Open Access Article. Published on 18 February 2025. Downloaded on 12/6/2025 11:47:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 5523

Received 2nd November 2024
Accepted 3rd February 2025

DOI: 10.1039/d4ra0780%h

ROYAL SOCIETY
OF CHEMISTRY

(3

FeCl3/SiO,-catalyzed bis-indolylation of acetals
and ketals: a highly atom-economical approach to
the selective deprotection of protected
carbohydratest

*
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A simple and green catalytic system is developed for the synthesis of 3,3'-bisindolyl(methanes) (BIMs) using
cyclic/acyclic acetals as the carbon source for the bridging residue between two indole motifs. The reaction
occurred under mild and benign conditions using FeCls/SiO, as a heterogeneous catalyst without the
requirement of any toxic organic solvents. The ready availability and recyclability of the catalytic system
allows the reaction to be highly efficient, resulting in very good BIM products. DFT studies were also
performed to establish the proposed mechanism and preferential formation of unsymmetrical
bisindolylmethanes using equimolar amounts of different indoles. The present protocol is also extended
to the bisindolylation-induced selective cleavage of protected carbohydrates to diols in a 100% carbon-
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Introduction

Nitrogen heterocycles are one of the most frequent scaffolds in
pharmaceuticals. Amongst the various nitrogen heterocycles,
the indole moiety is regarded as a privileged structure with
potential applications in the field of agro- and medicinal
chemistry. When properly functionalized, indoles can exhibit
a wide range of pharmacological properties.* In particular, 3,3'-
bis indolylmethanes (BIMs), composed of two indole units, have
been isolated from marine and terrestrial natural sources,? such
as plants, sponges, parasitic bacteria, and tunicates that include
arundine, vibrindole A, streptindole, arsindoline A and B, tur-
bomycin A and B, barakacin, annonidine B and dalesindole
(Fig. 1). Due to the importance of BIM derivatives in the devel-
opment of novel bioactive molecules, numerous synthetic
methods to prepare this class of compounds have been re-
ported.® The most exploited method for the synthesis of BIMs is
the condensation of indoles with various aldehydes and ketones
(Ehrlich test of indole), which is largely catalyzed by either
protic or Lewis acids and seems to be straightforward and
practical.* Accordingly, various protic or Lewis acid-catalyzed
syntheses of bis(indolyl)methanes using indoles (2 equiva-
lents) and carbonyl compounds (1 equivalent) have been re-
ported in the literature.>>* The use® of 3-substituted indolyl
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preservation and maximized atom-economical manner.

alcohols and substituted indoles, metal-catalyzed carbonylation
and alkylation reactions,” and metal-free oxidative reactions®
have been adopted for the synthesis of BIMs. In the recent past,
several efforts have also been devoted towards the synthesis of
BIMs using substituted indoles with aryl amines,” benzyl
amines,* and benzyl alcohols®* as the second component in the
condensation protocols. The synthesis of various symmetrical
and unsymmetrical BIMs via the reaction of (3-indolylmethyl)
trimethyl-ammonium iodides with a wide range of substituted
indole derivatives has been reported.** The use of C1 and C2
alcohols as the carbon source for the bridging methylene group
in BIMs under CuO-peroxymonosulfate (CuO-PMS) catalytic
systems*® and N-heterocyclic iodo(azo)lium salt organocatalytic
protocols for the promotion of Friedel-Crafts-type reactions
between indoles and aldehydes leading to the formation of
BIMs has also been reported.** Despite having some advantages
of their own, most of the reported methods indicate that the
catalysts commonly used for such transformations are generally
associated with one or more disadvantages, such as high
toxicity, high cost, difficulty of handling, low thermal stability,
and non-recyclability after being used.

The protection-deprotection technique is an important and
desirable attribute in multi-step or target-oriented organic
synthesis to prevent undesired/unwanted reactions. The
carbonyls are generally protected as their acetal/ketal formation
because of their easy incorporation as well as their survival in
a wide range of reaction conditions.*® Conversely, 1,2- and 1,3-
diols in carbohydrate chemistry are usually protected by the
formation of their isopropylidene or cyclohexylidene derivatives
with acetone and cyclohexanone, respectively.>>*® A significant
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Vibrindole A (antibiotic)

Arundine (anticancer)

Dalesindole

anticancer

Streptindole (antiviral, fungicide) Arsindole B

isolated from Dedemnum cardidum sp. Turbomycin A

Annonidine B trisindoline, antibiotic

Fig. 1 Representative examples of biologically active natural/synthetic analogues of BIMs.
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Scheme 1 Bis-indolylation-directed cleavage of acetals/ketals using
silica-supported ferric chloride (FeCls/SiO,) as a recyclable catalyst.

number of strategies for the deprotective cleavage of acetals,
ketals, or other 1,3-dioxolanes that work in either acidic or non-
acidic conditions are reported in the literature,* and usually
either part of the protecting group goes to waste (Scheme 1, eqn
(1) and (2)).

Iron(m) chloride is extensively used in organic synthesis as
an ideal Lewis acid as it is an inexpensive and convenient
reagent.’” FeCl;-6H,0 in association with ionic liquid or iron
with Pd-catalyst one-pot domino reactions for the construction
of bis(indolyl)methanes has been reported.*®*°* However, this
reagent cannot be recycled after its use, which creates pollution
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issues. In recent years, the use of silica-supported catalysts has
received considerable attention in organic syntheses because of
enhanced activity, easier handling, recovery of the catalyst, low
cost, and simple work-up procedure. Based on these features of
supported reagents as heterogeneous catalysts, we**** and
others** utilized silica-supported ferric chloride (FeCl/SiO,) as
an activator for functional groups, which was utilized success-
fully in various organic transformations. It was reported that the
acetal group can be activated by ferric chloride* or other tran-
sition metal catalysts** for the synthesis of heterocycles and
other purposes under mild conditions. For several years, we
actively engaged in the development of newer
methodologies***¥ for the synthesis of potential bioactive
compounds, and in continuation of our efforts towards the
development of benign protocols, we hereby report a novel and
efficient method for the preparation of bis-indolylmethane
derivatives (BIMs) via multi-component assembly of electro-
philic substitution reactions of indoles with acetal-protected
carbonyls in the presence of silica-supported ferric chloride
(FeCl3/SiO,) as a recyclable and eco-friendly catalyst (eqn (3),
Scheme 1). We also extended this methodology for the first time
towards a selective bis-indolylation-directed deprotection of
isopropylidene/cyclohexylidene-protected carbohydrate to the
corresponding diol under anhydrous conditions in a highly
atom-economical manner (eqn (4), Scheme 1).

were

Results and discussion

For optimization of reaction conditions and yield of bis-
indolylmethanes (4a), we began with benzaldehyde dimethyla-
cetal (1a) and indole (3a) as model substrates using different
catalysts that are known to activate acetals under solvent-free
conditions. No product was obtained upon grinding of 1a and
3ain a 1:2 molar ratio in the absence of catalyst (Table 1, entry

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of BIM (4a) synthesis from benzaldehyde
dimethyl acetal (1a) and indole (3a)

OMe A
O~ ULy
1a OMe 3a H

Immol 2mmol H

. Ph
condition Table 1 O O
I

N

4a Qg

solvent free, rt

Entry Catalyst Temp. (°C) Time (min) Yield (%)

1 No rt 180 No reaction
2 No 80 30 Decomp
3 Sio, rt 180 40

4 FeCl; rt 30 Mixture
5 FeCl;-SiO, (20 mg) rt 15 90

6 FeCl;-SiO, (50 mg) rt 15 90

7 FeCl;-SiO, (10 mg) rt 15 80

8 Nano TS 1 (10 mg) It 15 55

9 HCIO,-Si0, (20 mg) rt 15 70

10 PANI-FeMnO, (10 mg)  rt 180 Mixture
11 Amberlite IR120 (20 mg) 1t 180 83

12 [HBIm|TFA (20 mg) 70 120 70

13 [BMIm]Br (20 mg) 70 180 Trace

1), but on heating at 80 °C, decomposition of the materials was
detected on a TLC plate (Table 1, entry 2). Grinding the mixture
of 1a and 3a by keeping their ratios the same with SiO, (230-400
mesh, 20 mg) for 3 h, 4a was isolated in 40% yield (Table 1, entry
3) along with the recovery of unreacted indole. Considering the
Lewis acid character of FeCls;, we employed 5 mol% of FeCl;
while grinding the mixture of 1a and 3a (1:2 molar ratio).
Unfortunately, this failed to produce any isolable product from
the reaction mixture after 30 min as multiple spots were
detected on the TLC plate. Then, based on our previous work,**
we decided to explore the catalytic potentiality of FeCl;/SiO,
(230-400 mesh was used) as an activator of acetal groups in our
present work. We were pleased to observe that grinding the
mixture with pre-prepared SiO,/FeCl; (20 mg, containing
2 mol% of FeCl;)** for 15 min results in a clean transformation
of the substrates to the desired BIM 4a in 90% yield (Table 1,
entry 5). An increase in the amount of SiO,/FeCl; (50 mg) does
not improve the yield (Table 1, entry 6), but decreasing the
amount of catalyst to 10 mg (1 mol% of FeCl;) decreased the
yield of 4a to 80% (Table 1, entry 7). To evaluate the catalytic
superiority of silica-supported (FeCl;/SiO,), we screened other
supported/heterogeneous catalysts such as Nano TS-1, silica-
supported perchloric acid, magnetic PANI-FeMnO,, and
Amberlite TR 120H" for the indolylation reaction. However,
these catalysts provided inferior results (Table 1, entries 8-11)
compared to the SiO,/FeCl;-catalyzed reaction (Table 1, entry 5).
In the case of PANI-FeMnO,, a complex mixture was detected
using thin-layer chromatographic techniques. We also screened
imidazolium-based ionic liquids, such as 1-butyl imidazolium
trifluoroacetate and 1-butyl-3-methylimidazolium bromide,
under solvent-free homogenous conditions at 80 °C. We have
previously reported that the protic ionic liquid 1-butyl imida-
zolium trifluoroacetate could be an effective medium for the
hydrolytic cleavage of acetals/ketals at 70 °C.*** During the
investigation, we found that this protic ionic liquid provided

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a 70% yield of 4a after 2 h. In contrast, the neutral ionic liquid 1-
butyl-3-methylimidazolium bromide provided a trace amount
of 4a after 3 h.

With the optimized conditions in hand (Table 1, entry 5), we
decided to explore the substrate scope and efficacy of the
present procedure. For this, a wide variety of protected
carbonyls (1) were allowed to react with various indoles (3)
under standard conditions. Overall, the reaction conditions
were found to be general. The reaction of benzaldehyde
dimethyl acetal (1a) with N-methyl indole (3b) and 2-methyl
indole (3c) in the presence FeCl;/SiO, under solvent-free
conditions at room temperature furnished the desired bisin-
dolylated products 4b-c in high yields (92 and 91%, respec-
tively); however, in the case of an electronically crowded 2-
phenyl indole (3d), only 84% yield of the desired product was
obtained (Table 2, entries 2-4). The ability to tolerate a halide
that is present in the indole ring (3e) also demonstrated the
efficacy of the protocol is general, although with a slightly lower
yield of the expected product (Table 2, entry 5). The present
protocol is compatible with methoxy substituents present in
either of the coupling partners. The methoxy group present in
the indole ring (3f) provided a better yield with protected
benzaldehyde (1a) than the dimethylacetal functionalized ani-
sole (1b) with simple indole (3a) (Table 2, entries 6 and 7). The
electron-withdrawing nitro group present in the o- and p-posi-
tions of the benzaldehyde diethyl acetal (1c-d) reacted well with
a simple indole (3a) or a 1-methyl indole (3b), producing an
excellent yield of the expected products 4h-k (Table 2, entries 8-
11), but the reaction lasted longer compared to entries 1-7 in
Table 2. The reaction works well but slowly when a nitro group
is present in the indole moiety (Table 2, entry 12). It was noticed
that the acetal generated from ketones such as 2,2-dimethoxy
propane (acetone dimethyl acetal; 1e) and cyclohexanone
dimethyl acetal (1f) underwent a smooth bisindolylation reac-
tion with the indole/substituted indole, achieving a very good-
to-excellent yield of 4m-p (Table 2, entries 13-16). Notably,
the treatment of triethyl orthoformate under similar reaction
conditions using three equivalents of the indole results in
a clean transformation, producing a very high yield of tris-
indolyl methane (4q) after 60 minutes (Table 2, entry 17). The
present procedure was also shown to proceed well for 2-phenyl
1,3-dioxolane (1h) and 2-(4-chlorophenyl) 1,3-dioxolane (1i)
with the indole, producing bis-indolyl derivatives 4a and 4r in
good yield (Table 2, entries 18 and 19). In spite of the present
methodology for bisindolylation of acetals/ketals having
a broad functional group tolerance, the present protocol failed
to produce the product when a strong electron-withdrawing
group was present in the a-position of the dimethyl acetal-
protected aldehyde (Table 2, entries 20 and 21). Based on our
recent report*® on the synthesis of multisubstituted imidazole
via FeCl;/Si0,-catalyzed activation of acetals, we postulated the
mechanism, which is depicted in Fig. 2. We believe that the iron
of FeCl;/SiO, coordinates with both the oxygens of acetal and
facilitates the formation of an intermediate oxonium ion (B)
after expulsion of the alkoxide (R'O™). Then, the indole acts as
a nucleophile to attack the highly reactive oxonium ion B via the
C-3 position of the indole ring to produce the intermediate C,

RSC Adv, 2025, 15, 5523-5534 | 5525
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Table 2 Scope and generality of the SiO,/FeCls-catalyzed synthesis of bisindoles using indoles and protected carbonyl compounds

Entry Protected carbonyl Indole Product Time (min) Yield (%)

O O 15 90
El 4“‘?'1

MeO OMe
a

-0
g9 8

15 92
MeO' OMe
la
3 15 91
MeO”, “OMe 3¢ H
1a
gt
4 ay h 30 84
MeO OMe
la
Br
W
N
5 3¢ N 30 85
MeO”, "OMe
1a
MeO.
|
6 N 30 90
3f H
MeO”, "OMe
la
OMe
|
: N
7 3a H 30 85
MeO OMe
1b
|
NO, : N
8 3a H 90 93
EtO’ OEt
1c
|
NO, : :N:
9 b | 90 91
EtO OEt
1c
NO, :
I
N
10 3a H 90 87
Et0” “OEt
1d
NO,
oW
11 | 90 82
EtO” “OEt
1d
O,N
|
12 3 N 60 82
MeO' OMe g H
la
13 30 95
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Table 2 (Contd.)
Entry Protected carbonyl Indole Product Time (min) Yield (%)
>< Me_ Me O
MeO OMe @Q O I 0
le 3a H ﬁ 4m E
Me_ Me O
14 Me0><OMe @ O T 30 86
le 3b | T 4n N\
>< O Me_ Me O
15 MeO™ "OMe N | PR 30 83
le N
3¢ H Ho M
oW ()
16 N O 30 85
MeQ", OMe 3a H N o)
OEt C ‘
17 B0, JOEt . 60 91
[ j CIJ &
18 3a N O 45 86
o~ o O | |
\_/1n N 4N
cl cl
g ®
19 3a N O O 45 86
0”0 | |
/i N 4N
< H
7 \
20 u OMe Q\? HN__N 60 NR
1j 3a H
O
” 4s E
0
= oW O
21 HsC  OMe N O T 10 60 NR
1k 3a H TI:II 4t E

which, upon subsequent release of a proton and aromatization,
gives another intermediate D. Due to the allylic ether nature of
the intermediate D, it is further activated by FeCl;/SiO, to yield
the highly reactive azafulvene-type intermediate E via the indole
through an N-triggered elimination of R'O”. This reactive
intermediate E invites a second molecule of indole to partici-
pate in the Michael addition reaction to afford F. Removal of
a proton and release of the catalyst produces bis-
indolylmethane 4. Notably, the involvement of the initial
formation of the carbonyl compound via hydrolytic cleavage by
the catalysis of FeCl; is excluded, as evident from the NMR
experiment. A solution of 1d (10 mg) in DMSO-ds (0.6 mL) was
placed in an NMR tube and then the "H NMR spectrum was

© 2025 The Author(s). Published by the Royal Society of Chemistry

recorded in the presence of FeCl;/SiO, at ambient temperature
after 15 min. No signal of an aldehydic functional group due to
hydrolytic cleavage of diethyl acetal group in 1d was detected.
However, the broadening of some signals was detected when
such spectra were recorded with a suspension of silica-
supported FeCl;. Unsuccessful attempts (Table 2, entries 20
and 21) using benzimidazole 2-carboxaldehyde dimethyl acetal
and pyruvaldehyde dimethyl acetal also support our hypothesis,
as the corresponding intermediate oxonium (B) is unstable due
to the electron-withdrawing ability of the attached residue. It
was also reported that pyruvaldehyde itself undergoes a bis-
indolylation reaction in the presence of pTSA with indole," so
if hydrolytic cleavage occurred by FeCl;/SiO,, there would have

RSC Adv, 2025, 15, 5523-5534 | 5527
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Fig.2 Proposed reaction mechanism of the FeCls/SiO,-catalyzed bis-
indolylation of an acetal.

been the possibility to isolate bisindole 4t from the reaction of
pyruvaldehyde dimethyl acetal and indole. The formation and
stability of the intermediate E depend on the substituent
present in the indole ring. The electron-donating substituents
in indole favor the formation of E; in contrast, strong electron-
withdrawing groups, such as a nitro group, destabilize it to
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some extent. By taking advantage of the substituent control
formation of E, it is possible to control the preferential
synthesis of unsymmetrical BIMs. For example, the reaction of
benzaldehyde dimethyl acetal (1a) with indole (3a) and 5-
methoxy indole (3f) in a ratio of 1:1:1 under standard condi-
tions produced the unsymmetrical bis-indolyl methane (4u) as
the major product (54%), along with symmetrical bisindole 4a
(24%) and 4f (18%) (Scheme 2, eqn (1)). Interestingly, the use of
la:3a:3f in a 1:1:2 ratio produces 4f exclusively, but if we
change the ratio to 1:2: 1 again, 4u remains the major product
(50%). We have also conducted a study using other acetals such
as 1d and 1g with a simple indole 3a and reactive indoles 3f or
3b. Using equimolar ratios of 1d/3a/3f provided the cross
product 4v (70%) as the major product along with 23% of 4j and
a trace amount of 4w. Similarly, unsymmetrical bis-indolyl
methane 4x was formed as the major product (51%) when 1g/
3a/3b was employed in a 1:1:1 ratio. In all cases, each of the
products was purified by column chromatography using ethyl
acetate and hexanes (1:9 to 1: 1) and then quantified based on
the amount of isolated pure products. The preferential forma-
tion of unsymmetrical bis-indolylmethanes, as shown in
Scheme 2, could be explained by the relative stability of the
proposed intermediate E (Fig. 2) generated in situ from indoles
and aldehydes. The overall reaction may be considered as
a thermodynamically controlled (formation of the intermediate
E) first step, followed by a kinetically controlled nucleophilic
attack of a second indole molecule, leading to the formation of

szH FeCly-$i0, eo

- O e osR ()« L5 v,
1a OMe rt, 30min N . .
@ H H H OH H 0 H
_______ 3 a_lﬁ{ la:3a:3f =1:1:1 4a (24%) 4u (54%) 4f (18%)

FeC13 S]Oz
(20mg)

rt, 15m1n

@@
N OM
3. 3b | . ><

+ lgOMe
A

N
3a H 1g:3a:3b=1:1:1

4m (39%)

4x (51%) 4n (trace)

Scheme 2 Control experiments for the synthesis of unsymmetrical bis-indolylmethanes.
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Fig. 3 Structure of various proposed intermediates in Scheme 2.
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Fig. 4 Optimized structures of intermediates of Fig. 3 and their
HOMO-LUMO energy gaps.

final products. The electron-donating substituent (-OMe)
present in the indole ring of the intermediate E,, stabilizes it
over E4,, and thus 4u becomes the major product after the
kinetically controlled addition of the second indole molecule to
E4y. Symmetrical BIM 4f becomes the minor product due to the
low quantity (mostly used in the first step) of 3f [Scheme 2(1)].
Similarly, 4v and 4x are the major products; 4j and 4m are
minor, and 4w and 4n are formed in trace amounts, as shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Scheme 2(2) and 2(3), respectively. Therefore, the results indi-
cated that the stability of E4, > E4 and Esx > E4. Thus, the
outcome of the reaction indicated the highly competitive nature
of the condensation process during the course of the reactions.
To justify our hypothesis, we performed quantum mechanical
calculations to assess the relative stability of all the proposed
intermediates for Ey, vs. Eqy, Eg V5. Egy and Eyyy, vs. Ey (Fig. 3)
using Density Functional Theory (DFT) with B3LYP/6311G(d,p)
in Gauss 16w software.” Energy optimization in the DFT
study of the proposed intermediates (Fig. 3) predicted that the
total energy (TE) of intermediate pairs viz. E4a/E4u, E4j/E4y, and
Esm/Esx Was —632.4196 and —746.9743, —837.6709 and
—952.1623, and —479.9631 and —519.8499 Hartree, respec-
tively, suggesting the thermodynamic stabilities as E4, < Egy, Ey;
< Ey4y, and E4p, < E4. Herein, the observed low energy value of
the corresponding optimized structures (Fig. 4) of the stable
intermediates (E4, and E4,) having an electron-donating group
(-OMe) may be attributed to the conjugation of electrons
favoring the stabilities. However, in the case of E4y, and Eyy,
hyperconjugative electron delocalization of the -CHj; group
attached to the indole nitrogen atom might favor E,, in making
it more stable than Eg,. In addition, the HOMO-LUMO (HL)
gap, as an index of kinetic stability (a low gap indicates greater
stability),***® supports the stabilities of E4 in Es./Eqy (3.73/3.12
eV) and Eyy in E4j/E4, (3.35/3.33 eV) pairs. Moreover, a close HL
gap (Fig. 4) of the intermediates in each pair, particularly in E4,/
E,;q and E4/E,,, suggests that the second step of the reactions,
viz. nucleophilic attack of the second indole, is kinetically
controlled and almost equally probable. In the case of E,y, and
E4, the comparatively very low HL gap in E, (0.935 eV)
compared to E4y, (4.29 eV) indicated that E4 has the highest
thermodynamic stability (low TE) as well as kinetic stability
compared to E,y,. Therefore, this report of bis-indolylation
reactions is mainly driven by the thermodynamic stability of
the concerned in situ intermediates, which, in turn, is governed
by the presence or absence of electron-donating substituents in
the intermediates. The optimized structures of intermediates
(Fig. 3) and their HOMO-LUMO energy gaps are shown in Fig. 4.

After the successful accomplishment of this new synthetic
strategy for the synthesis of bis-indolylmethanes from acetal-/
ketal-protected carbonyls with a wide range of indoles using
silica-supported ferric chloride, we were curious to observe the
reactivity of the same catalyst against the acetal-protected
carbohydrates. The hydrolytic deprotection of acetal-protected
sugar, generally a ketone (eqn (2) in Scheme 1), goes to waste.
Their isolation from the post-reaction mixture is difficult or not
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Table 3 Scope and generality of the SiO,/FeCls-catalyzed bisindolylation-induced selective deprotection of protected sugar at 100 °C

Entry Protected sugar Indole Time (h) Products (yield, %)
HO
|
HO'™
1 32 N 1.0
a N
87% H o 919
Ok ‘
2 N 1.0
wof 3a H o
2b O HO 5b O N 4p E
80% H o 840
HO
>< | Me_ Me O
AN (A
3 (@) ffiTe) ; ﬁ 15 io o) O | \
a -,
\/\o 5¢ ’O)< N~ 4m —N
85% H g H
N 110
4 3a H 1.0 )(
/0" sq ©
85% 91%
gw “ ‘
N , O
5 3a H 1.0
AcO’ se Ke) N
80% 86%
W « e )
6 N 1.0 3( O I |
3a H phoco” 5 O N~ 4m —N
87% H gy H
7 C[N: 3.0 HO : . [ ’
3a B HO  OH 5g
92% (crude) 90%
3a H
HO 4 g
A Qj I’
9 N 1.0
3¢ H N
N H
9% 81%
HO
Me
10 1.5
N AN
N0 g 3¢ H M s 0 E
74% 80%

valued due to their volatile nature and high solubility in water.
The unusual findings assembled in Table 2 indicate that the
carbonyl part of acetals/ketals (1) appeared in the bridged
carbon of bisindole derivatives (4), while the alcoholic residue
(eqn (3), Scheme 1) was eliminated as waste. As the results

5530 | RSC Adv, 2025, 15, 5523-5534

shown in Table 2 are very interesting, this prompted us to
explore the possibility of the selective activation-deprotection
of isopropylidene or cyclohexylidene groups present as pro-
tecting groups in carbohydrate derivatives, since this could be
a viable route for a 100% atom-economical strategy for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) Results of the recyclability test of the catalyst FeCls/SiO,; (B)
SEM image and EDAX spectra of the freshly prepared catalyst; (C) SEM
image and EDAX spectra of the recycled catalyst (after the 6th cycle).

deprotection of protected carbohydrates under benign condi-
tions. Thus, we began with 1,2:5,6-di-O-isopropylidene gluco-
furanose (2a) as a protected substrate and two equivalents of
indole (3a) to screen with silica-supported ferric chloride (FeCls/
SiO,) for the cleavage of 1,3-dioxolane in a non-aqueous
medium under standard conditions (Table 1, entry 5). Our
initial attempt at room temperature failed to produce any
cleavage product; however, conducting the reaction at elevated
temperatures (95-100 °C) for 1 h in the presence of a small
amount of methanol or ethanol (~0.3 mL) resulted in complete
conversion, and bis-indole 4m and the 5,6-deprotected product
5a were produced in 91% and 87% isolated yield, respectively
(Table 3, entry 1), after column chromatographic separation.
Similarly, the selective deprotective bis-indolylation of 1,2:5,6-
di-O-cyclohexylidene glucofuranose (2b) with indole (3a) also
afforded the bis indole (4p) and 1,2-O-cyclohexylidene gluco-
furanose (5b) in 84% and 80% isolated yield, respectively, under
similar reaction conditions (Table 3, entry 2). It is worth
mentioning here that a large amount of 75% AcOH in water is
the reagent of choice for the selective cleavage of 5,6-O-
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isopropylidene or cyclohexylidene groups in carbohydrate
scaffolds,* which makes the process less economical, labo-
rious, and not eco-friendly, as the use of toluene is essential to
removing acetic acid from the product. With this, we realized
that the present bis-indolylation of protected carbohydrate
could be a general procedure for the selective deprotection of
orthogonally protected sugar with 100% atom economy that
allows 100% carbon preservation as well. Therefore, to deter-
mine the generality of the procedure, each of the protected
carbohydrate derivatives 2¢—f and different indoles was sub-
jected to treatment with FeCl;/SiO, (20 mg) in 0.3 mL of ethanol
(to facilitate the stirring) at 80 °C (Table 3). Protected carbohy-
drates 2c-f produced the corresponding 5,6-deprotected prod-
ucts in excellent yield with simple indoles in a regioselective
manner. The functional groups present in di-O-isopropylidene
or di-O-cyclohexylidene hexose, such as allyl, benzyl, acetyl, and
benzoyl groups, survived under the reaction conditions with
concomitant formation of bis-indolyl methanes (4m and 4p).
The yield of each deprotected sugar and bis-indolyl methanes
(4m and 4p) is given in Table 3 (entries 3-6). In all cases, the 1,2-
O-isopropylidene or 1,2-O-cyclohexalidene groups remain
intact, as revealed by the NMR spectra of the products. However,
in the case of 1,2:5,6-di-O-isopropylidene-p-mannitol, complete
deprotection was witnessed, and for clean conversion, 4.0
equivalents of indole were needed (Table 3, entry 7). The present
protocol was also applicable to 1,2:3,5-di-O-cyclohexylidene
xylofuranose. Under the reaction conditions, only the 3,5-O-
protecting group was cleaved (Table 3, entry 8). The selective
deprotection of protected hexose is general for other indoles as
well; for instance, 2-methyl indole can efficiently convert pro-
tected sugars 2a and 2c to the corresponding diol 5a and 5c¢ in
79% and 74% yield, respectively. In each entry (Table 3, entries
9 and 10), 3,3'-(propane-2,2-diyl)bis(2-methy-1H-indole) (40)
was formed in approx. 80% yield.

Finally, we turned our attention to the recyclability of the
catalyst SiO,/FeCl; used in the bis-indolylation reaction. The
recyclability of the catalyst was investigated by recovering the
catalyst FeCl;/SiO, (20 mg) from the reaction of 1-methyl indole
(3b, 2 mmol) and benzaldehyde dimethyl acetal (1a, 1.0 mmol)
(Table 2, entry 2). After the completion of the reaction (15 min,
TLC), the mixture was dissolved in ethyl acetate (5.0 mL) and
filtered out through the filter paper. The residue was then
washed thoroughly with ethyl acetate (~5 mL) until no residual
product was left. The combined filtrate was concentrated and
recrystallized from ethyl acetate-hexane (1:1) to obtain pure
product (4b). The residue catalyst was collected from the filter
paper, dried under vacuum, weighed, and was used for the next
cycle. The weight loss of the catalyst was found to be negligible.
The recyclability tests were performed six times in a similar
manner, and our results (Fig. 5A) showed that the catalyst
retained its activity (92% initially, 92%, 92%, 92%, 91%, 91%,
and 89%). We also checked the SEM images and EDAX of the
catalyst before and after recycling to see if any morphological
changes occurred during its handling in multiple cycles. SEM
micrographs of FeCl;/SiO, (230-400 mesh) show that the
particles were random in size and shape and well dispersed. An
EDX spectrum of the catalysts confirmed the presence of Si, O,
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Cl, and Fe elements, suggesting the formation of the FeCl;/SiO,
catalytic system. Similarly, an SEM image of the recycled FeCl,/
SiO, catalyst (after six cycles) was compared with the original
images. However, we did not notice any significant differences
in morphology and EDAX of the recycled one with the original
images (Fig. 5B and C).

Conclusions

A simple, green, and recyclable catalytic system was developed
for the synthesis of 3,3’-bisindolyl(methanes) (BIMs) via the
diindolylation of cyclic/acyclic acetals. The reaction occurred
under mild and benign conditions using FeCl;/SiO, as
a heterogeneous catalyst without the requirement of any toxic
organic solvents. This method relied on a wide range of
acetals—aromatic, aliphatic, or carbohydrates—resulting in
excellent-to-very-good yields of BIMs. DFT studies were also
performed to establish the proposed mechanism and prefer-
ential formation of unsymmetrical bisindolylmethanes using
equimolar amounts of different indoles. The present protocol
was also extended to bisindolylation-induced selective cleavage
of protected carbohydrates to diols in a 100% carbon-
preservation and maximized atom-economical manner.

Experimental section

General procedure for the indolylation of acetals in the
presence of FeCl;/SiO, (ref. 23 and 46)

To a cone-shaped flask, the acetal (1.0 mmol), indole (2.0
mmol), and FeCl;/SiO, catalyst (20 mg, 2 mol% of FeCl;) were
added (for the carbohydrate substrate, 0.2 to 0.3 mL of alcohol
was needed). The reaction mixture was stirred for the stipulated
time and temperature mentioned in Tables 2 and 3. After
completion of the reaction, the reaction mixture was diluted
with EtOAc (5 mL) and filtered. The filtrate was evaporated
under vacuum. The desired product was isolated either by
crystallization or by column chromatography using ethyl
acetate-hexane (1:3 to 3:1).

Physical and spectral data of unknown BIMs

3,3'-((2-Nitrophenyl)methylene) bis(1-methyl-1H-indole) (4i).
Yield: 91%, light yellow solid, mp. 160-162 °C; IR (KBr) »max
3052, 1514, 1467, 1339, 1120, 781 cm '; "H NMR (400 MHz,
DMSO0-dg) 6 7.90 (d, J = 8.0 Hz, 1H), 7.58 (t,] = 8.8 Hz, 1H), 7.48
(t,/ = 7.6 Hz, 1H), 7.41 (t, ] = 8 Hz, 3H), 7.23 (d, ] = 7.6 Hz, 2H),
7.13 (t,J = 7.2 Hz, 2H), 6.94 (t, ] = 7.6 Hz, 2H), 6.80 (s, 2H), 6.40
(s, 1H), 3.71 (s, 6H); *C NMR (100 MHz, DMSO-d) 6 149.8,
138.1, 137.4, 133.1, 131.0, 128.9, 128.1, 127.0, 124.5, 121.8,
119.2, 119.1, 115.7, 110.3, 34.2, 32.8; HRMS calcd for
(C25H21N30, + H') 396.1712, found: 396.1692 (M + H').

3,3'-(Propane-2,2-diyl)bis(1-methyl-1H-indole) (4n). Yield:
86%, white solid, mp. 130 °C; IR (KBT) 7. 3744, 1463, 1322,
1225, 1049, 734 cm™'; "H NMR (400 MHz, CDCl3) 6 7.49 (d, J =
8.4 Hz, 1H), 7.30 (d, ] = 8.0 Hz, 2H), 7.17 (t,] = 8.4 Hz, 1H), 6.96~
6.93 (m, 2H), 3.78 (s, 3H), 1.96 (s, 3H);"*C NMR (100 MHz,
CDCl;) 6 137.8, 126.7, 125.5, 124.1, 121.5, 120.9, 118.1,109.1,
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35.0, 32.7, 31.0, 30.3 HRMS calcd for (C,;H,,N, + H) 303.1861,
found: 303.1849 (M + H").
3,3-(Propane-2,2-diyl)bis(2-methyl-1H-indole) (40). Yield:
83%, white solid, mp. 130 °C; IR (KBr) vy.x 3378, 2310, 1546,
1453, 1340, 1014, 740 cm '; "H NMR (400 MHz, DMSO-d)
6 10.53 (s, 2H), 7.22 (d, J = 8.0 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H),
6.84 (t,J = 7.6 Hz, 2H), 6.67 (t, ] = 8.0 Hz, 2H), 2.28 (s, 6H), 1.92
(s, 6H); >C NMR (100 MHz, DMSO-d;) 6 135.4, 130.1, 128.2,
120.2,119.6,119.4, 118.0, 110.6, 37.7, 32.2, 14.5; HRMS calcd for
C,1H,,N, 302.1783, found: 302.1747 (M").
3-((1H-Indol-3-yI)(phenyl)methyl)-5-methoxy-1H-indole (4u).
Yield: 61%, off-white solid, mp. 156-158 °C; IR (KBr) 7,4, 3404,
1484,1206,1018 cm™'; "H NMR (400 MHz, CDCl;) 6 7.93 (s, 1H),
7.83 (s, 1H), 7.42-7.20 (m, 10H), 7.03 (s, 1H), 6.86 (d, J = 8.0 Hz,
2H), 6.67 (d,J = 12.0 Hz, 2H), 5.86 (s, 1H); ">°C NMR (100 MHz,
CDCl;) 6 153.7, 144.0, 136.8, 131.8, 128.7, 128.2, 127.5, 127.1,
126.2, 124.4, 123.7, 121.9, 120.0, 119.6, 119.4, 119.2, 112.0,
111.7, 111.1, 101.9, 55.9, 40.3; HRMS calcd for (C,4H,oN,0-H")
351.1497, found: 351.1516 (M — H").
3-((1H-Indol-3-yl)(4-nitrophenyl)methyl)-5-methoxy-1H-
indole (4v). Yield: 70%, light yellow solid, mp. 180-182 °C; IR
(KBY) ¥pmax 3448, 1501, 1341, 1201, 1062, 920, cm ™ *; "H NMR (400
MHz, CDCl;) 6 8.17 (d, J = 8.8 Hz, 2H), 8.06 (s, 1H), 7.95 (s, 1H),
7.52 (d, J = 8.8 Hz, 2H), 7.41 (d, J = 8.0 Hz, 1H), 7.42-7.28 (m,
3H), 7.22 (t,J = 8.0 Hz, 1H), 7.06 (d, J = 8.0 Hz, 1H), 6.89 (dd, J =
6.4,2.4 Hz, 1H), 6.79 (d, ] = 2.4 Hz, 1H), 6.71 (s, 1H), 6.67 (s, 1H),
5.96 (s, 1H), 3.73 (s, 3H); *C NMR (100 MHz, CDCI;) ¢ 154.0,
151.8, 146.6, 136.8, 131.8, 129.5, 127.1, 126.7, 124.4, 123.7,
123.6,122.3,119.6, 118.0,117.8, 112.3, 112.0, 111.3, 101.6, 76.7,
55.9, 40.2; HRMS caled for (Cp4H19N;0; + H') 398.1505, found:
398.1513 (M + HY).
3-(2-(1H-Indol-3-yl)propan-2-yl)-1-methyl-1H-indole (4x).
Yield: 51%, off-white solid, mp. 102-104 °C; IR (KBr) 745 3420,
1482, 1326, 1215, 1012 cm ™ '; "H NMR (400 MHz, CDCl;) 6 7.90
(s, 1H), 7.47 (q,J = 8.0 Hz, 1H), 7.34 (d, ] = 8.0 Hz, 1H), 7.29 (d, J
= 8.4 Hz, 1H), 7.18-7.11 (m, 2H), 7.06 (d, J = 2.4 Hz, 1H), 6.96-
6.90 (m, 3H), 3.78 (s, 3H), 1.95 (s, 6H); ">*C NMR (100 MHz,
CDCl3) 6 137.8, 137.1, 128.8, 126.7, 126.4, 125.6, 125.4, 124.0,
121.4, 121.3, 120.9, 120.6, 118.7, 118.1, 111.0, 109.2, 109.1,
100.9, 76.7, 34.9, 32.7, 30.2, 30.0; HRMS calcd for (CpoHpoN, +
H") 289.1705, found: 289.1718 (M + H').
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