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Design, synthesis, biological evaluation and
molecular modelling of substituted pyrrolo[2,1-a]
isoquinolinone derivatives: discovery of potent
inhibitors of AChE and BChE†

Oscar Parravicini, a Emilio Angelina, b Roque Spinelli, c

Francisco Garibotto, a Álvaro S. Siano, c Laura Vila, d Nuria Cabedo, de

Diego Cortes e and Ricardo D. Enriz *a

We report here the design, synthesis and biological evaluation of a new series of substituted pyrrolo[2,1-a]

isoquinolin-3-one derivatives, some of which have strong inhibitory activity against both AChE and BChE

enzymes. The design of these new inhibitors was carried out taking rivastigmine as the starting structure.

Thus, on the basis of an exhausting molecular modeling study using combined techniques (docking,

dynamic molecular simulations and QTAIM calculations), we obtained new ligands possessing stronger

inhibitory effects than rivastigmine, the reference compound. QTAIM analysis gave us detailed information

about the molecular interactions stabilizing the different ligand–enzyme complexes. These calculations

showed the importance of the interaction with the CAS esteratic site for the inhibitory effect of these

compounds. Nevertheless, they also indicated that the combination of interactions with CAS and strong

interactions with the PAS site might be beneficial for the inhibitory effect.

1. Introduction

Currently, Alzheimer’s disease (AD) is without doubt a very
serious problem for our society, but it is even more complex for
the near future. About fifty million people are currently living
with Alzheimer’s disease (AD).1 According to the latest Center
for Disease Control and Prevention (CDC) statistics, while
other diseases have decreased like, for example, cardiovascular
disorders, those involving AD complications have increased.
In addition, not just the patients are involved in this particular
and difficult disease. The burden experienced by caregivers is
also substantial, affecting their physical and mental wellbeing.2,3

Despite its societal impact, AD is underdiagnosed, with relatively

few patients having received a formal diagnosis of AD. Further-
more, despite all research efforts, therapeutic options for AD are
very limited. At this time, the only treatments available with
clinical evidence to AD patients are the cholinesterase inhibitors
(ChEI) donepezil, rivastigmine and galantamine for mild to
moderate AD, and memantine (an NMDA receptor antagonist)
which has been approved for moderate to severe AD. All four
compounds have been rigorously tested in clinical trials and
have been proved to improve patients’ reported outcomes, that
is, cognition, memory, communication and the ability to per-
form daily activities. However, it is important to remark that the
above drugs provide symptomatic treatment for the disease,
without strong evidence for disease-modifying properties.4 In
some countries, tacrine is also available for AD treatment.
However, it is a substance with a questionable safety profile
and, in fact, it is not involved in general AD therapy.

The principal role of acetylcholinesterase (AChE) is the
termination of impulse transmission at cholinergic synapses
by the rapid hydrolysis of acetylcholine (ACh);5 and one of the
earliest and major neurobiological findings in AD is a deficit in
cholinergic neurotransmission in the basal forebrain. Thus, the
reduction of cortical and CSF cholinergic markers, such as
AChE, choline acetyl transferase and ACh itself, is correlated
with both the extent of the neuropathology and the severity of
the cognitive impairment in Alzheimer’s disease and other
degenerative diseases.6,7 Inhibitors of AChE are the principal
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therapeutical option for AD; in fact, donepezil, rivastigmine
and galantamine are the three inhibitors that are FDA-approved
for first-line treatment for AD. Although they share the same
mode of action, they differ in terms of their pharmacologic
characteristics and route of administration, which can affect
their safety and tolerability profile. Rivastigmine, available in
both oral and transdermal patch formulations, is a slowly
reversible dual inhibitor of acetyl and butyryl cholinesterase,
selective for the G1 isoform of acetylcholinesterase, without
hepatic metabolism by the CYP-450 system. Considering the
very limited number of drugs currently available for therapeutic
use in the treatment of AD, it is evident that there is a marked
need to find new structures with similar properties to rivastig-
mine that can be used therapeutically. Our study is focused
mainly on such an objective.

Our research group has previously reported the synthesis of
8-substituted and 8,9-disubstituted pyrrolo[2,1-a]isoquinolin-3-
one derivatives (compounds 1–11, Fig. 1) whose general struc-
tures have a slight structural resemblance with rivastigmine.8

On the other hand, we have recently reported new AChE
inhibitors, and in such articles we have conducted molecular
modelling studies that have allowed us to understand in
some detail the molecular interactions that are involved in
the stabilization of different inhibitor–enzyme complexes
for this molecular target.9–13 In particular, for N-benzyl-2-
phenylethanamines and carbamate-type ligands we have
described the importance of interactions with residues W84,
Y121, G118, S122, E199, S200, W279, F330, Y334 and H440 for
the stabilization of cholinesterase complexes. Moreover, we
carried out a comparative study of AChE and BChE, based on
the accessible area within their active sites, which showed that
the active site of BChE is larger and more flexible than AChE.
Taking advantage of having this information, we asked ourselves
if we would be able to design a new structure with inhibitory
effects on AChE, taking as a starting structure those previously
reported in ref. 8. Thus, we report here the synthesis and
biological evaluation of a new series of substituted pyrrolo[2,1-
a]isoquinolin-3-one derivatives, some of them with strong inhi-
bitory activity against both AChE and BChE enzymes.

2. Results
2.1 Synthesis

The synthesis of compounds 1–11 has been previously reported.8

Four new carbamates 12–15 were synthesized by reaction
between the corresponding hydroxy-pyrroloisoquinolone and
the appropriate phenyl or ethyl isocyanate. 8-Phenylcarbamate-
1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]isoquinolin-3-one (12) was
obtained from 8-hydroxy-pyrroloisoquinolinone (3), and 8-
chloro-9-phenylcarbamate-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]
isoquinolin-3-one (13) was prepared from 8-chloro-9-hydroxy-
pyrroloisoquinolone (7). Whereas, both 8,9-bis(ethylcarbamate)- (14)

Fig. 1 Structural features of substituted pyrrolo[2,1-a]isoquinolin-3-one
derivatives and the FDA-approved cholinesterase inhibitor rivastigmine.

Scheme 1 Synthesis of 8-substituted and 8,9-disubstituted pyrrolo[2,1-a]isoquinolin-3-one derivatives. Reagents and conditions: (a) ethyl succinyl
chloride, NaOH 5%, CH2Cl2, rt, overnight; (b) POCl3, CH3CN, N2, reflux, 4 h; (c) NaBH4; MeOH, rt, 2 h; (d) conc. HCl–EtOH (1 : 1) for 2, reflux, 3 h, or BBr3,
for 6 and 10, CH2Cl2, rt, 2 h; (e) ethyl or phenyl isocyanate, acetone, reflux, 3 h.
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and 8,9-bis(phenylcarbamate)-1,2,3,5,6,10b-hexahydropyrrolo
[2,1-a]isoquinolin-3-ones (15) were prepared from (�)-trolline
(11) (Scheme 1).

2.2 Searching for new inhibitors of AChE

Previously, the research group of the University of Valencia
reported the synthesis of compounds 1–11 (Fig. 1).8 Some of
these compounds seemed interesting to us from a structural
point of view since they resemble rivastigmine in some way
(particularly compound 8). Therefore, our first step in this
study was to evaluate the inhibitory activity against AChE and
BChE of these eleven compounds. These results are shown in
Fig. S1–S3 (ESI†) and Table 1. As can be seen, none of the
mono-substituted derivatives (compounds 1–4) showed any
inhibitory activity. Regarding the rest of the tested compounds,
compounds 5, 6, 9–11 did not show any significant inhibitory
effect. However, compounds 7 and 8 showed a strong inhibitory
activity against both enzymes, AChE and BChE. This first result
was quite encouraging considering that compounds 7 and 8
displayed a strong inhibitory activity. It should be noted that
both compounds displayed a stronger activity against AChE
than the reference compound (rivastigmine).

The lack of activity of compounds 2, 6 and 10 was not at all
surprising since in both cases the presence of the benzyloxy or
methoxy group in the replacement of OH has given, in general,
less active compounds when these molecules and other struc-
turally related ones have been tested against other molecular
targets.14–16 However, for this particular series of compounds,
the presence of a hydroxyl group might not be sufficient for the
ligands to develop inhibitory effects. In this regard, a co-
substitution of a Cl atom together with another polar moiety
could be crucial since 7 and 8 displayed the lowest IC50 values.
In the case of compounds 1, 5 and 9, a different behaviour is
expected since these compounds are linear and such great
molecular flexibility can justify their different activities. How-
ever, the dissimilar activities observed for compounds 3 and 7

and 4 and 8 were not clear enough. In fact, at this stage of our
study, we were not clear on the mechanism of action of the
active compounds 7 and 8. Thus, in order to better understand
the behaviour of these new inhibitors at a molecular level, in
our next step we conducted a molecular modelling study in
which we paid particular attention to the molecular interac-
tions that would stabilize the molecular complexes.

2.3 Molecular modelling

To understand more deeply our experimental results, we car-
ried out a molecular modelling study. We conducted this study
in four steps using different modelling techniques. In the first
step, we conducted a docking study; in the second one, we
performed simulations using molecular dynamics calculations.
With these data we performed a per residue analysis and in the
last step quantum mechanics calculations were made to eval-
uate in detail the molecular interactions that stabilize the
different ligand–receptor complexes. The Torpedo californica
AChE (TcAChE) gorge is a narrow, 20 Å long pocket composed
of two binding sites for the cationic substrate acetylcholine,
termed the catalytic anionic site (CAS) and the peripheral
anionic site (PAS), lying at the base and entrance of the gorge,
respectively.

Between the two sites, the gorge narrows due to a constric-
tion formed by two aromatic residues, F330 and Y121 (bottle-
neck region). Both CAS and PAS are lined mostly by aromatic
residues that interact with the enzyme substrate ACh. When
ACh or an analogue substrate like acetylthiocholine (ATCh)
binds to the PAS, it forms interactions with residues Y70, Y121,
W279, F330, F331 and Y334. A characteristic cation–p inter-
action between a quaternary amine and W279 as well as an H-
bond between the acetyl moiety and Y121 are formed (PDB
codes 2C4H, and 2C58). On the other hand, when ACh/ATCh
binds to the CAS, a reaction occurs and the acetyl group
covalently bound to catalytic serine interacts with residues
from the ‘‘esteratic subsite’’ formed by:

(a) the catalytic triad E327, H440 and S200, (b) the backbone
of residues A201, G118 and G119 that together form the
‘‘oxyanion hole’’ and (c) the aromatic residues W233, F288,
F290 that hold the methyl group in place (PDB codes 2ACE, and
2C58). At the same time, the positively charged choline moiety
interacts with CAS residues W84, Y130, E199, F330, F331, and
Y442 that form the ‘‘anionic subsite’’. As in the PAS, the choline
quaternary amine forms a cation–p interaction with tryptophan
W84. Our docking study indicates that compounds 7 and 8 are
bound at the same site to that previously reported for rivastig-
mine (Fig. 2).12 However, some differences might be appre-
ciated between compounds 7 and 8. While the spatial
arrangement observed for compound 8 is very similar to that
previously reported for rivastigmine,12 compound 7 is located a
little bit shifted to the bottom of the gorge (Fig. 2). In contrast,
compounds 1, 5 and 9 led to a high number of possible
conformations, which might be related to their lack of activity.

In turn, molecular dynamics calculations allowed us to
perform a per residue analysis for these compounds. As we
expected, the histogram obtained for compound 8 is closely

Table 1 Enzyme inhibition of substituted pyrrolo[2,1-a]isoquinolin-3-one
derivatives against acetyl- and butyryl-cholinesterase. All values were
expressed as IC50 � SD, with a confidence of 95%. The IC50 values were
determined by regression analyses of three replicate determinations

Compound

IC50 (mM)

SIbAChE BChE

1 450 450 —
2 450 450 —
3 450 450 —
4 450 450 —
5 450 450 —
6 450 450 —
7 19.25 � 2.88 4.26 � 0.78 4.52
8 11.03 � 0.34 1.74 � 0.31 6.34
9 450 450 —
10 450 450 —
11 450 450 —
Riva 34.18 � 6.00 0.08 � 0.00 427.25

a Rivastigmine (Riv) was used as a positive control. b SI (selectivity
index) = IC50 (AChE)/IC50 (BChE).
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related to that of rivastigmine (Fig. 3A and B). The main
interactions of both compounds are those with D72, W84,
G118, Y121, S200, W279, F290, F330, Y334 and H440. It should
be noted that the same interactions are found for compound 7.
Nevertheless, interactions obtained for this compound are
weaker in comparison with that observed for compound 8
(compare Fig. 3A and C). Note that compound 8 displays a
stronger inhibitory activity with respect to compound 7
(Table 1); therefore, these results are in line with our experi-
mental results. In contrast to these results, compound 4 shows
a different behaviour from that observed for 8. At least two
aspects show clear differences between these two compounds.
One is the lack of interaction of compound 4 with S200. This
can be clearly seen in the histogram obtained for this com-
pound (Fig. 3D). It is well known that S200 plays a key role in
the inhibition of AChE.17,18 The other important difference is
that 4 adopts a completely different spatial arrangement than 7
and 8. It should be noted that compound 4 orients the pyrrole
ring towards the bottom of the active site and the chain with
the carbamate substituent towards the surface, in exactly the
opposite form of how compound 8 is located. This can be
appreciated clearly in Fig. 2.

At this stage of our study, we focused our efforts on design-
ing and obtaining new compounds structurally related to
compound 8 that possess inhibitory activity against AChE.

2.4 Design of new inhibitors of AChE and BChE

From Fig. 2 it is possible to observe that there is some room to
incorporate a bulkier substituent at the carbamate group. Thus,
we design four new ligands (compounds 12–15). In compounds
12 and 13 we replace the ethyl group of 4 and 8 by a phenyl
group, respectively, whereas compounds 14 and 15 are the
diethyl and biphenyl carbamates of compound 11. Next, we
performed MD simulations for these new compounds (com-
pounds 12–15) (Fig. 4) and the results were compared with

Fig. 2 Spatial view of AChE–4 (cyan), AChE–7 (magenta) and AChE–8
(green) complexes overimposed for comparison.

Fig. 3 Histograms of interaction energies partitioned with respect to the
AChE amino acid sequence when complexed with compound 8 (A),
rivastigmine (B), compound 7 (C) and compound 4 (D). The X-axis denotes
the residue number of AChE and the Y-axis denotes the interaction energy
between the compounds and a specific residue. Negative values and
positive values are favourable or unfavourable to binding, respectively.
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those obtained for compounds 7 and 8. Whereas the histogram
obtained for compound 13 is closely related to that of com-
pound 8 (compare Fig. 3A and 4A), the histograms obtained for
compounds 12 and 14 (Fig. 4B and C) showed significant
differences. The histogram obtained for compound 14 shows
strong interactions, however the lack of interaction with S200,
which is a key interaction for the inhibitory activity, is very
noticeable. At the same time, those interactions with the
residues from the peripheral anionic site (W279 and Y334)
and from the bottleneck (F330) are clearly increased. This
would be a clear indication that compound 14 could not enter
into the bottom of the pocket but would remain at the surface
of the active site. This different behaviour could be explained by

steric factors since compound 14 would be too bulky to enter
the active site. Similar results were obtained for compound 12
(see Fig. 4B and Fig. S4, ESI†). The same results but even more
noticeably were observed for compound 15 which is a logical
result considering that the steric effects in compound 15 are
stronger than those in compound 14.

From these results, we can expect that 13 displays inhibitory
effects while compounds 12, 14 and 15 do not display or at least
display a weaker activity than 13. Thus, we decided to synthe-
size compounds 12–15 (see details of the synthesis in
Section 2.1).

In the next step, we evaluated the inhibitory activity on both
enzymes and these results are shown in Table 2. It might be
seen that our experimental results are in complete agreement
with the simulations, corroborating the results obtained by
molecular modelling. Note that while compound 13 is one of
the most active of this series, 12, 14 and 15 showed no activity
against AChE. A somewhat surprising result was that obtained
for compound 14 against BChE, since although it did not show
any activity on AChE, it showed a strong inhibitory activity
against BChE (Table 2). To explain these results better, we
performed molecular simulations for compounds 13 and 14
interacting at the active site of BChE. These results are shown
in Fig. 5.

It is interesting to note that the histograms obtained for
compounds 13 and 14 interacting with BChE are very similar
(Fig. 5A and B) and they are closely related with that obtained
for rivastigmine as well (Fig. 5C). These results indicate that in
the case of BChE, compound 14 is able to enter into the bottom
of the binding pocket and, therefore, it can properly interact at
the CAS. Such a situation might be better appreciated in Fig. 6,
which shows the spatial orderings adopted by 14 at the binding
sites of both enzymes (AChE and BChE). These results might
explain, at least in part, the selectivity for BChE observed in
compound 14.

Finally, considering compound 15, our exploratory docking
results showed that this ligand is too large for both active sites
(AChE and BChE). The inability of compound 15 to fully enter
the binding pocket does not allow the carbamate group to reach
the catalytic triad. This is an expected result since changing two
ethyl groups for two phenyl groups implies a considerable
increase in size.

Fig. 4 Histograms of interaction energies partitioned with respect to the
AChE amino acid sequence when complexed with compound 13 (A),
compound 12 (B) and compound 14 (C). The X-axis denotes the residue
number of AChE and the Y-axis denotes the interaction energy between
the compounds and a specific residue. Negative values and positive values
are favourable or unfavourable to binding, respectively.

Table 2 Enzyme inhibition of substituted pyrrolo[2,1-a]isoquinolin-3-one
derivatives against acetyl- and butyryl-cholinesterase. All values were
expressed as IC50 � SD, with a confidence of 95%. The IC50 values were
determined by regression analyses of three replicate determinations

Compound

IC50 (mM)

SIbAChE BChE

12 450 450 —
13 11.21 � 1.51 14.68 � 2.00 0.76
14 450 1.84 � 0.09 —
15 450 450 —
Riva 34.18 � 6.00 0.08 � 0.00 427.25

a Rivastigmine (Riv) was used as a positive control. b SI (selectivity
index) = IC50 (AChE)/IC50 (BChE).
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2.5 Molecular interactions analysis from QTAIM calculations

In a recent article, we demonstrated that QTAIM calculations
are a very useful tool to evaluate in an accurate and detailed way
the molecular interactions that stabilize ligand–receptor com-
plexes possessing different degrees of structural complexity. In
fact, one of the systems reported in this paper is AChE.19 On the
basis of those results and with the aim of better understanding
the molecular interactions involved in the different complexes
reported here, we carried out a QTAIM study for the most
representative ones. Thus, we selected compounds 7, 8, 13
and 14 complexed with AChE and compounds 13 and 14
complexed with BChE. Fig. 7 shows the binding mode of the
compounds along the AChE enzyme gorge.

Upon going from A to D in Fig. 7 the ligands are more deeply
buried in the gorge. Compound 14 has two bulky N-ethyl
carbamate groups attached to the tricyclic core that prevent it
from accessing the CAS through the bottleneck. When one of
the bulky carbamate groups in 14 is replaced by chlorine, as in
compound 8, entrance to the CAS through the bottleneck is
allowed. However, compound 8 does not completely enter the
CAS but it remains halfway between both gorge sites.

According to a previous study describing TcAChE substrate
trafficking, the substrate analog ATCh first binds to the PAS
with the acetyl group oriented towards the active site and the
quaternary amine forming a cation–p interaction with the
W279 ring. The observed orientation allows the substrate to
slide straight through the gorge without the necessity of
reorienting before productive interaction at the active site, as
the CH3CO group needs to approach the catalytic serine. In this
sense, binding at the PAS may serve as a ‘‘filter’’ that orients the
ACh molecule before it continues its journey towards the CAS.20

Analogously, in complexes of compounds 14 and 8 the carba-
mate moiety is also pointing down towards the active site while
the electropositive amide from the g-lactam ring is stacked over
the W279 ring (Fig. 7A and B).

On the other hand, the binding of compound 13 to the CAS
also closely resembles that of the substrate: the carbonyl oxygen
atom points toward the oxyanion hole (i.e. the backbone of
S200 and A201 in Fig. 7) and the activated carbon atom is
properly positioned for nucleophilic attack by S200 (PDB code
2ACE). Furthermore, the electron-deficient g-lactam ring of
compound 13 is stacked on top of W84 in the same way as
the substrate quaternary amine is also stacked over the same
ring through a cation–p interaction.

One of the most salient characteristics of these carbamate
derivatives is the overall curved shape provided by the tricyclic
core, which allows a good fit of these compounds within the
CAS. Potent carbamate inhibitor physostigmine also has a
similar curved tricyclic core and its binding mode resembles
that of compound 13 where the curved ring of the molecule is
lying on top of the W84 indole ring.21 Therefore, agreement
between our structural models and previous structural evidence
of substrate analogue binding to both the CAS and the PAS
enable us to be confident in the reliability of our computational
predictions, at least from a qualitative point of view.

2.5.1 Charge density analysis of molecular interactions.
Regarding the stability of the structural models, the stacked
bars in Fig. 8 provide a dissected view of the anchoring of
carbamate compounds to the different sites within the
TcAChE gorge.

As indicated by the stacked bars in Fig. 8, compound 14
binds almost completely to the PAS, compounds 7 and 13 are
mostly anchored to the CAS, whereas compound 8 is in between
both sites. An unexpected result revealed by the charge density
data in Fig. 8 is that anchoring to the PAS is actually stronger
than to the CAS, as indicated by the contribution of the
PAS residues to the overall anchoring of compounds 14 and 8
(i.e. yellow stacked bars). Nevertheless, the activity of these
carbamates seems to be conditioned to their ability to reach the

Fig. 5 Histograms of interaction energies partitioned with respect to the
BChE amino acid sequence when complexed with compound 13 (A),
compound 14 (B) and rivastigmine (C). The X-axis denotes the residue
number of BChE and the Y-axis denotes the interaction energy between
the compounds and a specific residue. Negative values and positive values
are favourable or unfavourable to binding, respectively.
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CAS regardless of its anchoring strength and, so, compound 14
is inactive since it is not able to enter the CAS. Exclusive
binding to the PAS is only observed when high concentrations
of the substrate analogue are present in the crystallization
solution, suggesting that the PAS is occupied only
transiently,20 which is also reflected in the very high IC50 value
reported for the binding of compound 14 at the TcAChE gorge.

On the other hand, compound 8 seems to benefit from
anchoring at both sites simultaneously. It is likely that com-
pound 8 was captured in a transient intermediate state along
the way to the enzyme active site at the bottom of the gorge.
Unlike compound 14, there is no reason why 8 could not reach
the gorge base since it is even less bulky than compound 13
(Fig. 7). However, because of the stronger interactions with the
PAS residues, anchoring at this intermediate state (i.e. in
between both sites) is stronger than binding at the bottom of
the gorge (compare the stacked bars for 8 and 13 in Fig. 8).

Known AChE inhibitors like potent donepezil and galantamine
also target both the PAS and CAS simultaneously (PDB entries
4EY7, 1EVE and 1W6R, 4EY6, respectively).

Charge density molecular graphs in Fig. 9 and 10 show in
more detail the molecular interactions that contribute to the
anchoring of compounds 13 and 8, respectively.

Compound 13 mainly interacts with residues from the CAS
at the gorge base and the carbamoyl group is well positioned
within the esteratic subsite for nucleophilic attack by the
reactive serine residue. Fig. 9 shows that the carbamoyl oxygen
atom is hydrogen bonded to the oxyanion hole as evidenced by
the bond paths connecting this atom to backbone H atoms
from A201, G117 and G119, thus enhancing the electrophilicity
of the carbamoyl carbon atom so that it might then be
eventually attacked by the reactive S200 oxygen atom.

Also, several C–H� � �p interactions between the N-phenyl
group and ring atoms from aromatic residues W233, F288
and F290 contribute to binding of the carbamoyl moiety at
the esteratic subsite. Moreover, the terminal g-lactam ring from
the tricyclic core is stacked over W84, forming several C–H� � �p
interactions between them that together make an important
contribution to the anchoring of compound 8 (see Fig. 7).

On the other hand, as compound 8 has not fully accessed
the CAS the carbamoyl group is too far from the reactive S200
and it is not properly oriented within the oxyanion hole
(Fig. 10). Misplacement of the carbamoyl group is reflected in
the overall weaker binding to the esteratic subsite compared
with compound 13 (see Fig. 7). However, interactions of the
tricyclic core structure with aromatic residues from the PAS
compensate for the anchoring loss from the CAS and so the

Fig. 6 Active sites of Torpedo californica AChE (A) and Homo sapiens BChE (B) when complexed with compound 14, which is represented in ball-and-
stick format and coloured in blue. The gorge of each enzyme is depicted by its molecular surface in semi-transparent grey. The main amino acid residues
from both active sites are also shown. Residues from the CAS including the catalytic triad and oxyanionic subsite are depicted in magenta. Amino acids
from the acyl-binding pocket and the anionic subsite are represented in orange and yellow, respectively. Residues from the PAS and the bottleneck
region are depicted cyan and green, respectively.

Fig. 7 Binding modes of compounds 14 (A), 8 (B), 7 (C) and 13 (D) within
the TcAChE gorge. Residues from the CAS-esteratic, CAS-anionic and PAS
are depicted in blue, red and yellow, respectively. In order to reach the CAS
at the bottom of the gorge, the ligand must slide through the bottleneck
formed by side-chains of residues Y121 and F330.
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overall binding of compound 8 ends up being stronger than for
compound 13.

Moreover, although the overall structures of BChE and AChE
are similar, their interactions with the same ligands are gen-
erally different due to slight differences in their residue
sequences. Bottleneck aromatic residues F330 and Y121 that
separate the PAS from the CAS in AChE are replaced in BChE by
the less bulky A328 and Q119, respectively. As a result, there is
no longer such a bottleneck between the PAS and CAS in BChE,
such that ligands that could not access the CAS in AChE due to
their size might now be able to do so in BChE. This seems to be
the case for bulky compound 14, as indicated by the interaction
profile in Fig. 5B which resembles that of rivastigmine (Fig. 5C).

Fig. 11 shows in more detail the interactions of compound 14 at
the BChE gorge.

As can be seen in Fig. 11, compound 14 is certainly anchored
at the bottom of the gorge between aromatic residues W82 and
W231 that make up the walls of the CAS at both ends of its
longer (longitudinal) axis. However, unlike rivastigmine that
bind its carbamate moiety to the esteratic subsite, our model-
ling results suggest that compound 14 binds in the opposite
way, namely with the carbamate moiety placed at the CAS-
anionic subsite. The fact the compound 14 can bind to the CAS
of BChE, albeit not in the expected orientation, correlates well
with the inhibition data, namely that it is able to inhibit BChE
but with much less potency than rivastigmine.

Fig. 8 Sum of charge density values (in atomic units) at the intermolecular bond critical points between TcAChE and the selected compounds. The total
height of stacked bars indicates the overall anchoring strength of the compounds within the gorge which can be decomposed into anchoring to the CAS
esteratic subsite (CAS-esteratic), CAS anionic subsite (CAS-anionic) and PAS site.

Fig. 9 Charge density molecular graph of compound 13 (magenta) at the gorge of TcAChE. Residues from the CAS-esteratic, CAS-anionic and PAS are
depicted in blue, red and yellow, respectively. Topological elements of the charge density associated with the intermolecular interactions are depicted
with yellow lines (Bond Paths, BPs) and small red spheres (Bond Critical Points, BCPs).

Paper NJC

Pu
bl

is
he

d 
on

 1
3 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pr

in
ce

 E
dw

ar
d 

Is
la

nd
 o

n 
5/

16
/2

02
1 

9:
34

:2
1 

PM
. 

View Article Online

https://doi.org/10.1039/d1nj00345c


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem., 2021, 45, 8321–8334 |  8329

To understand the origin of the binding mode differences of
the compounds to BChE and AChE, Fig. 11 and 12 shows key
active site residues from TcAChE that are mutated in HsBChE.
In particular, Fig. 11 shows residues W279 and Y121 from the
TcAChE structure (in grey) that have been previously super-
posed with the HsBChE structure. These residues form a
specialized structure at the PAS of TcAChE in which Y121 is
held firmly on top of the CAS by T-shaped C–H� � �p interactions

with W279. In this arrangement, Y121 partially covers the CAS
entrance as can be seen in Fig. 11. In BChE, both residues W279
and Y121 are replaced by A277 and Q119 respectively, so that
they are no longer able to interact with each other and conse-
quently Q119 is displaced away from the CAS entrance. Because
of these substitutions (as well as the substitution of F330 by
A328), larger ligands can access the bottom of the gorge in
HsBChE, as compared with TcAChE.

Besides the role of the specialized structure formed by
residues W279 and Y121 as a ligand size-based filter, these
residues at the PAS of TcAChE are also involved in ligand pre-
orientation by accommodating the hydrolysable tail (i.e. the
carbamate moiety) in such a way that it can slide straight
through the CAS-esteratic subsite, as already discussed pre-
viously. Thus, the lack of a pre-orientational filter at the PAS of
BChE might be allowing the inverted binding mode of com-
pound 14 at the CAS of the enzyme.

Fig. 12 shows the interactions of compound 13 as it binds to
the HsBChE gorge. The binding mode of compound 13 to
TcAChE is also shown in grey for comparison. As can be seen
in Fig. 12, compound 13 is anchored at the CAS of both TcAChE
and HsBChE; however, it is able to reach the bottom of the
gorge base only in the first case. This difference is likely due to
the substitution of residue V400 in TcAChE (in grey in Fig. 12)
by the bulkier F398 in HsBChE, which prevents the N-phenyl
carbamate moiety of compound 13 from fully accessing the
CAS-esteratic subsite. As a consequence, the hydrolysable car-
bamate moiety of compound 13 is not properly placed for
nucleophilic attack by the reactive serine in HsBChE, as it does
in TcAChE. These modelling results are also in line with the
inhibition data, which show that compound 13 is a slightly
more potent inhibitor of TcAChE than HsBChE.

Fig. 10 Charge density molecular graph of compound 8 (magenta) at the
gorge of TcAChE. Residues from the CAS-esteratic, CAS-anionic and PAS
are depicted in blue, red and yellow, respectively. Topological elements of
the charge density associated with the intermolecular interactions are
depicted with yellow lines (Bond Paths, BPs) and small red spheres (Bond
Critical Points, BCPs).

Fig. 11 Charge density molecular graph of compound 14 (magenta) at the gorge of HsBChE. Residues from the CAS-esteratic, CAS-anionic and PAS are
depicted in blue, red and yellow, respectively. Residues in grey are not from BChE structure but from a superimposed TcAChE structure. Topological
elements of the charge density associated with the intermolecular interactions are depicted with yellow lines (Bond Paths, BPs) and small red spheres
(Bond Critical Points, BCPs).
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Although the results obtained from molecular modelling
simulations represent additional support for the possible effect
on AChE and BChE, further studies, as for example a kinetic
analysis, could give a better and more complete understanding
about the inhibitory effect displayed by these compounds.

3. Methodology
3.1 General experimental procedures and instrumentation

All solvents and reagents were purchased from Scharlab S.L.
(Barcelona, Spain) and Sigma-Aldrich (St Louis, MO) commer-
cial sources. Solvents were dried and freshly distilled under a
nitrogen atmosphere if necessary. 1H and 13C NMR spectra
were recorded using CDCl3 as the reference solvent with two
drops of CD3OD if necessary in a Bruker AC-300 or AC-500
spectrometer (Bruker Instruments, Kennewick, WA). Chemical
shifts (d) are reported in ppm relative to an internal deuterated
solvent reference. Multiplicities of the 13C NMR resonances
were assigned by DEPT experiments. The assignments of all
compounds were made by COSY, DEPT, HSQC and HMBC. All
reactions were monitored by analytical thin-layer chromatogra-
phy (TLC), carried out on silica gel 60 F254 plates (Merck
Group, Darmstadt, Germany), and visualized by UV irradiation
at 254 nm. ESIMS analyses were performed using UHPLC
apparatus (Shimadzu, LCMS-8040) coupled to a tandem mass
spectrometry (MS/MS) triple quadrupole instrument equipped
with an electrospray ionization (ESI) ion source (Shimadzu,
Kyoto, Japan). High-resolution electron ionization mass spec-
trometry (HREIMS) was determined by a TripleTOF 5600 LC/
MS/MS system (AB SCIEX, Framingham, MA, U.S.A.). Residues

were purified by silica gel 60 (40–63 mm, Merck) column
chromatography. The quoted yields are of the purified material.

3.2 Synthesis

3.2.1 Synthesis of 8,9-disubstituted pyrrolo[2,1-a]isoquino-
linone derivatives. The general synthetic path for compounds
1–11 has been previously reported. 8-Substituted (12) and 8,9-
disubstituted (13–15) pyrrolo[2,1-a]isoquinolinone carbamate
derivatives were prepared according to ref. 8.

3.2.2 General procedure for the synthesis of carbamate
derivatives (8, 12–15)

8-Hydroxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]isoquinolin-3-
one (3). 8-Chloro-9-hydroxy-1,2,3,5,6,10b-hexahydropyrrolo
[2,1-a]isoquinolin-3-one (7) or 8,9-dihydroxy-1,2,3,5,6,10b-
hexahydropyrrolo[2,1-a]isoquinolin-3-one (11) (1 equiv.) was
dissolved in dry acetone (10 mL). Subsequently, the appropriate
ethyl or phenyl isocyanate (1.5 equiv. or 3 equiv. for 12, 13 or 14,
15 respectively) was added. The reaction mixture was heated
under reflux for 3 h and then concentrated to dryness. The
residue was redissolved in 10 mL of CH2Cl2 and washed with
H2O (3 � 10 mL). The organic layer was dried with anhydrous
Na2SO4, filtered and evaporated under reduced pressure. The
crude product was purified by column chromatography on
silica gel (CH2Cl2/MeOH 97 : 3).

8-Phenylcarbamate-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]iso-
quinoline-3-one (12). Colourless oil (13 mg, 27% yield). 1H NMR
(300 MHz, CDCl3): d = 7.44 (2H, d, J = 8.0 Hz, H-20, H-60),
7.34 (1H, t, J = 7.4 Hz, H-40), 7.16–7.08 (2H, m, H-30, H-50), 6.97
(1H, d, J = 8.4 Hz, H-10), 6.75 (1H, dd, J = 2.6, 8.4 Hz, H-9),
6.63 (1H, d, J = 2.6 Hz, H-7), 6.20 (1H, brs, NH), 4.78–4.69

Fig. 12 Charge density molecular graph of compound 13 (magenta) at the gorge of HsBChE. Residues from the CAS-esteratic, CAS-anionic and PAS are
depicted in blue, red and yellow, respectively. The binding mode of compound 13 to TcAChE as well as residue V400 from TcAChE have been
superimposed for comparison (in grey). Topological elements of the charge density associated with the intermolecular interactions are depicted with
yellow lines (Bond Paths, BPs) and small red spheres (Bond Critical Points, BCPs).
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(1H, m, H-10b), 4.32–4.21 (1H, m, Ha-5), 3.11–2.47 (6H, m, Hb-
5, H-6, Ha-1, H-2), 1.92–1.80 (1H, m, Hb-1); 13C NMR (75 MHz,
CDCl3): d = 173.1 (CO-3), 154.8 (NHCO), 149.1 (C-8), 137.2 (C-10),
135.1 (C-6a), 129.4 (C-10a), 129.2 (CH-40), 126.0 (CH-10), 125.9
(CH-30, CH-50), 119.0 (CH-20, CH-60), 115.3 (CH-7), 114.3 (CH-9),
56.5 (CH-10b), 37.0 (CH2-5), 31.8 (CH2-2), 28.6 (CH2-6), 27.7
(CH2-1); HREIMS: m/z 322.1374 [M]+ (calcd for C19H18N2O3,
322.1310).

8-Chloro-9-phenylcarbamate-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]
isoquinoline-3-one (13). Colourless oil (7.5 mg, 25% yield). 1H NMR
(500 MHz, CDCl3): d = 7.46 (2H, d, J = 8.0 Hz, H-20, H-60), 7.35 (1H,
t, J = 7.4 Hz, H-40), 7.26 (1H, s, H-7), 7.17–7.12 (2H, m, H-30, H-50),
7.03 (1H, s, H-10), 4.75 (1H, t, J = 7.8 Hz, H-10b), 4.30 (1H, ddd,
J = 2.6, 6.2, 12.9 Hz, Ha-5), 3.08–3.01 (1H, m, Hb-5), 2.95–2.87
(1H, m, Ha-6), 2.80–2.75 (1H, m, Hb-6), 2.67–2.62 (1H, m, Ha-1),
2.61–2.55 (1H, m, Ha-2), 2.51–2.45 (1H, m, Hb-2), 1.90–1.86 (1H, m,
Hb-1); 13C NMR (125 MHz, CDCl3): d = 173.1 (CO-3), 150.5 (NHCO),
145.3 (C-9), 137.3 (C-10a), 137.0 (C-10), 132.8 (C-6a), 130.6 (CH-7),
129.2 (CH-40), 125.7 (CH-30, CH-50), 124.2 (C-8), 120.4 (CH-10),
118.7 (CH-20, CH-60), 56.3 (CH-10b), 36.7 (CH2-5), 31.6 (CH2-2),
27.9 (CH2-6), 27.2 (CH2-1); HREIMS: m/z 357.1011 [M]+ (calcd for
C19H17ClN2O3, 357.1000).

8,9-Bis(ethylcarbamate)-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]
isoquinoline-3-one (14). Colourless oil (12 mg, 36% yield).
1H NMR (300 MHz, CDCl3 + 2 drops CD3OD): d = 6.97 (1H, s,
H-10), 6.95 (1H, s, H-7), 5.21–5.17 (2H, m, NH), 4.71 (1H, t, J =
6.7 Hz, H-10b), 4.25 (1H, ddd, J = 12.7, 6.0, 2.8 Hz, Ha-5), 3.34–
3.24 (4H, m, CH2NH), 3.03 (1H, td, J = 1.0, 4.2 Hz, Hb-5), 2.95–
2.80 (1H, m, Ha-6), 2.78–2.67 (1H, m, Hb-6), 2.65–2.40 (3H, m,
Ha-1, H-2), 1.95–1.80 (1H, m, Hb-1), 1.19 (3H, t, J = 7.0 Hz,
CH3CH2NH); 13C NMR (75 MHz, CDCl3 + 2 drops CD3OD): d =
173.7 (CO-3), 157.8 (NHCO), 141.7 (C-9), 141.5 (C-8), 135.1
(C-10a), 131.5 (C-6a), 123.6 (CH-10), 119.7 (CH-7), 56.5 (CH-
10b), 36.8 (CH2-5), 35.9 (CH2NH), 31.5 (CH2-2), 27.8 (CH2-6),
27.0 (CH2-1), 14.7 (CH3CH2NH); HREIMS: m/z 362.1714 [M]+

(calcd for C18H23N3O5, 362.1710).

8,9-Bis(phenylcarbamate)-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]
isoquinoline-3-one (15). Colourless oil (15 mg, 41% yield).
1H NMR (300 MHz, CDCl3): d = 7.41–7.03 (10H, m, 2xH-20,
2xH-30, 2xH-40, 2xH-50, 2xH-60), 7.12–7.06 (1H, s, H-10),
7.03 (1H, s, H-7), 4.79–4.66 (1H, m, H-10b), 4.27–4.15 (1H, m,
Ha-5), 3.07–2.82 (2H, m, Hb-5, Ha-6), 2.81–2.69 (1H, m, Hb-6),
2.68–2.41 (3H, m, Ha-1, H-2), 1.98–1.76 (1H, m, Hb-1); 13C NMR
(75 MHz, CDCl3): d = 173.3 (CO-3), 150.8 (NHCO), 141.2, 140.9
(C-8, C-9), 136.4 (C-10), 136.0 (C-6a), 132.3 (C-10a), 129.2 (CH-40),
124.5 (CH-10), 124.0 (CH-30, CH-50), 120.1 (CH-7), 118.7
(CH-20, CH-60), 56.4 (CH-10b), 36.8 (CH2-5), 31.6 (CH2-2), 28.1
(CH2-6), 27.1 (CH2-1); HREIMS: m/z 475.1977 [M + H2O]+ (calcd
for C26H23N3O5, 475.1976).

3.3 AChE and BChE inhibitory activity

End-point inhibitory activity was tested according to a pre-
viously reported method.22 For each sample, an Ellman’s
reaction23 was performed in a final volume of 200 mL with

0.25 U mL�1 of EeAChE (E.C. 3.1.1.7, type VI-S from the
electric eel, Sigma-Aldrich), 0.24 mM of acetylthiocholine
(ATCh), 0.2 mM of DTNB and the corresponding compound
(50–3.125 mM). The reaction started after the addition of
the substrate to a 15 min pre-incubated solution of AChE with
the compound. Absorbance at 405 nm was measured after
5 min using a 96-well microplate reader (Thermo Fisher
FC Multiskan). The AChE inhibition percentage (I%) was cal-
culated with eqn (1). Each compound was tested in triplicate.
The AChE residual activity percentage (equal to 100 � I%)
values were used to calculate the required concentration to
inhibit 50% of enzyme activity (IC50) with a four-parameter
logistic curve.

% I = (AI � Ab) � 100/(A0 � Ab) (1)

A0: control (no inhibitor); Ab: blank (no enzyme, no inhibitor);
AI: sample.

The same procedure was applied for the BChE inhibitory
assay, with modifications in the enzyme and substrate used,
which were BChE from human serum and S-butyrylthiocholine
iodide (BTCI; 7 mM), respectively.

In both cases, rivastigmine was used as a positive control.

3.4 Molecular modelling

Calculations were performed after synthesizing previously
reported compounds 1–11. Conversely, all simulations regard-
ing new derivatives 12–15 were conducted before their
synthesis.

3.4.1 Molecular docking. The following X-ray structures
available in the Protein Data Bank (http://www.rcsb.org) were
used for molecular modelling studies: Torpedo californica acetyl-
cholinesterase (TcAChE; PDB code: 1DX6)24 and Homo sapiens
butyrylcholinesterase (HsBChE; PDB code: 6EUL).25 Water and
ligand molecules were removed from both PDB structures
before calculations. Compounds 1–15 and receptor structures
were converted from PDB to PDBQT format using AutoDock-
Tools 1.5.4.26 Gasteiger charges were added for all the com-
pounds whereas non-polar hydrogen atoms were merged.
The docking simulations were performed using AutoDock 4.2
software.26 In all simulations, the receptor structure was set as
rigid while all the torsions of the ligand were allowed to rotate
during docking. 3D affinity maps were defined as a cubic box
centred at the active site of each molecular target. Grid dimen-
sions (XYZ) were 60 � 60 � 60 points separated by 0.375 Å. The
maximum number of energy evaluations was set to 2.5 � 106,
and the maximum number of generations was 2.7 � 104

whereas 200 poses were collected. Other parameters were set
to default values. The collected conformations were clustered
into different families, taking into account the root-mean
square deviation (RMSD) of the backbone, and were then
ranked according to the binding free energy. The structure
from the most populated cluster with the lower relative free
energy was chosen for further calculations.

3.4.2 Molecular dynamics (MD). MD simulations of all
complexes and later analysis of their trajectories were per-
formed with the Amber16 package.27 Antechamber software
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in the AmberTools package28 was used to generate the para-
meters for MD simulations with ff99SB29 and GAFF30 force
fields. The best ranked conformation of each complex was then
soaked in truncated octahedral periodic boxes of explicit water
boxes using the TIP3P model.31 Na+ or Cl� ions were placed
using the Leap module to neutralize the negative and positive
charges of the AChE and BChE complexes, respectively. The
energy of each system was minimized with the sander module
using a steepest-descent algorithm for 1000 steps. Subse-
quently, the complexes were equilibrated during 500 ps at
constant volume. The SHAKE algorithm32 was applied allowing
for an integration time step of 2 fs. The systems were heated up
to 300 K, a Langevin thermostat33 was applied and the collision
frequency was 1.0 ps�1. After minimization and heating, three
MD production simulations of 20 ns were carried out at a 298 K
target temperature. Thus, in total 60 ns were simulated for each
complex. Coordinates were saved for analysis every 10 ps. All
productions were performed under NVT conditions and the
particle mesh Ewald method (PME)34 was applied using a grid
spacing of 1.2 Å, a spline interpolation order of 4 and a real
space direct sum cutoff of 10 Å. Post MD analysis was per-
formed with the program CPPTRAJ.35

3.4.3 MM-PBSA free energy calculation and per-residue
analysis. MMPBSA calculations were conducted to calculate
the relative binding energies of the complexes.36 Snapshots
from the corresponding last 1000 ps of the MD trajectories were
considered. The explicit water molecules and counter ions were
removed from the snapshots.

Afterwards, a per-residue decomposition of the relative free
energy was performed using the mm_pbsa program in the
AMBER package. This analysis led us to determine which
amino acids of the AChE and BChE catalytic sites are involved
in the interactions with each ligand.

3.4.4 Quantum mechanics calculations and topological
analysis of the electron density distribution. MD trajectories
were first clustered based on the root mean square deviation
(RMSD) of the complex backbone atoms employing the
CPPTRAJ tool included in the Amber package. Then, the
representative structure from the most populated clusters was
selected for the QTAIM analysis.

Reduced 3D model systems representing the different L–R
binding pockets of the selected zones were constructed from
the representative structures obtained by MD simulations by
keeping only receptor residues that interact directly with the
ligands. All the amino acids that are within a radius of 5 Å
distance from each ligand atom were considered. Those resi-
dues that showed significant interactions with the ligand in the
free energy decomposition approach were also included.

The charge density of the reduced model systems was then
computed by DFT methodology with the PBE hybrid functional
and the 6-31G(d) as basis set, as implemented in the Gaussian
16 package.37 The topological analysis of charge density was
performed on the different reduced models to evaluate the
interactions between each ligand and the molecular target in
the context of the quantum theory of atoms in molecules
(QTAIM).38 These calculations were carried out with the help

of the Multiwfn software.39 This type of calculation has been
used in recent works since it ensures a reasonable compromise
between the wave function quality required to obtain reliable
values of the derivatives of r(r) and the computer power
available.12,19,40–45

4. Conclusions

We report here a new series of inhibitors of AChE and BChE.
Some of the substituted pyrrolo[2,1-a]isoquinolinone deriva-
tives reported here exhibit a significant inhibitory effect against
both the AChE and BChE enzymes. Among the series reported
here, compounds 7, 8, 13 and 14 were those that displayed
more strong inhibitory activities; most of them possessed
inhibitory effects even stronger than rivastigmine (the com-
pound used as the reference). It should be noted that com-
pound 14 was the only one showing a selective inhibitory
activity against BChE. The molecular modelling study showed
that the larger size of the active site of BChE with respect to
AChE could explain the selective activity of compound 14.
QTAIM analysis gave us detailed information about the mole-
cular interactions stabilizing the different ligand–enzyme com-
plexes. Such information could be useful for the study and
design of new inhibitors of both enzymes.
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L. J. Gutierrez, D. Enriz, M. Oravec and J. Csöllei, Molecules,
2020, 25, 1751.

11 J. E. Ortiz, A. Garro, N. B. Pigni, M. B. Agüero, G. Roitman,
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