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tate self-assembly driven by
antiparallel p/p stacking and {/H–C–C–F}2
dimer synthons, and in vitro acetyl cholinesterase
inhibition activity of phenoxy pendant isatins†

Saba Mehreen,a Aman Ullah, b Humaira Nadeem,c Necmi Dege d

and Muhammad Moazzam Naseer *a

A series of novel phenoxy pendant isatins PI1–12 have been synthesized in excellent yields by a simple

nucleophilic substitution reaction involving isatins and 1-(2-bromoethoxy)-4-substituted benzenes, and

characterized by their FT-IR, 1H NMR, 13C NMR and GC-MS data, and in the case of PI4 by its single

crystal X-ray analysis. The solid-state structure of PI4 showed an intriguing and unique 1D-

supramolecular chain-based self-assembled structure, the driving force of which is mainly the strong

antiparallel p/p stacking and {/H–C–C–F}2 dimer synthons. This compound not only highlights the

potential of the isatin moiety in forming strong antiparallel p/p stacking interactions but also provides

a platform to have considerable insight into the nature, strength and directionality of much debated p–p

and C–H/F–C interactions. The in vitro biological studies revealed that three phenoxy pendant isatins

PI1, PI2 and PI4 are highly potent inhibitors of acetylcholinesterase enzyme with IC50 values of 0.52 �
0.073 mg ml�1, 0.72 � 0.012 mg ml�1 and 0.68 � 0.011 mg ml�1, respectively, showing comparable

activity to the standard drug, donepezil (IC50 ¼ 0.73 � 0.015 mg ml�1). A simple and efficient synthesis of

phenoxy pendant isatins PI1–12 from inexpensive and commercially available starting materials, and their

high potential of acetyl cholinesterase inhibition provide an attractive opportunity to find more effective

medication for Alzheimer's disease (AD).
1 Introduction

Despite tremendous progress, the p/p interaction remains
one of the most debated non-covalent interactions in supra-
molecular chemistry.1–5 These interactions which are mainly
present in aromatic systems attract attention because of their
potential applications in different areas of materials and bio-
logical sciences in addition to the fundamental understanding
of their complicated nature.1–5 For instance, they have been
found to play an important role in the outstanding photocon-
ductivity in organic crystals, designing molecular shuttles,
efficient charge transport channels and sensing explosives
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based on nitroaromatics.6–12 They are also vital non-covalent
interactions in structure and properties of biomolecules.13–20

Similarly, the organic uorine C–H/F interactions represent
another most debated interaction in contemporary
research.21–28 The nature of this interaction is still a controver-
sial subject.21–28 According to Pauling's denition of the
hydrogen bond, F atom should be strong H-bond acceptor
compared to O and N atoms owing to its high electronega-
tivity.29 But practically, it is not the case and organic uorine is
still considered as a poor H-bond acceptor in supramolecular
chemistry,21–28 although many efforts have been made to high-
light the importance of this interaction in crystal packing.30–38

Therefore, new model systems with unique structural features
are highly desired to have considerable insight into the nature,
strength and directionality of these debated p/p and C–H/F–
C interactions.

Isatin is undoubtedly considered as a magic nucleus in
medicinal chemistry owing to diverse applications of its deriv-
atives that include anti-bacterial, anti-fungal, anti-cancer, anti-
tubercular, anti-diabetic, neuroprotective, anti-convulsant,
anti-HIV, analgesic, anti-oxidant, anti-inammatory, anti-
glycation, anti-malarial and anti-anxiety.39–41 Most of these
derivatives have been obtained either by taking the advantage of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
nucleophilic nature of its NH or by utilizing the reactivity of its
3-carbonyl group.39–41 Recently, it has been found in a theoret-
ical analysis that isatin nucleus has an interesting duality
having electron rich six membered ring and electron decient
ve-membered ring.42 This feature impart it a unique tendency
to form strong antiparallel p–p stacking interactions, making it
more attractive from crystal engineering view point. However,
these antiparallel p/p stacking interactions are not observed
in most of its 3-carbonyl derivatives due to the presence of
nearby bulky groups and competing interactions.

Alzheimer's disease (AD) is a global problem that has been
estimated to effect 115 million people by 2050.43–45 This is
a progressive neurodegenerative disorder of the brain that leads
to multiple cognitive impairments such as loss of memory,
judgment and learning capability.43–45 According to the cholin-
ergic hypothesis, the decreased cognitive and mental function
is linked to the loss of cortical cholinergic neurotransmission
which can be improved by the inhibition of acetylcholinesterase
(an enzyme responsible for the degradation of the neurotrans-
mitter acetylcholine).46 Consequently, most of the available
drugs to treat this disease are acetylcholinesterase inhibitors.47

However, these drugs have various undesirable side effects
urging researchers to design and explore novel acetylcholines-
terase inhibitors.48

In this context and as continuation of our research interests
in the synthesis of bioactive isatin derivatives,49–51 and non-
covalent interactions52–57 herein, we report the synthesis of
a series of new phenoxy pendant isatins PI1–PI12, the solid-
state structure of PI4 and in vitro acetyl cholinesterase inhibi-
tion activity of synthesized phenoxy pendant isatins. The solid-
state self-assembly reported here that is mainly driven by anti-
parallel p/p stacking and {/H–C–C–F}2 dimer synthons may
serve as the model for detailed understanding of nature,
strength, and directionality of much debatedp/p stacking and
C–H/F–C interactions.

2 Results and discussion
2.1 Chemistry

The synthesis of phenoxy pendant isatins PI1–12 was initiated
with the preparation of 1-(2-bromoethoxy)-4-substituted
benzenes B1–4 (Scheme 1). The treatment of substituted
phenols A1–4 with large excess of 1,2-dibromoethane at 50 �C in
CH3CN : DMF (9 : 1) mixture provided desired intermediates
B1–458–60 in 62–70% isolated yields. The intermediates B1–4
were nally reacted with isatin, 5-chloroisatin and 5-bromoi-
satin in DMF solvent in the presence of K2CO3 as base at 60 �C
to furnish phenoxy pendant isatins PI1–12 in excellent (83–
85%) yields (Scheme 1). All the synthesized phenoxy pendant
isatins were characterized by their FTIR, 1H & 13C NMR and GC-
MS data and in case of PI4 unambiguously by its single crystal X-
ray technique.

In the IR spectra, the formation of products PI1–12 was
indicated by the appearance of C]O (amide) stretchings in the
range from 1682 to 1692 cm�1. Similarly, appearance of ketonic
carbonyl (C]O) stretchings around 1728–1743 cm�1 indicates
the products PI1–12 formation. Along with it, disappearance of
© 2022 The Author(s). Published by the Royal Society of Chemistry
N–H stretchings of secondary amide of isatins C1–3 in the range
from 3310 to 3350 cm�1 further conrms the formation of
products PI1–12. Appearance of Csp3–H stretchings from 2875 to
2878 cm�1 and 2926 to 2951 cm�1 corresponds to the presence
of twomethylenes in the target molecules. Further conrmation
of structures was provided by the 1HNMR data of compounds
PI1–12. The absence of N–H protons (usually observed around
11.23 ppm in isatins) indicate the presence of phenoxy
pendants. Furthermore, two methylene protons adjacent to the
nitrogen atom of isatin of this pendant were observed as triplets
around 4.02–4.08 ppm whereas another two other methylene
protons adjacent to oxygen of phenoxy group appeared slightly
deshielded as triplets around 4.17 to 4.21 ppm. Finally, all
aromatic protons were observed as expected in the range from
6.83 to 7.76 ppm asmultiplet. Similarly, the appearance of C]O
(ketone) carbon was observed in the range from 182.38 to
183.81 ppm in 13C NMR spectra. The C]O (amide) carbons
resonated around 158.37–159.89 ppm. The peaks around 65.38–
66.88 ppm were referred to methylenic carbon which are
somewhat deshielded due to their direct attachment with
oxygen atom. The other methylenic carbons resonate in the
range from 39.68 to 39.98 ppm. Aromatic carbons of isatin and
phenolic ring were appeared in the range from 111.81–
158.75 ppm. These 13C NMR signals along with 1H NMR and
FTIR data conrmed the formation of phenoxy pendant isatins
PI1–12. Final conrmation of their structure was obtained by
observing the molecular ion peak of all the compounds in their
GC-MS spectra (see Fig. S1† and experimental section for
details).
2.2 X-ray crystallographic studies and solid-state self-
assembly

Good quality single crystals of phenoxy pendant isatins PI4were
obtained from its concentrated DMSO solution within a week at
room temperature. The details of X-ray crystallographic data are
provided in Table S1.† The phenoxy pendant isatin PI4 was
crystallized in the triclinic crystal lattice with the P�1 space
group. The molecular structure (ORTEP diagram) of PI4
including the crystallographic numbering is presented as Fig. 1.

In this compound, isatin and phenoxy rings are bridged by
an ethylene moiety lie almost perpendicular to each other. The
central ethylene moiety is present in staggered gauche confor-
mation with the two aryl rings having a dihedral angle of O(1)–
C(7)–C(8)–N(1) 64.46(14)�. The lone pair of nitrogen of isatin
may be resonating marginally towards the phenyl ring and to
the 3-carbonyl group [N(1)–C(16) 1.4214(16) Å, C(16)–C(11)
1.4000(19) Å, C(11)–C(10) 1.4663(19) Å, C(10)–O(3) 1.2088(17) Å].
However, it is delocalizing slightly more towards the nearby 2-
carbonyl group which is quite evident from the relevant N–C
[N(1)–C(9) 1.3684(17) Å] and C]O [C(9)–O(2) 21.2177(16) Å]
bond distances. This delocalization and the presence of two
highly electronegative oxygen atoms makes the ve membered
ring of isatin an electron decient ring and offers an interesting
duality due to the presence of fused electron rich six-membered
ring. Owing to this structural feature, isatin moiety is capable of
strong antiparallel p–p stacking interactions. This structural
RSC Adv., 2022, 12, 1788–1796 | 1789
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Scheme 1 Synthesis of phenoxy pendant isatins PI1–12. Reaction conditions: (a) K2CO3/CH3CN : DMF(9 : 1)/50–90 �C, (b) K2CO3/DMF/60 �C;
numbering of atoms in the structures are just for 1H & 13C NMR signal assignment purpose (see Experimental section for details).
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View Article Online
feature of isatin, which is considered as privileged nucleus in
medicinal chemistry because of diverse applications of its
derivatives, remains largely unexplored although this can be
very interesting with respect to crystal engineering applications.

Another important and interesting feature of compound PI4
is the presence of 4-uoro-substituent on the phenoxy pendant
that provides an opportunity to analyze the H-bond acceptor
ability of organic uorine in the presence of carbonyl oxygen
acceptors. Crucially, the inductive nature of highly electroneg-
ative uorine atom makes the nearby (Ar)CH a good H-bond
Fig. 1 The molecular structure (ORTEP diagram) of phenoxy pendant isa

1790 | RSC Adv., 2022, 12, 1788–1796
donor. An expected consequence of this is the facile forma-
tion of a centrosymmetric R2

2(8) {/H–C–C–F}2 dimer synthon.
Owing to the special structural features of PI4 (vide supra), its

solid-state self-assembly is dominated mainly by two types of
non-covalent interactions i.e., antiparallel p/p stacking (3.548
Å distance between the centre of stacked ve- and six-
membered rings) and {/H–C–C–F}2 dimer [C(2)–H(2)/F(1)
2.669 Å] synthons. Owing to these two interactions, the 1D-
supramolecular chains are formed (Fig. 2A). These 1D-
supramolecular chains by means of antiparallel p/p
tin PI4. Displacement ellipsoids are drawn at the 50% probability level.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular packing of phenoxy pendant isatin PI4 in the solid state, (A) showing 1D-supramolecular chain formed through antiparallel p/
p stacking and {/H–C–C–F}2 dimer synthons; (B) showing 2D-sheet like structure; (C) showing 3D-network structure.
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stacking and a CH-p [C(8)–H(8B)/C(1) 2.897 Å] interaction
extend themselves to a 2D-sheet like structure (Fig. 2B). These
2D-sheets then connects to the neighboring sheets by means of
three different types of CH–O [C(13)–H(13)/O(2) 2.523 Å, C(8)–
H(8A)/O(2) 2.801 Å and C(7)–H(7B)/O(2) 2.599 Å] interactions
providing an overall a 3D-network structure (Fig. 2C).

In general, it is believed that the linear hydrogen bonds (150�

< W < 180�) are structurally more signicant because of the
dipole-monopole and dipole–dipole contribution to the elec-
trostatic energy (maximum at W ¼ 180� and zero at W ¼ 90�).61

Careful analysis of the bond angles W in Table 1 reveals that the
hydrogen bonds involved in the formation of {/H–C–C–F}2
© 2022 The Author(s). Published by the Royal Society of Chemistry
dimer synthon are relatively linear and therefore more signi-
cant when compared to the (Ar)C–H/O and (sp3)C–H/O
interactions. The angle f is used to analyze the lone-pair
directionality of the acceptor atom. The angle f for carbonyls
acceptors have been observed in the range of 120–140�, indi-
cating the sidewise approach of the H-bond donors.62 Likewise,
it is well established that a halogen substituent exhibits an
anisotropic distribution of the electron density, bearing a posi-
tive s-hole at the extension of the C–halogen bond and a nega-
tive charge density perpendicular to the s-bond.63 As shown in
Table 2, angle f in case of (sp3)C–H/O interactions is slightly
less than the range discussed above for the carbonyl acceptors,
RSC Adv., 2022, 12, 1788–1796 | 1791
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Table 1 Geometric parameters associated with the hydrogen-
bonding in PI4

Type d (Å) W (�) f (�)

(A) 2.669 166.13 125.95
(B) 2.523 158.12 133.98
(C) 2.801a 151.65a 119.44a

2.599b 159.33b 114.72b

a (C8–H8A/O2). b (C7–H7B/O2).

Table 2 Acetyl cholinesterase inhibition of phenoxy pendant isatins
PI1–12a

Compounds R1 R2 IC50 (mg ml�1) � SEM

PI1 H H 0.52 � 0.073
PI2 Cl H 0.72 � 0.012
PI3 Br H ND
PI4 F H 0.68 � 0.011
PI5 H Cl ND
PI6 Cl Cl 0.91 � 0.015
PI7 Br Cl ND
PI8 F Cl ND
PI9 H Br 0.91 � 0.083
PI10 Cl Br 0.98 � 0.055
PI11 Br Br 1.14 � 0.013
PI12 F Br 1.31 � 0.083
Donepezil — — 0.73 � 0.015

a ND ¼ not determined, SEM ¼ standard error of mean.
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indicating the nature of these interactions as ‘structure guided’.
Keeping in view the linearity of (Ar)C–H/F and the formation
of self-complimentary {/H–C–C–F}2 dimer synthon in the
solid-state structure of PI4, it can be anticipated that this dimer
synthon is robust and strong enough to play the main structure
guiding role, consequently it is mainly driving this solid state
self-assembly along with antiparallel p/p stacking
interactions.

2.3 Acetyl cholinesterase inhibition of phenoxy pendant
isatin PI1–12

The phenoxy pendant isatins PI1–12 were screened for their
acetyl cholinesterase inhibitory activity following the literature
protocol with slight modication64 using donepezil as the
1792 | RSC Adv., 2022, 12, 1788–1796
standard reference drug. The IC50 values were only calculated
for those phenoxy pendant isatins PI1–12 which showed greater
than 50% inhibition in the assay (Table S2 and Fig. S1 in ESI†).
The IC50 values of all the active compounds are quoted in Table
2. Out of twelve compounds tested, eight i.e., PI1, PI2, PI4, PI6,
PI9, PI10, PI11 and PI12 were proved to be active against acetyl
cholinesterase. Three compounds of the series i.e., PI1, PI2 and
PI4 showed comparable activity (IC50 ¼ 0.52 � 0.073 mg ml�1,
0.72 � 0.012 mg ml�1 and 0.68 � 0.011 mg ml�1, respectively) to
the reference inhibitor, donepezil (IC50 ¼ 0.73� 0.015 mg ml�1).
All other active compounds of the series PI6, PI9, PI10, PI11 and
PI12 appeared to have moderate to good acetyl cholinesterase
inhibitory activity with IC50 values of 0.91 � 0.015 mg ml�1, 0.91
� 0.083 mgml�1, 0.98� 0.055 mgml�1, 1.14� 0.013 mgml�1 and
1.31 � 0.083 mg ml�1, respectively when compared to standard
reference inhibitor, donepezil (IC50 ¼ 0.73 � 0.015 mg ml�1)
(Table 2). The structure–activity relationship (SAR) studies in
the phenoxy pendant isatins PI1–12 revealed that the presence
of halogen substituents at position 5 of isatin has detrimental
effect on acetyl cholinesterase inhibitory activity and hence
most active compounds of the series (PI1, PI2 and PI4) are those
compounds derived from simple isatin. Same is the case with
the halogen substitution on phenoxy pendant. The most active
compound of the series i.e. PI1 [(IC50 ¼ 0.52 � 0.073 mg ml�1)
compared to donepezil (IC50 ¼ 0.73 � 0.015 mg ml�1)] has no
halogen substitution on both isatin and phenoxy pendant. With
the introduction of chlorine substituent on phenoxy pendant,
the activity of compound PI2 was slightly decreased (IC50 ¼ 0.72
� 0.012 mg ml�1). Similarly, the replacement of chlorine with
bromine on phenoxy pendant resulted in signicant loss in
activity (IC50 was not determined because of less than 50%
inhibition). The least unfavorable effect on activity was
observed in case of uorine substitution on the phenoxy
pendant where the IC50 of 0.68� 0.011 mgml�1 was observed for
compound PI4. This may be due to comparable sizes of
hydrogen and uorine atoms, although uorine due to its high
electronegativity, result in considerable changes in the elec-
tronic properties of the molecule.38

3 Conclusions

In summary, we have synthesized a series of novel phenoxy
pendant isatins (PI1–12) in excellent yields from simple and
commercially available starting materials and characterized by
their FTIR, 1H NMR, 13C NMR and GC-MS data. The single
crystal X-ray analysis of PI4 provided an intriguing and unique
solid-state structure driven mainly by the strong antiparallel
p/p stacking and {/H–C–C–F}2 dimer synthons. Because
molecular self-assemblies stabilized mainly by these two inter-
actions and in the absence of other strong non-covalent inter-
actions are rare, this structure may serve as model to
understand the nature, strength and directionality of recently
much debated p–p and C–H/F–C interactions. Furthermore,
this solid-state structure highlights the potential of isatin
moiety (capable of forming strong antiparallel p/p stacking
interactions) for crystal engineering applications. The in vitro
biological evaluation of these phenoxy pendant isatins (PI1–12)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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provided three (PI1, PI2 and PI4) highly potent inhibitors of
acetylcholinesterase enzyme that are comparable in activity to
the standard drug, donepezil. As highlighted by Sussman, the
most remarkable feature of the structure of Torpedo californica
acetylcholinesterase (TcAChE), and of other AChEs, is about 20
Å long gorge called ‘active-site gorge’ consisting of 14 aromatic
residues that makes �40% of the surface of the gorge.65

Therefore, the molecules capable of interacting with this active
site can prevent acetylcholinesterase induced Ab aggregation
and hence the compounds containing planar and aromatics
scaffolds are potential targets for the development of anti-AD
agents.46–48 In this context, the high acetylcholinesterase
inhibitory activity of the phenoxy pendant isatins may be
attributed to the strong ability of isatin moiety for p–p inter-
actions. The structure–activity relationship (SAR) studies
however indicate that the presence of halogen substituents at
position 5 of isatin or position 4 of phenoxy pendant are not
benecial for this activity.

4 Experimental
4.1 General procedure for the synthesis of 1-(2-
bromoethoxy)-4-substituted benzenes (B1–4)

A reported modied procedure was utilized for the synthesis of
1-(2-bromoethoxy)-4-substituted benzenes (B1–4). To a stirred
solution of substituted phenol (10.0 mmol) in CH3CN : DMF
(9 : 1), anhydrous potassium hydroxide (12.0 mmol) was added,
the mixture aer stirring for 30 minutes was then added to 1,2-
bromoethane (50.0 mmol). The stirring of the resulting mixture
was then continued at 50 �C for 24 hours. TLC was used to
monitor the progress of reaction. The cold distilled water (25
ml) was added to the reaction mixture upon completion and
crude product was extracted with EtOAc (3 � 30 ml), washed
with brine and distilled water (20 ml) and dried over anhydrous
MgSO4. The combined organic layers were concentrated under
vacuum and column chromatography (n-hexane: ethyl acetate,
85 : 15) was employed to get the pure 1-(2-bromoethoxy)-4-
substituted benzenes (B1–4) which solidied at low
temperature.

4.1.1 1-(2-Bromoethoxy)benzene (B1)
4.1.1.1 Transparent liquid. Yield: 62%; m.p.: 31–32 �C (lit.

31–34 �C);58 1H NMR (300 MHz, CDCl3): d (ppm) 7.28–7.37 (2H,
m, aromatic), 6.94–7.05 (3H, m, aromatic), 4.32 (2H, t, 3J ¼
6.3 Hz, H-2), 3.68 (2H, t, 3J ¼ 6.3 Hz, H-1). 13C NMR (75 MHz,
CDCl3) d (ppm): 29.31 (C-1), 67.75 (C-2), 114.74 (C-4a, 4a0),
121.47 (C-3), 129.57 (C5a–5a0), 158.07 (C-6).

4.1.2 1-(2-Bromoethoxy)-4-chloro benzene (B2)
4.1.2.1 Brown liquid. Yield: 64%; m.p.: 39–40 �C (lit. 40–42

�C);59 1H NMR (300 MHz, CDCl3): d (ppm) 7.24–7.28 (2H, m,
aromatic), 6.80–6.83–(2H, m, aromatic), 4.21 (2H, t, 3J ¼ 6.0 Hz,
H-2), 3.60 (2H, t, 3J ¼ 6.0 Hz, H-1). 13C NMR (75 MHz, CDCl3)
d (ppm): 29.25 (C-1), 68.15 (C-2), 116.10 (C-3), 116.88 (C-4a, 4a0),
129.32 (C-5a, 5a0), 156.72 (C-6).

4.1.3 1-Bromo-4-(2-bromoethoxy)benzene (B3)
4.1.3.1 Off-white liquid. Yield: 62%; m.p.: 57–58 �C (lit. 56–

58 �C);58 1H NMR (300 MHz, CDCl3): d (ppm) 7.38–7.43 (2H, m,
aromatic), 6.79–6.84 (2H, m, aromatic), 4.26 (2H, t, 3J ¼ 6.3 Hz,
© 2022 The Author(s). Published by the Royal Society of Chemistry
H-2), 3.64 (2H, t, 3J ¼ 6.0 Hz, H-1). 13C NMR (75 MHz, CDCl3)
d (ppm): 28.95 (C-1), 68.06 (C-2), 113.66 (C-3) 116.56 (C-4a, 4a0),
132.43 (C-5a, 5a0), 157.21 (C-6).

4.1.4 1-(2-Bromoethoxy)-4-uorobenzene (B4)
4.1.4.1 Transparent liquid. Yield: 70%; m.p.: 58–59 �C (lit.

58–60 �C);60 1H NMR (300 MHz, CDCl3): d (ppm) 6.96–7.03 (2H,
m, aromatic), 6.85–6.91 (2H, m, aromatic), 4.27 (2H, t, 3J ¼
6.3 Hz, H-2), 3.64 (2H, t, 3J ¼ 6.3 Hz, H-1). 13C NMR (75 MHz,
CDCl3) d (ppm): 29.14 (C-1), 68.60 (C-2), 115.96 (d, 3J ¼ 8.25 Hz,
C-4a, 4a0), 115.99 (d, 2J ¼ 23.25 Hz, C-5a, 5a0), 154.21 (d, 4J ¼
2.25 Hz, C-3), 157.63 (d, 1J ¼ 237.75 Hz, C-6).
4.2 General procedure for the synthesis of phenoxy pendant
isatins (PI1–12)

To a solution of isatin (5 mmol) in DMF (10 ml) was added
anhydrous potassium carbonate (1 mmol). To this mixture aer
stirring for 30 minutes at room temperature was slowly added
the B1 (5.5 mmol) and the stirring was further continued for 6
hours at 60 �C. TLC was used to monitor the progress of the
reaction. Ice cold distilled water (25 ml) was added to the
reaction mixture upon completion of the reaction with the
precipitation of crude product, which was ltered, washed,
dried and recrystallized from ethanol to yield the pure phenoxy
pendant isatins (PI1–12).

4.2.1 1-(2-Phenoxyethyl)indoline-2,3-dione (PI1)
4.2.1.1 Orange red. Yield: 85%; m.p.: 113–114 �C; FTIR ῡ

(cm�1); 2929, 2878 (Csp3–H), 1730 (ketone C]O), 1687 (amide
C]O), 1608, 1484 (aromatic C]C), 1351 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.65–7.71 (1H, m, H-7),
7.52–7.55 (1H, m, H-5), 7.33 (1H, d, 3J ¼ 8.1 Hz, H-8), 7.22–
7.28 (2H, m, H-14a, 14a0), 7.13 (1H, t, 3J¼ 7.5 Hz, H-6), 6.86–6.93
(3H, m, H-15, H-13a, 13a0), 4.21 (2H, t, 3J ¼ 5.1 Hz, H-10), 4.07
(2H, t, 3J ¼ 5.4 Hz, H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm):
39.81 (C-10), 65.38 (C-11), 111.86 (C-8), 114.84 (C-13a, 13a0),
117.83 (C-15), 117.89 (C-4), 123.66 (C-6), 124.81 (C-5), 129.97 (C-
14a, 14a0), 138.59 (C-7), 151.44 (C-9), 158.46 (C-12), 158.75 (C-2),
183.66 (C-3). EI-MS (m/z): 267 (267.28), 174, 146, 132, 120, 77
(100%), 65, 51. Anal. calcd. for C16H13NO3: C, 71.90; H, 4.90; N,
5.24. Found: C, 71.85; H, 5.08; N, 4.99.

4.2.2 1-(2-(4-Chlorophenoxy)ethyl)indoline-2,3-dione (PI2)
4.2.2.1 Mustard yellow. Yield: 84%; m.p.: 152–153 �C; FT-IR

ῡ (cm�1); 2926, 2875 (Csp3–H), 1728 (ketone C]O), 1682 (amide
C]O), 1612, 1488 (aromatic C]C), 1351 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.66–7.72 (1H, m, H-7), 7.54
(1H, m, H-5), 7.39–7.45 (2H, m, H-14a, 14a0), 7.32 (1H, d, 3J ¼
7.8 Hz, H-8), 7.13 (1H, t, 3J ¼ 7.5 Hz, H-6), 6.83–6.89 (2H, m, H-
13a, 13a0), 4.21 (2H, t, 3J ¼ 5.1 Hz, H-10), 4.07 (2H, t, 3J ¼ 5.4 Hz,
H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.97 (C-10), 65.88
(C-11), 111.81 (C-8), 117.19 (C-13a, 13a0), 117.27 (C-15), 117.89
(C-4), 123.66 (C-6), 124.81 (C-5), 132.60 (C-14a, 14a0), 138.58 (C-
7), 151.39 (C-9), 158.04 (C-12), 158.74 (C-2), 183.62 (C-3). EI-MS
(m/z): 301 (301.72), 174, 146, 154, 132 (100%), 127, 105, 77, 51.
Anal. calcd. for C16H12ClNO3: C, 63.69; H, 4.01; N, 4.64. Found:
C, 63.77; H, 4.24; N, 4.56.

4.2.3 1-(2-(4-Bromophenoxy)ethyl)indoline-2,3-dione (PI3)
RSC Adv., 2022, 12, 1788–1796 | 1793
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4.2.3.1 Yellow. Yield: 84%;m.p.: 147–150 �C; FT-IR ῡ (cm�1);
2928, 2880 (Csp3–H), 1729 (ketone C]O), 1682 (amide C]O),
1612, 1489 (aromatic C]C), 1352 (–CH2– bending). 1H NMR
(300 MHz, DMSO-d6): d (ppm) 7.65–7.71 (1H, m, H-7), 7.55 (1H,
d, 3J ¼ 7.5 Hz, H-5), 7.39–7.44 (2H, m, H-14a, 14a0), 7.32 (1H, d,
3J¼ 7.8 Hz, H-8), 7.13 (1H, t, 3J¼ 7.5 Hz, H-6), 6.83–6.88 (2H, m,
H-13a, 13a0), 4.21 (2H, t, 3J ¼ 5.1 Hz, H-10), 4.07 (2H, t, 3J ¼
5.4 Hz, H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.96 (C-
10), 65.88 (C-11), 111.82 (C-8), 117.20 (C-13a, 13a0), 117.28 (C-
15), 117.90 (C-4), 123.66 (C-6), 124.81 (C-5), 132.60 (C-14a,
14a0), 138.59 (C-7), 151.39 (C-9), 158.04 (C-12), 158.75 (C-2),
183.62 (C-3). EI-MS (m/z): 345 (345.18), 199, 174, 157, 146, 132
(100%), 105, 77, 65, 51. Anal. calcd. for C16H12BrNO3: C, 55.51;
H, 3.49; N, 4.05. Found: C, 55.73; H, 3.16; N, 3.85.

4.2.4 1-(2-(4-Fluorophenoxy)ethyl)indoline-2,3-dione (PI4)
4.2.4.1 Orange yellow. Yield: 83%; m.p.: 127–130 �C; FT-IR ῡ

(cm�1); 2928, 2877 (Csp3–H), 1729 (ketone C]O), 1685 (amide
C]O), 1612, 1486 (aromatic C]C), 1352 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.65–7.71 (1H, m, H-7), 7.54
(1H, d, 3J ¼ 7.5 Hz, H-5), 7.32 (1H, d, 3J ¼ 7.8 Hz, H-8), 7.13 (1H,
t, 3J ¼ 7.8 Hz, H-6), 7.05–7.10 (2H, m, H-14a, 14a0), 6.87–6.91
(2H, m, H-13a, 13a0), 4.20 (2H, t, 3J¼ 5.1 Hz, H-10), 4.06 (2H, t, 3J
¼ 5.4 Hz, H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.96 (C-
10), 66.11 (C-11), 111.84 (C-8), 116.19 (d, 3J ¼ 6 Hz, C-14a, 14a0),
116.29 (d, 2J ¼ 24.75 Hz, C-13a, 13a0), 117.89 (C-4), 123.65 (C-6),
124.81 (C-5), 138.59 (C-7), 151.41 (C-9), 154.81 (d, 4J ¼ 2.25 Hz,
C-12), 157.07 (d, 1J¼ 234.75 Hz, C-15), 158.74 (C-2), 183.64 (C-3).
EI-MS (m/z): 285 (285.27), 174, 146, 138, 132 (100%), 111, 105,
95, 77, 65, 57, 51. Anal. calcd. for C16H12FNO3: C, 67.37; H,
4.24; N, 4.91. Found: C, 67.57; H, 4.45; N, 4.83.

4.2.5 5-Chloro-1-(2-phenoxyethyl)indoline-2,3-dione (PI5)
4.2.5.1 Orange red. Yield: 85%; m.p.: 137–139 �C; FT-IR ῡ

(cm�1); 2926, 2878 (Csp3–H), 1743 (ketone C]O), 1688 (amide
C]O), 1609, 1487 (aromatic C]C), 1351 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.74 (1H, dd, 3J ¼ 8.4 Hz, 4J
¼ 2.1 Hz, H-7), 7.62 (1H, d, 3J ¼ 2.1 Hz, H-5), 7.55–7.59 (3H, m,
H-14a, 14a0, H-15), 7.38 (1H, d, 3J ¼ 8.4 Hz, H-8), 6.86–6.93 (2H,
m, H-13a, 13a0), 4.19 (2H, t, 3J ¼ 5.1 Hz, H-10), 4.08 (2H, t, 3J ¼
5.1 Hz, H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.67 (C-
10), 65.61 (C-11), 114.28 (C-15), 114.83 (C-8), 119.63 (C-13a,
13a0), 121.33 (C-6), 124.61 (C-4), 127.24 (C-14a, 14a0), 127.78
(C-5), 129.96 (C-7), 137.70 (C-9), 149.66 (C-12), 159.64 (C-2),
183.81 (C-3). EI-MS (m/z): 301 (301.72), 208, 180, 166, 132, 120,
111, 105, 93, 77 (100%), 65, 51. Anal. calcd. for C16H12ClNO3: C,
63.69; H, 4.01; N, 4.64. Found: C, 63.56; H, 4.37; N, 4.46.

4.2.6 5-Chloro-1-(2-(4-chlorophenoxy)ethyl)indoline-2,3-
dione (PI6)

4.2.6.1 Mustard yellow. Yield: 84%; m.p.: 181–183 �C; FT-IR
ῡ (cm�1); 2929, 2878 (Csp3–H), 1743 (ketone C]O), 1692 (amide
C]O), 1610, 1492 (aromatic C]C), 1353 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.73 (1H, dd, 3J ¼ 8.4 Hz, 4J
¼ 2.4 Hz, H-7), 7.58 (1H, d, 3J ¼ 2.1 Hz, H-5), 7.36 (1H, d, 3J ¼
8.4 Hz, H-8), 7.28–7.32 (2H, m, H-14a, 14a0), 6.89–6.92 (2H, m,
H-13a, 13a0), 4.19 (2H, t, 3J ¼ 4.8 Hz, H-10), 4.07 (2H, t, 3J ¼
4.8 Hz, H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.98 (C-
10), 66.17 (C-11), 113.68 (C-4), 116.67 (C-13a, 13a0), 119.29 (C-
1794 | RSC Adv., 2022, 12, 1788–1796
8), 124.22 (C-5), 125.02 (C-15), 127.79 (C-7), 129.70 (C-14a,
14a0), 137.38 (C-6), 150.01 (C-9), 157.33 (C-12), 158.53 (C-2),
182.53 (C-3). EI-MS (m/z): 335 (336.17), 208, 180, 166, 154, 127,
111, 99, 75 (100%), 63, 51. Anal. calcd. for C16H11Cl2NO3: C,
57.17; H, 3.30; N, 4.17. Found: C, 57.37; H, 3.04; N, 3.99.

4.2.7 5-Chloro-1-(2-(4-bromophenoxy)ethyl) indoline-2,3-
dione (PI7)

4.2.7.1 Yellow. Yield: 84%;m.p.: 191–193 �C; FT-IR ῡ (cm�1);
2951, 2878 (Csp3–H), 1742 (ketone C]O), 1689 (amide C]O),
1608, 1488 (aromatic C]C), 1352 (–CH2– bending). 1H NMR
(300 MHz, DMSO-d6): d (ppm) 7.73 (1H, dd, 3J ¼ 8.4 Hz, 4J ¼
2.4 Hz, H-7), 7.60 (1H, d, 3J ¼ 2.1 Hz, H-5), 7.35–7.43 (3H, m, H-
8, H-14a, 14a0), 6.84–6.87 (2H, m, H-13a, 13a0), 4.19 (2H, t, 3J ¼
4.8 Hz, H-10), 4.07 (2H, t, 3J ¼ 4.8 Hz, H-11).13C NMR (75 MHz,
DMSO-d6) d (ppm): 39.95 (C-10), 66.12 (C-11), 113.67 (C-4),
117.20 (C-13a, 13a0), 117.38 (C-15), 119.29 (C-8), 124.23 (C-5),
127.78 (C-7), 132.60 (C-14a, 14a0), 137.38 (C-6), 150.00 (C-9),
157.77 (C-12), 158.53 (C-2), 182.52 (C-3). EI-MS (m/z): 381
(380.62), 208, 180, 172, 166 (100%), 139, 111, 91, 75, 61. Anal.
calcd. for C16H11BrClNO3: C, 50.49; H, 2.91; N, 3.68. Found: C,
50.69; H, 3.12; N, 3.35.

4.2.8 5-Chloro-1-(2-(4-uorophenoxy)ethyl)indoline-2,3-
dione (PI8)

4.2.8.1 Orange yellow. Yield: 83%; m.p.: 154–155 �C; FT-IR ῡ
(cm�1); 2926, 2878 (Csp3–H), 1736 (ketone C]O), 1688 (amide
C]O), 1606, 1489 (aromatic C]C), 1353 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.73 (1H, dd, 3J ¼ 8.4 Hz, 4J
¼ 2.4 Hz, H-7), 7.59 (1H, d, 3J ¼ 2.1 Hz, H-5), 7.37 (1H, d, 3J ¼
8.4 Hz, H-8), 7.06–7.11 (2H, m, H-14a, 14a0), 6.86–6.91 (2H, m,
H-13a, 13a0), 4.17 (2H, t, 3J ¼ 4.8 Hz, H-10), 4.06 (2H, t, 3J ¼
4.8 Hz, H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.68 (C-
10), 66.35 (C-11), 113.69 (C-4), 116.18 (d, 3J ¼ 6.75 Hz, C-13a,
13a0), 116.28 (d, 2J ¼ 24.75 Hz, C-14a, 14a0), 119.27 (C-8),
124.22 (C-5), 127.79 (C-7), 137.39 (C-6), 150.03 (C-9), 154.80 (d,
4J ¼ 2.25 Hz, C-12), 157.02 (d, 1J ¼ 225 Hz, C-15), 158.65 (C-2),
182.54 (C-3). EI-MS (m/z): 319 (319.71), 208, 180, 138, 111, 95
(100%), 77, 65. Anal. calcd. for C16H11ClFNO3: C, 60.11; H,
3.47; N, 4.38. Found: C, 60.38; H, 3.57; N, 3.99.

4.2.9 5-Bromo-1-(2-phenoxyethyl)indoline-2,3-dione (PI9)
4.2.9.1 Orange red. Yield: 85%; m.p.: 183–184 �C; FT-IR ῡ

(cm�1); 2951, 2877 (Csp3–H), 1736 (ketone C]O), 1689 (amide
C]O), 1597, 1498 (aromatic C]C), 1353 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.73 (1H, dd, 3J ¼ 8.4 Hz, 4J
¼ 2.1 Hz, H-7), 7.59 (1H, s, H-5), 7.37 (1H, d, 3J ¼ 8.4 Hz, H-8),
7.06–7.11 (3H, m, H-14a, 14a0, 15), 6.87–6.91 (2H, m, H-13a,
13a0), 4.18 (2H, t, 3J ¼ 5.1 Hz, H-10), 4.06 (2H, t, 3J ¼ 5.1 Hz,
H-11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.68 (C-10), 66.35
(C-11), 113.69 (C-15), 116.23 (C-8), 116.45 (C-13a, 13a0), 119.27
(C-6), 124.22 (C-4), 127.80 (C-14a, 14a0), 137.39 (C-5), 150.03 (C-
7), 154.79 (C-9), 158.52 (C-12), 158.65 (C-2), 182.54 (C-3). EI-MS
(m/z): 346 (346.18), 252, 225, 120, 93, 77 (100%), 65. Anal. calcd.
for C16H12BrNO3: C, 55.51; H, 3.49; N, 4.05. Found: C, 55.77; H,
3.59; N, 3.77.

4.2.10 5-Bromo-1-(2-(4-chlorophenoxy)ethyl)indoline-2,3-
dione (PI10)

4.2.10.1 Mustard yellow. Yield: 84%;m.p.: 170–171 �C; FT-IR
ῡ (cm�1); 2927, 2878 (Csp3–H), 1736 (ketone C]O), 1685 (amide
© 2022 The Author(s). Published by the Royal Society of Chemistry
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C]O), 1607, 1490 (aromatic C]C), 1353 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.86 (1H, dd, 3J ¼ 8.4 Hz, 4J
¼ 2.1 Hz, H-7), 7.70 (1H, d, 3J ¼ 1.8 Hz, H-5), 7.28–7.33 (3H, m,
H-14a, 14a0, H-8), 6.88–6.92 (2H, m, H-13a, 13a0), 4.19 (2H, t, 3J¼
5.1 Hz, H-10), 4.06 (2H, t, 3J ¼ 4.8 Hz, H-11). 13C NMR (75 MHz,
DMSO-d6) d (ppm): 39.95 (C-10), 66.18 (C-11), 114.11 (C-4),
116.74 (C-13a, 13a0), 119.68 (C-8), 124.93 (C-5), 125.01 (C-
15),126.96 (C-7), 129.71 (C-14a, 14a0), 140.18 (C-6), 150.38 (C-
9), 157.33 (C-12), 158.37 (C-2), 182.38 (C-3). EI-MS (m/z): 379
(380.62), 252, 225, 155, 127, 99 (100%), 77, 65. Anal. calcd. for
C16H11BrClNO3: C, 50.49; H, 2.91; N, 3.68. Found: C, 50.64; H,
3.14; N, 3.58.

4.2.11 5-Bromo-1-(2-(4-bromophenoxy)ethyl)indoline-2,3-
dione (PI11)

4.2.11.1 Yellow. Yield: 84%; m.p.: 191–193 �C; FT-IR ῡ
(cm�1); 2929, 2878 (Csp3–H), 1737 (ketone C]O), 1685 (amide
C]O), 1606, 1487 (aromatic C]C), 1353 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.86 (1H, dd, 3J ¼ 8.4 Hz, 4J
¼ 2.1 Hz, H-7), 7.69 (1H, d, 3J ¼ 2.1 Hz, H-5), 7.40–7.43 (2H, m,
H-14a, 14a0), 7.32 (1H, d, 3J ¼ 8.4 Hz, H-8), 6.84–6.87 (2H, m, H-
13a, 13a0), 4.19 (2H, t, 3J¼ 5 Hz, H-10), 4.06 (2H, t, 3J¼ 4.8 Hz, H-
11). 13C NMR (75 MHz, DMSO-d6) d (ppm): 39.81 (C-10), 66.12
(C-11), 114.11 (C-4), 115.31 (C-5), 117.20 (C-13a, 13a0), 117.28 (C-
15), 119.68 (C-8), 126.96 (C-7), 132.60 (C-14a, 14a0), 140.18 (C-6),
150.38 (C-9), 157.77 (C-12), 158.37 (C-2), 182.38 (C-3). EI-MS (m/
z): 424 (425.07), 252, 225, 198, 171, 77, 65, 63 (100%). Anal.
calcd. for C16H11Br2NO3: C, 45.21; H, 2.61; N, 3.30. Found: C,
45.10; H, 2.75; N, 3.06.

4.2.12 5-Bromo-1-(2-(4-uorophenoxy)ethyl)indoline-2,3-
dione (PI12)

4.2.12.1 Orange yellow. Yield: 83%; m.p.: 139–141 �C; FT-IR
ῡ (cm�1); 2924, 2876 (Csp3–H), 1737 (ketone C]O), 1687 (amide
C]O), 1607, 1490 (aromatic C]C), 1353 (–CH2– bending). 1H
NMR (300 MHz, DMSO-d6): d (ppm) 7.86 (1H, dd, 3J ¼ 7.5 Hz, H-
7), 7.70 (1H, s, H-5), 7.32 (1H, d, 3J¼ 8.4 Hz, H-8), 7.06–7.11 (2H,
m, H-14a, 14a0), 6.87–6.91 (2H, m, H-13a, 13a0), 4.17 (2H, t, 3J ¼
4.5 Hz, H-10), 4.06 (2H, t, 3J ¼ 4.8 Hz, H-11). 13C NMR (75 MHz,
DMSO-d6) d (ppm): 39.68 (C-10), 66.34 (C-11), 114.13 (C-13a,
13a0), 115.31 (C-14a, 14a0), 116.14 (C-6), 116.45 (C-8), 119.67
(C-4), 126.96 (C-5), 140.19 (C-7), 150.41 (C-9), 154.82 (C-15),
158.36 (C-12), 159.89 (C-2), 182.21 (C-3). EI-MS (m/z): not
appeared (346.17), 252, 225, 138, 83 (100%), 77, 65. Anal. calcd.
for C16H11BrFNO3: C, 52.77; H, 3.04; N, 3.85. Found: C, 52.93; H,
3.35; N, 3.48.
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1998, 273, 15458–15463.

15 R. Bhattacharyya, U. Samanta and P. Chakrabarti, Protein
Eng., 2002, 15, 91–100.

16 N. Kannan and S. Vishveshwara, Protein Eng., 2000, 13, 753–761.
17 L. M. Salonen, M. Ellermann and F. Diederich, Angew.

Chem., Int. Ed., 2011, 50, 4808–4842.
18 M. Nishio, Y. Umezawa, J. Fantini, M. S. Weiss and

P. Chakrabarti, Phys. Chem. Chem. Phys., 2014, 16, 12648–
12683.

19 S. Burley and G. A. Petsko, Science, 1985, 229, 23–28.
20 W. Saenger, in Principles of Nucleic Acid Structure, Springer,

1984, pp. 1–8.
21 J. A. Howard, V. J. Hoy, D. O'Hagan and G. T. Smith,

Tetrahedron, 1996, 52, 12613–12622.
22 V. R. Thalladi, H.-C. Weiss, D. Bläser, R. Boese, A. Nangia
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