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Abstract 

A number of novel naphthalimido and phthalimido vanillin derivatives were 
synthesised, and evaluated as antioxidants and cholinesterase inhibitors in vitro.  
Antioxidant activity was assessed using DPPH, FRAP, and ORAC assays.  All 
compounds demonstrated enhanced activity compared to the parent compound, 
vanillin.  They also exhibited BuChE selectivity in Ellman’s assay.  A lead 
compound, 2a (2-(3-(bis(4-hydroxy-3-methoxybenzyl)amino)propyl)-1H-
benzo[de]isoquinoline-1,3(2H)-dione), was identified and displayed strong 
antioxidant activity (IC50 of 16.67 µM in the DPPH assay, a 25-fold increase in 
activity compared to vanillin in the FRAP assay, and 9.43 TE in the ORAC assay).  
Furthermore, 2a exhibited potent BuChE selectivity, with an IC50 of 0.27 µM which 
was around 53-fold greater than the corresponding AChE inhibitory activity.  
Molecular modelling studies showed that molecules with bulkier groups, as in 2a, 
exhibited better BuChE selectivity.  This work provides a promising basis for the 
development of multi-target hybrid compounds based on vanillin as potential AD 
therapeutics. 
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Alzheimer’s disease (AD) is a major cause of death worldwide, and its prevalence 
is expected to rise exponentially with an ageing global population.  As the most 
common neurodegenerative disease, AD has led to an unprecedented social and 
economic burden.1,2  At present, the exact cause of the disease remains poorly 
understood although age has been identified as the major risk factor of AD.3  With 
no disease-modifying drugs currently available and clinical trials with one of the 
highest failure rates in any therapeutic area,4-6 the predicted impact of this 
debilitating disease is increasingly bleak.  AD is a complex, multifactorial disease.7  
Therefore the drugs currently prescribed for AD, which act against a single target 
associated with disease, have a limited efficacy and are capable of reducing 
symptoms only.5  As a result, research has been particularly focused on the 
development of multi-target drugs since the beginning of the century.8-11 

 

Through the extensive research into the origin of AD development, several 
hallmarks of the disease have been identified.  These include cholinesterase 



enzymes, and oxidative stress.12  Cholinesterase inhibitors constitute three of the 
current four clinically available drugs for AD.  These are the reversible inhibitors 
of acetylcholinesterase (AChE): galantamine, rivastigmine, and donepezil.13  The 
cholinergic hypothesis for AD has been widely reported, and attributes the reduced 
activity of the neurotransmitter acetylcholine (ACh) for the cognitive decline 
associated with AD cases.14,15  Butyrylcholinesterase (BuChE), an isoform of AChE, 
has gained attention recently for its association with AD development.16-20  The 
activity of the BuChE enzyme has been found to increase as the severity of the 
disease advances, whereas AChE activity decreases.21  Preliminary studies of 
BuChE inhibitors have reported elevated ACh levels and improved cognition.22-28  
Notably, BuChE inhibitors also demonstrated non-toxicity at high doses, indicating 
that treatment with this type of inhibitor will not induce the same adverse 
gastrointestinal effects as observed with the use of AChE inhibitors.16,24  In addition 
to its association with amyloid plaque formation, increased BuChE activity is 
related to the development of neurofibrillary tangles and inflammation.29,30 

 

Oxidative stress has been associated with the pathological development of AD, as 
well as numerous other diseases including cancer, diabetes, and other neurological 
disorders.31  Oxidative stress occurs as the result of an imbalance in the levels of 
pro-oxidants and antioxidants in the body, and consequently reactive oxygen 
species (ROS) and free radicals accumulate.  These highly reactive species can 
cause significant damage to fundamental cellular molecules (including DNA, 
proteins, and lipids) and generate toxic by-products, eventually resulting in cell 
death.31,32  Oxidative stress has also been linked to the aggregation of amyloid 
plaques and the deposition of hyperphosphorylated tau.33,34 

 

Given the mounting evidence that the cause of AD could be of varied origin, the 
multi-target approach is becoming a leading strategy for drug development.35,36  
This approach overcomes the challenges associated with the administration of 
combination therapies, such as compliance issues as well as potentially harmful 
drug-drug interactions.37  Vanillin derivatives as multi-target drugs for the 
treatment of AD have been reported in recent years, with positive pharmacokinetic 
and pharmacodynamic findings.  Vanillin is a natural compound derived from the 
vanilla bean (Vanilla planifolia) with strong antioxidant activity in addition to anti-
inflammatory, anti-mutagenic, anti-metastatic, and anti-depressant properties.38  
It has also been shown to prevent amyloid aggregation and inhibit AChE activity 
in vitro and in vivo.39,40  Vanillin derivatives have exhibited enhanced antioxidant 
potential and protective effects against oxidative stress in neuroblastoma cells.41,42  
Naphthalimide and phthalimide derivatives have also been studied as potential 
therapeutics for a variety of disorders due to their highly diverse activities against 
pharmacologically relevant targets.  In particular for AD, this includes antioxidant, 
anti-inflammatory, and anti-AChE activity.27,43-46 



In the work presented herein, the design, synthesis, and in vitro evaluation of 
novel vanillin derivatives is described.  Furthermore, in silico simulations are 
performed on the lead structure to explain its activity and selectivity on the 
cholinesterase enzymes.  While vanillin, naphthalimide and phthalimide 
derivatives have been explored as AChE-selective inhibitors previously,40,43,45 here 
we demonstrate for the first time the combination of pharmacophores as BuChE-
selective inhibitors together with their strong antioxidant properties.   
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Scheme 1 Synthesis of vanillin derivatives (1a – 4a).  Reagents and conditions: 
a) excess diamine, where n = 2 (1a, 2a, 4a) or 5 (1b, 3a), ethanol, reflux, 1 
hour; b) excess vanillin, methanol, RT, 24 hours; c) NaBH4, methanol, RT, 4 hours; 
d) excess vanillin, NaCNBH3, ZnCl2 methanol, reflux, 24 hours; e) HCl, dioxane, 
RT, 2 hours; f) triethylamine, methanol, RT, 2 hours; g) NaBH4, methanol, reflux, 
4 hours. 

 

The synthesis of mono-vanillin derivatives combined with naphthalimide (1a, 1b), 
a di-vanillin derivative with naphthalimide (2a), and mono-vanillin derivatives 
with phthalimide as a closed (3a) or open ring (4a) are shown in Scheme 1.  All 
compounds were fully characterised by 1H-NMR, 13C-NMR, and mass spectrometry 
(see Supplementary Information).  The novel compounds were then subjected to 
a series of in vitro assays to evaluate their antioxidant activity; including DPPH, 
FRAP, and ORAC.  Furthermore, the inhibitory activity of the compounds against 
AChE and BuChE was determined using the method of Ellman47 with minor 



modifications.  Using molecular modelling, the binding conformations of the novel 
compounds within the active sites of both cholinesterase isoforms was studied.  In 
silico analyses were performed using PyRx (Autodock Vina 1.1.2)48 and PyMol 
(PyMol Molecular Graphics System, version 2.3.3, Schrodinger, LLC) software to 
provide an explanation for the enhanced activity of the compound 2a.  The logP 
and BBB (blood brain barrier) permeation predictions were also performed for 2a 
using ChemDraw Professional 16.0 software and the BBB prediction server 
generated by Liu et al.49 (https://www.cbligand.org/BBB/) respectively. 

 

Aminonaphthalimide intermediates (Scheme 1) were formed using the method of 
Noro et al.50  Mono-vanillin derivatives (1a, 1b, 3a, 4a) were synthesised in a 
stepwise manner, with initial condensation of vanillin to form the imine and 
subsequent reduction by sodium borohydride to the corresponding secondary 
amine.42  For the synthesis of the di-vanillin derivative, 2a, the reducing agent 
sodium cyanoborohydride was employed in a one-step reductive amination 
reaction.  As for 3a and 4a, a Boc-protected diamine was used to avoid amino-
lysis of the phthalimido ring.  The Boc group was removed with HCl in dioxane to 
yield the hydrochloride salt.  The free amine was released with excess 
triethylamine for subsequent reaction.   Interestingly, when reduction was carried 
out with sodium borohydride at RT, 3a was formed. However, under refluxing 
conditions, further reduction occurred as in 4a.  In this case, the phthalimido 
group underwent ring opening to the corresponding alcohol.  Reduction of the 
phthalimido ring with sodium borohydride has been reported previously, with the 
initial formation of hydroxyphthalimidine on reduction of the phthalimido carbonyl 
group followed by the formation of the corresponding hydroxymethylbenzamide 
in conjunction with the opening of the phthalimido ring (Scheme 2).51   
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Scheme 2 Reduction and subsequent hydrolysis of the phthalimido group by 
sodium borohydride, as observed in the synthesis of compound 4a. 

 

This highlights the poor stability of the phthalimido group, particularly in 
comparison to naphthalimide which remained unaffected when subjected to 
similar conditions.  Compounds 2a, 3a, and 4a were subjected to column 
chromatography with chloroform/methanol as the eluent, while 1a and 1b were 
recrystallised from ethanol (6-82% yields). 



The antioxidant activity of all the compounds was evaluated using DPPH, FRAP, 
and ORAC assays using the methods of Payet et al.52, Firuzi et al.53, and Huang et 
al.54 respectively.  All assays were carried out in a 96-well plate, however a black-
walled plate was used for the ORAC assay.  Stock solutions (10 mM) of the 
compounds were prepared in DMSO, then dilutions were made using the 
appropriate solvent.  In each case, it was ensured that the concentration of DMSO 
in the wells was no greater than 1%, and a control with the highest concentration 
of DMSO was always included.  The DPPH assay was employed to assess the 
capacity of the compounds to scavenge DPPH free radicals, while the FRAP assay 
tested their reducing power toward ferric ions, and the ORAC assay was used to 
evaluate their ability to prevent oxidative degradation of fluorescein.  The results 
from each assay are illustrated in Table 1. 

 

Table 1 In vitro antioxidant activity of vanillin derivatives in DPPH, FRAP, and 
ORAC assays. 

Compound DPPH IC50 (µM)a FRAP (TE)b ORAC (TE)b 

1a 62.00 ± 5.06 0.26 ± 0.02 8.10 ± 0.34 

1b 70.00 ± 2.64 0.34 ± 0.01 6.70 ± 1.08 

2a 16.67 ± 1.52 0.49 ± 0.02 9.43 ± 0.86 

3a 82.33 ± 3.05 0.23 ± 0.01 13.23 ± 0.98 

4a 112.80 ± 1.93 0.96 ± 0.06 NTc 

Vanillin 7915.00 ± 24.00 0.02 ± 0.01 2.20 ± 0.30 
a IC50 is the concentration at which 50% of DPPH radicals were scavenged (mean 
values are reported with standard deviation ± values of 3 independent 
experiments).  
b TE is calculated by comparison of the slopes of the calibration curves obtained 
for Trolox and for each compound (mean values are reported with standard 
deviation ± values of 3 independent experiments).   
c NT = Not tested. 

 

All tested compounds exhibited strong and enhanced antioxidant activity when 
compared to vanillin.  In general, compound 2a exhibited the strongest 
antioxidant activity.  This may be due to its additional vanillin moiety, which 
provided further antioxidant power.41  The mono-vanillin naphthalimido 
derivatives (1a, 1b) delivered similar activities in each assay.  Although chain 
length was not expected to affect antioxidant activity,41 the hexyl derivatives 
exhibited the strongest antioxidant activity in the ORAC assay.  In particular, 3a 
demonstrated the greatest activity in the ORAC assay yet showed less activity in 
the other assays.  It is possible that 3a acts as an antioxidant via an alternative 
route to the naphthalimido compounds.  Similarly, the other phthalimido-based 



compound 4a with an open ring exhibited the strongest FRAP activity with an 
increase of around 2-fold the activity of 2a.  This enhanced activity is likely as a 
result of the additional alcohol group in the open phthalimido ring.  However, in 
the DPPH assay, 4a exhibited the least activity with an IC50 value 7-fold higher 
than 2a.  The striking results of 3a and 4a demonstrate that the vanillin moiety 
may not be solely responsible for the antioxidant activity of the compounds in this 
work, and that the phthalimido derivatives likely act as antioxidants via an 
alternative route to the naphthalimido derivatives.  Overall, it is evident that the 
di-vanillin derivative 2a is the most active antioxidant from this series of 
compounds. 

 

The effect of the compounds on ChE activity was evaluated using Ellman’s assay 
as previously described with minor changes.47  Stock solutions of the compounds 
were prepared in DMSO, and diluted to the desired concentration with maximum 
1% DMSO content.  The compounds were screened against electric eel AChE, and 
equine BuChE.  A control with the highest concentration of DMSO was included.  
The results from the assays are presented in Table 2. 

 

Table 2 In vitro inhibitory activity of vanillin derivatives in Ellman’s assay against 
AChE and BuChE. 

Compound AChE IC50 (µM)a BuChE IC50 (µM)a SIb 

1a 13.67 ± 1.52 0.90 ± 0.21 15.19 

1b 3.33 ± 0.57 1.50 ± 0.26 2.22 

2a 14.33 ± 1.52 0.27 ± 0.03 53.07 

3a 4.67 ± 0.57 0.37 ± 0.05 12.62 

4a NTc NTc – 

Neostigmine 7.50 ± 0.70 2.93 ± 0.20 2.56 
a IC50 is the concentration at which 50% of the enzyme activity was inhibited 
(mean values are reported with standard deviation ± values of 3 independent 
experiments).   
b SI: selectivity index (AChE IC50/BuChE IC50). 
c NT = Not tested. 

 

All compounds demonstrated between 2-53 times selectivity for BuChE over AChE, 
as illustrated by the selectivity index.  In general, the selectivity for BuChE over 
AChE increased as the size of the molecule increased.  Compound 2a had the 
highest selectivity index, and also has the highest molecular weight of all the 
tested compounds (526 g/mol).  Further, the control neostigmine has the lowest 
molecular weight at 223 g/mol, and one of the lowest selectivity index values.  



Given that the active site of BuChE is around 200 Å3 larger than that of AChE, it 
is possible that larger compounds are therefore more active against BuChE 
compared to AChE as the structures are more compatible with the BuChE enzyme 
active site.  However, compound 1b did not follow this trend.  As a result of the 
flexibility of its long, saturated hexyl chain, it is possible that the conformation 
that the molecule adopts when binding to the BuChE active site is not optimal for 
allowing the most interactions with the active site residues.55  Nevertheless, it is 
evident that the flexible hexyl group in 1b and 3a is crucial for their enhanced 
inhibitory activity against AChE.  It would appear that the presence of a shorter 
chain prevents total access of the pharmacophores to bind to the AChE enzyme 
active site.55  Although 3a exhibited strong activity against both ChE enzymes, 
the hypothesis reported by Gao et al.43 that compounds with bulkier groups exhibit 
enhanced activity appears to be supported by the results here; for example the 
authors demonstrated that naphthalimide exhibited enhanced binding compared 
to phthalimide.  While 3a contains a phthalimido group, compound 1b with the 
identical structure aside from a naphthalimido moiety exhibited stronger AChE 
inhibition (IC50 values of 4.67 µM and 3.33 µM respectively).  Furthermore, 
compound 2a demonstrated the strongest BuChE inhibition which was 1.4-fold 
higher than 3a due to its bulky structure involving a naphthalimido group and dual 
vanillin moieties.  However, as highlighted above, the size of the molecule does 
not appear to be the sole factor affecting the ChE inhibitory activity. 

 

Vanillin alone was found to be inactive against both ChE enzymes within the tested 
concentration range, therefore the hybridisation of these pharmacophores has 
contributed to the enhanced multi-target activity.  Furthermore, Dinghe et al.56 
reported that rivastigmine inhibits BuChE with an IC50 of 0.803 µM, rendering 
compound 2a around 3-fold more active than a clinically prescribed ChE inhibitor.  
Despite the lack of approved BuChE-selective inhibitors available on the market, 
a number of studies have reported strong BuChE inhibitors; including Sawatzky et 
al.27 with carbamate derivatives including a naphthyl compound which 
demonstrated an IC50 of 2.8 µM against BuChE, and Kumar et al.26 with 
phenylbenzofuran derivatives which exhibited an optimum BuChE selectivity index 
of 28.0.  Based on these promising results, the compounds in this work also have 
strong potential as potent and selective BuChE inhibitors. 

 

To aid in explaining the apparent BuChE selectivity of compound 2a in addition to 
its enhanced in vitro enzymatic inhibitory activity compared to neostigmine, 
molecular modelling studies were performed using ChE human isoform crystal 
structures.  All compounds in this work exhibited stronger binding affinities to the 
ChE enzymes compared to the known inhibitor, neostigmine (see Supplementary 
Information).  The isoforms share around 50% of the same amino acids in their 
structure.  However, within their active sites, many of the aromatic amino acids 
in AChE are replaced with aliphatic amino acids in the BuChE structure.56  While 



the depth of the active site gorge is around 20 Å in both cases,29 the actual volume 
of the gorge differs by around 200 Å3 with the larger isoform being BuChE.  In 
combination, these structural differences allow the binding of bulkier ligands 
within the active site of BuChE.16  Within the gorge, AChE and BuChE have 
corresponding binding sites; specifically, the peripheral anionic site (PAS) at the 
entrance to the gorge, the catalytic triad at the base of the gorge, the catalytic 
anionic site (CAS), the acyl pocket, and the oxyanion hole which is also located at 
the base of the active site (Figure 1).24 

 

Compound 2a was visualised as a ligand docked in the active sites of both AChE 
and BuChE to compare its binding properties (Figure 1).  As expected, the larger 
gorge of BuChE allows the entire molecule 2a to enter the active site and therefore 
interact with a greater number of key residues.  Additional interactions result in 
stronger binding,43 and thus accounts for the enhanced inhibitory activity observed 
for BuChE in comparison to AChE.  As seen in Figure 1, only the naphthalimido 
moiety is able to enter the active site of AChE, while the vanillin groups are limited 
to interact with residues around the entrance to the enzyme active site.   

 

 



 

Figure 1 Compound 2a (blue sticks) docked in AChE and BuChE active sites.  The 
active site gorges on the left are depicted as semi-transparent molecular surfaces 
with each binding site highlighted.  On the right, the key residues involved in the 
binding of 2a with AChE and BuChE are labelled and highlighted based on each 
binding site.  The peripheral anionic site (PAS) at the rim of the gorge is presented 
in green.  The acyl pocket is depicted in grey and the catalytic anionic site in 
magenta.  The catalytic triad and oxyanion hole at the base of the gorges are gold 
and cyan respectively.  The black arrow indicates the route taken by the ligand to 
enter the gorge. 

 

To investigate the interactions between the ligand and the ChE enzymes, the 
hydrogen and hydrophobic interactions were visualised.  Within AChE, 2a 
exhibited hydrogen bonding connecting Tyr 124 (PAS) with a naphthalimido 
carbonyl, Phe 295 (acyl pocket) with the vanillin hydroxyl group, and Tyr 341 
(PAS) with the other naphthalimido carbonyl.  The PAS of the AChE enzyme has 
been associated with the aggregation of amyloid peptides into fibrils, therefore 
this binding conformation could also reduce ChE-induced aberrant Aβ misfolding.43  
The naphthalimido group also formed π-π bonding with Trp 86 (CAS).  The short 
alkyl chain only interacted with the PAS, while the two vanillin groups positioned 
at the entrance to the gorge formed hydrophobic bonding with the PAS and to the 



acyl pocket to a lesser extent.  The binding affinity of neostigmine in AChE was 
calculated to be -7.0 kcal/mol using PyRx.  Compound 2a was found to have a 
stronger binding affinity for AChE at -11.3 kcal/mol, which reflects the in vitro 
results where 2a demonstrated greater inhibitory activity.  Due to the compact 
structure of neostigmine (Figure 2), it was able to fully enter the AChE active site 
to form hydrophobic interactions with each of the binding sites (Asp 74, Tyr 341, 
Tyr 124 in the PAS; Phe 297, Phe 338 in the acyl pocket; Trp 86, Tyr 337 in the 
CAS; Ser 203 and His 447 in the catalytic triad).  However, neostigmine did not 
form any hydrogen or π-π bonding with AChE.  Overall, it is apparent that a longer 
chain (i.e. the saturated hexyl chains of compounds 1b and 3a) is beneficial to 
AChE inhibition as it can allow the formation of extensive hydrophobic interactions 
with the binding sites located within AChE and reach further within the enzymatic 
gorge.55  

 

 

Figure 2 Neostigmine (cyan) and compound 2a (yellow) docked in AChE and 
BuChE (enzymes depicted in semi-transparent grey), with the active site gorges 
of each isoform highlighted as semi-transparent green molecular surfaces. 

 

Upon investigating the binding interactions of compound 2a with BuChE, it forms 
only one hydrogen bond between Ala 328 (CAS) and the naphthalimido carbonyl.  
With regards to hydrophobic interactions, 2a exhibited π-π bonding between the 
naphthalimido group and Tyr 332 (PAS).  Each vanillin moiety also formed 
extensive hydrophobic bonding with the acyl pocket, CAS, and catalytic triad.  
Therefore, it is likely that the additional vanillin group on compound 2a is 
responsible for the 3-fold enhanced BuChE inhibitory activity compared to 1a.  In 
particular, the dual binding with the PAS and CAS of ChE enzymes had previously 
been reported to contribute significantly to enzyme inhibitory activity.43  As for 
AChE, 2a demonstrated a stronger binding affinity than neostigmine with BuChE 
(-11.1 kcal/mol and -6.9 kcal/mol respectively) which reflected the in vitro results.  



Neostigmine was found to form no hydrogen bonding with BuChE but extensive 
hydrophobic interactions including π-π bonding with Trp 82 (CAS).  The 
comparison between neostigmine and 2a with regards to their inhibitory activity 
against cholinesterases agrees with the findings of Gao et al.43 whereby bulkier 
groups tend to exert the greatest activity against AChE and BuChE.  As shown in 
Figure 2, neostigmine has a more compact structure when compared to 2a with 
only a single aromatic ring.  In contrast, 2a forms additional interactions due to 
its three distinct aromatic ring systems and the propyl linker chain.  Hence, it can 
develop a more stable complex with each ChE isoform. 

 

Penetration across the blood brain barrier (BBB) is essential for compounds that 
aim to target the CNS, as for AD therapeutics.  Given that lipophilicity is a key 
determinant for BBB permeability, computational predictions were performed to 
establish the logP and the likelihood that 2a would be able to penetrate the BBB.  
This lead structure 2a was found to have a logP of 4.52, a promising lipophilicity 
for crossing the BBB in vivo.  The BBB permeation properties of 2a supported the 
logP findings with a score of 0.036.  In order to have a high predicted ability of 
crossing the BBB, a structure must display a score of greater than 0.02.49 

 

Taking together the above findings, novel compound 2a was identified as a lead 
structure for the multi-target strategy.  It exhibited the strongest antioxidant 
activity overall due to its additional vanillin moiety, with an IC50 of 16.67 µM in the 
DPPH assay, and 0.49 TE in the FRAP assay.  It was also around 10-fold more 
active than Trolox in the ORAC assay.  Furthermore, 2a demonstrated the highest 
selectivity index for BuChE inhibition over AChE (SI of 53).  It was able to inhibit 
BuChE in vitro with an activity 10-fold greater than the known inhibitor, 
neostigmine.  Although chain length was the major factor affecting AChE 
inhibition, molecular modelling studies demonstrated that compounds with bulkier 
structures as in 2a were found to exhibit greater BuChE selectivity.  Compound 
2a also exhibited promising predicted lipophilicity and BBB permeation properties.  
Overall, this work has demonstrated the novel application of vanillin derivatives 
as BuChE-selective inhibitors as well as strong antioxidants, representing a 
potential basis for the generation of multi-target AD therapeutics.   
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EXPERIMENTAL SECTION 

Materials 

All reagents were purchased from Sigma-Aldrich and Fischer Scientific unless 
otherwise stated.  NMR spectra (1H and 13C) were generated using a Magnet 
Ultrashield Bruker 400 MHz spectrometer.  Low-resolution mass spectrometry 
was performed using an Agilent 6130 Quadrupole LCMS System with 1200 
Series HPLC System.  High-resolution mass spectrometry was performed at 
EPSRC National Mass Spectrometry Service Centre at Swansea University, 
Swansea, using a Thermo Scientific LTQ Orbitrap XL spectrometer.  The progress 
of the reaction was monitored using thin layer chromatography (TLC) on 
aluminium foil silica gel 60 plates with 254 nm fluorescence indicator, and 
visualised using a UV light box (254-256 nm).  Column chromatography was 
performed using silica gel (Alfa Aesar 70-230 mesh) as the stationary phase and 
chloroform/methanol as the mobile phase.  Measurements for the in vitro assays 
were performed using a BioRad iMark microplate reader, aside from the ORAC 
assay which was monitored using a BioTek Synergy HT microplate reader.  All 
assays were carried out in triplicate, and calculations (for IC50 and TE values, 
and standard deviation analyses) were performed in Microsoft Excel.  Chemical 
drawings were constructed using ChemDraw Professional 16.0 software.  
Chem3D 16.0 software with the MM2 force field energy minimisation tool was 
used to prepare the ligands for the computational studies.  PyRx with AutoDock 
Vina was used to perform the binding affinity calculations, and PyMol Molecular 
Graphics System was used to visualise the docking conformations of the ligands 
in the enzyme targets. 

 

 

  



Chemical Synthesis 

General procedure for the synthesis of 1a, 1b, and 2a 

For 1a and 2a, diaminopropane (1.5 g, 20.18 mmol) and naphthalic anhydride 
(2 g, 10.09 mmol) were reacted in ethanol on reflux for an hour.  For 1b, 
diaminohexane (1.45 g, 12.48 mmol) and naphthalic anhydride (1.25 g, 6.31 
mmol) were reacted as above.  The mixture was then cooled to room 
temperature and the precipitate that formed was filtered off (bis-naphthalimide 
by-product).  The solvent from the resulting filtrate was removed using RFE and 
the residue was treated with diethyl ether to obtain a solid which was washed 
thoroughly with ether.  This solid was the intermediate aminopropyl- or hexyl-
naphthalimide.  Once dried in the vac oven, the intermediate was reacted with 
vanillin as follows. 

 

Synthesis of 2-(3-((4-hydroxy-3-methoxybenzyl)amino)propyl)-1H-
benzo[de]isoquinoline-1,3(2H)-dione – 1a 

The aminopropylnaphthalimide intermediate (1 g, 3.93 mmol) was dissolved in 
methanol with vanillin (0.65 g, 4.33 mmol) and stirred at room temperature for 
24 hours.  Sodium borohydride (0.17 g, 4.72 mmol) was then added, and the 
reaction was left to stir for a further 4 hours.  The resulting precipitate formed 
was filtered off and washed thoroughly with water.  Further purification was 
performed via recrystallisation with ethanol to afford a pale yellow solid (yield: 
85%).  1HNMR: (CDCl3 solvent peak δ:7.30), 8.65-6.83 (m, Ar-H, 9H), 4.34-
4.31 (t, NCH2-CH2, J = 6.8 Hz, 2H), 3.92 (s, -OCH3, 3H), 3.77 (s, Ar-CH2-N, 2H), 
2.78-2.75 (t, CH2-CH2-N, J = 6.8 Hz, 2H), 2.06-2.03 (m, CH2-CH2-CH2, J = 6.8 
Hz, 2H). 13CNMR: (CDCl3 solvent peak δ: 77.3-76.7) 164.3, 146.6-111.0, 55.8, 
53.6, 46.2, 38.2, 28.0. HRMS calcd for C23H23N2O4 [M+H]+ 391.1652, m/z found 
391.1651. 

 

Synthesis of 2-(6-((4-hydroxy-3-methoxybenzyl)amino)hexyl)-1H-
benzo[de]isoquinoline-1,3(2H)-dione – 1b 

The aminohexylnaphthalimide intermediate (1.13 g, 3.81 mmol) was dissolved 
in methanol with vanillin (0.64 g, 4.21 mmol) and stirred at room temperature 
for 24 hours.  Sodium borohydride (0.17 g, 4.72 mmol) was then added, and the 
reaction was left to stir for a further 4 hours.  The resulting precipitate formed 
was filtered off and washed thoroughly with water.  Further purification was 
performed via recrystallisation with ethanol to afford a pale yellow solid (yield: 
74%).  1HNMR: (CDCl3 solvent peak δ:7.19), 8.50-6.65 (m, Ar-H, 9H), 4.09-
4.06 (t, NCH2-CH2, J = 7.6 Hz, 2H), 3.73 (s, -OCH3, 3H), 3.62 (s, Ar-CH2-N, 2H), 
2.57-2.53 (t, CH2-CH2-N, J = 7.2 Hz, 2H), 1.66-1.63 (t, CH2-CH2-CH2, J = 7.2 
Hz, 2H), 1.49-1.47 (t, CH2-CH2-CH2, J = 7.2 Hz, 2H), 1.34-1.31 (m, CH2-CH2-
CH2-CH2, J = 3.2 Hz, 4H). 13CNMR: (CDCl3 solvent peak δ: 77.4-76.7) 164.2, 
146.8-111.0, 55.8, 53.8, 49.1, 40.3, 29.6, 28.0, 27.0, 27.0. LRMS calcd for 
C26H28N2O4 [M+H]+ 433.2, m/z found 433.2. 



Synthesis of 2-(3-(bis(4-hydroxy-3-methoxybenzyl)amino)propyl)-1H-
benzo[de]isoquinoline-1,3(2H)-dione – 2a 

The aminopropylnaphthalimide intermediate (0.5 g, 2 mmol) was reacted with 
vanillin (0.23 g, 1.51 mmol) in methanol in the presence of zinc chloride (0.21 g, 
1.54 mmol) and sodium cyanoborohydride (0.09 g, 1.51 mmol) in a reductive 
amination reaction.  This was stirred overnight on reflux.  Once cooled, the 
solvent was removed using RFE and the residue was dissolved in chloroform.  
This was then subjected to column chromatography to afford an orange solid 
(yield: 6%).  1HNMR: (CDCl3 solvent peak δ:7.18), 8.49-6.68 (m, Ar-H, 12H), 
4.13-4.09 (t, NCH2-CH2, J = 7.6 Hz, 2H), 3.83 (s, -OCH3, 6H), 3.42 (s, Ar-CH2-N, 
4H), 2.50-2.47 (t, CH2-CH2-N, J = 6.4 Hz, 2H), 1.89-1.87 (m, CH2-CH2-CH2, J = 
7.6 Hz, 2H). 13CNMR: (CDCl3 solvent peak δ: 77.4-76.7) 164.1, 146.4-111.4, 
57.8, 55.9, 50.5, 38.9, 25.4. HRMS calcd for C31H30N2O6 [M+H]+ 527.2177, m/z 
found 527.2166. 

 

General procedure for the synthesis of 3a and 4a 

For the synthesis of the hexyl phthalimide derivative (3a), Boc-hexyldiamine 
(0.50 g, 2.3 mmol) was dissolved in ethanol and phthalic anhydride was added 
to the solution (0.34 g, 2.3 mmol).  For 4a, Boc-propyldiamine (0.51 g, 2.93 
mmol) and phthalic anhydride (0.44g, 2.93) was stirred in ethanol.  The reaction 
was refluxed for an hour. Once cooled, the solvent was removed using RFE and 
the residue was dissolved in dioxane with HCl (3 mL dioxane and 4 mL HCl in 
dioxane). It was stirred at room temperature for 2 hours. The solid salt formed 
was filtered and washed with dioxane and dried in the vacuum oven. The salt 
was dissolved in methanol and triethylamine was added (3x excess). The free 
base was then dried thoroughly.  This afforded the aminopropyl- or hexyl-
phthalimide intermediate, which was consequently reacted with vanillin as 
follows. 

 

Synthesis of 2-(6-((4-hydroxy-3-methoxybenzyl)amino)hexyl)isoindoline-1,3-
dione – 3a 

The aminohexylphthalimide intermediate (0.4 g, 1.62 mmol) was dissolved in 
methanol with vanillin (0.24 g, 1.62 mmol) and stirred at room temperature for 
24 hours.  Sodium borohydride (0.20 g, 5.28 mmol) was then added, and the 
reaction was left to stir for a further 4 hours.  The solvent was removed using 
RFE and the resulting residue was washed thoroughly with water.  Further 
purification was performed via column chromatography to afford an 
orange/brown solid (yield: 8%).  1HNMR: (CDCl3 solvent peak δ:7.20), 7.74-
6.64 (m, Ar-H, 7H), 3.69 (s, -OCH3, 3H), 3.62 (s, Ar-CH2-N, 2H), 3.58-3.55 (t, 
NCH2-CH2, J = 7.2 Hz, 2H), 2.56-2.53 (t, CH2-CH2-N, J = 7.2 Hz, 2H), 1.58-1.55 
(t, CH2-CH2-CH2, J = 6.8 Hz, 2H), 1.47-1.42 (m, CH2-CH2-CH2, J = 6.8 Hz, 2H), 
1.26-1.25 (m, CH2-CH2-CH2-CH2, J = 3.2 Hz, 4H). 13CNMR: (CDCl3 solvent peak 
δ: 77.4-76.8) 168.4, 147.0-111.3, 55.7, 53.3, 48.7, 38.0, 29.1, 28.5, 26.8, 
26.8. HRMS calcd for C22H26N2O4 [M+H]+ 383.1965, m/z found 383.1963. 



Synthesis of N-(3-((4-hydroxy-3-methoxybenzyl)amino)propyl)-2-
(hydroxymethyl)benzamide – 4a 

The aminopropylphthalimide intermediate (0.3 g, 1.65 mmol) was dissolved in 
methanol with vanillin (0.25 g, 1.65 mmol) and stirred at room temperature for 
24 hours.  Sodium borohydride (0.18 g, 4.95 mmol) was then added, and the 
reaction stirred on reflux for a further 4 hours.  The solvent was removed using 
RFE and the resulting residue was dissolved in chloroform and extracted 3 times 
with water.  Further purification was performed via column chromatography to 
afford a pale brown solid (yield: 8%).  1HNMR: (CDCl3 solvent peak δ:7.19), 
7.80-6.72 (m, Ar-H, 7H), 4.29 (s, Ar-CH2-OH, 2H), 3.81 (s, Ar-CH2-N, 2H), 3.74-
3.71 (m, NCH2-CH2, J = 5.6 Hz, 4H), 3.29 (s, -OCH3, 3H), 1.93-1.90 (t, CH2-CH2-
CH2, J = 5.6 Hz, 2H). 13CNMR: (CDCl3 solvent peak δ: 77.4-76.7) 166.7, 150.7-
110.5, 74.7, 55.9, 51.6, 45.9, 37.2, 20.4. LRMS calcd for C19H24N2O5 [M+H]+ 
361.4, m/z found 187.1 = [M+-196]+Na+. 

 

 

In Vitro Evaluation 

DPPH assay 

The free radical scavenging capabilities of the synthesised compounds were 
determined following the procedure reported by Payet et al.1with some 
modifications in a 96-well plate.  A dilution series of the compounds from 10 mM 
DMSO stocks was prepared in methanol, and 50 L of each were transferred to 
the corresponding well.  Methanol (50 L) was used as a negative control with 
DMSO content equivalent to the highest DMSO concentration in the compound 
solutions (no greater than 1% DMSO).  DPPH solution (100 L, 0.1 mM) was 
added to each well followed by a 30-minute incubation in the dark.  The 
absorbance was then measured at 490 nm. 

 

FRAP assay 

The reducing power of the novel compounds was tested using the FRAP assay 
following the method described by Firuzi et al.2 with minor modifications in a 96-
well set-up.  FRAP reagent was prepared by combining 2.5 mL of 10 mM TPTZ 
(in 40 mM HCl) with 2.5 mL of 20 mM FeCl3 (in deionized water) in 300 mM 
sodium acetate buffer (pH 3.6) with the volume made up to 30 mL.  A dilution 
series of the compounds (from 10 mM DMSO stocks) and Trolox was made in 
ethanol/water and 10 L of each was pipetted into the corresponding well, along 
with 190 L of FRAP reagent.  The plate was stored in the dark for 30 minutes.  
The absorbance was then measured at 595 nm. 

 

  



ORAC assay 

The ORAC assay was employed to assess the ability of the compounds to 
prevent oxidative degradation of fluorescein following the method previously 
reported by Huang et al.3 with minor modifications on a black-walled 96-well 
plate.  A dilution series of the synthesised compounds (from 10 mM DMSO 
stocks) and Trolox was made in phosphate buffer (75 mM, pH 7.4), and 25 L of 
each was transferred into the corresponding well.  Phosphate buffer (25 L) was 
to the control wells.  Sodium fluorescein solution (150 L, 25 nM) was added to 
each well, and the plate was incubated for 30 minutes at 37°C.  Next, 25 L of 
AAPH solution (0.15 M) was added to the positive control and sample wells, 
while 25 L of phosphate buffer was added to the fluorescein control. The 
fluorescence was then measured every 2 minutes over a period of 2 hours 
(485/20 nm excitation, 525/20 nm emission). 

 

Ellman’s assay 

The inhibitory activity of the novel compounds against AChE and BuChE was 
determined using the Ellman method with some modifications.4  Stock solutions 
of AChE and BuChE (22 U/mL) from Electrophorus electricus and equine serum 
respectively were prepared in 20 mM Tris HCl (pH 7.5).  Prior to use, the AChE 
stock solution was diluted 1/100, and BuChE by 3/100.  A 3 mM DTNB (5,5'-
dithiobis-(2-nitrobenzoic acid)) solution was prepared by dissolving 0.1189 g of 
DTNB in phosphate/Hepes buffer (0.05 M/0.09 M, pH 7.5).  Solutions of 15 mM 
acetylthiocholine iodide and butyrylthiocholine iodide were prepared in deionized 
water.  A dilution series of the compounds was made in methanol, and 25 L of 
each was pipetted into the corresponding well, along with 125 L of DTNB 
solution and 25 L of diluted AChE or BuChE solution.  Methanol (25 L) was 
added in the control wells.  The plate was incubated for 10 minutes at 37°C, 
then 25 L of acetylthiocholine iodide or butyrylthiocholine iodide solution was 
added to each well and the plate was incubated for a further 10 minutes.  The 
absorbance was then measured at 415 nm. 

 

 

  



In Silico Evaluation 

Molecular modelling 

In silico predictions for the binding potential of the compounds against ChE 
enzymes were performed using the molecular modelling software, PyRx.  The 
protein structures employed for the docking procedures were obtained from the 
Protein Data Bank (AChE – 4PQE; BuChE – 2J4C).  Both structures had sufficient 
resolutions (less than 3Å).  Water molecules and any ligands attached to the 
structures were removed, and polar hydrogens were added.  The 3D structure of 
the synthesised compounds was generated using ChemDraw (ChemDraw 
Professional 16.0 and Chem3D 16.0) and the MM2 energy minimisation tool, and 
the structures were saved as pdb files.  Each ligand with its respective 
macromolecule were loaded into PyRx, and Autodock Vina 1.1.25 was used to 
calculate the binding energies of the various possible conformations.  The 
molecules were prepared for docking by positioning the grid box around the 
binding site.  The position of the binding site was determined by using a residue 
that is critical to ligand binding in the enzyme active site, as previously reported.  
The grid box was then set to size (40 x 40 x 40 Å).  The lowest energy 
conformation for each ligand-macromolecule complex was selected for further 
analysis, and the complex was loaded into PyMol (PyMol Molecular Graphics 
System, version 2.3.3, Schrodinger, LLC) for visualisation.   

 

LogP calculations 

The ability of the compound to be absorbed by the body was predicted by 
calculating its logP value.  This calculation was carried out using ChemDraw 
Professional 16.0.  Compounds had to have a logP value of less than 5 to be 
deemed as likely to be absorbed in the BBB. 

 

BBB permeation properties 

The BBB permeation properties of the compounds were analysed using the 
online BBB prediction server provided by Liu et al.5  The compound structures 
were drawn within the website (https://www.cbligand.org/BBB/), and the scores 
for BBB permeation were determined using the SVM (support vector machine) 
algorithm along with the MAACS fingerprint.  To be classified as having high BBB 
permeation properties, a score of greater than 0.02 had to be determined. 

 

  



Additional results 

Binding affinities for all compounds and positive control, neostigmine, in ChE 
enzymes: 

Compound AChE (kcal/mol) BuChE (kcal/mol) 

1a -10.8 -10.3 

1b -10.7 -10.3 

2a -11.3 -11.1 

3a -9.2 -9.3 

4a -9.1 -8.5 

Neostigmine -7.0 -6.9 

 

 

  



NMR and MS Spectra for the Synthesised Compounds 

Compound 1a 

 

 



 

 

  



Compound 1b 

 

 



 

 

  



Compound 2a 

 

 



 

 

 

  



Compound 3a 

 

 



 

 

  



Compound 4a 
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