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Experimental and computational investigation of
the a-amylase catalyzed Friedel—Crafts reaction of
isatin to access symmetrical and unsymmetrical
3,3',3"-trisindoles+

Priya Kamboj, Abinash Mohapatra, Debasish Mandal“® and Vikas Tyagi ‘& *

Trisindoles are of tremendous interest due to their wide range of biological activities. In this context, a
number of methods have been reported in the past to synthesize 3,3',3"-trisindoles. However, most of the
methods are only able to produce symmetrical 3,3",3"-trisindoles. Herein, we develop a sustainable and
efficient approach to synthesize symmetrical as well as unsymmetrical 3,3",3"-trisindoles in a very selective
manner using the a-amylase enzyme as a catalyst. Furthermore, various differently substituted isatin and
indoles were used to prove the generality of the protocol and symmetrical or unsymmetrical 3,3',3"-trisin-
doles were obtained in 43-97% isolated yields. Next, a probable mechanism is proposed and investigated
using molecular dynamics (MD) investigation to gain more insight into the role of residues available in the
active site of the a-amylase enzyme. These studies revealed that Glu230, Lys209, and Asp206 in the
active site of a-amylase play an important role in this catalysis. Moreover, the DFT studies suggested the
formation of bisindole and alkylideneindolenine intermediates during the transformation. We synthesized
four different biologically important 3,3,3"-trisindoles on a gram scale, which proved the robustness and

rsc.li/lobc scalability of this protocol.

Introduction

Indole derivatives have been identified as an important class
of compounds due to their wide range of pharmaceutical
applications and they can be used as versatile building blocks
for constructing indole-containing natural products." In par-
ticular, 3,3",3"-trisindoles are of great interest and display a
broad spectrum of biological activities such as anti-bacterial,
anti-cancer, anti-inflammatory, a-glucosidase inhibitory, sper-
micidal, and anti-convulsant activities (Fig. 1).> Also, these
compounds have some other industrial applications like use
as a hydride acceptor and dyes for physicochemical studies.
Notwithstanding a variety of pharmaceutical and industrial
applications, smaller numbers of methods are available to syn-
thesize this class of compounds. The Friedel-Crafts type elec-
trophilic substitution reaction of isatin and indole catalysed by
Lewis or protic acids is one of the traditional methods to syn-
thesize 3,3',3"-trisindole derivatives.> In 2017, Xu and co-
workers used DABCO-based ionic liquids to catalyze Friedel-
Crafts alkylation for synthesizing 3,3-diindolyloxindoles
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(Scheme 1a). Furthermore, Gnanaprakasam developed
FeCl;-6H,0 mediated oxidative cleavage of peroxyoxindole and
further reaction with indole to afford trisindoline derivatives
(Scheme 1b).> Recently, Lambert’s salt-initiated synthesis of
symmetrical/unsymmetrical 3,3',3"-trisindole has been devel-
oped by Hazra and group members (Scheme 1c).°

Despite this progress, most of the methods suffer from
several disadvantages such as the use of harsh reaction con-
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Fig. 1 Examples of biologically important 3,3’,3"-trisindoles.
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Scheme 1 Different methodologies for the synthesis of 3,3,3"-
trisindoles.

ditions, longer reaction times, laborious work-up procedures,
and the use of expensive and/or toxic catalysts and solvents.
Also, methods for the selective synthesis of unsymmetrical
3,3',3"-trisindoles are rare. Therefore, the development of an
operationally simple and environment-friendly method that
can overcome the disadvantages of previously reported proto-
cols, and be able to selectively produce symmetrical as well as
unsymmetrical 3,3',3"-trisindoles, is highly required.
Nowadays, biocatalysis which mainly uses enzymes as a
catalyst in chemical transformations has evolved into a widely
accepted technology in the area of chemical and pharma-
ceutical synthesis.” Furthermore, the use of enzymes in chemi-
cal catalysis offers a number of advantages, e.g. can work
under mild reaction conditions, easy reaction workup pro-
cedure, higher product selectivity, less or no toxic waste gene-
ration, etc.® A number of new-to-nature chemical transform-
ations using enzymes as a catalyst have been reported in the
last few years.® In this context, Arnold’s group has reported the
application of engineered heme-proteins in numerous abiotic
chemical transformations.'® Besides, some other research
groups are also exploring the applications of different enzymes
as a catalyst in abiotic organic transformations.'’ Hydrolase
enzymes are still being widely used in the search for new-to-
nature chemical transformations due to their various advan-
tages like higher stability under reaction conditions, easy
accessibility, and longer shelf life.'> Previously, we have also
reported a number of novel enzymatic transformations using
lipase and a-amylase as a catalyst.">'* Recently, we reported
the application of the a-amylase enzyme in the gram-scale syn-
thesis of bis-indole containing bioactive molecules."” Keeping
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in view the diverse applications of 3,3',3"-trisindoles and limit-
ations of the previously reported methods, herein, we report
the highly selective and efficient synthesis of symmetrical and
unsymmetrical 3,3',3"-trisindoles using the a-amylase enzyme
catalysed Friedel-Crafts type reaction of isatin and indoles.

Results and discussion
Enzyme screening for suitable a-amylase

We began our investigation by selecting isatin (1a) and indole
(2a) as model substrates and screened a library of amylase
enzymes to synthesize symmetrical 3,3',3"-trisindole (3a). In
this context, a-amylase from Aspergillus oryzae furnished a
good yield ie 65% for the model reaction (entry i,
Scheme 2A). Interestingly, a-amylase obtained from other
sources provided moderate conversion in the model reaction
(entries ii-iv, Scheme 2A). However, there was no reaction
observed either in the presence of the p-amylase enzyme or in
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Scheme 2 Screening of different a-amylase enzymes for the model
reactions. Enzymes: (i) a-amylase from Aspergillus oryzae, (ii) a-amylase
from Bacillus sp., (iii) a-amylase from Bacillus amyloliquefaciens, (iv)
a-amylase from hog pancreas, (v) f-amylase, (vi) no enzyme, and (vii—ix)
a-amylase from Aspergillus oryzae. ?Reaction conditions for 3a: indole
(2 equiv.), isatin (1 equiv.), catalyst (2 mg ml™2), 2.5 ml of 10% DMSO in
water (v/v) as a solvent at 40 °C for 12 hours, “enzyme = 3 mg ml™,
cenzyme = 5 mg ml™%, “indole = 3 equiv. ®Reaction conditions for 4a:
indole (1 equiv., 0.67 mmol), 5-methoxyindole (1 equiv., 0.68 mmol),
isatin (1 equiv., 0.68 mmol), catalyst (2 mg ml™Y), 2.5 ml of 10% DMSO in
water (v/v) as a solvent at 40 °C for 12 hours, fenzyme = 3 mg ml™,
9enzyme = 5 mg ml™%, "indole and 5-methoxyindole = 1.5 equiv. each.
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the absence of the enzyme catalyst (entries v and vi,
Scheme 2A). Furthermore, we optimized the loading of the
catalyst and first increased the concentration of a-amylase
from 2 mg ml™" to 3 mg mI~" and then to 5 mg ml~", and the
product (3a) was obtained in a slightly improved yield i.e. 78%
while using 3 mg ml™" of the enzyme (entries vii and viii,
Scheme 2A). Also, we observed that the change in the molar
ratio of isatin and indole from 1:2 to 1:3 did not lead to any
improvement in the outcome of the model reaction (entry ix,
Scheme 2A). Next, we screened the same library of amylase
enzymes for the synthesis of unsymmetrical 3,3',3"-trisindole
by using isatin (1a), indole (2a) and 5-methoxyindole (2b) as
the model substrates. a-Amylase from Aspergillus oryzae was
still the best enzyme and provided the product (4a) in 74% iso-
lated yield (entry i, Scheme 2B). Interestingly, we obtained an
improved yield ie 84% for unsymmetrical 3,3',3"-trisindole
(4a) when 3 mg ml™" of a-amylase from Aspergillus oryzae was
employed (entry vii, Scheme 2B).
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Scheme 3 Screening of different solvents for the synthesis of trisin-
doles. “Reaction conditions for 3a: indole (2 equiv., 0.68 mmol), isatin (1
equiv., 0.34 mmol), a-amylase from Aspergillus oryzae (3 mg ml™),
2.5 ml of solvent at 40 °C for 12 hours. PReaction conditions for 4a:
indole (1.0 equiv.), 5-methoxyindole (1.0 equiv.), isatin (1.0 equiv.),
a-amylase from Aspergillus oryzae (3 mg ml™), 2.5 ml of solvent at
40 °C for 12 hours.
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Solvent screening to improve the conversion

After selecting the best amylase enzyme, we screened different
solvents for the formation of symmetrical as well as unsymme-
trical 3,3',3"-trisindoles (Scheme 3). Unpredictably, there was
no product formation when DCM, toluene, hexane, 1,4-
dioxane, and H,O were employed as solvents in the model
reactions (Scheme 3A and B). Also, the conversion was found
to be lower in the case of EtOH, MeOH, ACN, and DMSO
(Scheme 3A and B). It has been observed previously that water
is the best solvent for enzymatic reactions; however, the solubi-
lity of reactants in water is an issue. To overcome this issue, we
tried different combinations of organic solvents along with
water (v/v) like EtOH/water, MeOH/water, ACN/water and
DMSO/water and observed that in the presence of DMSO in
water the reactants were fully soluble and the conversion
increased significantly. In this context, the use of 5 or 10%
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Scheme 4 Screening of the reaction temperature for the a-amylase
catalyzed reaction. “Reaction conditions for 3a: indole (2 equiv.,
0.68 mmol), isatin (1 equiv., 0.34 mmol), a-amylase from Aspergillus
oryzae (3 mg ml™), 2.5 ml of 15% DMSO in water (v/v) as a solvent, reac-
tion time = 12 h. PReaction conditions for 4a: indole (1.0 equiv.),
5-methoxyindole (1.0 equiv.), isatin (1.0 equiv.), a-amylase from
Aspergillus oryzae (3 mg ml™), 2.5 ml of 15% DMSO in water (v/v) as a
solvent, reaction time = 12 h.
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DMSO in water did not lead to increased yields significantly
due to the limited solubility of the reactants. On the other
hand, the utilization of 15% DMSO in water resulted in the
total solubility of the reactants. However, further increasing
the amount of DMSO did not have any additional impact on
the yield of the reaction. Therefore, the best conversion was
obtained in the case of 15% DMSO in H,O (v/v) (Scheme 3).

The effect of reaction temperatures on the conversion

Afterwards, we examined the effect of temperature on the
outcome of this transformation (Scheme 4A and B). In this
context, we observed that the reaction works better at elevated
temperatures (40-50 °C); however, when we increased the
temperature higher than 65 °C, the yield of the reaction
decreased significantly and this might be due to the denatura-
tion of the enzyme at this temperature. Also, we checked the
frequency of this transformation and found that the reaction
was getting completed in 10-12 h.

Substrate scope

With the optimized reaction conditions in hand, we examined
the substrate scope to prove the robustness and generality of
the enzymatic protocol (Tables 1 and 2). First, we screened the
effect of different substitutions on isatin and found that there
was no effect of electron-donating groups like 5-OMe and
5-CHj; on the outcome of the reaction and the products 3b and
3c were obtained in 82% and 87% yields respectively which
were close to the yield of product 3a (entries 1-3, Table 1).

Table 1 Substrate scope for the enzymatic synthesis of symmetrical
trisindoles?

[N 0o R,
ﬁ:ﬁg{o . @f\> a-amylase, 50°C

N N 15% DMSO in H,0 (v/v)

H Rq R

1 2
Entry R, R, R; Product, yieldb
1 H H H 3a, 87%
2 5-OMe H H 3b, 82%
3 5-Me H H 3¢, 87%
4 5-Br H H 3d, 79%
5 5-Cl H H 3e, 81%
6 5-NO, H H 3f, 63%
7 H 5-OMe H 3g, 79%
8 H 5-Me H 3h, 74%
9 H 5-NO, H 3i, 43%
10 5-OMe 5-OMe H 3j, 86%
11 5-Me 5-OMe H 3k, 84%
12 5-Br 5-Br H 31, 83%
13 5-NO, 5-NO, H 3m,° nr
14 H H CH, 3n, 86%
15 H 5-OMe CH,CH=CH, 30, 77%

“Reaction conditions: indole (2.0 equiv.), isatin (1.0 equiv.), a-amylase
from Aspergillus oryzae (3 mg ml™"), 5 ml of 15% DMSO in water (v/v)
as a solvent at 50 °C, reaction time = 12 h. ?Isolated yields. °nr = no
reaction.
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Table 2 Substrate scope for the enzymatic synthesis of unsymmetrical
trisindoles®

A\

H a-amylase, 50°C
(2) 15% DMSO in HyO (v/v)

@

Entry R, R, R, R, Rs Product, yield”
1 H H 5-OMe H H 4a, 96%
2 H H 5-CH;3 H H 4b, 81%
3 H H 5-Br H H 4c¢, 75%
4 H H 5-Cl H H 4d, 79%
5 H H 5-CN H H 4e, 89%
6 H H 5-NO, H H af, 79%
7 H 5NO, 5OMe H H 4j, 73%
8 H 5-NC 5-OMe H H 4h, 79%
9 5-OMe H 5-OMe H H 4i, 97%
10 5-CH; H 5-OMe H H 4j, 93%
11 5-Cl H 5-OMe H H 4k, 84%
12 5-NO, H 5-OMe H H 41, 82%
13 5-Br H 5-OMe H H 4m, 92%
14 5-CH; 5-Cl 5-Br H H 4n, 83%
15 5-OMe 5-NC 5-Cl H H 40, 71%
16 H 4-Br 5-Cl H H 4p, 73%
17 7-CF;  5-OMe H H H 4q, 83%
18 6-OMe 5-OMe H H H 4r, 79%
19 H H H CH, CH, 4s,82%
“Reaction conditions: indole (1.0 equiv.), isatin (1.0 equiv.,

0.68 mmol), o-amylase from Aspergillus oryzae (3 mg ml™"), 5 ml of
15% DMSO in water (v/v) as a solvent at 50 °C, reaction time = 12 h.
?Isolated yields. “ nr = no reaction.

Next, we screened the effect of halides such as 5-Cl and 5-Br
on isatin and observed a slightly inferior yield; however, in the
presence of an electron-withdrawing group i.e., 5-NO,, the iso-
lated yield dropped significantly (entries 4-6, Table 1). Also,
we installed -OCH3, -CHj3, and -NO, groups at the C-5 posi-
tion of indole and obtained the desired products 3g and 3h in
good yields; however, there was a decrement in the yield when
NO, substitution was employed (entries 7-9, Table 1).
Moreover, different substitutions like -OMe, -Me, and -Br at
the C-5 position of indoles were tested along with substituted
isatin and interestingly the corresponding products were
obtained in 83-86% isolated yields (entries 10-12, Table 1).
There was no reaction in the case of nitro substitution at the
C-5 positions of both isatin and indole (entry 13, Table 1).
Finally, N1-substituted indoles were employed in the reaction
and the symmetrical 3,3',3"-trisindole products 3n and 30 were
obtained in 86% and 77% isolated yields respectively (entries
14 and 15, Table 1). These results demonstrated the robustness
of the protocol since no significant effect of the substitutions
either on isatin or indole in the synthesis of symmetrical
3,3',3"-trisindole was observed.

In the next phase of our endeavour, we explored the scope
of substrates to synthesize unsymmetrical 3,3',3"-trisindoles
(4a-s). As depicted in Table 2, there was no significant effect of

This journal is © The Royal Society of Chemistry 2024
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substitution either on isatin or indole and the reaction pro-
vided the corresponding products in very good yields ie.,
71-97%. However, the yield decreased slightly in the case of
electron-withdrawing substitutions on indole (entries 7, 8 and
15, Table 2). Also, the substitutions at different positions of
isatin or indole like C-4, C-5, C-6, or C-7 were tolerated well
(entries 16-18, Table 2). Gratifyingly, we found that the reac-
tion was very selective towards the synthesis of unsymmetrical
3,3',3"-trisindoles, since no formation of symmetrical 3,3',3"-
trisindoles was observed.

Control experiments

Furthermore, we set up a number of control experiments to get
more insight into the role of the active site of enzymes in this
transformation (Table 3). First, starch was introduced in equi-
molar quantities with isatin in the reaction, as the hydrolysis
of starch is a known enzymatic reaction facilitated by
a-amylase. Consequently, a-amylase catalyses the hydrolysis of
starch in a competitive manner, leading to a higher frequency
of the natural starch reaction compared to non-natural reac-
tions. As a result, the desired trisindole product (3a) was
obtained with an isolated yield of only 20% (entry 2, Table 3).
Subsequently, we set up the reaction in the presence of urea
which is an a-amylase inhibitor; as a result, the trisindole
product (3a) did not form (entry 3, Table 3). In addition, we
used BSA or the denatured a-amylase enzyme as a catalyst and
in both cases, only the bisindole product was obtained. All
these control experiments suggested that the residues present
in the active site of amylase play an important role in catalyz-
ing trisindole synthesis. To get more insight into the residues
of active sites, we further conducted computational studies to
confirm the role played by the active sites of amylase.

Table 3 Control experiments to confirm the role of the a-amylase

enzyme?
o st
o @ catalyst, additive, 50°C; = . Q OH O
N u 15% DMSO in Hy0O (v/v) Q i |
H (2a) N N
> Mo A

(1a

(3a) (5)
% yield of % yield of
Entry Catalyst Additive trisindoles (3a) bisindoles (5)
1 a-Amylase from — 96% —
Aspergillus oryzae
2 a-Amylase from Starch”  20% —
Aspergillus oryzae
3 a-Amylase from Urea“ — 23%
Aspergillus oryzae
4 Denatured — — 19%
a-amylase
5 BSA — — 27%

“Reaction conditions: indole (2.0 equiv., 1.35 mmol), isatin (1 equiv.,
0.68 mmol), catalyst (3 mg ml™"), 5 ml of 15% DMSO in water (v/v) as a
solvent at 50 °C, reaction time = 12 h. ®Starch (1.0 equiv.,
0.001 mmol). “ Urea (1.0 equiv., 0.75 mmol).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
Mechanistic investigation

We further performed a careful molecular dynamics (MD)
simulation and consequent density functional theory (DFT)
investigation to establish the mechanism of trisindole for-
mation by the a-amylase enzyme-catalyzed reaction of isatin
and indole (the details of computational protocols have been
presented in the ESI}). In brief, we predicted the active site,
docked the substrates there, and then conducted extensive MD
simulation. This study was extended beyond traditional MD
simulations to find out the stability and probable interactions
of the substrates as well as the intermediates and products
with the amino acid residues available in the active site of the
enzyme during the progress of the reaction. The most feasible
MD snapshots consisting of orientation and interactions of
substrates, intermediates, and products in the active site of the
a-amylase enzyme have been presented in Fig. 2.

Based on the MD results, we observed that the carbonyl
group of isatin forms a strong hydrogen bond with Lys209
(C=0---H;N distance 2.77 A) as shown in Fig. 2b, which
makes the C-3 carbon of isatin more electrophilic. On the
other hand, Fig. 2a shows that stabilization by a strong hydro-
gen bond with Asp206 (NH---O=C distance 1.69 A) makes
indole a stronger nucleophile. It is also obvious that Lys209
and Asp206 play significant roles in activating the substrates
which lead to the formation of the bisindole intermediate B
(Scheme 5). The interaction pattern of the bisindole inter-
mediate (B) with the active site of a-amylase is shown in
Fig. 2d. In continuation, the interactions of intermediate F
and the final trisindole product with the active sites are pre-
sented in Fig. 2e and f, respectively. From these insightful
interaction patterns, we proposed the most plausible mecha-
nism for this transformation (Scheme 5) and further verified
the mechanism using a standard density functional theory
computation and the corresponding potential energy surface
has been presented in Fig. 3.

From the MD results, we started the initial mechanism
where a proton from Lys transfers to isatin to form compound
A. This transformation takes place without any transition state
via a barrierless path which can also be correlated by the
relaxed PES graph of O-H bond formation presented in
Fig. S37 available in the ESI.t Next, compound A interacts with
indole (2a) and forms complex IM1. IM1 further transforms
into intermediate B through C-C bond formation via the tran-
sition state TS1, with a barrier of 6.8 kcal mol™ with respect to
the initial reactant. Furthermore, intermediate B transforms
into intermediate C upon complexation with Glu230 which
promotes proton transfer and the removal of a water molecule.
C then leads to D through H-transfer from the C3 position of
indole to Glu230 which then forms intermediate D. This
pathway involves a transition state TS2, favoured by only
3.1 keal mol™" energy of activation with respect to C. The bisin-
dole intermediate (D) then remains as a complex with Glu230
along with another indole (2a) molecule represented as inter-
mediate E. In continuation, the release of H,O from E leads to
the formation of intermediate F. However, we couldn’t obtain

Org. Biomol. Chem., 2024, 22,1839-1849 | 1843
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Fig. 2 Orientation and interactions of substrates, intermediates and products in the active site of the a-amylase enzyme: (a) indole interacting with
Asp206, (b) isatin interacting with Lys209 and Glu230, (c) both isatin and indole interacting with Lys209, (d) bisindole intermediate B interacting with
Glu230, (e) dehydrated bisindole and the second indole moiety and (f) the final trisindole product.
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Scheme 5 Proposed mechanism of a-amylase catalyzed trisindole
synthesis.

a transition state for the O-H proton transfer by Glu230 during
the formation of intermediate F which can also be correlated
by a relaxed PES scan in favour of proton transfer from Glu230
presented in Fig. S4 available in the ESI.{ Intermediates E and
F are found to be quite stable (20.1 and 17.2 kcal mol™,
respectively) compared to the other species in the PES.
Apparently, this looks like a sink and the reaction will not

1844 | Org. Biomol. Chem., 2024, 22,1839-1849

proceed further. But the unusual stability of both E and F may
be due to the incapability of gas phase optimisation that
ignores the protein environment and the appropriate solvent
network. Intermediate F is then reoriented and forms a hydro-
gen bond with Glu230 (NH.--O=C distance 2.11 A) (shown in
Fig. 2e) to further increase the electrophilicity of the indole
moiety, which allows the addition of a second indole molecule
to produce the 2'-ox0-[3,3":3',3"-terindolin]-1"-ium intermediate
mentioned as G in the PES. The formation of intermediate G
proceeds through the transition state TS3, which possesses
8.4 kecal mol™" higher energy than intermediate F. Finally, re-
aromatization via proton abstraction from the C3 position of
intermediate G by Lys-H(deprotonated)209 provides the final
product trisindole (3a). It is worth noting that the Lys209
involved in the first step of the mechanism abstracts the
proton from intermediate G and continues the natural enzy-
matic cycle.

Hammett study

Furthermore, to demonstrate the electronic effect of the substi-
tuents on the rate of the reaction, a Hammett study was per-
formed (Scheme 6). A good correlation (R> = 0.89) between the
log[kx/k;] and o, values of the respective substituents was
obtained, The resulting negative p value of —0.64 indicates that
there is a buildup of positive charge during the rate-determin-
ing step.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The potential energy path represents AE + ZPE for the proposed trisindole formation

with respect to the reactant in kcal mol™.
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Scheme 6 Hammett plot for the reaction of indole with electronically

varied isatin (X = Br, Cl, OMe, and NO, groups).

Application in the gram scale synthesis of bioactive

compounds

In the last phase of our study, we synthesized four biologically
important 3,3',3"-trisindoles on a gram scale to prove the
robustness and scalability of this transformation. First, we syn-
thesized product 3a on a 2.2 g scale which has been reported
previously as an anticancer agent and synthesized by using
various chemical catalysts.'® Furthermore, the anti-spermicidal

This journal is © The Royal Society of Chemistry 2024
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Scheme 7 Gram

scale synthesis of biologically active 3,3',3"-
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3,3',3"-trisindole (3 g) was synthesized on a 2.1 g scale by using
isatin (1 g) and 5-methoxyindole (2 g).'” A naturally occurring
indole alkaloid (3d) was synthesized on a 1.4 g scale using
isatin and 5-bromo indole.'® Finally, the anti-convulsion agent
30 was produced on a 2.5 g scale by using isatin and
N-substituted indole (Scheme 7).

Conclusion

In summary, we have developed a highly sustainable and
efficient approach to synthesize symmetrical as well as unsym-
metrical 3,3',3"-trisindoles in a selective manner by using the
a-amylase enzyme as a catalyst in water. To check the generality
and sturdiness of this transformation, differently substituted
isatin and indoles were screened and as a result the corres-
ponding products were obtained in good to excellent yields.
Also, a number of control experiments were performed, and they
confirmed the usefulness of the a-amylase enzyme in this trans-
formation. Furthermore, the synthetic utility was revealed by
synthesizing four different biologically important trisindole
derivatives on a gram scale. Finally, a probable mechanism for
the enzymatic reaction was proposed and investigated using
molecular dynamics and density functional theory investi-
gations, which suggested that Glu230, Lys209, and Asp206 in the
active site of a-amylase play an important role in this catalysis.

Experimental
General information

All solvents, chemicals and enzymes were purchased from com-
mercial suppliers and used without any extra purification. All the
reactions were conducted using oven-dried glassware with mag-
netic stirring. The silica gel chromatography purification pro-
cedures employed silica gel 60-120 meshes. The 'H and '*C
NMR spectra were collected on a JEOL or Bruker NMR (400 MHz)
using DMSO-d6 as a solvent with TMS as an internal reference.
The coupling constant (J) is presented in hertz (Hz), and the
chemical shift (6) is reported in parts per million (ppm).
Multiplicities are abbreviated as s: singlet, d: doublet, dd: doublet
of doublet, t: triplet, br s: broad singlet, and m: multiplet.

General procedure for the preparation of 3,3',3"-trisindoles 3a-
o and 4a-s

In a Teflon tube having a stirrer bar were added 4.25 ml of de-
ionized water and 3 mg ml™" of the enzyme (a-amylase from
Aspergillus oryzae). Furthermore, the reactants ie., isatin
(0.68 mmol, 1.0 equiv.) and indole (1.35 mmol, 2.0 equiv.) in
the case of symmetrical 3,3',3"-trisindoles or indole
(0.67 mmol, 1.0 equiv.) and substituted indole (0.68 mmol, 1.0
equiv.) in the case of unsymmetrical 3,3',3"-trisindoles were
dissolved in 0.75 ml of DMSO and added to the reaction tube.
The resulting reaction mixture was slowly stirred at 50 °C for
12 hours. After completion of the reaction, the mixture was
extracted with ethyl acetate (3 x 10 ml). Next, volatiles were
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evaporated using high vacuum and the resulting crude
mixture was purified through column chromatography by
using silica (mesh size 60-120) as a stationary phase and the
mixture of ethyl acetate and hexane as a mobile phase to
obtain 3,3',3"-trisindoles (3a-0) in 43-87% isolated yields.

NMR characterization data

[3,3":3",3"-Terindolin]-2-one (3a)."> 'H NMR (400 MHz,
DMSO): 6 10.94 (s, 2H), 10.59 (s, 1H), 7.33 (d, J = 8 Hz, 2H),
7.20 (d, J = 4 Hz, 4H), 7.00-6.94 (m, 3H), 6.90-6.87 (m, 1H),
6.82 (d, J = 2.4 Hz, 2H), 6.78-6.74 (m, 2H) ppm. *C NMR
(100 MHz, DMSO): § 53.09, 110.10, 112.13, 114.81, 118.75,
121.30, 121.48, 121.99, 124.81, 125.43, 126.22, 128.37, 135.12,
137.44, 141.84, 179.29 ppm.

5'-Methoxy-[3,3:3',3"-terindolin]-2-one  (3b)." 'H NMR
(400 MHz, DMSO): §10.94 (s, 2H), 10.43 (s, 1H), 7.33 (d, J = 8
Hz, 2H), 7.22 (d, J = 8 Hz, 2H), 7.00-6.96 (m, 2H), 6.87-6.85
(m, 2H), 6.79-6.75 (m, 5H), 3.57 (s, 3H) ppm. *C NMR
(100 MHz, DMSO): § 53.55, 55.81, 110.39, 112.14, 112.61,
114.76, 118.76, 121.30, 121.47, 124.88, 126.20, 135.20, 136.48,
137.44, 155.14, 179.15 ppm.

5'-Methyl-[3,3":3',3"-terindolin]-2-one  (3¢).>° 'H NMR
(400 MHz, DMSO): 5 10.93 (s, 2H), 10.49 (s, 1H), 7.34 (d, J = 8
Hz, 2H), 7.24 (d, J = 8 Hz, 2H), 7.01-6.99 (m, 2H), 6.97 (s, 1H),
6.87 (m, 1H), 6.83 (d, J = 2.4 Hz, 2H), 6.80-6.76 (m, 3H), 2.96
(s, 3H) ppm. *C NMR (100 MHz, DMSO): § 21.35, 53.16,
109.85, 112.13, 114.93, 118.75, 121.40, 121.46, 124.90, 126.00,
126.25, 128.66, 130.72, 135.17, 137.46, 139.42, 179.34 ppm.

5'-Bromo-[3,3:3',3"-terindolin]-2-one  (3d)."” 'H NMR
(400 MHz, DMSO): § 11.02 (s, 2H), 10.77 (s, 1H), 7.40 (d, J = 8 Hz,
1H), 7.35 (d, J = 8 Hz, 2H), 7.27 (s, 1H), 7.18 (d, J = 8.4 Hz, 2H),
7.02-6.98 (m, 2H), 6.94 (d, J = 8 Hz, 1H), 6.86 (d, J = 4 Hz, 2H),
6.81-6.77 (m, 2H) ppm. “*C NMR (100 MHz, DMSO): § 75.44,
112.16, 112.29, 113.87, 115.15, 119.19, 120.52, 121.72, 124.11,
125.17, 127.85, 132.27, 136.37, 137.30, 141.44, 178.44 ppm.

5'-Chloro-[3,3":3',3"-terindolin]-2-one  (3¢)."® 'H NMR
(400 MHz, DMSO): § 10.99 (s, 2H), 10.73 (s, 1H), 7.34 (d, J = 8
Hz, 2H), 7.26 (d, ] = 4 Hz, 1H), 7.16 (s, 1H), 7.14-7.13 (m, 2H),
7.01-6.96 (m, 3H), 6.84 (d, J = 2.8 Hz, 2H), 6.80-6.76 (m, 2H)
ppm. *C NMR (100 MHz, DMSO): § 53.30, 112.21, 112.28,
113.67, 118.95, 121.02, 121.60, 124.95, 125.99, 127.87, 131.23,
137.45, 141.19, 178.78 ppm.

5'-Nitro-[3,3":3',3"-terindolin]-2-one ~ (3f).” 'H NMR
(400 MHz, DMSO): § 11.33 (s, 1H), 11.08 (s, 2H), 8.20 (d, J = 4
Hz, 1H), 7.95 (s, 1H), 7.36 (d, J = 8 Hz, 2H), 7.20 (s, 1H), 7.18 (t,
J =8 Hz, 2H), 7.01 (t, ] = 4 Hz, 2H), 6.94 (d, J = 4 Hz, 2H), 6.80
(t, J = 8 Hz, 2H) ppm. *C NMR (100 MHz, DMSO): § 53.05,
110.47, 112.40, 113.31, 119.13, 120.61, 120.85, 121.76, 125.14,
125.89, 126.02, 135.78, 137.54, 142.73, 148.31, 179.46 ppm.

5,5"-Dimethoxy-[3,3":3',3"-terindolin]-2"-one (3g).”° "H NMR
(400 MHz, DMSO): § 10.78 (s, 2H), 10.58 (s, 1H), 7.23-7.20 (m,
3H), 7.18 (d, J = 8 Hz, 1H), 6.95 (dd, J = 12.8 Hz, 2H), 6.82 (d, J
= 4 Hz, 2H), 6.67-6.64 (m, 4H), 3.48 (s, 6H) ppm. >C NMR
(100 MHz, DMSO): § 53.02, 55.59, 103.78, 109.96, 110.92,
112.60, 114.10, 122.03, 125.49, 125.68, 126.61, 128.37, 132.68,
135.05, 141.94, 152.91, 179.29 ppm.

This journal is © The Royal Society of Chemistry 2024
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5,5"-Dimethyl{3,3":3,3"-terindolin]-2-one (3h).>* "H NMR
(400 MHz, DMSO): § 10.20 (s, 2H), 10.17 (s, 1H), 7.70 (s, 1H),
7.24 (s, 1H), 7.20 (s, 2H), 7.13 (d, J = 8 Hz, 2H), 7.01 (d, /= 8
Hz, 1H), 6.91 (t, J = 8 Hz, 1H), 6.88-6.84 (m, 4H), 2.27 (s, 6H)
ppm. C NMR (100 MHz, DMSO): § 21.44, 52.77, 109.47,
110.98, 113.83, 120.46, 121.27, 122.55, 124.60, 125.88, 126.77,
127.36, 134.65, 135.36, 141.44, 179.45 ppm.
5,5"-Dinitro-[3,3":3',3"-terindolin]-2-one  (3i).”° 'H NMR
(400 MHz, DMSO): § 11.71 (s, 2H), 10.92 (s, 1H), 8.19 (s, 2H),
7.93 (d, J = 8 Hz, 2H), 7.54 (s, ] = 8 Hz, 2H), 7.27 (t, ] = 8 Hz,
2H), 7.18 (t, J = 8 Hz, 2H), 7.05 (d, J = 8 Hz, 1H), 6.98 (t, J = 8
Hz, 1H) ppm. *C NMR (100 MHz, DMSO): § 52.60, 110.71,
113.03, 117.23, 118.02, 122.71, 125.12, 125.47, 128.84, 129.21,
133.45, 140.76, 141.72, 178.55 ppm.
5,5',5"-Trimethoxy-[3,3":3',3"-terindolin]-2-one  (3j).>* 'H
NMR (400 MHz, DMSO): § 10.77 (s, 2H), 10.41 (s, 1H), 7.23 (d,
J=4Hz, 1H), 7.21 (s, 1H), 6.89 (d, ] = 8 Hz, 1H), 6.83 (d, J = 2.8
Hz, 2H), 6.79 (dd, J = 4 Hz, 1H), 6.73 (d, J = 4 Hz, 1H), 6.68 (d, J
= 4 Hz, 1H), 6.66 (d, J = 4 Hz, 3H), 3.58 (s, 3H), 3.49 (s, 6H)
ppm. *C NMR (100 MHz, DMSO): § 53.48, 55.64, 55.84,
103.81, 110.27, 110.93, 112.52, 112.61, 112.71, 114.07, 125.75,
126.59, 132.69, 135.34, 136.35, 152.92, 155.16, 179.14 ppm.
5,5"-Dimethoxy-5"-methyl-[3,3":3,3"-terindolin]-2"-one (3k).**
"H NMR (400 MHz, DMSO): § 10.78 (s, 2H), 10.50 (s, 1H), 7.25
(d, J = 8 Hz, 2H), 7.00 (t, J = 8 Hz, 2H), 6.88 (d, J = 8 Hz, 1H),
6.84 (s, 2H), 6.69 (s, 3H), 6.67 (s, 1H), 3.50 (s, 6H), 2.16(s, 3H)
ppm. *C NMR (100 MHz, DMSO): § 21.35, 53.11, 55.64,
103.89, 109.74, 110.95, 112.60, 114.24, 125.81, 126.08, 126.65,
128.66, 130.74, 132.71, 135.06, 139.56, 152.94, 179.37 ppm.
5,5',5"-Tribromo-[3,3":3',3"-terindolin]-2-one (31).>' 'H NMR
(400 MHz, DMSO): § 11.26 (s, 2H), 10.88 (s, 1H), 7.43 (dd, =4
Hz, 1H), 7.35 (s, 1H), 7.33 (s, 1H), 7.30 (s, 2H), 7.21 (s, 1H),
7.15 (s, 1H), 7.12 (s, 1H), 6.97 (d, J = 8 Hz, 1H), 6.91 (d, J = 4
Hz, 2H) ppm. *C NMR (100 MHz, DMSO): § 52.85, 111.71,
112.48, 113.50, 114.02, 114.52, 122.94, 124.30, 126.73, 127.654,
127.98, 131.69, 136.22, 136.40, 141.08, 178.53 ppm.
1,1"-Dimethyl{3,3":3',3"-terindolin]-2-one (3n).*> "H NMR
(400 MHz, DMSO): § 10.58 (s, 1H), 7.34 (d, J = 8 Hz, 2H),
7.21-7.17 (m, 4H), 7.04 (t, ] = 8 Hz, 2H), 6.93 (d, J = 8 Hz, 1H),
6.87 (t,J = 4 Hz, 1H), 6.84 (s, 2H), 6.79 (t, ] = 8 Hz, 2H), 3.66 (s,
6H) ppm. *C NMR (100 MHz, DMSO): § 32.86, 52.90, 110.37,
113.94, 118.92, 121.45, 122.09, 126.53, 128.42, 128.97, 135.01,
137.83, 141.76, 179.07 ppm.
1,1"-Diallyl-5,5"-dimethoxy-[3,3":3',3"-terindolin]-2-one
(30).>* 'H NMR (400 MHz, DMSO): § 10.63 (s, 1H), 7.22 (q, J =
8 Hz, 8 Hz, 4H), 6.97-6.90 (m, 2H), 6.85 (s, 2H), 6.70 (s, 1H),
6.67 (s, 3H), 5.93-5.84 (m, 2H), 5.06 (d, J = 8 Hz, 2H), 4.94 (d, J
= 16 Hz, 2H), 4.69 (s, 4H), 3.47 (s, 6H) ppm. *C NMR
(100 MHz, DMSO): & 48.49, 52.86, 55.56, 103.87, 110.08,
111.31, 111.36, 113.58, 116.88, 122.22, 125.40, 127.11, 128.48,
128.66, 132.58, 134.83, 135.15, 141.81, 153.20, 178.97 ppm.
5-Methoxy-[3,3":3,3"-terindolin]-2-one  (4a).>* 'H NMR
(400 MHz, DMSO): § 10.93 (s, 1H), 10.77 (s, 1H), 10.57 (s, 1H),
7.33 (d,J = 8 Hz, 1H), 7.23 (s, 2H), 7.21-7.18 (m, 2H), 6.98-6.95
(m, 2H), 6.90-6.86 (m, 1H), 6.82 (s, 1H), 6.79-6.74 (m, 2H),
6.68-6.65 (m, 2H), 3.48 (s, 3H) ppm. *C NMR (100 MHz,
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DMSO): § 53.07, 55.61, 103.82, 110.03, 110.94, 112.12, 112.60,
114.13, 114.29, 114.66, 114.82, 118.75, 121.45, 121.99, 124.81,
125.47, 126.23, 126.63, 128.36, 132.68, 135.13, 137.45, 141.91,
152.92,179.29 ppm.

5-Methyl-[3,3":3',3"-terindolin]-2-one  (4b).”” 'H NMR
(400 MHz, DMSO): § 10.94 (d, J = 8 Hz, 1H), 10.81 (d, J = 8 Hz,
1H), 10.58 (t, J = 4 Hz, 1H), 7.33 (d, J = 8 Hz, 1H), 7.22-7.16 (m,
4H), 7.05-7.01 (m, 1H), 6.96 (t, ] = 8 Hz, 2H), 6.89 (t, J = 8 Hz,
1H), 6.83-6.81 (m, 2H), 6.78-6.74 (m, 2H), 2.17 (s, 3H) ppm.
3C NMR (100 MHz, DMSO): § 22.00, 53.10, 110.04, 111.87,
112.13, 114.23, 114.84, 118.75, 120.90, 121.38, 121.46, 121.95,
123.10, 124.81, 125.05, 125.46, 126.22, 126.41, 126.86, 128.34,
135.14, 135.87, 137.44, 141.85, 179.34 ppm.

5-Bromo-[3,3:3',3"-terindolin]-2-one  (4c).>> 'H NMR
(400 MHz, DMSO): § 11.21 (d, J = 8 Hz, 1H), 10.96 (d, J = 8 Hz,
1H), 10.66 (t, J = 28 Hz, 1H), 7.42-7.30 (m, 3H), 7.25-7.17 (m,
2H), 7.15-7.09 (m, 2H), 7.00-6.93 (m, 3H), 6.92-6.87 (m, 1H),
6.86-6.81 (m, 1H), 6.78-6.74 (q, J = 8 Hz, 1H) ppm. "*C NMR
(100 MHz, DMSO): § 52.88, 110.24, 111.59, 112.13, 114.31,
114.81, 118.74, 121.30, 122.16, 123.18, 124.17, 124.81, 125.42,
126.22, 126.53, 127.78, 128.36, 134.11, 134.59, 135.13, 136.21,
137.41, 141.73, 178.98 ppm.

5-Chloro-3,3":3',3"-terindolin]-2-one  (4d).>®* 'H NMR
(400 MHz, DMSO): § 10.20 (d, J = 8 Hz, 1H), 10.96 (d, J = 8 Hz,
1H), 10.65 (t, J = 28 Hz, 1H), 7.38 (d, / = 8 Hz, 1H), 7.33 (t,/ = 8
Hz, 1H), 7.25-7.23 (m, 2H), 7.21-7.15 (m, 2H), 7.01-6.98 (m,
2H), 6.96-6.94 (m, 1H), 6.92-6.87 (m, 2H), 6.84 (d, J = 8 Hz,
1H), 6.76 (t, ] = 8 Hz, 1H) ppm. *C NMR (100 MHz, DMSO): §
53.08, 110.09, 112.12, 113.88, 114.63, 114.81, 118.74, 120.15,
120.14, 121.31, 121.44, 123.49, 124.80, 125.42, 126.22, 126.65,
127.09, 128.34, 134.62, 135.13, 135.99, 137.44, 141.93,
179.29 ppm.

2'-0Ox0-3,3":3',3"-terindoline]-5-carbonitrile (4¢).>® 'H NMR
(400 MHz, DMSO): § 10.95 (s, 2H), 10.59 (s, 1H), 7.33 (d, J = 8
Hz, 2H), 7.21 (s, 1H), 7.19 (s, 2H), 7.00-6.95 (q, J = 8 Hz, 3H),
6.91 (t, J = 8 Hz, 1H), 6.83 (d, J = 8 Hz, 2H), 6.76 (t, ] = 4 Hz,
2H) ppm. *C NMR (100 MHz, DMSO): § 53.07, 110.07, 112.11,
114.81, 118.72, 121.29, 121.43, 121.96, 124.79, 125.42, 126.21,
128.34, 135.12, 137.43, 141.84, 179.30 ppm.

5-Nitro-[3,3":3',3"-terindolin]-2-one  (4f).>* 'H NMR
(400 MHz, DMSO): § 10.92 (s, 1H), 10.91 (s, 1H), 10.56 (s, 1H),
7.32 (d,J = 8 Hz, 2H), 7.19 (s, 1H), 7.17 (s, 1H), 6.99-6.93 (q, ] =
8 Hz, 8 Hz, 4H), 6.90-6.87 (t, J = 8 Hz, 1H), 6.80 (d, J = 4 Hz,
2H), 6.77-6.73 (t, / = 8 Hz, 2H) ppm. *C NMR (100 MHz,
DMSO): § 53.01, 110.08, 112.12, 114.81, 118.73, 121.29, 121.44,
121.97, 124.80, 125.43, 126.22, 128.35, 135.12, 137.44, 141.84,
179.27 ppm.

5-Methoxy-5"-nitro-[3,3":3',3"-terindolin]-2-one (4g). "H NMR
(400 MHz, DMSO): § 10.84 (s, 1H), 10.77 (s, 1H), 10.58 (s, 1H),
8.34 (s, 1H), 7.92 (d, J = 4 Hz, 1H), 7.54 (d, J = 8 Hz, 1H),
7.25-7.19 (m, 3H), 7.12 (s, 1H), 6.99-6.92 (m, 1H), 6.85 (t, /= 8
Hz, 1H), 6.68-6.66 (m, 2H), 6.56 (s, 1H), 3.49 (s, 3 H) ppm. **C
NMR (100 MHz, DMSO): § 53.04, 55.62, 103.01, 103.84, 109.96,
110.94, 112.60, 114.14, 117.07, 117.52, 119.04, 122.02, 122.37,
125.70, 126.64, 128.36, 128.78, 132.71, 134.22, 135.07, 140.60,
141.96, 152.94, 179.31 ppm.
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5"-Methoxy-2'-oxo0-3,3":3',3"-terindoline]-5-carbonitrile (4h).
'"H NMR (400 MHz, DMSO): § 10.77 (s, 2H), 10.58 (s, 1H),
7.70-7.52 (m, 1H), 7.37 (t, J = 8 Hz, 1H), 7.24-7.22 (m, 2H),
7.21-7.19 (m, 1H), 7.07 (d, J = 12 Hz, 1H), 7.01-6.89 (m, 2H),
6.84 (d, J = 4 Hz, 1H), 6.70-6.67 (m, 1H), 6.66-6.55 (m, 2H),
3.49 (s, 3 H) ppm. *C NMR (100 MHz, DMSO): § 53.05,
55.82, 100.85, 103.84, 109.97, 110.95, 112.60, 114.15, 115.84,
121.33, 122.03, 124.18, 125.51, 125.70, 126.36, 126.65, 127.24,
128.37, 132.71, 134.33, 135.08, 139.35, 141.97, 152.95,
179.32 ppm.

5,5-Dimethoxy-3,3":3',3"-terindolin]-2-one (4i). 'H NMR
(400 MHz, DMSO): § 10.96 (s, 1H), 10.81 (s, 1H), 10.45 (s, 1H),
7.37 (d, ] = 8 Hz, 2H), 7.25 (s, 1H), 7.23 (s, 1H), 7.04 (t, ] = 8 Hz,
2H), 6.92 (d, J = 4 Hz, 1H), 6.88 (s, 1H), 6.83 (d, J = 4 Hz, 1H),
6.80 (s, 2H), 6.71-6.69 (m, 1H), 3.61 (s, 3H), 3.52 (s, 3H) ppm.
3C NMR (100 MHz, DMSO): § 53.53, 55.83, 103.86, 110.37,
110.94, 112.13, 112.57, 114.24, 114.60, 114.77, 118.75, 121.45,
124.88, 125.67, 126.20, 126.59, 132.68, 135.29, 135.28, 136.42,
136.47, 137.45, 152.92, 155.14, 179.14 ppm.

5-Methoxy-5"-methyl-[3,3":3',3"-terindolin]-2-one ~ (4j). 'H
NMR (400 MHz, DMSO): § 10.91 (s, 1H), 10.76 (s, 1H), 10.46 (s,
1H), 7.33 (d, J = 8 Hz, 2H), 7.22 (d, J = 8 Hz, 2H), 6.98 (t, ] = 8
Hz, 4H), 6.86-6.83 (m, 1H), 6.81 (s, 1H), 6.78-6.75 (m, 1H),
6.67 (s, 1H), 3.49 (s, 3H), 2.15 (s, 3H) ppm. *C NMR
(100 MHz, DMSO): § 21.34, 53.13, 55.65, 103.89, 109.82,
110.95, 112.11, 112.58, 114.39, 114.77, 114.94, 118.72, 121.43,
124.88, 125.69, 126.03, 126.24, 126.62, 128.64, 130.69, 132.68,
135.18, 137.45, 139.42, 152.91, 179.31 ppm.

5'-Chloro-5-methoxy-[3,3":3',3"-terindolin]-2-one  (4k). 'H
NMR (400 MHz, DMSO): § 11.02 (s, 1H), 10.88 (s, 1H), 10.76 (s,
1H), 7.38 (d, J = 8 Hz, 1H), 7.30-7.26 (m, 2H), 7.21 (d, J = 8 Hz,
1H), 7.18-7.16 (m, 1H), 7.03-7.02 (m, 1H), 7.01-6.99 (m, 1H),
6.93-6.88 (dd, J = 4, 8 Hz, 1H), 6.85 (t, J = 4 Hz, 1H), 6.83-6.80
(m, 1H), 6.73 (d, J = 8 Hz, 1H), 6.65 (s, 1H), 3.36 (s, 3H) ppm.
3C NMR (100 MHz, DMSO): § 53.36, 55.65, 103.59, 111.07,
111.60, 112.27, 112.78, 113.46, 113.86, 114.01, 118.94, 121.03,
121.59, 124.95, 125.20, 125.96, 126.02, 126.40, 128.37, 132.69,
137.13, 137.46, 140.86, 153.04, 178.91 ppm.

5-Methoxy-5'-nitro-[3,3":3',3"-terindolin]-2"-one (41). '"H NMR
(400 MHz, DMSO): § 11.32 (s, 1H), 11.06 (s, 1H), 10.92 (s, 1H),
8.22 (d, J = 12 Hz, 1H), 7.95 (s, 1H), 7.36 (d, J = 8 Hz, 1H), 7.26
(d,J = 8 Hz, 1H), 7.18 (t, J = 8 Hz, 2H), 7.00 (t, J = 8 Hz, 1H),
6.93 (t, J = 8 Hz, 2H), 6.80 (d, J = 8 Hz, 1H), 6.71-6.64 (q,J = 8
Hz, 2H), 3.49 (s, 3H) ppm. *C NMR (100 MHz, DMSO): §
53.02, 55.66, 103.43, 110.39, 112.24, 112.39, 112.79, 112.93,
113.11, 113.32, 119.11, 120.62, 120.85, 121.74, 125.14, 125.29,
125.90, 126.30, 132.85, 135.78, 137.55, 142.73, 148.35, 153.15,
179.44 ppm.

5'-Bromo-5-methoxy-[3,3":3',3"-terindolin]-2-one  (4m). 'H
NMR (400 MHz, DMSO): § 10.98 (s, 1H), 10.84 (s, 1H), 10.74
(s, 1H), 7.40-7.38 (d, J = 8 Hz, 1H), 7.35-7.32 (d, J = 8 Hz,
1H), 7.26 (s, 1H), 7.17-7.15 (d, J = 8 Hz, 1H), 7.01-6.98 (t, J =
8 Hz, 1H), 6.94-6.92 (d, J = 8 Hz, 1H), 6.89 (s, 1H), 6.81 (s,
1H), 6.79-6.76 (m, 2H), 6.69-6.66 (d, J = 8 Hz, 1H), 6.61 (s,
1H), 3.49 (s, 3H) ppm. "*C NMR (100 MHz, DMSO): § 53.29,
55.85, 103.57, 111.09, 112.15, 112.28, 112.79, 113.45, 113.66,
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113.86, 114.01, 118.95, 120.92, 121.60, 125.07, 125.73, 126.01,
126.38, 127.92, 131.22, 132.66, 137.45, 141.26, 153.04,
178.79 ppm.
5-Bromo-5"-chloro-5-methyl-[3,3":3',3"-terindolin]-2"-one
(4n). "H NMR (400 MHz, DMSO): § 11.17 (s, 2H), 10.60 (s, 1H),
7.37 (d,] = 12 Hz, 2H), 7.34 (d, ] = 12 Hz, 1H), 7.19 (s, 1H), 7.13
(d, J = 8 Hz, 1H), 7.02 (t, J = 8 Hz, 2H), 6.92 (s, 1H), 6.88 (s,
2H), 6.86 (s, 1H), 2.17 (s, 3 H) ppm. *C NMR (100 MHz,
DMSO): § 21.32, 52.73, 110.10, 111.56, 113.87, 114.35, 114.43,
114.53, 120.23, 121.62, 123.29, 123.46, 124.13, 125.97, 126.63,
127.08, 127.78, 129.67, 131.14, 134.13, 135.99, 136.22, 139.30,
179.03 ppm.
5"-Chloro-5'-methoxy-2"-oxo0-[3,3':3',3"-terindoline]-5-carboni-
trile (40). "H NMR (400 MHz, DMSO): § 11.18 (s, 2H), 10.54 (s,
1H), 7.37 (d, J = 12 Hz, 2H), 7.19 (s, 2H), 7.02 (d, J = 8 Hz, 2H),
6.92 (t, ] = 8 Hz, 3H), 6.82 (d, J = 4 Hz, 1H), 6.70 (s, 1H), 3.60 (s,
3 H) ppm. *C NMR (100 MHz, DMSO): § 53.12, 55.86, 110.74,
112.48, 113.12, 113.89, 114.36, 120.17, 121.63, 123.47, 126.77,
127.06, 135.05, 135.44, 135.99, 155.34, 178.86 ppm.
4-Bromo-5"-chloro-3,3":3',3"-terindolin]-2-one (4p). '"H NMR
(400 MHz, DMSO): § 11.18 (s, 2H), 10.70 (s, 1H), 7.39 (s, 1H),
7.37 (s, 1H), 7.35 (s, 1H), 7.25 (t, ] = 8 Hz, 1H), 7.16 (s, 1H),
7.07 (d, J = 8 Hz, 1H), 7.01 (d, J = 8 Hz, 2H), 6.97 (d, J = 8 Hz,
1H), 6.94-6.90 (m, 1H), 6.90 (s, 1H), 6.85 (d, J = 8 Hz, 1H) ppm.
3C NMR (100 MHz, DMSO): § 52.87, 110.38, 112.01, 113.89,
114.42, 120.14, 121.65, 122.35, 122.72, 123.35, 123.49, 125.39,
126.64, 127.10, 128.78, 134.16, 135.98, 139.43, 141.72,
178.99 ppm.
5-Methoxy-7'-(trifluoromethyl)-[3,3":3',3"-terindolin]-2"-one
(4q). "H NMR (400 MHz, DMSO): § 11.12 (s, 1H), 11.02 (s, 1H),
10.87 (s, 1H), 7.52 (d, J = 8 Hz, 1H), 7.43 (t, J = 8 Hz, 1H), 7.37
(d, J = 8 Hz, 1H), 7.26 (d, J = 8 Hz, 2H), 7.09 (t, J = 4 Hz, 1H),
7.01 (t,J = 8 Hz, 1H), 6.88 (d, J = 12 Hz, 1H), 6.81 (s, 1H), 6.69
(d,J = 4 Hz, 1H), 6.63-6.58 (m, 2H), 3.34 (s, 3H) ppm. **C NMR
(100 MHz, DMSO): § 52.81, 55.47, 102.98, 103.15, 111.35,
112.30, 112.86, 113.14, 113.43, 113.60, 118.99, 121.20, 121.67,
122.37, 124.85, 125.13, 125.92, 126.31, 129.49, 132.69, 136.75,
137.56, 139.22, 153.12, 170.61, 179.64 ppm.
5,6'-Dimethoxy-[3,3":3",3"-terindolin]-2-one (4r). 'H NMR
(400 MHz, DMSO): § 10.89 (s, 1H), 10.74 (s, 1H), 10.51 (s, 1H),
7.32 (d, J = 8 Hz, 1H), 7.21 (d, J = 8 Hz, 2H), 7.07 (d, J = 4 Hz,
1H), 6.97 (t, J = 8 Hz, 2H), 6.83 (d, J = 8 Hz, 2H), 6.78-6.74 (m,
1H), 6.67-6.64 (m, 1H), 6.51 (s, 1H), 6.47-6.43 (m, 1H), 3.71 (s,
3H), 3.33 (s, 3H) ppm. *C NMR (100 MHz, DMSO): § 52.58,
55.67, 96.80, 104.01, 106.86, 110.87, 112.08, 112.54, 115.26,
118.70, 121.32, 121.41, 124.73, 126.06, 126.24, 126.64, 127.17,
132.71, 137.46, 142.96, 152.89, 159.74, 179.77 ppm.
1,1-Dimethyl-{3,3":3',3"-terindolin]-2"-one (4s).>> 'H NMR
(400 MHz, DMSO): § 10.94 (s, 1H), 7.31 (q, J = 4 Hz, 4H), 7.25
(d,] = 8 Hz, 1H), 7.16 (s, 1H), 7.14 (d, J = 4 Hz, 1H), 7.11 (d, ] =
8 Hz, 1H), 7.04 (t,J = 8 Hz, 1H), 6.99-6.95 (m, 2H), 6.82 (s, 1H),
6.77 (q, J = 8 Hz, 2H), 3.66 (s, 3H), 3.22 (s, 3H) ppm. *C NMR
(100 MHz, DMSO): § 26.79, 32.87, 52.56, 109.22, 110.31,
112.15, 113.76, 114.44, 118.89, 120.99, 121.51, 121.55, 121.61,
122.76, 124.89, 125.08, 126.06, 126.49, 128.55, 128.94, 134.13,
137.42, 137.84, 143.20, 177.31 ppm.
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