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Abstract 23 

A novel series of donepezil-trolox hybrids were designed, synthesized and 24 

evaluated as multifunctional ligands against Alzheimer's disease (AD). Biological 25 

assays showed that these derivatives possessed moderate to good inhibitory activities 26 

against acetylcholinesterase (AChE) and monoamine oxidase B (MAO-B) as well as 27 

remarkable antioxidant effects. The optimal compound 6d exhibited balanced 28 

functions with good inhibition against hAChE (IC50 = 0.54 µM) and hMAO-B (IC50 = 29 

4.3 µM), significant antioxidant activity (41.33 µM of IC50 by DPPH method, 1.72 and 30 

1.79 trolox equivalent by ABTS and ORAC methods), excellent copper chelation and 31 

Aβ1−42 aggregation inhibition effect. Furthermore, cellular tests indicated that 6d was 32 

very low toxic and capable of combating oxidative toxins (H2O2, rotenone and 33 

oligomycin-A) induced neurotoxicity. Most importantly, oral administration of 6d 34 

demonstrated notable improvements on cognition and spatial memory against 35 

scopolamine-induced acute memory deficit as well as D-galactose (D-gal) and AlCl3 36 

induced chronic oxidative stress in mice model without acute toxicity and 37 

hepatotoxicity. In summary, both in vitro and in vivo results suggested that 6d is a 38 

valuable candidate for the development of safe and effective anti-Alzheimer’s drug. 39 

 40 

Key words: Alzheimer’s disease, Acetylcholinesterase inhibitors, Antioxidant, 41 

β-Amyloid aggregation, Neuroprotection, Cognitive improvement. 42 

 43 
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1. Introduction 45 

Alzheimer’s disease (AD) is an age-related neurodegenerative disease featuring 46 

in a progressive memory loss, language skills decline and other cognitive 47 

impairments.
1 

AD has been demonstrated to possess a highly complex network of 48 

diverse factors and etiological hallmarks, including the accumulation of abnormal 49 

deposits of β-amyloid peptide (Aβ), hyperphosphorylated tau protein, 50 

neuroinflammation of the central nervous system (CNS), oxidative stress, 51 

dyshomeostasis of biometals and low level of acetylcholine (ACh).
2-4

 Thus, an 52 

appropriate strategy to achieve better therapeutic efficacy for AD is proposed by 53 

development of multi-target-directed ligands (MTDLs) that can simultaneously 54 

modulate different targets or mechanisms involved in the neurodegenerative AD 55 

cascade.
5
 56 

Currently, the dominating treatment agent for AD is acetylcholinesterase 57 

inhibitors (AChEIs), which increases the cholinergic neurotransmission in the 58 

synaptic cleft by inhibiting degradation of ACh.
6
 Also, central acetylcholinesterase 59 

(AChE) would play noncholinergic functions in the development of AD. The 60 

peripheral anionic site (PAS) of AChE would catalyze Aβ aggregation.
7,8

 The 61 

aggregation of Aβ, especially Aβ1-42, may lead to the formation of senile plaques in 62 

the brain, associated with neurodegeneration.
9
 Hence, dual AChEIs which are able to 63 

interact with both the catalytic anionic site (CAS) and PAS of AChE are expected not 64 

only to alleviate the symptoms, but also to slow down the progression of AD.
10-12

  65 

The hyper-production of reactive oxygen species (ROS) has been observed in AD 66 
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and antioxidant enzymes have also been found to be increased in specific AD brain 67 

regions.
13 

Recently, researches have proved that oxidative damage in cellular 68 

structures precedes the appearance of other pathological hallmarks of AD, namely, 69 

senile plaques and neurofibrillary tangles.
13-15

 In addition, redox-active metal ions like 70 

Cu
2+

, Fe
2+

 and Fe
3+

 is
 
contributed to the production of ROS, which promotes oxidative 71 

stress thus leading to AD pathogenesis.
16

 Therefore, antioxidant and modulation of 72 

such biometals in the brain have been proposed as a promising therapeutic strategy for 73 

the treatment of AD. 74 

Donepezil, first choice drug currently used for AD treatment, is among the most 75 

popular pharmacophore inspirations in the design of novel drug candidates for its 76 

potent, low toxic and well tolerated AChE inhibitory activities.
17

 Trolox, a 77 

water-soluble analogue of vitamin E, is a powerful antioxidant widely used in 78 

biological or biochemical applications to reduce oxidative stress.
18,19

 Additionally, it 79 

showed neuroprotective effects through scavenging ROS and attenuating the 80 

neurotoxicity mediated by Aβ and H2O2 on hippocampus neurons.
20-22

 These premise 81 

of trolox consolidate its neuroprotective capacity and make it an excellent lead 82 

compound for the design of multifunctional drugs for treating AD. 83 

In recent years, many interesting MTDLs have been developed, such as, 84 

memoquin,
23

 ladostigil,
24

 and huprine X,
25

 among others. Our group has also reported 85 

several families of MTDLs that combined neuroprotective, cholinergic, and 86 

antioxidant properties, including tacrine–trolox hybrid, melatonin–donepezil hybrids 87 

and others.
26,27

 Following our previous work and considering both the donepezil and 88 
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trolox behaving a very concomitant biological properties for AD treatment, we fused 89 

the pharmacophores of donepezil and trolox into one molecule (Figure 1). 90 

Compounds with zero and two carbon amido linkage were designed to tether these 91 

two fragments to meet the requirement of simultaneous binding to PAS and CAS of 92 

AChE.
28

 The biological activities with regards to the inhibition of ChEs, MAOs and 93 

antioxidants activities were evaluated. Noticeably, an optimal compound, 6d, was 94 

assessed neuroprotection in PC12 and BV-2 cells and conducted behavioral 95 

performance in mice model of AD. 96 

 97 

2. Results and Discussion 98 

2.1. Chemistry 99 

The synthetic method for these derivatives was shown in Scheme 1.
29-31

 100 

Commercial 4-boc-aminopiperidine (1) and 4-(2-boc-aminoethyl)piperidine (2) as 101 

starting materials were reacted with different substituted benzyl bromides to give the 102 

key intermediate 1a-m and 2a-m, respectively, then removal of the protecting group 103 

with trifluoroaceticacid (TFA) obtained the corresponding 1-benzyl-substituted 104 

4-aminopiperidine 3a-m and 1-benzyl-substituted 4-aminoethylpiperidine 4a-m in 105 

good yields without further purification. Finally, the target compounds 5a-m and 106 

6a-m were prepared by the reaction between trolox and 3a-m and 4a-m using 107 

N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDCI) and 108 

1-hydroxybenzotriazole hydrate (HOBt) as catalyst in dichloromethane (DCM). 109 

Structures of all target compounds were characterized by 
1
H NMR, 

13
C NMR, 110 
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ESI-MS and HRMS. 111 

2.2. Biological Assays. 112 

2.2.1. Inhibitory activities against AChE and BuChE 113 

Cholinesterases (ChEs) in human body comprise of two types, namely, 114 

acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE). Normally, AChE 115 

hydrolyzes about 80% of acetylcholine while BuChE plays only a secondary role.
32

 116 

Therefore, simultaneous inhibition of both AChE and BuChE would be more 117 

meaningful for AD treatment. 118 

The inhibitory activities of all target compounds against ChEs were evaluated 119 

following the Ellman’s method, with donepezil as the reference.
33

 Initially, 120 

compounds were tested with enzymes from animal source (AChE from electric eel， 121 

eeAChE, and BuChE from equine serum, eqBuChE), considering of the high degree 122 

of homology and lower cost compared with human enzymes. As shown in Table 1, all 123 

target compounds exhibited moderate to good inhibitory towards ChEs. Compound 124 

6a-m showed more potent inhibitory activity for eeAChE than for eqBuChE. 125 

Conversly, compound 5a-m exhibited more BuChE selective. Obviously, the length of 126 

the alkyl spacer between trolox and donepezil moiety could significantly influence the 127 

selective of ChE inhibitory activity. Compound 6d (eeAChE: IC50 = 0.31 µM, 128 

eqBuChE: IC50 = 3.91 µM) possessed the most significant bioactivities, revealing 2-F 129 

group in the benzene was the best choice for AChE inhibition. Specifically, the AChE 130 

inhibition potency of 6a-m was widely higher than that of 5a-m having a less-carbon 131 

length of alkyl spacer. While the BuChE inhibition was no substantial difference 132 
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7 

 

between 5a-m and 6a-m. It may be ascribed to the fact that the functional manner of 133 

AChE is different with that of BuChE.
34

 Comparing with different substituents (H, 134 

CH3, OCH3, F, Cl, Br and NO2), compounds bearing electron-withdrawing group 135 

were in favor of the inhibitory activities of AChE. Conversely, the length of the alkyl 136 

spacer and substituent effect exhibited no clear trend for BuChE inhibition. 137 

Compounds 6a-m with potent inhibitory activities for eeChEs were then tested on 138 

human ChEs (hChEs) (Table 1). It can be observed that compounds 6a-m were also 139 

potent inhibitors of hChEs. Most of these compounds showed decreased inhibitory 140 

activity for hChEs compared to eeChEs. Compound 6d with the inhibitory activity 141 

being 0.56 µM was still the most potent inhibitor of hAChE.  142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 
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Table 1. In vitro inhibition of AChE and BuChE inhibitory activity of the target 155 

compounds. 156 

Compds n 

IC50 (µM)
 a)
  

eeAChE
 b)
 eqBuChE

 b)
 hAChE

 c)
 hBuChE

 c)
 SI 

d)
 

5a 

0 

12.53 ± 1.22 5.38 ± 0.02  -
e)

 -  

5b 19.54 ± 0.62 5.49 ± 0.06 - -  

5c 15.78 ± 0.22 5.94 ± 1.02 - -  

5d 9.25 ± 0.35 5.88 ± 0.22 - -  

5e 11.27 ± 0.25 5.42 ± 0.32 - -  

5f 9.51 ± 0.04 5.32 ± 0.24 - -  

5g 9.84 ± 0.04 6.01 ± 1.04 - -  

5h 13.42 ± 0.03 5.93 ± 0.37 - -  

5i 14.88 ± 1.02 5.15 ± 0.45 - -  

5j 17.92 ± 1.05 5.83 ± 0.02 - -  

5k 11.79 ± 0.11 5.66 ± 0.43 - -  

5l 10.23 ± 0.22 6.73 ± 0.62 - -  

5m 11.56 ± 0.24 6.34 ± 0.04 - -  

6a 

2 

0.82 ± 0.11 3.24 ± 1.01 0.97 ± 0.02 5.62 ± 0.11 5.79 

6b 1.63 ± 0.22 3.82 ± 0.90 2.34 ± 0.21 4.91 ± 0.15 2.10 

6c 1.44 ± 0.21 3.61 ± 0.81 2.75 ± 0.22 5.80 ± 0.30 2.11 

6d 0.31 ± 0.03 3.91 ± 0.11 0.56 ± 0.04 5.97 ± 0.13 10.66 

6e 0.59 ± 0.05 3.87 ± 0.13 1.73 ± 0.06 4.95 ± 0.55 2.86 

6f 0.43 ± 0.12 4.09 ± 0.10 1.67 ± 0.09 7.04 ± 1.21 4.43 

6g 0.63 ± 0.10 4.54 ± 0.92 1.04 ± 0.01 9.27 ± 1.03 8.91 

6h 0.48 ± 0.02 3.69 ± 0.71 2.46 ± 0.02 5.81 ± 0.29 2.26 

6i 0.77 ± 0.01 3.71 ± 0.21 2.11 ± 0.09 4.86 ± 1.22 2.30 

6j 0.61 ± 0.03 4.58 ± 0.22 1.92 ± 0.05 4.29 ± 0.77 2.55 

6k 0.53 ± 0.04 4.52 ± 0.32 1.58 ± 0.08 3.26 ± 0.44 2.06 

6l 0.85 ± 0.10 3.94 ± 0.11 1.72 ± 0.32 5.97 ± 0.06 3.47 

Donepezil － 0.07 ± 0.01 2.48 ± 0.11 0.048 ± 0.003 3.17 ± 0.10 66 

a) IC50: 50% inhibitory concentration (mean ± SD of three experiments);  157 

b) AChE from electric eel and BuChE from equine serum were used; 158 

c) AChE from human erythrocytes and BuChE from human serum were used; 159 

d) SI means selectivity index, hBuChE/hAChE. 160 
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e) Not tested 161 

 162 

2. 2. 2. Kinetic study of hAChE inhibition 163 

To assess the hAChE inhibition mechanism of donepezil-trolox hybrids, the 164 

kinetic test of 6d was investigated. As presented in Figure S1 (Supporting 165 

Information), the Lineweavere-Burk reciprocal plots with increasing slopes and 166 

intercepts at higher inhibition concentrations intersected in the fourth-quadrant, 167 

indicating a mixed-type inhibitory pattern for compound 6d to AChE with the 168 

inhibition constant Ki of 0.44 µM. Therefore, compound 6d can simultaneously bind 169 

to the CAS and PAS of hAChE.
12 

The docking results in Figure S2 (Supporting 170 

Information) also indicated that compound 6d could fit into the active-site gorge of 171 

the enzyme and simultaneously interact with the PAS and CAS of hAChE in 172 

agreement with the kinetic study, which demonstrated the rationality of our molecular 173 

design. 
 

174 

 175 

2.2.3. Inhibitory activities against MAO-A and MAO-B 176 

Monoamine oxidases (MAOs), including MAO-A and MAO-B, catalyze the 177 

deamination of amines and are responsible for the regulation and metabolism of major 178 

monoamine neurotransmitters.
35

 The chemical reaction catalyzed by MAOs resulted 179 

in a number of potentially neurotoxic species, such as hydrogen peroxide and 180 

ammonia. In particular, hydrogen peroxide can trigger the production of ROS and 181 

induce mitochondrial damage and neuronal apoptosis. MAO-B inhibitors have been 182 
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10 

 

considered as rational bases in AD management.
36

  183 

Considering MAOs being highly relevant to oxidative stress, the inhibitory 184 

activities on human MAOs (hMAOs) of all the target compounds were evaluated. The 185 

protocol was carried out with a fluorescence-based method using kynuramine as a 186 

nonselective substrate of hMAO-A and hMAO-B.
37 

According to the Table2, most of 187 

5a-m displayed a better inhibition towards hMAO-B than hMAO-A, while 6a-m 188 

presented unselective action for MAOs. Those suggested the linkage length between 189 

two different moieties plays some effects on its selectivity. Compound 5e was the 190 

most active inhibitors (hMAO-A: IC50 = 9.3 µM, hMAO-B: IC50 = 1.6 µM). 191 

Comparing the two series of compounds, the MAO-B inhibition of 6a-m was feebly 192 

weaker than that of 5a-m. The results indicated that the linker plays no substantial 193 

impacts on the MAO-B inhibitory activity. Additionally, most compounds with the 194 

electron-withdrawing groups displayed a increased MAO-B potency. 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 
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Table 2. The MAOs inhibition bioactivity and radical scavenging capacity of the 205 

target compounds. 206 

a) IC50: 50% inhibitory concentration (means ± SD of three experiments); 207 

b) Data are expressed as (mmol trolox)/(mmol tested compound);  208 

Compds 

IC50 (µM) 
a)
 Trolox equivalent

 b)
 

hMAO-A hMAO-B DPPH assay ABTS assay ORAC assay 

5a 15.3 ± 0.2 2.5 ± 0.1 44.38 ± 0.33 1.54 ± 0.22 1.44 ± 0.01 

5b 13.1 ± 0.3 3.1 ± 0.2 50.29 ± 1.21 1.51 ± 0.11 1.41 ± 0.02 

5c 12.7 ± 0.3 3.3 ± 0.2 50.88 ± 1.52 1.43 ± 0.14 1.47 ± 0.12 

5d 8.9 ± 0.1 1.7 ± 0.2 54.30 ± 1.30 1.48 ± 0.12 1.28 ± 0.22 

5e 9.3 ± 0.2 1.6 ± 0.3 57.30 ± 2.42 1.59 ± 0.11 1.61 ± 0.12 

5f 11.4 ± 0.1 1.8 ± 0.3 58.87 ± 2.43 1.21 ± 0.13 1.29 ± 0.14 

5g 11.8 ± 1.2 1.9 ± 0.2 59.64 ± 3.12 1.24 ± 0.11 1.34 ± 0.13 

5h 12.5 ± 1.5 2.3 ± 0.5 56.33 ± 2.11 1.12 ± 0.05 1.42 ± 0.08 

5i 12.7 ± 2.1 1.7 ± 0.3 52.31 ± 3.45 1.18 ± 0.07 1.28 ± 0.12 

5j 13.8 ± 1.5 3.1 ± 0.1 51.90 ± 2.11 1.15 ± 0.05 1.25 ± 0.08 

5k 12.6 ± 0.3 2.7 ± 0.9 53.47 ± 3.14 1.21 ± 0.04 1.22 ± 0.08 

5l 13.2 ± 0.5 1.9 ± 0.3 51.35 ± 1.21 1.08 ± 0.02 1.28 ± 0.11 

5m 11.1 ± 0.4 3.2 ± 0.3 40.77 ± 1.03 1.04 ± 0.03 1.09 ± 0.13 

6a 7.8 ± 0.6 7.3 ± 0.2 43.38 ± 1.22 1.76 ± 0.07 1.56 ± 0.02 

6b 8.4 ± 0.1 6.9 ± 0.1 47.43 ± 1.22 1.65 ± 0.34 1.45 ± 0.07 

6c 8.9 ± 0.1 7.5 ± 0.1 54.90 ± 1.10 1.71 ± 0.08 1.79 ± 0.01 

6d 4.4 ± 0.2 4.3 ± 0.2 43.33 ± 1.32 1.79 ± 0.21 1.62 ± 0.03 

6e 5.3 ± 0.5 4.6 ± 0.2 44.99 ± 0.07 1.75 ± 0.02 1.55 ± 0.01 

6f 4.8 ± 0.1 4.5 ± 0.3 54.20 ± 1.32 1.68 ± 0.03 1.48 ± 0.02 

6g 5.7 ± 0.3 5.8 ± 1.0 49.55 ± 1.89 1.59 ±0.11 1.56 ± 0.02 

6h 8.1 ± 0.2 5.3 ± 0.7 44.32 ± 2.43 1.61± 0.04 1.51 ± 0.05 

6i 7.2 ± 0.4 6.1 ± 0.4 47.12 ± 3.21 1.54 ± 0.03 1.54 ± 0.06 

6j 5.8 ± 0.5 4.8 ±0.3 48.89 ± 3.41 1.49 ± 0.01 1.49 ± 0.10 

6k 6.3±0.2 5.7± 0.2 48.24 ± 2.11 1.55 ± 0.05 1.45 ± 0.02 

6l 5.4 ± 0.2 4.9 ± 0.1 46.30 ± 2.21 1.60 ± 0.12 1.51 ± 0.05 

6m 5.6 ± 0.2 5.1 ± 0.2 47.30 ± 2.20 1.49 ± 0.11 1.57 ± 0.05 

Trolox - - 45.2 ± 2.30 1 1 
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2.2.4. In vitro free radical scavenging activities 209 

As an ample evidence reported, oxidative stress plays an critical role in the 210 

development of AD.
13-15

 Drugs preventing the formation or clearing of the free 211 

radicals in the brain would be beneficial for AD. Three independent approaches, 212 

namely, DPPH (diphenyl-1-picrylhydrazyl) radical scavenging method, ABTS (2, 213 

2’-azino-bis(3-ethylbenzthiazoline-6-sulfonicacid)) radical scavenging method and 214 

ORAC (oxygen radical absorbance capacity) assay were used to co-elucidate the 215 

antioxidant activities of this series of analogs in vitro. 216 

2.2.4.1. DPPH radical scavenging assay 217 

DPPH radical can be used in preliminary screening of compounds capable of 218 

scavenging reactive oxygen species.
38

 For comparison, trolox was used as reference. 219 

The results summarized in Table 2 indicated that all compounds retained the 220 

antioxidant activity comparing with trolox. Connecting the trolox with donepezil 221 

moiety and variation of substituents did not significantly affect the antioxidant activity, 222 

indicating that hybridizing these two scaffolds was rational.  223 

 224 

2.2.4.2. ABTS method and ORAC assay 225 

These compounds were also tested for their antioxidant activities by using the 226 

ABTS method
39

 and ORAC assay.
40

 Their antioxidant activities were provided as 227 

trolox equivalent (mmol of trolox/mmol of tested compound). As shown in Table 2, 228 

all the trolox equivalent of the target compounds is larger than 1. It means that most of 229 

the compounds demonstrated more superior antioxidant activities compared with 230 
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trolox.  231 

Although the antioxidant results from three kinds of free radical scavenging 232 

methods performed a little difference, the same trend of free radical scavenging 233 

activity was observed according to the results. After above biological evaluation, 234 

compound 6d was chosen as the most promising compound for further study based on 235 

its strong and balanced inhibition for both ChEs and antioxidant activity closed to 236 

trolox. 237 

 238 

2.2.5. Metal-Chelating properties of compound 6d 239 

The chelating selectivity and ability of compound 6d to chelate biometals, such as 240 

Cu
2+

, Zn
2+

, Fe
2+

 and Fe
3+

, were studied by UV−vis spectroscopy assay and 241 

fluorescence spectrometry.
41

 The UV result was presented in Figure 2A showed that 242 

new optical band was detected at 246 nm after the addition of CuSO4 to the solution 243 

of compound 6d, which demonstrated the production of the corresponding complex 244 

via metal chelation. Meanwhile, from the fluorescence spectra in Figure 2B 245 

(excitation wavelength at 291 nm), the specific fluorescence emission peak of 6d can 246 

be observed at 320 nm with the highest intensity. After Cu
2+ 

was added to the HEPES 247 

solution of 6d, the fluorescence intensity of emission spectra was dramatically 248 

decreased, and even disappeared in 320nm. The spectra of 6d-Zn
2+

, Fe
2+

 and Fe
3+ 

249 

were in a moderate decrease of their fluorescence intensity. Overall, the above 250 

mentioned different changes indicated that all test metals may possess chelation effect 251 

with compound 6d, especially chelating with Cu
2+

. 252 
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The chelating effect of 6d for Cu
2+ 

in HEPES buffer was further investigated by 253 

UV-vis spectrometry. Following the absorption at 246 nm, a series of UV−vis spectra 254 

were collected of 6d titrated with Cu
2+

, and the isosbestic point demonstrated a 1:1 255 

Cu
2+

/ligand molar ratio for the unique 6d-Cu
2+

 complex shown in Figure 2C and 256 

Figure 2D by Job’s method.
 

257 

 258 

2.2.6. Modulation of self- and metal-induced Aβ1-42 aggregation 259 

we further studied 6d’s regulation of self- and metal-induced Aβ aggregation by 260 

Thioflavin T (ThT) fluorescence assay and transmission electron microscopy 261 

(TEM).
42

 262 

The ThT assay results were reported in Figure 3A, and the curcumin was used as 263 

reference. Compound 6d inhibited 56.3 ± 4.1% of the self-induced Aβ1−42 aggregation 264 

and 63.9 ± 3.6% of the Cu
2+

-induced Aβ1-42 aggregation, which were similar with 265 

curcumin (52.9 ± 7.2% and 66.5 ± 3.2%). These results indicated that compound 6d 266 

could effectively inhibit self-induced Aβ aggregation and Cu
2+

-induced Aβ1-42 267 

aggregation. As indicated in Figure 3B, Aβ1−42 alone (Figure 3B-a) can aggregate 268 

into well-defined Aβ1-42 fibrils induced by themselves (Figure 3B-b). More complex 269 

Aβ fibrils were observed in the presence of Cu
2+ 

(Figure 3B-c) than with Aβ1−42 alone. 270 

By contrast, few Aβ1-42 fibrils were observed in the presence of compounds curcumin 271 

and 6d (Figure 3B-d~g) under the identical conditions. The consistent results of TEM 272 

images and the ThT binding assay suggested that 6d can inhibit Aβ1−42 fibril 273 

formation and Cu
2+

-induced Aβ1-42 aggregation effectively.  274 
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2.2.7. The cytotoxic effect of the compound 6d on HepG2, PC12 and BV-2 cells 275 

Considering the critical importance of evaluating the possible hepatotoxicity and 276 

the safety index for developing a nervous system drug, we initially screened the 277 

cytotoxic effect of 6d on HepG2, PC12 and BV-2 cells, respectively.
27,43-44

 278 

As presented in Figure 4A, compound 6d displayed negligible hepatotoxicity 279 

profile up to 100 µM after 24 h incubation on HepG2 cells and showed no obvious 280 

cytotoxicity less than 50 µM on PC12 and BV-2 cells. Collectively, the results 281 

suggested 6d was safe and worthy of further investigations. 282 

 283 

2.2.8. Neuroprotective effect of 6d against oxidative injuries on PC12 cells 284 

The over production of ROS and the unbalance in detoxification systems produce 285 

severe oxidative stress conditions in neurons affected by AD. Reduction of oxidative 286 

stress has been claimed as a viable strategy to slow down the progression of the 287 

disease.
13

 Therefore, we tested the ability of selected 6d to protect PC12 cells against 288 

oxidative injuries against three different toxic insults (hydrogen peroxide, 289 

oligomycin-A and rotenone). 290 

The cytoprotective effect were determined by measuring the cell viability after 291 

incubation with a radical initiator (hydrogen peroxide, H2O2) and two mitochondrial 292 

poisons (oligomycin-A and rotenone), both capable of arresting respiratory chain and 293 

energy production.
45

 Compound 6d under investigation was incubated at three 294 

concentrations (5, 10 and 20 µM) using the untreated cells as control. As depicted in 295 

Figure 4B, 6d exerted a relatively poor neuroprotective activity against cellular 296 
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damage induced by oligomycin-A, whereas it showed a moderate to good 297 

neuroprotective activity against H2O2 and rotenone at the same concentration. 6d 298 

markedly protected PC12 cells against three different toxic insults in a significant 299 

dose-dependent manner. These results showed that 6d was effective against all the 300 

oxidative injuries insults on PC12 cells. 301 

 302 

2.2.9. Neuroprotective effects of 6d against LPS-stimulated inflammation on BV2 303 

microglial cells 304 

 Neuroinflammation plays a crucial role in causing neuronal death and damage, 305 

which in turn leads to neurodegenerative diseases such as AD, PD, and multiple 306 

sclerosis. The activation of brain microglial cells in the CNS and the subsequent 307 

excess production of inflammatory mediators, such as nitric oxide (NO), may result in 308 

uncontrolled neuroinflammation in neurodegenerative diseases.
46

 Therefore, by 309 

inhibiting the production of inflammatory mediators NO in microglial cells, 310 

antineuroinflammatory therapy could delay or halt the disease progression prior to 311 

irreversible damage and the occurrence of clinical symptoms.  312 

The latest research unclosed that the close relationship was observed between the 313 

cholinergic nerves, oxidative stress and inflammation.
47,48

 So we determined the 314 

antineuroinflammatory properties of 6d by the Griess assay through detecting the 315 

suppression of NO production, using trolox and donepezil as positive control to help 316 

illuminate smoothly. Results in Figure 4C presented that donepezil and trolox showed 317 

lower NO production inhibitory, while 6d exhibited significantly higher inhibition of 318 
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NO production in the LPS-stimulated BV2 cells than the leading compounds trolox 319 

and donepezil. The unique structure of 6d resulted in preferred antineuroinflammatory 320 

activities which further stated the rationality of our molecular design. 
 

321 

 322 

2.2.10. 6d reduced LPS-induced intracellular ROS accumulation 323 

Intracellular ROS act as second messengers in regulating LPS-stimulated 324 

production of neurotoxic factors in microglial cells. Correspondingly, specifically 325 

inhibiting the production of intracellular ROS is a general way to suppress 326 

intracellular proinflammatory signals.
48

 As shown in Figure 4D, when BV-2 cells 327 

were exposed to 1 µg/ml LPS for 18 h, the intracellular ROS increased obviously by 328 

using the DCFH-DA probe. While treated with compound 6d, the level of ROS 329 

reduced in a concentration-independent manner. This results suggested that LPS could 330 

induce ROS production and 6d effectively decreased the LPS-induced intracellular 331 

ROS accumulation.  332 

Taken together, these all cell-based results highlighted that 6d was a promising 333 

neuroprotective agent and deserved a deeper exploration in vivo. 334 

 335 

2.2.11. In vitro blood-brain barrier permeation assay 336 

Since brain penetration is essential for successful anti-AD drugs, we evaluated 337 

the blood-brain barrier (BBB) penetrating potency of these derivatives. Parallel 338 

artificial membrane permeation assay for BBB (PAMPA-BBB) was used according to 339 

a previous report by Di et al.
49

 Assay validation was conducted by comparing 340 
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experimental permeability of eight commercial drugs with reported values. A plot of 341 

experimental data versus bibliographic values gave a good linear correlation, Pe (exp.) 342 

= 1.2014Pe (bibl.) - 0.3139 (R
2 

= 0.9486). From this equation and considering the 343 

limit established by Di et al. for BBB permeation, we established that compounds 344 

with permeability values over 4.5 × 10
-6 

cm s
-1 

should be able to cross the BBB. From 345 

the results presented in Table S3 (Supporting Information), it could be seen that 6d 346 

had the permeability value of 6.7 × 10
-6 

cm s
-1

, and exhibited good BBB permeability.  347 

 348 

2.2.12. Acute toxicity test and hepatotoxicity studies
 

349 

Since acute toxicity and hepatotoxicity are two important criterions in new drugs 350 

development, the corresponding studies of 6d was launched. Twenty ICR male mice 351 

were randomly allocated into 4 groups, and the test compound 6d was given in single 352 

oral doses of 0, 677, 1333, or 2000 mg/kg, respectively. After administration of the 6d, 353 

mice were monitored continuously for the first 4 h for any abnormal behavior and 354 

mortality changes, intermittently for the next 24 h, and occasionally thereafter for 14 355 

days to supervise the onset of any delayed effects. During the experimental period, no 356 

acute toxicity symptoms, such as mortality, or unnormal behavior / changes in water 357 

or food consumption or body weight were observed (Figure 5A). Furthermore, all 358 

mice were sacrificed on the 14th day after drug administration, and no damage to the 359 

internal organs was macroscopically detected.  360 

Considering that the liver is the main drug metabolic organ, so we further 361 

evaluated whether the preferred 6d had an effect on the liver. After the acute toxicity 362 
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study, the heparinized serum of mice of different groups were collected, and the levels 363 

of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were 364 

determined. As described in Figure 5B, all groups at the experimental doses did not 365 

cause significant hepatotoxicity compared to the control, as indicated by no obvious 366 

increased activities of ALT and AST. To further confirm its non-hepatotoxicty, 367 

morphological study of the highest dosage on liver tissue stained with hematoxylin 368 

and eosin (HE) was performed. Results showed that no significant area of necrosis 369 

and distinct fatty degeneration of the hepatocytes or other substantial lesions were 370 

observed (Figure 5C), which means no signally morphological changes after the 371 

treatment with 14d even in the highest concentration. These results were consistent 372 

with the previous HepG2 cell model evaluation. All the results co-illuminate the 6d 373 

had no acute hepatotoxicity and possessed similar safety index to donepezil and trolox 374 

for the treatment of AD. Overall, compound 6d had no acute toxic and well tolerated 375 

at doses up to 2000 mg/kg.  376 

 377 

2.2.13. Cognitive and memory improvement test of scopolamine-induced cognition 378 

impairment 379 

Cognition-improving potency is of utmost importance for anti-AD agents. 380 

Compound 6d's ability to ameliorate scopolamine-induced cognition impairment
 
in 381 

ICR mice was investigated in a behavioral study using the step-through passive 382 

avoidance test and the Morris water maze test.
50-52

 Donepezil and 6d were orally 383 

administered to the ICR mice 30 min before intraperitoneal (i.p.) administration of 384 
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scopolamine (3 mg/kg) or saline solution for 10 consecutive days to adapt the 385 

apparatus.  386 

2.2.13.1 Passive avoidance task 387 

Firstly, the step-through passive avoidance test was used to assess 6d 388 

cognition-improving potency. As shown in Figure 6A, the step-through latency of 389 

mice treated with scopolamine alone (model group) was significantly shorter than that 390 

of vehicle-treated mice (control group), which means the scopolamine-induced 391 

cognition impairment has been established. The treatment with 6d (5mg/kg, 10mg/kg, 392 

20mg/kg) significantly increased the latency time in a dose-dependent manner. In 393 

particular, the effect of 6d (20 mg/kg) was comparable with that of donepezil (5 394 

mg/kg). These results indicated that 6d can reverse cognitive deficit against 395 

scopolamine-induced cognition impairment. 396 

2.2.13.2 Morris water maze test 397 

After the preliminary evaluation of compound 6d cognition-improving effect by 398 

passive avoidance task, we further confirmed by Morris water maze test which is the 399 

most common and recognized widely in assessing the learning and memory ability. 400 

During the training trials, the mean escape latency and searching distance for the mice 401 

in each group declined progressively; however, the model mice normally spent more 402 

time and required farther distance to find the hidden platform. Figure 6B-a showed 403 

the mean values of the escape latencies to the hidden platform at day 1 and day 5. 404 

Control-operated mice exhibited a reduction of mean escape latency from 47.3 to 19.4 405 

s over the course of five training days. Compared with the control group, the high 406 
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dosage 6d-treated group (20mg/kg) had similar escape latency to donepezil treated 407 

group, displaying a reduction of mean escape latency from 54.9 to 24.3 s, which the 408 

donepezil group showed a reduction from 47.6 to 23.9 s. Meanwhile, the average 409 

swimming speed (Figure 6B-b) for each group of mice was virtually equivalent, 410 

which further demonstrated that the long-term uptake of 6d did not impact the 411 

animals’ normal physiology activity. Furthermore, in the probe trial on day 6, the 412 

administration of 6d improved the overall target quadrant preference (28.88%) 413 

compared with the model group (20.62%) (Figure 6B-c). Also, the Figure 6B-d 414 

indicated that the control group had significantly higher numbers of virtual platform 415 

(the original platform location) crossings (3.6 ± 0.6) compared to the model group 416 

mice (1.5 ± 0.4), which strongly suggested that scopolamine led to a spatial memory 417 

deficiency in the mice. The numbers of virtual platform crossings for the mice that 418 

were administered donepezil (3.0 ± 0.5), 6d (3.5 ± 0.8) were remarkably improved 419 

compared to the model group. The representative tracks of the mice in Morris water 420 

maze during the spatial probe trial period (Figure 6B-e) formed a more clear and 421 

definite spatial preference in the correct quadrant of the platform. These results further 422 

revealed that administration of 6d led to a substantial improvement of the 423 

conventional reference spatial memory and cognitive abilities.  424 

 425 

2.2.14. Cognitive and memory improvement test of D-gal and AlCl3-induced chronic 426 

cognition impairment 427 

Reports has demonstrated that the combination of D-galactose (D-gal) and AlCl3 428 
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eventually damages learning and memory as well as increased production of ROS.
53, 

429 

54 
Therefore, mice continuously treated with D-gal and AlCl3 might be a better model 430 

for studying the mechanisms of AD and for drug screening.
 

431 

To investigate the effects of 6d on D-gal and AlCl3 induced cognitive impairment, 432 

trolox and 6d were orally administered to the ICR mice for 40 consecutive days, and 433 

from the 15
th 

day, D-gal (150mg/kg/d) and AlCl3 (10mg/kg/d) were intraperitoneal 434 

injectioned after 6 h giving the compounds. A spatial memory test was subsequently 435 

performed as previously described by passive avoidance task. The step-through 436 

latency of mice treated with D-gal and AlCl3 alone (model group) was significantly 437 

shorter than that of control-treated mice. As reported in Figure 7A, the treatment with 438 

6d (20mg/kg) significantly increased the latency time compared with model group. 439 

The effect of 6d was slightly superior to trolox (20mg/kg). In particular, it did not 440 

cause any adverse or abnormal events (such as emesis-like or diarrhea behavior) or 441 

affect the survival. The results were also proved by intuitional histopathological 442 

studies for hippocampal neurons as showed in Figure 7C. The control group 443 

demonstrated significant neuronal normalities, while the model’s presented with 444 

nuclear pyknosis, neuronal shrinkage and an irregular shape, which indicated a 445 

necrotic morphology. In the trolox and 6d group, fewer significant neuronal 446 

abnormalities were detected in the hippocampus. These results indicated that 6d can 447 

reverse and protect cognitive deficit of D-gal and AlCl3-induced chronic cognition 448 

impairment to some extent. 449 

 450 
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2.2.15 Estimation of biochemical parameters 451 

To further verify 6d’s effects on this chronic oxidative stress model, we 452 

determined the biochemical parameters related to oxidative damages.
55, 56 

After the 453 

behavior assessments, the mice were sacrificed, and the brain were collected rapidly, 454 

rinsed with cold phosphate-buffered saline (PBS). The biochemical parameters in 455 

different groups were shown in Figure 7B. The levels of malondialdehyde (MDA), 456 

the oxidative stress markers, exhibited a significant increase in the model group 457 

compared with the control group. 6d treatment significantly decreased the enhanced 458 

levels of MDA in model mice (Figure 7B-a). The model group had a notable 459 

reduction in the quantity of superoxide dismutase (SOD) (Figure 7B-b), the activities 460 

of glutathione peroxidase (GSH-PX) (Figure 7B-c) were significantly inhibited in 461 

model groups compared with the normal groups, which were greatly reversed by 462 

compound 6d.  463 

The above impressive profile maybe attribute to the facts that 6d increased brain 464 

cholinergic activity by inhibition of AChE and protected the cholinergic nerve owing 465 

to its significant neuroprotective effects. 466 

 467 

3. Conclusion 468 

This study involved the design, synthesis and biological evaluation of a series of 469 

multifunctional agents against AD by fusing the pharmacophore of donepezil and 470 

trolox. Among all the compounds, compound 6d behaved balanced functions with 471 

excellent hAChE inhibition and MAO-B inhibition, efficient antioxidant capacity by 472 
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DPPH, ABTS and ORAC assays, significant copper chelating properties and effective 473 

inhibitory activity against self- and Cu
2+

-induced Aβ1−42 aggregation. Furthermore, 474 

cellular tests indicated that 6d was very low toxic on three cells models (HepG2, 475 

PC12 and BV-2) and capable of combating oxidative toxins (H2O2, rotenone and 476 

oligomycin-A) induced neurotoxicity on PC12 cells. Besides, 6d presented a 477 

significant effect on protecting neuronal cells against LPS-stimulated inflammation on 478 

BV-2 cells. Most importantly, oral administration of 6d demonstrated notable 479 

improvements on cognition and spatial memory against scopolamine-induced acute 480 

memory deficit as well as D-galactose (D-gal) and AlCl3 induced chronic oxidative 481 

stress models in mice without acute toxicity and hepatotoxicity. A hypothetical 482 

scheme for the pharmacologic mechanisms of 6d in the treatment of Alzheimer’s 483 

disease mice model was summarized in Figure S5 (Supporting Information) in 484 

which 6d played good profile through its good cholinergic and noncholinergic 485 

pathways. Altogether, both the results in vitro and in vivo suggested that 6d was a 486 

valuable candidate for the development of safe and effective anti-Alzheimer’s drug. 487 

 488 

4. Methods 489 

4.1 Chemistry  490 

4.1.1 General methods 491 

All common reagents and solvents were obtained from commercial suppliers and 492 

used without further purification. Reaction progress was monitored using analytical 493 

thin layer chromatography (TLC) on precoated silica gel GF254 plates (Qingdao 494 
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Haiyang Chemical Plant, Qingdao, China) and detected under UV light (254 nm). 495 

Column chromatography was performed on silica gel (90–150 mm; Qingdao Marine 496 

Chemical Inc.). 
1
H NMR and 

13
C NMR spectra were measured with a Bruker 497 

ACF-500 spectrometer at 25 °C and referenced to TMS. Chemical shifs are reported 498 

in ppm (δ) using the residual solvent line as the internal standard. Mass spectra were 499 

obtained with an Agilent 1100 Series LC/MSD Trap mass spectrometer (ESI-MS) and 500 

a Mariner ESI-TOF spectrometer (HRESI-MS), respectively. 501 

4.1.2 General procedures for the preparation of 5a-m and 6a-m 502 

The commercially available starting material 1 and 2 (1.0 mmol) was respectively 503 

suspended in ethyl alcohol (10 mL) containing triethylamine (TEA) (2.0 mmol). The 504 

reaction was treated with appropriately substituted benzyl bromides (1.2 mmol) and 505 

heated under reflux for 8 h to give the key intermediate 1a-m and 2a-m, then the 506 

product was treated with trifluoroaceticacid (TFA) (4eq) to give 1-benzyl-substituted 507 

4-aminopiperidine 3a-m and 1-benzyl-substituted 4-aminoethylpiperidine 4a-m in 508 

good yields without further purification. Finally, trolox (1eq) were reacted with 3a-m 509 

and 4a-m in dichloromethane (DCM) with 510 

N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDCI) (1eq) and 511 

1-hydroxybenzotriazole hydrate (HOBt) (1eq) catalytic system at room temperature 512 

for 12h. The reaction mixture was washed with saturated aqueous solution of sodium 513 

bicarbonate and extracted with DCM. The combined organic layers were dried over 514 

anhydrous Na2SO4 and evaporated under vacuum. Purification of the crude product 515 

was achieved by column chromatography. Structures of all targeted compounds were 516 
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characterized by 
1
H NMR, 

13
C NMR, ESI-MS and HRMS.  517 

6-hydroxy-N-(1-(4-methoxybenzyl)piperidin-4-yl)-2,5,7,8-tetramethylchromane-2518 

-carboxamide (5a) 519 

Yield 37%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.56 (s, 1H), 7.20 – 7.10 520 

(m, 4H), 6.83 (d, J = 7.5 Hz, 1H), 3.72 (s, 3H), 3.65 – 3.62 (m, 1H), 3.28 (dd, J = 11.8, 521 

5.1 Hz, 2H), 2.58 – 2.53 (m, 1H), 2.44 (d, J = 7.0 Hz, 2H), 2.22 (dt, J = 11.8, 8.1 Hz, 522 

2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.78 – 1.65 (m, 2H), 1.47 – 1.42(m, 2H), 523 

1.41 (s, 3H), 1.23-1.20 (m, 3H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.01, 146.49, 524 

144.28, 130.46, 129.90, 127.41, 125.80, 123.16, 121.29, 120.87, 117.72, 77.74, 60.61, 525 

55.60, 31.22, 30.00, 24.62, 20.63, 19.22, 13.38, 12.47, 12.27. ESI-MS m/z: 453.3 526 

[M+H]
+
; HRMS (ESI) m/z 453.2750 [M+H]

+ 
(calcd for 453. 2753, C27H37N2O4). 527 

6-hydroxy-2,5,7,8-tetramethyl-N-(1-(2-methylbenzyl)piperidin-4-yl)chromane-2-c528 

arboxamide (5b) 529 

Yield 30%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.56 (s, 1H), 7.30 – 7.12 530 

(m, 4H), 6.80 (d, J = 7.5 Hz, 1H), 3.58 – 3.55 (m, 1H), 3.25 (dd, J = 12.4, 5.1 Hz, 2H), 531 

2.58 – 2.54 (m, 1H), 2.44 (d, J = 7.0 Hz, 2H), 2.30 (s, 3H), 2.22 (dt, J = 11.8, 8.1 Hz, 532 

2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.78 – 1.75 (m, 2H), 1.49 – 1.44 (m, 2H), 533 

1.41 (s, 3H), 1.25 – 1.21 (m, 3H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.01, 146.49, 534 

144.28, 130.46, 129.90, 127.41, 125.80, 123.16, 121.29, 120.87, 117.72, 77.74, 60.61, 535 

31.22, 30.00, 24.62, 20.63, 19.22, 13.38, 12.47, 12.27. ESI-MS m/z: 437.3 [M+H]
+
; 536 

HRMS (ESI) m/z 437.2797 [M+H]
+ 

(calcd for 437.2799, C27H37N2O3). 537 

6-hydroxy-2,5,7,8-tetramethyl-N-(1-(4-methylbenzyl)piperidin-4-yl)chromane-2-c538 
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27 

 

arboxamide (5c) 539 

Yield 43%, pale yellow oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.54 (s, 1H), 7.25 540 

– 7.11 (m, 4H), 6.81 (d, J = 7.5 Hz, 1H), 3.65 – 3.62 (m, 1H), 3.26 (dd, J = 12.1, 4.1 541 

Hz, 2H), 2.58 – 2.56 (m, 1H), 2.45 (d, J = 7.0 Hz, 2H), 2.30 (s, 3H), 2.25 – 2.21(m, 542 

2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.76 – 1.75 (m, 2H), 1.45 – 1.40 (m, 2H), 543 

1.41 (s, 3H), 1.33 – 1.23 (m, 3H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.01, 146.49, 544 

144.28, 130.46, 129.90, 127.41, 125.80, 123.16, 121.29, 120.87, 117.72, 77.74, 60.61, 545 

31.22, 30.00, 24.62, 20.63, 19.22,13.38, 12.47, 12.27. ESI-MS m/z: 437.3 [M+H]
+
; 546 

HRMS (ESI) m/z 437.2796 [M+H]
+ 

(calcd for 437.2799, C27H37N2O3). 547 

N-(1-(2-fluorobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-c548 

arboxamide (5d) 549 

Yield 47%, pale yellow oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.34 – 550 

7.29 (m, 3H), 7.23 (d, J = 7.3 Hz, 1H), 6.83 (d, J = 7.0 Hz, 1H), 3.61 – 3.55 (m, 1H), 551 

3.31 (d, J = 14.1 Hz, 1H), 3.22 – 3.20(m, 1H), 2.57 (d, J = 5.9 Hz, 1H), 2.46 – 2.43 552 

(m, 2H), 2.21 (dt, J = 14.1, 7.4 Hz, 2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.78 – 553 

1.76 (m, 2H), 1.49 (dd, J = 10.6, 7.3 Hz, 2H), 1.41 (s, 3H), 1.27 – 1.25 (m, 3H). 
13

C 554 

NMR (151 MHz, DMSO-d6) δ 161.87 – 161.74, 146.45, 144.22, 142.30, 130.51, 555 

125.19, 123.28, 121.40, 120.90, 117.73, 115.38, 114.00 – 113.86, 77.74, 61.81, 31.29, 556 

29.95, 24.52, 20.50, 13.32, 12.46, 12.26. ESI-MS m/z: 441.3 [M+H]
+
; HRMS (ESI) 557 

m/z 441.2550 [M+H]
+ 

(calcd for 441.2548, C26H34FN2O3). 558 

N-(1-(3-fluorobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-c559 

arboxamide (5e) 560 
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28 

 

Yield 47%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.34 – 7.30 561 

(m, 3H), 7.23 (d, J = 7.3 Hz, 1H), 6.83 (d, J = 7.0 Hz, 1H), 3.61 – 3.58 (m, 1H), 3.32 562 

(d, J = 12.1 Hz, 1H), 3.24 – 3.21 (m, 1H), 2.59 (d, J = 7.4 Hz, 1H), 2.45 – 2.43 (m, 563 

2H), 2.20 (dt, J = 11.9, 7.4 Hz, 2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.72 – 564 

1.69 (m, 2H), 1.48 – 1.47 (m, 2H), 1.41 (s, 3H), 1.28 – 1.25 (m, 3H). 
13

C NMR (151 565 

MHz, DMSO-d6) δ 161.87, 146.45, 144.22, 142.30, 130.51, 125.19, 123.28, 121.40, 566 

120.90, 117.73, 115.38, 114.00 – 113.86, 77.74, 61.81, 31.29, 29.95, 24.52, 20.50, 567 

13.32, 12.46, 12.26. ESI-MS m/z: 441.3 [M+H]
+
; HRMS (ESI) m/z 441.2550 [M+H]

+ 
568 

(calcd for 441.2548, C26H34FN2O3). 569 

N-(1-(4-fluorobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-c570 

arboxamide (5f) 571 

Yield 35%, pale yellow oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.34 572 

– 7.28 (m, 4H), 6.83 (d, J = 7.0 Hz, 1H), 3.58 – 3.55 (m, 1H), 3.29 – 3.26 (m, 2H), 573 

2.57 (d, J = 7.9 Hz, 1H), 2.46 – 2.42 (m, 2H), 2.23 (dt, J = 14.2, 7.9 Hz, 2H), 2.13 (s, 574 

3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.74 – 1.72 (m, 2H), 1.47 – 1.45 (m, 2H), 1.41 (s, 3H), 575 

1.26 – 1.25 (m, 3H). 
13

C NMR (151 MHz, DMSO-d6) δ 171.87, 146.45, 144.22, 576 

142.30, 130.51, 125.19, 123.28, 121.40, 120.90, 117.73, 115.38, 113.86, 77.74, 61.81, 577 

31.29, 29.95, 24.52, 20.50, 13.32, 12.46, 12.26. ESI-MS m/z: 441.3 [M+H]
+
; HRMS 578 

(ESI) m/z 441.2545 [M+H]
+ 

(calcd for 441.2548, C26H34FN2O3). 579 

N-(1-(2,4-difluorobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-580 

2-carboxamide (5g) 581 
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Yield 31%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.37 – 7.35 582 

(m, 2H), 7.23 (d, J = 7.3 Hz, 1H), 6.83 (d, J = 7.0 Hz, 1H), 3.60 – 3.57 (m, 1H),3.27 – 583 

3.25 (m, 2H), 2.57 (d, J = 5.9 Hz, 1H), 2.46 – 2.36 (m, 2H), 2.24 – 2.22 (m, 2H), 2.13 584 

(s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.95 – 1.93 (m,1H), 1.78 – 1.75 (m, 2H), 1.49 (dd, 585 

J = 13.1, 6.3 Hz, 2H), 1.41 (s, 3H), 1.25 – 1.21 (m, 3H). 
13

C NMR (151 MHz, 586 

DMSO-d6) δ 171.87, 146.45, 144.22, 142.30, 130.51, 125.19, 123.28, 121.40, 120.90, 587 

117.73, 115.38, 113.86, 77.74, 61.81, 31.29, 29.95, 24.52, 20.50, 13.32, 12.46, 12.26. 588 

ESI-MS m/z: 459.3 [M+H]
+
; HRMS (ESI) m/z 459.2457 [M+H]

+ 
(calcd for 459.2459, 589 

C26H33F2N2O3). 590 

N-(1-(3,4-difluorobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-591 

2-carboxamide (5h) 592 

Yield 40%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.36 (m, 593 

2H), 7.23 (d, J = 7.3 Hz, 1H), 6.83 (d, J = 7.2 Hz, 1H), 3.58 – 3.56 (m, 1H), 3.29 – 594 

3.27 (m, 2H), 2.57 (d, J = 5.9 Hz, 1H), 2.46 – 2.36 (m, 2H), 2.21 (dt, J = 11.9, 7.4 Hz, 595 

2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.96 –1.93(m, 1H), 1.78 – 1.75 (m, 2H), 596 

1.49 (dd, J = 10.6, 7.3 Hz, 2H), 1.41 (s, 3H), 1.30 – 1.27 (m, 3H). 
13

C NMR (151 597 

MHz, DMSO-d6) δ 171.87, 146.45, 144.22, 142.30, 130.51, 125.19, 123.28, 121.40, 598 

120.90, 117.73, 115.38, 113.86, 77.74, 61.81, 31.29, 29.95, 24.52, 20.50, 13.32, 12.46, 599 

12.26. ESI-MS m/z: 459.3 [M+H]
+
; HRMS (ESI) m/z 459.2456 [M+H]

+ 
(calcd for 600 

459.2459, C26H33F2N2O3). 601 

N-(1-(2-chlorobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-c602 

arboxamide (5i) 603 
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Yield 33%, white oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.36 (dd, J 604 

= 14.5, 7.3 Hz, 1H), 7.15 – 7.12 (m, 3H), 6.82 (d, J = 7.3 Hz, 1H), 3.58 – 3.54 (m, 605 

1H), 3.38 – 3.36 (m, 1H), 3.32 (d, J = 9.5 Hz, 1H), 2.64 – 2.61 (m, 1H), 2.46 – 2.44 606 

(m, 2H), 2.30 – 2.27 (m, 2H), 2.13 (d, J = 4.4 Hz, 6H), 2.01 (s, 3H), 1.80 – 1.77 (m, 607 

2H), 1.49 (dd, J = 10.6, 7.2 Hz, 2H), 1.39 (d, J = 12.1 Hz, 4H), 1.29 – 1.26 (m, 2H). 608 

13
C NMR (151 MHz, DMSO-d6) δ 172.88, 146.42, 141.85, 139.32, 133.42, 130.62, 609 

128.70, 127.82, 127.28, 121.46, 77.79, 61.70, 29.95, 24.62, 20.62, 13.29, 12.46, 12.26. 610 

ESI-MS m/z: 457.2 [M+H]
+
; HRMS (ESI) m/z 457.2255 [M+H]

+ 
(calcd for 457.2252, 611 

C26H34ClN2O3). 612 

N-(1-(3-chlorobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-c613 

arboxamide(5j) 614 

Yield 36%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.36 (d, J = 615 

7.3 Hz, 1H), 7.28 – 7.26 (m, 3H), 6.82 (d, J = 7.3 Hz, 1H), 3.58 (d, J = 4.0 Hz, 1H), 616 

3.38 – 3.36 (m, 1H), 3.32 (d, J = 9.5 Hz, 1H), 2.54 – 2.52 (m, 1H), 2.35 – 2.31 (m, 617 

2H), 2.28 – 2.24 (m, 2H), 2.12 (d, J = 4.4 Hz, 6H), 2.01 (s, 3H), 1.79 – 1.76 (m, 2H), 618 

1.49 – 1.45 (m, 2H), 1.39 (d, J = 12.1 Hz, 4H), 1.30 – 1.28 (m, 2H). 
13

C NMR (151 619 

MHz, DMSO-d6) δ 172.88, 146.42, 141.85, 139.32, 133.42, 130.62, 128.70, 127.82, 620 

127.28, 121.46, 77.79, 61.70, 29.95, 24.62, 20.62, 13.29, 12.46, 12.26. ESI-MS m/z: 621 

457.2 [M+H]
+
; HRMS (ESI) m/z 457.2254 [M+H]

+ 
(calcd for 457.2252, 622 

C26H34ClN2O3). 623 

N-(1-(4-bromobenzyl)piperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-c624 

arboxamide (5k) 625 
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31 

 

Yield 35%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.58 (s, 1H), 7.36 (d, J = 626 

7.3 Hz, 1H), 7.04 – 7.01 (m, 3H), 6.82 (d, J = 7.2 Hz, 1H), 3.59 – 3.58(m, 1H), 3.38 627 

(d, J = 13.8 Hz, 1H), 3.31 (d, J = 13.4 Hz, 1H), 2.55 (dd, J = 12.4, 6.6 Hz, 1H), 2.47 –  628 

2.45 (m, 2H), 2.17 – 2.15(m, 2H), 2.12 (s, 3H), 2.11 (s, 3H) 2.01 (s, 3H), 1.68 – 1.65 629 

(m, 2H), 1.50 – 1.47 (m, 2H), 1.41 (s, 3H), 1.40 – 1.37 (m, 1H), 1.29 – 1.26 (m, 2H). 630 

13
C NMR (151 MHz, DMSO-d6) δ 172.93, 146.50, 144.27, 139.03, 129.17, 128.58, 631 

127.29, 123.22, 121.34, 120.94, 117.86, 77.89, 62.45, 31.14, 29.99, 24.72, 20.42, 632 

13.25, 12.42, 12.23. ESI-MS m/z: 501.2 [M+H]
+
; HRMS (ESI) m/z 501.1751 [M+H]

+ 
633 

(calcd for 501.1753, C26H34BrN2O2). 634 

6-hydroxy-2,5,7,8-tetramethyl-N-(1-(4-nitrobenzyl)piperidin-4-yl)chromane-2-car635 

boxamide (5l) 636 

Yield 41%, pale brown oil. 
1
H NMR (500 MHz, DMSO-d6) δ 8.13 (s, 1H), 8.12 637 

(s, 1H), 7.73 (d, J = 7.6 Hz, 1H), 7.63 (t, J = 7.8 Hz, 1H), 7.57 (s, 1H), 6.86 (d, J = 7.1 638 

Hz, 1H), 3.64 – 3.59 (m, 1H), 3.48 – 3.45 (m, 2H), 2.55 (dd, J = 12.4, 6.6 Hz, 1H), 639 

2.36 – 2.33 (m, 2H), 2.27 – 2.24 (m, 2H), 2.12 (d, J = 4.4 Hz, 6H), 2.01 (s, 3H), 1.78 640 

– 1.75 (m, 2H), 1.50 – 1.47(m, 2H), 1.41 (s, 3H), 1.39 –1.36 (m, 1H), 1.30 – 1.25 (m, 641 

2H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.18, 148.28 , 146.48 , 144.30, 135.71, 642 

130.24, 123.31, 123.19, 122.37, 121.40, 120.91, 118.53, 117.71, 77.83, 61.22 , 31.11, 643 

30.20, 24.59, 20.78, 13.39, 12.45, 12.2. ESI-MS m/z: 468.3 [M+H]
+
; HRMS (ESI) m/z 644 

468.2496 [M+H]
+ 

(calcd for 468.2493, C26H34N3O5). 645 

N-(1-benzylpiperidin-4-yl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxami646 

de (5m) 647 
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1
H NMR (500 MHz, DMSO-d6) δ 7.56 (s, 1H), 7.35 – 7.29 (m, 2H), 7.29 – 7.22 648 

(m, 3H), 6.80 (d, J = 7.5 Hz, 1H), 3.63 – 3.54 (m, 1H), 3.30 (d, J = 11.5 Hz, 2H), 3.19 649 

(d, J = 5.2 Hz, 1H), 2.56 (dd, J = 11.5, 5.6 Hz, 1H), 2.47 – 2.44 (m, 2H), 2.25 – 2.20 650 

(m, 2H), 2.13 (s, 3H), 2.12 (s, 3H), 2.01 (s, 3H), 1.98 (s, 1H), 1.79 – 1.66 (m, 2H), 651 

1.52 – 1.50 (m, 2H), 1.41 (s, 3H), 1.32 – 1.30 (m, 1H).
13

C NMR (151 MHz, 652 

DMSO-d6) δ 172.93, 146.50, 144.27, 139.03, 129.17, 128.58, 127.29, 123.22, 121.34, 653 

120.94, 117.86, 77.89, 62.45, 31.14, 29.99, 24.72, 20.42, 13.25, 12.42, 12.23. ESI-MS 654 

m/z: 423.3 [M+H]
+
; HRMS (ESI) m/z 423.2640 [M+H]

+ 
(calcd for 423.2642, 655 

C26H35N2O3). 656 

6-hydroxy-N-(2-(1-(4-methoxybenzyl)piperidin-4-yl)ethyl)-2,5,7,8-tetramethylchr657 

omane-2-carboxamide (6a) 658 

Yield 45%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.49 (s, 1H), 7.15 (d, J = 659 

8.5 Hz, 2H), 7.07 (t, J = 5.8 Hz, 1H), 6.85 (d, J = 8.6 Hz, 2H), 3.72 (s, 3H), 3.59 (s, 660 

1H), 3.28 (s, 2H), 3.17 (s, 1H), 2.95 (dd, J = 12.2, 6.8 Hz, 1H), 2.62 (d, J = 11.0 Hz, 661 

2H), 2.40 – 2.38 (m, 1H), 2.26 – 2.24 (m, 1H), 2.09 (s, 3H), 2.07 (s, 3H), 1.98 (s, 3H), 662 

1.97 (m, 1H), 1.79 (s, 1H), 1.64 (m, 2H), 1.50 – 1.46 (m, 1H), 1.38 (s, 3H), 1.26 – 663 

1.22 (m, 3H), 0.98 – 0.95 (m, 2H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.58, 146.67, 664 

144.22, 139.27, 129.32, 128.60, 127.13, 122.77, 120.23, 117.80, 77.82, 63.01, 55.43, 665 

53.46, 49.15, 36.04, 32.49, 32.09, 29.83, 25.31, 20.73, 13.31, 12.39,12.33. ESI-MS 666 

m/z: 481.3 [M+H]
+
; HRMS (ESI) m/z 481.3004 [M+H]

+ 
(calcd for 481.3006, 667 

C29H41N2O4). 668 

6-hydroxy-2,5,7,8-tetramethyl-N-(2-(1-(2-methylbenzyl)piperidin-4-yl)ethyl)chro669 
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mane-2-carboxamide (6b) 670 

Yield 43%, white oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.53 (s, 1H), 7.19 – 7.17 671 

(m, 1H), 7.11 – 7.02 (m, 4H), 3.34 (s, 2H), 3.21 (s, 1H), 2.95 (s, 1H), 2.65 (d, J = 10.9 672 

Hz, 2H), 2.44 (s, 1H), 2.31 (s, 3H), 2.28 – 2.24 (m, 1H), 2.12 (d, J = 11.0 Hz, 6H), 673 

2.02 (s, 3H), 1.82 (s, 1H), 1.68 – 1.64 (m, 3H), 1.50 – 1.48 (m, 1H), 1.41 (s, 3H), 1.39 674 

(s, 1H), 1.22 – 1.20 (m, 2H), 0.97 – 0.95 (m, 2H), 0.77 – 0.76 (m, 1H).
13

C NMR (151 675 

MHz, DMSO-d6) δ 173.38, 146.51, 144.31, 137.38, 130.42, 129.88 , 127.21, 125.80, 676 

122.85, 121.48, 120.50, 53.64, 36.10, 32.44, 32.17, 29.81, 25.39, 20.76, 19.27, 13.34, 677 

12.46, 12.35. ESI-MS m/z: 465.3 [M+H]
+
; HRMS (ESI) m/z 465.3114 [M+H]

+ 
(calcd 678 

for 465.3117, C29H41N2O3). 679 

6-hydroxy-2,5,7,8-tetramethyl-N-(2-(1-(4-methylbenzyl)piperidin-4-yl)ethyl)chro680 

mane-2-carboxamide (6c) 681 

Yield 39%, white oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.53 (s, 1H), 7.22 – 7.19 682 

(m, 1H), 7.16 –7.12(m, 3H) 7.09 (t, J = 5.8 Hz, 1H), 3.34 (s, 2H), 3.21 (s, 1H), 2.95 (s, 683 

1H), 2.65 (d, J = 10.9 Hz, 2H), 2.44 (s, 1H), 2.31 (s, 3H), 2.26 – 2.24(m, 1H), 2.12 (d, 684 

J = 11.4 Hz, 6H), 2.02 (s, 3H), 1.82 (s, 1H), 1.68 – 1.65 (m, 3H), 1.53 (s, 1H), 1.41 (s, 685 

3H), 1.39 (s, 1H), 1.27 –1.25 (m, 2H), 1.01 – 0.97 (m, 2H), 0.77 – 0.76 (m, 1H).
13

C 686 

NMR (151 MHz, DMSO-d6) δ 173.38, 146.51, 144.31, 137.38, 130.42, 129.88, 687 

127.21, 125.80, 122.85, 121.48, 120.50, 53.64 , 36.10, 32.44, 32.01, 29.81, 25.39, 688 

20.76, 19.27, 13.34, 12.46, 12.37. ESI-MS m/z: 465.3 [M+H]
+
; HRMS (ESI) m/z 689 

465.3114 [M+H]
+ 

(calcd for 465.3117, C29H41N2O3). 690 

N-(2-(1-(2-fluorobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylchrom691 
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ane-2-carboxamide (6d) 692 

Yield 38%, white oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.51 (s, 1H), 7.38 (d, J = 693 

7.4 Hz, 1H), 7.31 (d, J = 7.8 Hz, 1H), 7.23 –7.19 (m, 2H), 7.08 (t, J = 5.8 Hz, 1H), 694 

3.45 (s, 2H), 3.22 (d, J = 6.7 Hz, 1H), 2.98– 2.95 (m, 1H), 2.68 (d, J = 11.1 Hz, 2H), 695 

2.45 – 2.42 (m, 2H), 2.26 (dt, J = 10.8, 5.4 Hz, 1H), 2.12 (s, 3H), 2.09 (s, 3H), 2.01 (s, 696 

3H), 1.73 (t, J = 11.5 Hz, 2H), 1.68 (d, J = 5.1 Hz, 1H), 1.40 (s, 3H), 1.25 – 1.20 (m, 697 

4H), 1.01 – 0.97 (m, 2H), 0.76 – 0.73 (m, 1H). 
13

C NMR (151 MHz, DMSO-d6) δ 698 

173.36, 162.19, 160.24, 146.31, 144.32, 131.88, 129.30, 125.67, 124.54, 122.88, 699 

121.48, 120.53, 117.65, 115.48, 55.38, 53.37, 36.15, 32.37, 32.13, 29.87, 25.30, 20.74, 700 

13.30, 12.43, 12.30. ESI-MS m/z: 469.3 [M+H]
+
; HRMS (ESI) m/z 469.2864 [M+H]

+ 
701 

(calcd for 469.2861, C28H38FN2O3). 702 

N-(2-(1-(3-fluorobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylchrom703 

ane-2-carboxamide (6e) 704 

Yield 37%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.51 (s, 1H), 7.36 – 7.34 705 

(m, 1H), 7.31 (d, J = 7.8 Hz, 1H), 7.17 –7.14 (m, 2H), 7.08 (t, J = 5.8 Hz, 1H), 3.45 (s, 706 

2H), 3.25 (d, J = 6.7 Hz, 1H), 2.93 – 2.90 (m, 1H), 2.69 (d, J = 11.5 Hz, 2H), 2.47 – 707 

2.44 (m, 1H), 2.37 – 2.34 (m, 1H), 2.22 (dt, J = 11.2, 5.9 Hz, 1H), 2.12 (s, 3H), 2.09 708 

(s, 3H), 2.01 (s, 3H), 1.70 – 1.68 (m, 2H), 1.68 (d, J = 5.1 Hz, 1H), 1.44(s, 3H), 1.27 – 709 

1.21 (m, 4H), 0.99 – 0.95 (m, 2H), 0.73 – 0.71 (m, 1H). 
13

C NMR (151 MHz, 710 

DMSO-d6) δ 173.36, 162.19, 160.24, 146.31, 144.32, 131.88, 129.30, 125.67, 124.54, 711 

122.88, 121.48, 120.53, 117.65, 115.48, 55.38, 53.37, 36.15, 32.37, 32.13, 29.87, 712 
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25.30, 20.74, 13.30, 12.43, 12.32. ESI-MS m/z: 469.3 [M+H]
+
; HRMS (ESI) m/z 713 

469.2860 [M+H]
+ 

(calcd for 469.2861, C28H38FN2O3). 714 

N-(2-(1-(4-fluorobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylchrom715 

ane-2-carboxamide (6f) 716 

Yield 36%, white oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.56 (s, 1H), 7.35 (d, J = 717 

7.8 Hz, 1H), 7.31 (d, J = 7.8 Hz, 1H), 7.20 – 7.15 (m, 2H), 7.08 (t, J = 5.8 Hz, 1H), 718 

3.45 (s, 2H), 3.22 (d, J = 6.7 Hz, 1H), 3.02 – 2.97 (m, 1H), 2.68 (d, J = 11.2 Hz, 2H), 719 

2.49 – 2.46 (m, 2H), 2.24 (dt, J = 10.8, 5.3 Hz, 1H), 2.12 (s, 3H), 2.09 (s, 3H), 2.01 (s, 720 

3H), 1.73 (m, 2H), 1.67 (d, J = 5.1 Hz, 1H), 1.40 (s, 3H), 1.23 – 1.19 (m, 4H), 0.96 721 

–0.94 (m, 2H), 0.78 – 0.74 (m, 1H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.36, 722 

162.19, 160.24, 146.31, 144.32, 131.88, 129.30, 125.67, 124.54, 122.88, 121.48, 723 

120.53, 117.65, 115.48, 55.38, 53.37, 36.15, 32.37, 32.19, 29.87, 25.30, 20.74, 13.30, 724 

12.43. ESI-MS m/z: 469.3 [M+H]
+
; HRMS (ESI) m/z 469.2862 [M+H]

+ 
(calcd for 725 

469.2861, C28H38FN2O3). 726 

N-(2-(1-(2,4-difluorobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylch727 

romane-2-carboxamide(6g) 728 

Yield 33%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.59 (s, 1H), 7.39 (d, J = 729 

7.8 Hz, 1H), 7.21 – 7.18 (m, 2H), 7.08 (t, J = 5.8 Hz, 1H), 3.45 (s, 2H), 3.29 (d, J = 730 

13.1 Hz, 1H), 2.93 – 2.90 (m, 1H), 2.62 (d, J = 11.1 Hz, 2H), 2.46 – 2.44 (m,2H), 731 

2.21 (dt, J = 11.4, 5.9 Hz, 1H), 2.12 (s, 3H), 2.09 (s, 3H), 2.01 (s, 3H), 1.76 –1.73 (m, 732 

2H), 1.68 (d, J = 5.7Hz, 1H), 1.40 (s, 3H), 1.27 – 1.20 (m, 4H), 0.99 – 0.95 (m, 2H), 733 

0.77 – 0.75 (m, 1H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.36, 162.19, 160.24, 734 
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146.31, 144.32, 131.88, 129.30, 125.67, 124.54, 122.88, 121.48, 120.53, 117.65, 735 

115.48, 55.38, 53.37, 36.15, 32.37, 32.13, 29.87, 25.30, 20.74, 13.30, 12.43, 12.35. 736 

ESI-MS m/z: 487.3 [M+H]
+
; HRMS (ESI) m/z 487.2730 [M+H]

+ 
(calcd for 487.2733, 737 

C28H37F2N2O3). 738 

N-(2-(1-(3,4-difluorobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylch739 

romane-2-carboxamide (6h) 740 

Yield 31%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.51 (s, 1H), 7.55 (d, J = 741 

7.4 Hz, 1H), 7.19 – 7.13 (m, 2H), 7.08 (t, J = 5.8 Hz,1H), 3.55 (s, 2H), 3.22 (d, J = 742 

12.7 Hz, 1H), 3.08 – 3.05 (m, 1H), 2.68 (d, J = 11.7 Hz, 2H), 2.54 – 2.51 (m, 1H), 743 

2.45 – 2.42 (m, 1H), 2.26 (dt, J = 11.8, 5.9 Hz, 1H), 2.12 (s, 3H), 2.09 (s, 3H), 2.01 (s, 744 

3H), 1.73 – 1.70 (m, 2H), 1.58 – 1.55 (m, 1H), 1.42 (s, 3H), 1.25 – 1.17 (m, 4H), 1.02 745 

– 0.98 (m, 2H), 0.79 – 0.75 (m, 1H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.36, 746 

162.19, 160.24, 146.31, 144.32, 131.88, 129.30, 125.67, 124.54, 122.88, 121.48, 747 

120.53, 117.65, 115.48, 55.38, 53.37, 36.15, 32.37, 32.13, 29.87, 25.30, 20.74, 13.30, 748 

12.43, 12.27. ESI-MS m/z: 487.3 [M+H]
+
; HRMS (ESI) m/z 487.2731 [M+H]

+ 
(calcd 749 

for 487.2733, C28H37F2N2O3). 750 

N-(2-(1-(2-chlorobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylchro751 

mane-2-carboxamide(6i) 752 

Yield 31%, white oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.52 (s, 1H), 7.33 (m, 3H), 753 

7.25 (d, J = 7.4 Hz, 1H), 7.09 – 7.05 (t, J = 5.6 Hz, 1H), 3.40 (s, 2H), 3.25 (m, 1H), 754 

2.96 (m, 1H), 2.65 (d, J = 10.9 Hz, 2H), 2.41 – 2.39 (m, 1H), 2.27 – 2.25 (m, 1H), 755 

2.12 (s, 3H), 2.09 (s, 3H), 2.01 (s, 3H), 1.68 (dd, J = 12.9, 7.5 Hz, 4H), 1.40 (s, 3H), 756 
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1.35-1.30 (m,2H), 1.23-1.16 (m, 2H), 0.98 – 0.95 (m, 2H), 0.81 – 0.79 (m, 1H). 
13

C 757 

NMR (151 MHz, DMSO-d6) δ 173.36 , 146.40, 144.26, 142.06, 133.34, 130.44, 758 

128.78, 127.59, 127.30, 122.85, 121.49, 120.50, 117.67, 77.78, 62.04, 55.41, 53.55, 759 

36.06, 32.24, 31.79, 29.86, 25.32, 13.32, 12.44, 12.31. ESI-MS m/z: 485.3 [M+H]
+
; 760 

HRMS (ESI) m/z 485.2570 [M+H]
+ 

(calcd for 485.2571, C28H38ClN2O3). 761 

N-(2-(1-(3-chlorobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylchro762 

mane-2-carboxamide(6j) 763 

Yield 35%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.62 (s, 1H), 7.35 –7.30 764 

(m, 3H), 7.27 (d, J = 7.4 Hz, 1H), 7.09 (t, J = 5.8 Hz,, 1H), 3.40 (s, 2H), 3.20 – 3.19 765 

(m, 1H), 2.94 – 2.92 (m, 1H), 2.67 (d, J = 10.9 Hz, 2H), 2.43– 2.40 (m, 1H), 2.27 – 766 

2.25 (m, 1H), 2.12 (s, 3H), 2.09 (s, 3H), 2.01 (s, 3H), 1.70 (dd, J = 12.9, 7.5 Hz, 4H), 767 

1.39 (s, 5H), 1.25 – 1.21 (m, 2H), 0.98 – 0.95(m, 2H), 0.82– 0.79 (m, 1H). 
13

C NMR 768 

(151 MHz, DMSO-d6) δ 173.36, 146.40, 144.26, 142.06, 133.34, 130.44, 128.78, 769 

127.75, 127.30, 122.85, 121.49, 120.50, 117.67, 77.78, 62.04, 55.41, 53.55, 36.06, 770 

32.24, 31.98, 29.86 , 25.32, 13.32, 12.44. 12.33, 12.29. ESI-MS m/z: 485.3 [M+H]
+
; 771 

HRMS (ESI) m/z 485.2572 [M+H]
+ 

(calcd for 485.2571, C28H38ClN2O3). 772 

N-(2-(1-(4-bromobenzyl)piperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylchro773 

mane-2-carboxamide (6k) 774 

Yield 40%, white oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.64 – 7.62 (m, 1H), 7.35 775 

– 7.32 (m,1H) 7.29 – 7.25 (m, 3H), 7.10 (t, J = 5.8 Hz, 1H), 3.39 (s, 2H), 3.23 – 3.20 776 

(m, 1H), 3.01 – 2.96 (m, 1H), 2.64 (d, J = 11.1 Hz, 2H), 2.48 – 2.46 (m, 1H), 2.30 (m, 777 

1H), 2.12 (s, 3H), 2.09 (s, 3H), 2.01 (s, 3H), 1.64 – 1.60 (m, 3H), 1.41 (s, 3H), 1.29 – 778 

Page 37 of 59

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



38 

 

1.25 (m, 4H), 1.03– 0.99 (m, 2H), 0.78 – 0.75 (m, 1H). 
13

C NMR (151 MHz, 779 

DMSO-d6) δ 173.37, 146.48, 144.31, 142.41, 131.63, 130.80, 129.97, 128.10, 122.80, 780 

122.00, 121.49, 120.50, 117.70, 77.73, 61.75, 36.05, 32.29, 32.04, 29.86, 25.36, 20.75, 781 

13.32, 12.44, 12.38. ESI-MS m/z: 529.2 [M+H]
+
; HRMS (ESI) m/z 529.2064 [M+H]

+ 
782 

(calcd for 529.2066, C28H38BrN2O3). 783 

6-hydroxy-2,5,7,8-tetramethyl-N-(2-(1-(4-nitrobenzyl)piperidin-4-yl)ethyl)chroma784 

ne-2-carboxamide (6l) 785 

Yield 44%, brown oil.
1
H NMR (500 MHz, DMSO-d6) δ 7.84 – 7.80 (m, 1H), 786 

7.66 (m, 1H), 7.60 (d, J = 6.7 Hz, 1H), 7.54 (m, 2H), 7.10 (t, J = 5.8 Hz, 1H), 3.64 (s, 787 

2H), 3.21 (m, 1H), 2.98 (m, 1H), 2.42 (d, J = 9.7Hz, 1H), 2.26 – 2.24 (m, 1H), 2.12 (s, 788 

3H), 2.11 (s, 2H), 2.09 (s, 3H), 2.00 (s, 3H), 1.76 – 1.71 (m, 3H), 1.40 (s, 3H), 1.36 – 789 

1.33(m, 2H), 1.28– 1.25 (m, 1H), 1.19-1.16 (m, 2H), 0.87 – 0.84 (m, 2H), 0.75 – 0.72 790 

(m, 1H). 
13

C NMR (151 MHz, DMSO-d6) δ 173.38, 150.04, 146.44, 144.29, 133.72, 791 

132.95, 131.43, 124.50, 122.83, 121.50, 120.54, 117.81, 53.48, 36.11, 32.15, 32.00, 792 

29.81, 25.29, 20.74, 13.41, 12.43, 12.37. ESI-MS m/z: 496.3 [M+H]
+
; HRMS (ESI) 793 

m/z 496.2804 [M+H]
+ 

(calcd for 496.2806, C28H38N3O5). 794 

N-(2-(1-benzylpiperidin-4-yl)ethyl)-6-hydroxy-2,5,7,8-tetramethylchromane-2-car795 

boxamide (6m) 796 

Yield 44%, white oil. 
1
H NMR (500 MHz, DMSO-d6) δ 7.52 (s, 1H), 7.34 – 7.29 797 

(m, 3H), 7.28 – 7.22 (m, 2H), 7.07 (t, J = 5.8 Hz, 1H), 3.19 (d, J = 5.0 Hz, 2H), 2.96 798 

(dd, J = 12.8, 5.9 Hz, 1H), 2.67 (d, J = 10.7 Hz, 2H), 2.45 – 2.44 (m, 1H), 2.30 – 2.26 799 

(m, 1H), 2.12 (s, 3H), 2.10 (s, 3H), 2.01 (s, 3H), 1.67 (s, 3H), 1.41 (s, 6H), 1.21 (dd, J 800 
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= 14.4, 7.1 Hz, 2H), 1.05 – 0.94 (m, 2H), 0.91 – 0.83 (m, 2H), 0.77 – 0.71 (m, 1H). 801 

13
C NMR (151 MHz, DMSO-d6) δ 173.58, 146.67, 144.22, 139.27, 129.32, 128.60, 802 

127.13, 122.77, 120.23, 117.80, 77.82, 63.01, 53.46, 49.15, 36.04, 32.49, 32.09, 29.83, 803 

25.31, 20.73, 13.31, 12.39, 12.33. ESI-MS m/z: 451.3 [M+H]
+
; HRMS (ESI) m/z 804 

451.2957 [M+H]
+ 

(calcd for 451.2955, C28H39N2O3). 805 

 806 

5. Supporting Information:  807 

The pharmacology experimental procedures and supplementary tables and 808 

figures for the kinetic study on the mechanism of AChE inhibition by 6d, the 809 

docking study of AChE, results for the PAMPA were available in supporting 810 

information.  811 

 812 

6. Abbriviation Used 813 

AD, Alzheimer’s disease; ChEs, Cholinesterases; ACh, acetylcholine; AChE, 814 

acetylcholinesterase; BuChE, butyrylcholinesterase; AChEIs, acetylcholinesterase 815 

inhibitors; PAS, peripheral anionic site; CAS, catalytic anionic site; Aβ, β-amyloid; 816 

MAO-B, monoamine oxidase B; CNS, central nervous system; MTDLs, 817 

multi-target-directed ligands; ROS, reactive oxygen species; ThT, Thioflavin T; TEM, 818 

transmission electron microscopy; DPPH, diphenyl-1-picrylhydrazyl; ABTS, (2, 819 

2’-azino-bis(3-ethylbenzthiazoline-6-sulfonicacid); ORAC, oxygen radical 820 

absorbance capacity; MTT, methyl thiazolyl tetrazolium; BBB, blood-brain barrier; 821 

PAMPA-BBB, parallel artificial membrane permeation; D-gal, D-galactose; AST, 822 
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aspartate aminotransferase; ALT, alanine aminotransferase; HE, hematoxylin and 823 

eosin; MOE, Molecular Operating Environment. 824 

 825 
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Figure 1. Design strategy of the multifunctional donepezil-trolox hybrids.  
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Scheme 1. Synthesis of the target compounds. Reagents and conditions: i) EtOH, TEA, r.t., 6h; ii) TFA, 
DCM, r,t., 4h; iii) HOBt/EDCI, DCM, r.t., 12h.  
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Figure 2. (A) UV absosobance spectrum of compound 6d (100 µM) alone or in the presence of CuSO4 (100 
µM), ZnCl2 (100 µM), FeSO4 (100 µM), or FeCl3(100 µM) in buffer (20 mM HEPES, 150 mM NaCl, pH 7.4); 
(B) Fluorescence intensity of compound 6d (100 µM) alone and in the presence of CuSO4 (100 µM), ZnCl2 

(100 µM), FeSO4 (100 µM), or FeCl3 (100 µM) in buffer (20 mM HEPES, 150 mM NaCl, pH 7.4). (C) UV−vis 
titration of compound 6d with Cu2+ in buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) at room temperature. 

(D) Determination of the stoichiometry of complex Cu2+-6d by Job’s method.  
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Figure 3. (A) Results of the ThT binding assay. Statistical significance was analyzed by ANOVA: (***p ) < 
0.001 versus Aβ1−42 alone, (###p) < 0.001versus Aβ1−42 + Cu2+, data are expressed as the mean ± SD 
at least three independent experiments. (B) TEM images analysis of the inhibition of self-induced and Cu2+-

induced Aβ1-42 aggregates: (a) fresh Aβ1-42; (b)Aβ1-42 alone (c) Aβ1-42 + Cu2+; (d) Aβ1-42 +curcumin, 
(e) Aβ1-42 + Cu2+ + curcumin; (f) Aβ1-42 + 6d; (g) Aβ1-42 + Cu2+ + 6d.  
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Figure 4. (A) Effects of compound 6d on cell viability in HepG-2, PC12 and BV-2 cells. Values are reported as 
the mean ± SD of three independent experiments. (B) Neuroprotective effect on PC12 cells of compound 6d 
after 24 h incubation at different concentrations (5, 10 and 20 µM) with H2O2 (100 µM ), oligomycin-A (20 

µM), and rotenone (200 µM). Data are expressed as percentage of viable cells (referred to control) and 
shown as mean ± SD (n = 3). Untreated cells were used as control. (C) The effect of compound 6d on LPS-

stimulated production of inflammatory mediators NO in BV-2 cells. Griess assay was used to detect the 
suppression of NO production following LPS-induced inflammatory events in BV2 microglia cells using 

resveratrol, trolox and donepezil as a positive control. Results are expressed as percent of cells with solely 
treatment of LPS. (D) Effect of 6d against LPS-induced intracellular ROS accumulation was measured by 

DCFH-DA staining and analyzed by flow cytometry. Analysis of ROS production is presented as the 
meanfluorescence intensity (MFI). Data are presented by mean ± SD. (###p) ≤ 0.001 compared with the 

control group. (*p) ≤ 0.05 and (**p) ≤ 0.01 compared with 1 µg/ml LPS-treated group.  
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Figure 5. (A) The mean daily body weight profile of each group mice during the 14 day drug administration 
period. (B) The AST and ALT activity on the 14th day after completing tested the acute toxicity study with 
administration of three different dosage of the compound 6d. Results are expressed as mean ± SD (n=5). 
(C) and (D) Histomorphological appearance of livers of male mice after treatment with the solvent only 

(control) and the high dosage 2000mg/kg. HE, original magnification: × 200.  
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Figure 6. Scopolamine-induced memory deficit mice model study. (A) Effects of 6d on scopolamine-induced 
memory deficit in the step-through passive avoidance test. Compound 6d (both at 5, 10 and 20 mg/kg p.o.) 
and donepezil (5 mg/kg, p.o.) were orally given 30 min before treatment of scopolamine. After 60min, the 

mice were treated with scopolamine (3 mg/kg, i.p.) and tested in the step-through passive avoidance. 
Values are expressed as the mean ± SD (n =10). (###p) ≤ 0.001 compared with the control group. (*p) ≤ 

0.05 and (**p) ≤ 0.01 compared with scopolamine - treated group. (B) Compound 6d attenuates 
scopolamine-induced spatial learning and memory deficits in the training session of Morris water maze task. 

Data are presented as the mean ± SD (n = 11-12); Statistical significance was analyzed by two-way 
ANOVA: (ns)p > 0.05, (##p) < 0.01 compared with control group, (*p)<0.05, (**p) < 0.01 compared with 
sham group. (a)The escape latency time of each group was counted on day 1 and day 5 during the period of 

training trial. (b) The average swimming speed for the rats. (c) The time spent in the virtual platform 
quadrant. (d) Number of virtual platform (the original platform location) crossings. (e) The representative 
tracks of the mice in Morris water maze during the spatial probe trial period. The location of the platform 
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and the effective region (2-fold diameter of the platform) were represented as a blue circles, respectively.  
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Figure 7. D-gal and AlCl3-induced memory deficit mice model study. (A) Effects of compound 6d on D-gal 
and AlCl3-induced memory deficit in the step-through passive avoidance test. Compound 6d (20 mg/kg 

p.o.) and donepezil (5 mg/kg, p.o.) were orally given 30 min before treatment of scopolamine. After 60min, 

the mice were treated with scopolamine (3 mg/kg, i.p.) and tested in the step-through passive avoidance. 
Values are expressed as the mean ± SD (n =10). (###p) ≤ 0.001 compared with the control group. (*p) ≤ 
0.05 and (**p) ≤ 0.01 compared with scopolamine - treated group.(B) The biochemical analysis as follows: 

the MDA (a), SOD(b), GSH-PX (c) in each group with research effects of 6d in brain of D-gal and AlCl3 
treated mice. Values are expressed as the mean ± SD (n =10). (###p)≤ 0.001, (##)p≤ 0.01 compared 
with the control group. (*p) ≤ 0.05 and (**p) ≤ 0.01 compared with D-gal and AlCl3 - treated group. (C) 
Histomorphological appearance of hippocampal neurons of male mice after treatment with the solvent only 
(control) (a) and model group(b), and administration of trolox (c) and 6d (d). H&E, originalmagnification:× 

200.  
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