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Iodine in aqueous micellar environment: a mild effective ecofriendly catalytic system for
expedient synthesis of bis(indolyl)methanes and 3-substituted indolyl ketones
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The three-component condensation reaction of indoles with carbonyl compounds to yield bis(indolyl)methanes
has been accomplished with a catalytic amount of iodine (2 mol%) in the presence of sodium dodecylsulfate
(SDS) in aqueous solution above its critical micellar concentration (cmc). The surfactant-aided water-compatible
Lewis acid catalyst has been found to be efficient for a wide range of carbonyl compounds including aromatic
aldehydes bearing electron-releasing and electron-withdrawing groups, o,B-unsaturated aldehydes, heterocyclic
aldehydes, cyclic and aromatic ketones with respect to yield, and reaction time. The protocol has been extended to
Michael addition of indoles with o,B-unsaturated ketones exclusively yielding 3-substituted indolyl ketones in

excellent yields.

0 CHO
-z
D 0T
9y 1, (2 mol%) 1, (2 mol%)
O O H,0-SDS, N H0-sDs,
069, 40-50°C, 40-50°C,
¢ 6 min 2 min

Keywords: iodine; SDS-H,0O; bis(indolyl)methanes; 3-substituted indolyl ketones

Introduction

Replacement of volatile organic solvents with non-
polluting alternative reaction media is one of the
major aims of green chemistry (/). Water is the
cheapest, noninflammable and environmentally be-
nign solvent that is involved in life-sustaining bio-
chemical processes in living organisms. It has unique
physical and chemical properties, which may be
utilized for attaining reactivity and selectivity that
cannot be realized in common organic solvents. In
addition, it is redundant to dry solvents and reagents
in reactions in aqueous medium, thereby vastly
reducing consumption of drying agents, and energy.
Therefore, there is contemporary paradigm shift to
explore organic reactions in aqueous medium (2, 3)
and evaluate various features, most importantly,
kinetic and catalytic ones, of organic reactions in
aqueous medium. The major hurdle in these efforts is
to solubilize organic substrates, particularly nonpolar
ones, in water. Utilization of phase-transfer catalysts,
water in combination with antihydrophobic additives,
reactions on water surface when one of the organic

substrates in polar conferring it substantial solubility,
and solubilizing organic compounds in aqueous
medium in the presence of surfactants are some of
the attractive approaches to this end. The micellar
solubilization route utilizes inexpensive surfactants as
additives that provide heterogeneous microenviron-
ments and, upon self-assembly into micelles, encap-
sulate otherwise insoluble substrates and catalysts
within the lipophilic cores. The concept of surfactant-
aided Lewis and Brensted acid catalysts to mediate
carbon—carbon bond formation reactions in water
has been developed by Kobayashi et al. (4-7) and
applied with remarkable success to a host of organic
transformations (§—/4). Development of newer pro-
tocols for the synthesis of bis(indolyl)methanes is a
topic of broad interest over the years. Diheteroaryl-
methane motifs in general and bis(indolyl)methanes
in particular are important bioactive metabolites of
terrestrial and marine origin (/5-20). Bis(3’-indo-
lyl)methane itself is a chemopreventive agent from
cruciferous plants, and these compounds can act as
highly selective fluorescent molecular sensors for
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Cu™? ions (21) and colon cancer cell inhibitors (22—
24). The synthesis of these molecules is traditionally
based upon a multicomponent condensation of two
molecules of indoles as nucleophilic partners with one
molecule of a carbonyl compound in the presence of
Bronsted and Lewis acids. A good number of
methods are documented in the literature that employ
various protic and Lewis acid catalysts such as HCI
(25), HCIO4-Si0, (26), KHSO4 (27, 28), LiClO4 (29),
Zr(IV) salts (30-32), InCly (33, 34), SbCl;y (35),
CeCls. 7TH»O (36, 37), Sml; (38), lanthanide triflates
(39—42), La(NO3);. 6H,0 (43), and ionic liquids (44).
However, most of these methods suffer from one or
more limitations such as use of expensive catalysts,
lack of procedural simplicity such as rigorous exclu-
sion of moisture, toxicity of catalyst. Even when the
desired reaction proceeds, trapping of Lewis acids by
indole nitrogen necessitates their use in more than
stoichiometric amounts (45). In continuation of our
interest in organic reactions in aqueous micellar
medium mediated by water-tolerant Lewis acids
(46—48), we became interested to evaluate the efficacy
of iodine catalyst in water in the presence of anionic
surfactant sodium dodecylsulfate (SDS) for the
synthesis of bis(indolyl)methanes. Recently, this cat-
alytic combination has been effectively used for the
deoximation (49), iodohydrin formation (50) and, in
fact, utilization of iodine as a mild Lewis acid to
promote carbon—carbon and carbon—oxygen bond
formation reactions has been amply demonstrated in
recent times (52-56). Dehydration reactions in water
are based upon the concept that Lewis acid catalyst
and organic substrates with polar heads would form
emulsion droplets with a hydrophobic interior, and
surfactant molecules would help to concentrate
iodonium cation or metal cation on the surface of
these droplets. It was surmised that water formed
during the condensation of indoles with carbonyl
compounds would be excluded out of hydrophobic
core of the micelles, thereby favoring the thermo-
dynamic equilibrium toward formation of the desired
target molecules (Scheme 1). Previously, 20 mol% of
iodine has been employed in acetonitrile (57) as also
solvent-free conditions (58) for the synthesis of
bis(indolyl)methanes. We set out to explore iodine
as a catalyst in aqueous micellar environment and
reveal herein iodine-catalyzed synthesis of bis(indo-
ly)methanes in water.

Results and discussion

We examined the base-level reactivity of benzalde-
hyde toward indole at electron-rich C-3 position to
afford 1 in the presence of SDS without iodine
catalyst (entries 1-2, Table 1).
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Scheme 1. Todine-catalyzed formation of bis(indolyl)
methane from indole and aldehyde under aqueous micellar
conditions.

These initial exploratory experiments resulted in
the isolation of 1 in moderate yields without iodine in
a sluggish reaction at room temperature. To our
delight, there was dramatic acceleration in reaction
rate upon addition of 2 mol% of iodine in a
thoroughly stirred aqueous solution containing 5
cmc of SDS at room temperature (5 min, 78%).
The cationic and neutral surfactants, namely, CTAB
(cetyltrimethylammonium bromide) and Triton
X-100, were less effective with identical catalyst load
under comparable conditions. Encouraged by the
report that surfactant-aided catalysts could sustain
high temperature (5) the temperature of the reaction
was increased to 40—50°C with further enhancement
of reaction rate and yield (Figure 1).

The optimized reaction conditions [2 mol% io-
dine, SDS (5 cmc), 10 mL water mmol ~' of carbonyl
compound, 40-50°C] worked remarkably well for a
wide range of carbonyl compounds, as shown in
Table 2.

However, steric congestion around carbonyl car-
bon impedes the reaction rate substantially as re-
flected in the longer reaction time required for
sterically encumbered aromatic aldehydes and ke-
tones (entries 13—15). Gratifyingly, the current meth-
od is superior to existing iodine-based methods in
bringing down the catalyst load from 20 to 2 mol%
without compromising efficiency and operational
simplicity. The major reason for this success is
presumably due to activation of iodine catalyst by
SDS (50), in addition to its facilitating role in
solubilizing substrates and iodine. This protocol was
further extended to the chemical space of Michael
addition of indoles to a,B-enones, leading to
3-substituted indolyl ketones. These compounds
form building blocks of several biologically important
indolyl alkaloids such as hepalindole D (59) This
area has been revisited in recent times (35) from
green chemistry perspectives and application of
[,-SDS-H,O catalytic system is still unprecedented.
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Table 1. Optimization experiments for the synthesis of bis(indolyl)methane 1.

CHO O /~NH

@ . L, HOSDS ) O
N

H

Reaction
Entry Water (mL) I, (mol%)  Surfactant (cmc) conditions® Time (min/h) Yield® of 1 (%)
1 10 - SDS (5) Rt 2.5h 50
2 10 - SDS (10) Rt 2h 58
3 10 2 SDS (10) Rt 5 min 80
4 10 2 SDS (5) Rt 10 min 78
5 10 1 SDS (10) Rt 15 min 70
6 10 2 SDS (5) 40-50°C 2 min 98
7 10 2 CTAB (10) 40-50°C 10 min 85
8 10 2 Triton X 100 40-50°C 12 min 89
(10

“Reactions were performed in 1 milimolar scale of benzaldehyde.

PRefers to chromatographically pure isolated yield of 1 with spectral characteristics (IR, NMR, TOF-MS) in good agreement with those

reported in literature.

The results of Michael addition of indoles with
several o,B-unsaturated ketones are exhibited in
Table 3.

Notably, other electron-poor C=C systems such
as methyl acrylate, acrylonitrile, B-nitrostyrene, and
p-benzoquinone were resistant to addition under the
conditions of the reaction. It is also remarkable that
no N-alkylated byproduct was formed in this reac-
tion. Solid-state iodine-catalyzed (5 mol% of iodine)
addition of enones to indoles (60) is reported to
afford Michael adducts in varying yields (45-85%) in

100 1

Yield (%)
o o
S S

(=)

(=)

No. of reactions

Figure 1. Variation of yield (iodine used in all cases: 2
mol%, except in “‘c’” where 1 mol% iodine was used) of 1 in
I,-catalyzed synthesis under aqueous micellar conditions. a
SDS (10 cmc, 5 min, rt); b SDS (5 cmc, 10 min, rt); ¢ SDS
(10 cmc, 15 min, rt); d SDS (5 cmc, 40-50°C, 2 min); e
CTAB (10 cmc, 40—50°C, 10 min); f Triton X 100 (10 cmc,
40-50°C, 12 min).

40 4+
20 4 I | :
0 a b c d e f

20-30 minutes; however, the process suffers from the
limitation of using fairly large amount of volatile
halogenated solvent (25 mL of dichloromethane per
mmol scale) to bring the product into solution. The
current protocol is superior to this method in terms of
better yields (76-98%) and avoids the use of any
environmentally unacceptable solvent. InCl; (61, 62)
in 10 mol% catalytic amount is reported to afford
Michael addition products in 10-24 h in organic
solvents. This is, therefore, a method of choice with
the right balance of cost compatibility, short reaction
times, and good-to-excellent yields.

Experimental

Typical experimental procedure for synthesis of
bis(indolyl)methane 1 from indole and benzaldehyde
with iodine catalyst in water containing SDS: Finely
pulverized solid iodine (5 mg, 2 mol%) was added to
a white emulsion SDS (116 mg, 0.4 mmol, 5 cmc) in
water (10 mL) and thoroughly stirred until iodine was
dissolved imparting brown color to the resulting
mixture. It was warmed to 40-50°C and benzalde-
hyde (106 mg, 1 mmol) followed by indole (234 mg, 2
mmol) were added when instant reaction occurred.
TLC monitoring showed complete disappearance of
starting materials within 2 minutes. The reaction was
quenched by addition of a 5% solution of Na,S,05 (3
mL) and then brine. Extraction with ethyl acetate
(3 x5 mL), washing the combined organic extract
with water (2 x 2 mL), drying (Na,SO,4) and removal
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Table 2. I,-catalyzed synthesis® of bis(indolyl)methanes in aqueous micellar solution.

Indole® Aldehyde/ Time Yield® Obs. M.P. Lit. M.P.
Entry (A/B) ketone Product (min/h)  in (%) (W©)] (W©)]

CHO

1 A 2 min 98 124-126  125-126 (39)
CHO

2 A 5 min 96 124-126  122-124 (63)
OH
CHO

3 A © 4 min 98 76-78  76-77 (30)
Cl
CHO

4 A 5 min 95 100-102 99-101 (39)

OMe

OH
CHO

5 A ©/N02 4 min 92 142144 144 (64)
CHO

6 A © 4 min 94 216-218  217-220 (65)

NO,
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Table 2 (Continued)

Indole® Aldehyde/ Time Yield® Obs. M.P. Lit. M.P.
Entry (A/B) ketone Product (min/h)  in (%) °C) (°C)

H
i Q1 <1

7 A 3 min 95 118-120 120 (66)
8 A 5 min 95 100-102  98-100 (66)
9 A 2 min 98 112-114  113-115 (67)
10 A 2 min 96 230-232  234-236 (69)
11 A 1 min 99 158-160  158-159 (71)
12 A 3 min 94 150-152  152-154 (71)
13 A 3h 76 186-188  188-190 (72)
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Table 2 (Continued)

Indole® Aldehyde/ Time Yield® Obs. M.P. Lit. M.P.
Entry (A/B) ketone Product (min/h)  in (%) °C) (°C)
H
O N
14 A \ 45h 78 184-186 —(73)
Ph)J\Ph HN O
Ph Ph
15 A 35h 92 234-236  236-239 (68)
16 B 3 min 96 202-204  203-205 (69)
17 B 4 min 90 212-214
18 B 5 min 99 214-216  215-217 (74)
I\
19 A S 4h 30 104-106 (dec.) -
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Table 2 (Continued)

Indole® Aldehyde/ Time Yield® Obs. M.P. Lit. M.P.
Entry (A/B) ketone Product (min/h)  in (%) °C) (°C)

aReaction conditions: indole and the carbonyl compound (in 2:1 molar ratio), I, (2 mol%), 10 mL H,O mmol ~' of carbonyl compound, SDS
(5 emc), 40-50°C.

A and B represent indole and N-methylindole, respectively.

“Refers to isolated yields after column chromatographic purification; all the products are known compounds and were characterized from
their spectral features (FTIR, "THNMR, '*CNMR and TOF/LCMS) and physical constants which are in good agreement with those reported
in literature.

Table 3. I,-catalyzed Michael addition® of indole with o,B-unsaturated ketones.

Indole” Time Yield! Obs. M.P.  Lit. M.P.
Entry  (A) Michael acceptor Product® (min/h) (%) °O) (°C)
H
N

i J
1 A = O 6 min 96  130-132  128-130
OAAe "

(o)
o 1
2 A = 6 min 85 128-130  128-130
s na
OMe

OMe
o HN
NS
3 A N Q 10 min 88  Wine red
/ = viscous
o liquid
3 | // 1qui
HN Q
v N
4 A py NF o> 0 1h 76 144-146 145 (35)
0}
T
o

5 A = h O I5min 80  116-118  118-120
77)
Cl
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Table 3 (Continued)

Indole” Time Yield! Obs. M.P. Lit. M.P.
Entry  (A) Michael acceptor Product® (min/h) (%) (°O) ({®)
HN
(0]
6 A /U\)\ o N 10min 95 70-72 7172

(78)

%The reactions were performed at Immol scale using I, (2 mol%) of carbonyl compound in aqueous micellar medium under warming

condition (40-50°C).
°A represents indole.

°All products are known compounds except 3a. These were characterized by FTIR, NMR, and mass spectroscopy.

9Isolated yields after column chromatography.

of solvent under reduced pressure yielded almost pure
1. It was further purified by filtration through a short
pad of silica gel (60—120 mesh) using ethyl acetate-
hexane (1:4) as eluent to afford 1 (315 mg, 98%), mp
124-126°C [lit. (26) 125-127°C].

Conclusion

A protocol of synthesis of bis(indolyl)methanes and
3-substituted indolyl ketones has been developed
employing 2 mol% of iodine catalyst in aqueous
solution in the presence of SDS under warming
condition. The surfactant-aided catalytic method in
aqueous micellar environment has several key ad-
vantageous features such as utilization of inexpensive
nontoxic water-tolerant iodine in lower catalyst load
compared to that in acetonitrile and under solvent-
free conditions, excellent yield and short reaction
time.
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