H NMR (400 MHz, DMSO-d6) δ: 8.63 (s, 2H), 7.35–7.27 (m, 867 

5H), 7.27–7.21 (m,1H), 6.38 (d, J = 16.0 Hz, 1H), 5.15 (s, 2H), 3.47 (s, 2H), 3.30 (s, 868 

3H), 2.84–2.78 (m, 2H), 2.77–2.71 (m, 1H), 2.10–2.02 (m, 2H), 1.91–1.84 (m, 2H), 869 

1.70–1.59 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 177.05, 173.31, 161.34, 138.85, 870 

129.17, 128.59, 127.29, 118.66, 117.21, 70.20, 62.73, 52.74, 45.71, 36.44, 33.62, 871 

29.87. m/z: 450.5 [M + H]+. 872 

 873 

4.1.12.2 874 

(E)-N-hydroxy-3-(2-(methyl((3-(1-(4-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-875 

yl)methyl)amino)pyrimidin-5-yl)acrylamide (13b). The compound 13b was 876 

synthesized as 7a-7p. Yellow solid. 1H NMR (400 MHz, DMSO-d6) δ: 8.61 (s, 2H), 877 

7.31 (d, J = 15.9 Hz, 1H), 7.16 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.9 Hz, 2H), 6.38 (d, J 878 

= 15.9 Hz, 1H), 5.14 (s, 2H), 3.41 (s, 2H), 3.29 (s, 3H), 2.82–2.76 (m, 2H), 2.76–2.69 879 
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(m, 1H), 2.27 (s, 3H), 2.08–1.97 (m, 2H), 1.92–1.82 (m, 2H), 1.69–1.56 (m, 2H). 13C 880 

NMR (101 MHz, DMSO-d6) δ 177.05, 173.37, 161.41, 157.51, 136.32, 135.76, 881 

129.20, 129.18, 118.74, 117.28, 62.52, 52.72, 45.73, 36.45, 33.70, 29.92, 21.15. MS 882 

(ESI), m/z: 464.3 [M + H]+. 883 

 884 

4.1.13.1 885 

2-(((3-(1-Benzylpiperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)amino)-N-hydro886 

xypyrimidine-5-carboxamide (14a). The compound 14a was synthesized as 7a-7p. 887 

White solid. 1H NMR (400 MHz, DMSO-d6) δ: 11.10 (s, 1H), 9.04 (s, 1H), 8.69 (s, 888 

2H), 7.35–7.21 (m, 5H), 5.16 (s, 2H), 3.47 (d, J = 3.9 Hz, 2H), 3.30–3.22 (m, 3H), 889 

3.07–2.96 (m, 1H), 2.84–2.76 (m, 2H), 2.13–2.01 (m, 2H), 2.0– 1.84 (m, 2H), 1.77–890 

1.57 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 182.31, 176.51, 172.98, 891 

167.30,161.82, 138.50, 138.34, 128.85, 128.82, 128.23, 126.97, 126.93, 115.72, 62.37, 892 

62.25, 52.39, 52.03, 45.33, 44.60, 36.08, 35.68, 33.60, 33.27, 29.51, 29.13. MS (ESI), 893 

m/z: 424.6 [M + H]+. 894 

 895 

4.1.13.2 896 

N-hydroxy-2-(methyl((3-(1-(4-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)met897 

hyl)amino)pyrimidine-5-carboxamide (14b). The compound 14b was synthesized as 898 

7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 11.11 (s, 1H), 9.05 (s, 1H), 8.69 899 

(s, 2H), 7.19 (d, J = 7.7 Hz, 2H), 7.13 (d, J = 7.5 Hz, 2H), 5.16 (s, 2H), 3.47 (s, 2H), 900 

3.29 (s, 3H), 2.80 (d, J = 25.3 Hz, 3H), 2.28 (s, 3H), 2.09 (s, 2H), 1.89 (d, J = 13.5 Hz, 901 

3H), 1.66 (d, J = 13.2 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ: 176.50, 172.98, 902 

161.82, 135.93, 135.36, 128.82, 128.79, 115.73, 62.12, 52.33, 45.33, 36.08, 33.30, 903 

29.52, 20.76. MS (ESI), m/z: 438.37 [M + H]+. 904 

 905 

4.1.13.3 906 

N-hydroxy-2-(methyl((3-(1-(3-methylbenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)met907 

hyl)amino)pyrimidine-5-carboxamide (14c). The compound 14c was synthesized as 908 

7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 11.09 (s, 1H), 9.03 (s, 1H), 909 
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8.68 (s, 2H), 7.19 (t, J = 7.5 Hz, 1H), 7.12–7.01 (m, 3H), 5.15 (s, 2H), 3.41 (s, 2H), 910 

3.29 (s, 2H), 2.84–2.69 (m, 3H), 2.29 (s, 3H), 2.09–2.00 (m, 2H), 1.87 (d, J = 10.6 Hz, 911 

2H), 1.64 (qd, J = 12.1, 3.7 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 182.70, 912 

176.90, 173.38, 167.71, 162.18, 138.80, 137.63, 129.84, 128.49, 127.96, 126.36, 913 

126.33, 116.27, 62.81, 52.82, 52.46, 45.71, 36.45, 33.69, 29.91, 29.52, 21.46. MS 914 

(ESI), m/z: 438.19 [M + H]+. 915 

 916 

4.1.13.4 917 

2-(((3-(1-(2-fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)amino)918 

-N-hydroxypyrimidine-5-carboxamide (14d). The compound 14d was synthesized as 919 

7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 11.09 (s, 1H), 9.03 (s, 1H), 920 

8.68 (s, 2H), 7.40 (td, J = 7.7, 1.8 Hz, 1H), 7.34-7.27 (m, 1H), 7.21–7.11 (m, 2H), 921 

5.15 (s, 2H), 3.53 (d, J = 5.0 Hz, 2H), 3.26 (d, J = 22.7 Hz, 3H), 2.86–2.79 (m, 2H), 922 

2.79-2.69 (m, 1H), 2.12 (q, J = 11.6 Hz, 2H), 1.93 (dd, J = 39.4, 11.0 Hz, 2H), 1.76–923 

1.57 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 182.61, 176.90, 173.28, 167.66, 924 

162.41, 162.14, 159.98, 132.02, 131.96, 131.91, 129.46, 129.38, 125.16, 125.02, 925 

124.85, 124.62, 124.59, 116.13, 115.68, 115.65, 115.44, 55.14, 55.05, 52.56, 52.21, 926 

45.69, 44.96, 36.44, 36.03, 33.82, 33.49, 29.83, 29.45. MS (ESI), m/z: 442.23 [M + 927 

H]+. 928 

 929 

4.1.13.5 930 

2-(((3-(1-(4-fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)amino)931 

-N-hydroxypyrimidine-5-carboxamide (14e). The compound 14e was synthesized as 932 

7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 11.10 (s, 1H), 9.04 (s, 1H), 933 

8.69 (s, 2H), 7.32 (dd, J = 8.2, 5.9 Hz, 2H), 7.13 (td, J = 8.9, 2.1 Hz, 2H), 5.16 (s, 2H), 934 

3.45 (d, J = 4.0 Hz, 2H), 3.26 (d, J = 22.5 Hz, 3H), 2.80-2.71 (m, 3H), 2.07 (q, J = 935 

11.7 Hz, 2H), 1.92 (dd, J = 39.7, 11.4 Hz, 2H), 1.76–1.58 (m, 2H). 13C NMR (101 936 

MHz, DMSO-d6) δ 182.68, 176.91, 173.36, 167.70, 162.22, 135.07, 131.09, 131.04, 937 

130.96, 115.43, 115.22, 61.80, 61.68, 52.66, 52.31, 45.73, 36.47, 33.97, 33.64, 29.90, 938 

29.51. MS (ESI), m/z: 442.11 [M + H]+. 939 
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 940 

4.1.13.6 941 

2-(((3-(1-(2-chlorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)amino942 

)-N-hydroxypyrimidine-5-carboxamide (14f). The compound 14f was synthesized as 943 

7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H), 9.04 (s, 1H), 944 

8.68 (s, 2H), 7.49 (dd, J = 7.6, 1.6 Hz, 1H), 7.44-7.40 (m, 1H), 7.35-7.25 (m, 2H), 945 

5.16 (s, 2H), 3.57 (d, J = 4.0 Hz, 2H), 3.27 (d, J = 22.5 Hz, 3H), 2.85-2.75 (m, 3H), 946 

2.18 (q, J = 11.4 Hz, 2H), 1.94 (dd, J = 41.6, 9.2 Hz, 2H), 1.79–1.61 (m, 2H). 13C 947 

NMR (101 MHz, DMSO-d6) δ 182.62, 176.91, 173.29, 167.67, 162.14, 136.24, 948 

136.12, 133.68, 133.64, 131.19, 131.15, 129.66, 129.64, 129.00, 128.95, 127.47, 949 

59.21, 59.12, 52.86, 52.52, 45.69, 44.96, 36.45, 36.04, 33.82, 33.50, 29.89, 29.50. MS 950 

(ESI), m/z: 458.08 [M + H]+. 951 

 952 

4.1.13.7 953 

2-(((3-(1-(4-cyanobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)amino)954 

-N-hydroxypyrimidine-5-carboxamide (14g). The compound 14g was synthesized as 955 

7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 11.10 (s, 1H), 9.04 (s, 1H), 956 

8.68 (s, 1H), 7.61 (d, J = 6.9 Hz, 1H), 7.29 (d, J = 7.9 Hz, 1H), 5.15 (s, 2H), 3.48 (d, J 957 

= 3.6 Hz, 2H), 3.26 (d, J = 22.4 Hz, 3H), 2.81-2.71 (m, 3H), 2.08 (q, J = 11.6 Hz, 2H), 958 

1.93 (dd, J = 39.5, 11.8 Hz, 2H), 1.76-1.60 (m, 2H). 13C NMR (101 MHz, DMSO-d6) 959 

δ 182.69, 176.91, 173.36, 167.70, 169.30, 162.20, 151.26, 139.71, 139.55, 132.55, 960 

132.51, 128.95, 128.92, 127.90, 125.74, 116.20, 115.77, 62.41, 62.30, 52.79, 52.44, 961 

45.73, 45.00, 36.47, 36.07, 33.98, 33.65, 29.91, 29.53. MS (ESI), m/z: 449.53 [M + 962 

H]+. 963 

 964 

4.1.13.8 965 

N-hydroxy-2-(methyl((3-(1-(4-(trifluoromethyl)benzyl)piperidin-4-yl)-1,2,4-oxadiazo966 

l-5-yl)methyl)amino)pyrimidine-5-carboxamide (14h). The compound 14h was 967 

synthesized as 7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 11.00 (s, 1H), 968 

9.07 (s, 1H), 8.68 (s, 2H), 7.68 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 5.16 (s, 969 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

41 

 

2H), 3.56 (s, 2H), 3.29 (s, 3H), 2.78 (td, J = 11.7, 6.4 Hz, 3H), 2.16–2.05 (m, 2H), 970 

1.95–1.84 (m, 2H), 1.66 (qd, J = 12.4, 3.5 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 971 

176.90, 173.28, 162.14, 161.96, 144.02, 129.68, 128.12, 127.80, 126.14, 125.47, 972 

125.43, 125.39, 123.44, 116.11, 61.94, 52.75, 45.68, 36.42, 33.49, 29.84. MS (ESI), 973 

m/z: 492.36 [M + H]+. 974 

 975 

4.1.13.9 976 

2-(((3-(1-(2,4-difluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(methyl)am977 

ino)-N-hydroxypyrimidine-5-carboxamide (14i). The compound 14i was synthesized 978 

as 7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 11.10 (s, 1H), 9.03 (s, 1H), 979 

8.68 (s, 2H), 7.48–7.39 (m, 1H), 7.23–7.14 (m, 1H), 7.05 (td, J = 8.7, 2.1 Hz, 1H), 980 

5.15 (s, 2H), 3.50 (s, 2H), 3.26 (d, J = 22.8 Hz, 3H), 2.76 (dd, J = 30.8, 11.4 Hz, 2H), 981 

2.16–2.04 (m, 2H), 1.88 (d, J = 10.6 Hz, 2H), 1.70–1.54 (m, 2H). 13C NMR (101 982 

MHz, DMSO-d6) δ 182.26, 176.90, 173.31, 167.70, 162.21, 160.69, 160.57, 159.88, 983 

133.14, 121.62, 121.47, 116.16, 111.76, 111.56, 104.28, 104.02, 103.76, 54.69, 52.47, 984 

52.12, 45.72, 36.46, 33.50, 29.85, 29.47. MS (ESI), m/z: 460.10 [M + H]+. 985 

 986 

4.1.13.10 987 

2-(((3-(1-(2-chloro-4-fluorobenzyl)piperidin-4-yl)-1,2,4-oxadiazol-5-yl)methyl)(meth988 

yl)amino)-N-hydroxypyrimidine-5-carboxamide (14j). The compound 14j was 989 

synthesized as 7a-7p. White solid. 1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H), 990 

9.16 (s, 1H), 8.68 (s, 2H), 7.52 (dd, J = 8.6, 6.5 Hz, 1H), 7.39 (dd, J = 8.9, 2.6 Hz, 991 

1H), 7.20 (td, J = 8.5, 2.6 Hz, 1H), 5.14 (s, 2H), 3.53 (s, 2H), 3.28 (s, 3H), 2.86–2.73 992 

(m, 3H), 2.21–2.12 (m, 2H), 1.88 (d, J = 10.8 Hz, 2H), 1.66 (qd, J = 12.7, 12.3, 3.6 993 

Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 182.58, 177.01, 173.26, 167.72, 162.49, 994 

162.09, 161.95, 160.04, 134.32, 134.27, 132.66, 132.62, 132.59, 132.54, 132.51, 995 

116.94, 116.68, 114.72, 114.51, 58.55, 58.45, 52.75, 52.41, 45.67, 44.93, 36.41, 36.00, 996 

33.80, 33.47, 29.87, 29.48. MS (ESI), m/z: 476.27 [M + H]+. 997 

 998 

4.2 In vitro HDAC enzymatic assay 999 
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The HDACs inhibitory activity assay in vitro was conducted utilizing 1000 

7-amino-4-methylcoumarin (AMC) labeled Ac-peptide (Ac-peptide-AMC) substrates, 1001 

performed by Chempartner Company (Shanghai, China). Briefly, upon deacetylation 1002 

of the substrate, the release of AMC was promoted in the existence of trypsin. The 1003 

compounds, diluted to the specified concentrations, were mixed with full-length 1004 

recombinant HDAC enzymes (BPS Biosciences), trypsin, and Ac-peptide-AMC 1005 

substrates, incubated at room temperature for 1 h. The fluorescence was measured 1006 

with excitation at the wavelength of 355 nm and emission at the wavelength of 460 1007 

nm, using a multilabel plate reader. The inhibition rates of the test groups were 1008 

calculated by comparison with the DMSO (vehicle) treat group. 1009 

 1010 

4.3 AML  patient samples 1011 

Primary cells of AML patients samples were obtained and approved via West China Hospital 1012 

of Sichuan University (Chengdu, China) and the clinical information are summarized in 1013 

supplementary Table S1. 1014 

 1015 

4.4 MTT assay 1016 

A2780s, SKOV3, HCT116, MCF-7, MDA-MB-231 and HepG2 cells were 1017 

cultured in DMEM (Gibco, Milano, Italy). MM1S, ARD, RPMI-8226, Jeko-1, Ramos 1018 

and Raji cells were cultured in RPMI-1640 medium (Gibco, Milano, Italy). All of the 1019 

above media contained 10% fetal bovine serum (FBS) (Invitrogen, Milano, Italy), 100 1020 

units/mL penicillin (Gibco, Milano, Italy), and 100 µg/mL streptomycin (Gibco, 1021 

Milano, Italy). Cells were incubated at 37 °C in a humidified atmosphere of 5% CO2. 1022 

Cells in logarithmic phase were seeded into 96-well culture plates at densities of 1023 

3000-5000 cells per well and subsequently treated with various concentrations of 1024 

compounds for 72 h in final volumes of 200 µL. Upon end point, 20 µL of MTT (5 1025 

mg/mL) was added to each well, and the cells were incubated for an additional 1-3 h. 1026 

After carefully removal of the medium, the precipitates were dissolved in 150 µL of 1027 

DMSO via mechanically shaking, and then absorbance values at a wavelength of 570 1028 

nm were taken on a spectrophotometer (Molecular Devices, Sunnyvale, USA). IC50 1029 
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values were calculated using percentage of growth versus untreated control. 1030 

 1031 

4.5 Western blot assay 1032 

The cells were treated with the compounds at the indicated concentrations. After 1033 

washing by PBS 2 times, the cells were resuspended in RIPA lysis buffer (Beyotime 1034 

Co.). After 30 min of incubation on ice, the lysates were collected by centrifuging at 1035 

12000 g for 15 min at 4 °C. The protein concentration was measured. Equivalent 1036 

samples (20 µg of protein) were subjected to 15% SDS-PAGE, and then the proteins 1037 

were transferred onto activated PVDF membranes (Millipore, USA). After blocking 1038 

by 5% non-fat milk for 1 h at room temperature, the membranes were incubated with 1039 

the indicated primary antibodies at 4 oC and subsequently probed by the appropriate 1040 

secondary antibodies conjugated to horseradish peroxidase for 1 h. Immunoreactive 1041 

bands were visualized using enhanced chemiluminescence (Millipore, USA). 1042 

 1043 

4.6 Pharmacokinetic assay 1044 

The animal protocol was approved by the Animal Care and Use Committee of 1045 

Sichuan University in China (IACUC number: 20100318). A 1 mg/mL dosing 1046 

solution was preparing by dissolving the appropriate amount of the compound in 3% 1047 

ethanol and 1% tween80 in normal saline. SD rats, weighing 200-250 g each, were 1048 

abtained from Beijing HFK Bioscience Co., Ltd. The tested compound was separately 1049 

administered intravenously to a group of six rats per time point (5 mg/kg dose) by a 1050 

bolus injection (5 mg/kg) to the tail vein or periorally. At time points 0 (prior to 1051 

dosing), 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h 1052 

after dosing, a blood sample was collected from each animal via cardiac puncture and 1053 

stored in ice (0-4 oC). Plasma was separated from the blood by centrifugation (4000 g 1054 

for 15 min at 4 oC) and stored in a freezer at -80 oC. All samples were analyzed for the 1055 

test compound by LC-MS/MS (Waters Acquity UPLC system; Waters Quattro 1056 

Premier XE). Data were acquired via monitoring of multiple reactions. Plasma 1057 

concentration data were analyzed by a standard noncompartmental method. 1058 

 1059 
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4.7 Animal Tumor Models and Treatment 1060 

To establish the Daudi xenograft model, Daudi cells (107 cells in 100 μL serum-free 1061 

RPMI 1640) were injected subcutaneously into the right flanks of 5−6 week old 1062 

female NOD/SCID mice. When the size of the formed xenografts reached 100−200 1063 

mm3, the 1064 

mice were randomly divided (six mice per group). The mice in the experimental 1065 

group received i.v. (10 mg/kg, dissolved in 8% HP-β-CD) and p.o. (20 mg/kg, 1066 

dissolved in 8% HP-β-CD) treatment, 1st, 3rd, and 5th days per week. Tumor burden 1067 

was measured every 2 days by a caliper. Tumor volume (TV) was calculated using the 1068 

following formula: TV = length × width2 × 0.5. At the end of the experiment, the 1069 

mice were sacrificed and tumors and organ tissues were collected. HE staining and 1070 

immunohistochemistry are serviced by Servicebio. The animal studies were 1071 

conducted in conformity with institutional guide for the care and use of laboratory 1072 

animals, and all mouse protocols were approved by the Animal Care and Use 1073 

Committee of Sichuan University (Chengdu, Sichuan, China). 1074 
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� 1,2,4-Oxadiazole-Containing Selective Histone Deacetylase Inhibitors 

� Nanomole antiproliferative activities in a panel of cancer cell lines 

� Inducing cell cycle arresting at G1 phase and apoptotic effects 

� Oral bioavailability was up to 53.52% 

 


