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General procedure for the synthesis of 1-(4-benzylpiperazin-1-yl)hydroxyphenyl 
derivatives (9−12) 

4-hydroxybenzoic acid, 2-(4-hydroxyphenyl)acetic acid, 3-(4-
hydroxyphenyl)propanoic acid, or 4-(4-hydroxyphenyl)butanoic acid (5−8, respectively) 
(6.02 mmol) was dissolved in THF anhydrous (10 mL). 1,1'-carbonyldiimidazole (CDI) 
(6.02 mmol) was added and the reaction mixture was left stirring under nitrogen for 10 
min. Benzylpiperazine (6.02 mmol) was dissolved in THF anhydrous (5 mL) in a dropping 
funnel. The reaction mixture was cooled at 0 ℃ for 10 m. The benzylpiperazine was added 
dropwise and the reaction occurred at room temperature for 8 h. The solvent was 
evaporated under vacuum, and for compounds 9−11 the resulting yellow oil was washed 
with NaHCO3 0,5 % m/v aqueous solution (50 mL), and water (2 x 50 mL). Then, ethanol 
(10 mL) was added and volatiles were again eliminated under vacuum. For compound 12, 
ethyl acetate (50 mL) was added to the yellow residue. The organic layer was then washed 
with saturated solution of NaHCO3 (3 x 25 mL), dried over anhydrous Na2SO4, filtered, 
and concentrated. The obtained oily residue was purified by flash column 
chromatography using a mixture of dichloromethane/methanol or ethyl acetate/methanol 
(9.5/ 0.5).  

 
(4-Benzylpiperazin-1-yl)(4-hydroxyphenyl)methanone (9) 

White solid; mp: 170.2–173.5 ℃; yield 34.64 %. IR (KBr, selected lines) cm-1: 3196, 
2948, 2810, 1734, 1608, 1578, 1434, 1364, 1277, 1169, 1003, 848. 1H NMR (200 MHz, DMSO-
d6): δ 9.89 (s, 1H, OH phenolic), 7.39–7.19 (m, 5H + 2H, aromatic), 6.82–6.74 (m, 2H, 
aromatic), 3.58–3.25 (m, 2H + 4H, Ar-CH2-N + piperazine), 2.43–2.32 (m, 4H, piperazine). 

 
1-(4-Benzylpiperazin-1-yl)-2-(4-hydroxyphenyl)ethan-1-one (10) 

White solid; mp: 156.3–157.4 ℃; yield 26.84 %. IR (KBr, selected lines) cm-1: 3319, 
2914, 2814, 1631, 1516, 1437, 1410, 1354, 1264, 1208, 1003, 820. 1H NMR (200 MHz, DMSO-
d6): δ 9.28 (s, 1H, OH phenolic), 7.36–7.24 (m, 5H, aromatic), 6.99 (d, J = 8.4 Hz, 2H, 
aromatic), 6.67 (d, J = 8.6 Hz, 2H, aromatic), 3.55 (s, 2H, CO-CH2-Ar), 3.48–3.32 (m, 2H + 
4H, Ar-CH2-N + piperazine), 2.29–2.20 (m, 4H, piperazine).  
 
1-(4-Benzylpiperazin-1-yl)-3-(4-hydroxyphenyl)propan-1-one (11) 

White solid; mp: 107.8–109.2 ℃; yield 28.6 %. IR (KBr, selected lines) cm-1: 3376, 3023, 
2805, 1643, 1514, 1454, 1346, 1212, 1026, 999, 812. 1H NMR (200 MHz, DMSO-d6): δ 9.19 (s, 
1H, OH phenolic), 7.38–7.21 (m, 5H, aromatic), 7.00 (d, J = 8.2 Hz, 2H, aromatic), 6.64 (d, J 
= 8.2 Hz, 2H, aromatic), 3.42–3.30 (m, 4H, piperazine), 2.67–2.63 (m, 2H, CO-CH2-CH2-Ar), 
2.54–2.50 (m, 2H, CO-CH2-CH2-Ar), 2.39–2.11 (m, 4H, piperazine). 
 
1-(4-Benzylpiperazin-1-yl)-4-(4-hydroxyphenyl)butan-1-one (12) 

White solid; mp: 145.3–146.9 ℃; yield 47 %. IR (KBr, selected lines) cm-1: 3285, 2951, 
2910, 2822, 1623, 1595, 1452, 1348, 1257, 1147, 996, 835. 1H NMR (200 MHz, CDCl3): δ 7.38–
7.35 (m, 5H, aromatic), 6.98 (d, J = 8.4 Hz, 2H, aromatic), 6.76 (d, J = 8.4 Hz, 2H, aromatic), 
3.72–3.69 (m, 2H, piperazine), 3.64 (s, 2H, Ar-CH2-N), 3.55–3.42 (m, 2H, piperazine), 2.64–
2.43 (m, 4H + 2H, piperazine + CO-CH2-CH2-CH2-Ar), 2.29 (t, J = 7.5 Hz, 2H, CO-CH2-CH2-
CH2-Ar), 2.02–1.80 (m, 2H, CO-CH2-CH2-CH2-Ar).  
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General procedure for the synthesis of bromobutoxy phenyl derivatives (13−16) 

The appropriate (4-benzylpiperazin-1-yl)hydroxyphenyl intermediate (9−12) (1.34 
mmol) was dissolved in acetonitrile (25 mL). K2CO3 (5.36 mmol) was added and the 
reaction mixture was left stirring under reflux for 10 min. Then 1,4-dibromobutane (5.36 
mmol) was added and the reaction completed in 6 h. The solvent was evaporated under 
vacuum, then water (100 mL) was added to the resulting residue and extracted with ethyl 
acetate (3 x 50 mL). The organic layer was finally washed with brine (50 mL) and dried 
over anhydrous Na2SO4, filtered, and concentrated. The obtained residue was purified by 
flash column chromatography using ethyl acetate/methanol (9.5/ 0.5). 
 
(4-Benzylpiperazin-1-yl)(4-(4-bromobutoxy)phenyl)methanone (13) 

Colorless oil; yield 81.20 %. 1H NMR (200 MHz, DMSO-d6): δ 7.36–7.31 (m, 5H + 2H, 
aromatic), 6.99–6.94 (m, 2H, aromatic), 4.03 (t, J = 5.2 Hz, 2H, O-CH2-CH2-CH2-CH2-Br), 
3.61 (t, J = 6.4 Hz, 2H, O-CH2-CH2-CH2-CH2-Br), 3.47–3.41 (m, 2H + 4H, Ar-CH2-N + 
piperazine), 2.39–2.35 (m, 4H, piperazine), 2.0–1.79 (m, 4H, O-CH2-CH2-CH2-CH2-Br).  
 
1-(4-Benzylpiperazin-1-yl)-2-(4-(4-bromobutoxy)phenyl)ethan-1-one (14) 

Yellow oil; yield 69.84 %. 1H NMR (200 MHz, DMSO-d6): δ 7.37–7.19 (m, 5H, 
aromatic), 7.10 (d, J = 8.4 Hz, 2H, aromatic), 6.85 (d, J = 8.6 Hz, 2H, aromatic), 3.98 (t, J = 6.2 
Hz, 2H, O-CH2-CH2-CH2-CH2-Br), 3.72–3.56 (m, 2H + 2H, O-CH2-CH2-CH2-CH2-Br + CO-
CH2-Ar), 3.45 (s, 2H, Ar-CH2-N), 3.40–3.25 (m, 4H, piperazine), 2.27–2.25 (m, 4H, 
piperazine), 1.99–1.78 (m, 4H, O-CH2-CH2-CH2-CH2-Br).  
 
1-(4-Benzylpiperazin-1-yl)-3-(4-(4-bromobutoxy)phenyl)propan-1-one (15) 

Colorless oil; yield 86.80 %. 1H NMR (200 MHz, DMSO-d6): δ 7.39–7.20 (m, 5H, 
aromatic), 7.12 (d, J = 8.6 Hz, 2H, aromatic), 6.82 (d, J = 8.6 Hz, 2H, aromatic), 3.98 (t, J = 6.0 
Hz, 2H, O-CH2-CH2-CH2-CH2-Br), 3.60 (t, J = 6.4 Hz, 2H, O-CH2-CH2-CH2-CH2-Br), 3.45–
3.36 (m, 2H + 4H, Ar-CH2-N + piperazine), 2.80–2.67 (m, 2H, CO-CH2-CH2-Ar), 2.57–2.48 
(m, 2H, CO-CH2-CH2-Ar), 2.27–2.17 (m, 4H, piperazine), 2.10–1.76 (m, 4H, O-CH2-CH2-
CH2-CH2-Br). 
 
1-(4-Benzylpiperazin-1-yl)-4-(4-(4-bromobutoxy)phenyl)butan-1-one (16) 

Yellow oil; yield 60 %. IR (KBr, selected lines) cm-1: 3430, 2927, 1645, 1510, 1433, 1242, 
1177, 1030, 746. 1H NMR (200 MHz, CDCl3): δ 7.48–7.30 (m, 5H, aromatic), 7.08 (d, J = 8.6 
Hz, 2H, aromatic), 6.80 (d, J = 8.6 Hz, 2H, aromatic), 3.97 (t, J = 5.8 Hz, 2H, O-CH2-CH2-
CH2-CH2-Br), 3.73 (s, 2H + 2H, Ar-CH2-N + piperazine), 3.57–3.46 (m, 2H + 2H, O-CH2-
CH2-CH2-CH2-Br, piperazine), 2.60 (t, J = 7.3 Hz, 2H + 4H, CO-CH2-CH2-CH2-Ar + 
piperazine), 2.28 (t, J = 7.4 Hz, 2H, CO-CH2-CH2-CH2-Ar), 2.15–1.81 (m, 2H + 4H, CO-CH2-
CH2-CH2-Ar, O-CH2-CH2-CH2-CH2-Br). 
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Table S1. HO-1 inhibition and binding properties of hybrids 1−4 and reference compounds.  

Compd n IC50 HO-1 (μM) σ1R Ki (nM) (%)1 σ2R Ki (nM) (%)1 
1  0 229.91 ± 5.1  > 10,000 (90) > 10,000 (54) 
2  1 215.59 ± 3.6 > 10,000 (73) > 10,000 (67) 
3 2 161.92 ± 1.8 > 10,000 (78) > 10,000 (66) 
4 3 87.72 ± 1.3 > 10,000 (55) 4,624 ± 663 

LS02   2.1 ± 0.33 -- -- 
LS4/282   0.9 ± 0.083 -- -- 
LS6/422   0.95 ± 0.023 -- -- 

Azalanstat  5.30 ± 0.43 ---  
SI1/132  -- 1.6 ± 0.054 1,418 ± 184 
RFB/132  -- 8.8 ± 0.224       3,253 ± 404 

(+)-Pentazocine  -- 4.3 ± 0.5 1,465 ± 224 
DTG  -- 124 ± 19 18 ± 1 

Haloperidol  -- 2.6 ± 0.4 77 ± 18 
1 % of inhibition at 10 μM 
2 Figure 1 main text. 
3 Data taken from [1-3]. 
4 Data taken from [4, 5]. 
 
 
 
 
 

 
 

 Table S2. Elemental analysis data for compounds 1–4. 
    Calcd   Found  

Compd  Formula Mw C H N C  H N 
1 C25H30N4O2 418.4 71.74 7.23 13.39 71.56 7.21 13.42 
2 C26H32N4O2 432.7 72.19 7.46 12.95 71.98 7.44 12.99 
3  C27H34N4O2 446.0 72.62 7.67 12.55 72.53 7.66 12.58 
4  C28H36N4O2 460.2 73.01 7.88 12.16 72.91 7.87 12.20 
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Figure S1. 1H NMR of compound 9. 

 
Figure S2. 1H NMR of compound 10. 
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Figure S3. 1H NMR of compound 11. 

 
Figure S4. 1H NMR of compound 12. 
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Figure S5. 1H NMR of compound 13. 

 

Figure S6. 1H NMR of compound 14. 
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Figure S7. 1H NMR of compound 15. 

 

Figure S8. 1H NMR of compound 16. 
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Figure S9. 1H NMR of compound 1. 

 

Figure S10. 13C NMR of compound 1. 
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Figure S11. 1H NMR of compound 2. 

 

Figure S12. 13C NMR of compound 2. 
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Figure S13. 1H NMR of compound 3. 

 

Figure S14. 13C NMR of compound 3. 
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Figure S15. 1H NMR of compound 4. 

 

Figure S16. 13C NMR of compound 4. 
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Figure S17. Effect of σR ligands haloperidol, SI1/13 and RFB/13 and of HO-1 inhibitors LS/0, LS4/28 and LS6/42 

treatments on cell viability of MDA-MB 231 cell line, assessed by MTT assay at the doses of 1 μM. Results are 

representative of at least three independent experiments and values are expressed as percentage of control (% of control). 

Data represent means ± SEM. ***p<0.001 vs control as determined by One-way ANOVA followed by Tukey’s multiple 

comparison test. 
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