
German Edition: DOI: 10.1002/ange.201913069Microdroplets
International Edition: DOI: 10.1002/anie.201913069

Chemoselective N-Alkylation of Indoles in Aqueous Microdroplets
Elumalai Gnanamani, Xin Yan, and Richard N. Zare*

Abstract: Many reactions show much faster kinetics in micro-
droplets than in the bulk phase. Most reported reactions in
microdroplets mirror the products found in bulk reactions.
However, the unique environment of microdroplets allows
different chemistry to occur. In this work, we present the first
chemoselective N-alkylation of indoles in aqueous micro-
droplets via a three-component Mannich-type reaction without
using any catalyst. In sharp contrast, bulk reactions using the
same reagents with a catalyst yield exclusively C-alkylation
products. The N-alkylation yield is moderate in microdroplets,
up to 53 %. We extended the scope of the microdroplet reaction
and obtained a series of new functionalized indole aminals,
which are likely to have biological activities. This work clearly
indicates that microdroplet reactions can show reactivity quite
different from that of bulk-phase reactions, which holds great
potential for developing novel reactivities in microdroplets.

Recent findings have shown that microdroplets provide
unique reaction environments that can be used to dramati-
cally enhance reaction rates.[1] The acceleration factors of
microdroplet reactions can be many orders of magnitude
compared to the corresponding reactions in bulk.[2] Reaction
rate accelerations in microdroplets have been demonstrated
for carbon–carbon bond formation,[3] carbon–nitrogen bond
formation,[4] carbon–oxygen bond formation,[5] deprotection
of N-Boc,[6] demetalation,[7] and oxidation–reduction.[8]

Microdroplet synthesis has been scaled up to a production
rate of about 1–30 mg min�1, which makes it preparati-
ve.[3a, 8b,9] This tempting feature of microdroplet reactions
also stimulates its application in many fields, such as high-
throughput reaction screening,[10] preparation of gold nano-
structures,[11] and accelerated degradation of pharmaceuti-
cals.[12]

It has become apparent that the environment in micro-
droplets is strikingly different from that of the corresponding
bulk phase.[1,13] Many features of microdroplets may contrib-
ute to reaction acceleration, such as the confinement of
reagents in small-volume reactors,[13a] the large surface-to-
volume ratios of small reactors, the higher density of

molecules on the surface of the microdroplets,[3c,13a] solvent
evaporation with associated increases in reagent concentra-
tions,[2a, 3b] and extreme pH values.[2a,3b,14] Thus far, most of the
reported accelerated reactions in microdroplets mirror the
products found in the bulk reaction.[1] Exceptions, however,
are emerging, such as the phosphorylation of sugars,[13b] the
production of gold nanostructures without the addition of
a reducing agent,[11] the spontaneous reduction of organic
molecules, and the spontaneous generation of hydrogen
peroxide in aqueous microdroplets.[13c,d] In another example,
our research group previously reported that the Diels–Alder
reaction of 3,5-hexadienyl acrylate ester could not occur in
microdroplets, with mainly unreacted substrate and a small
fraction of hydrolyzed substrate being present under different
microdroplet reaction conditions.[2b] In contrast, the desired
Diels–Alder product can be easily obtained in aqueous media
at high temperature using indium(III) triflate as a catalyst in
the bulk phase. In other words, microdroplets inhibit the
Diels–Alder reaction.

Herein, we report the first chemoselective N-alkylation of
indoles in aqueous microdroplets. Alkylated indoles were
obtained by a three-component Mannich-type reaction both
in microdroplets and in bulk phase. The conventional bulk
reaction produced the C-alkylation product via a traditional
Mannich-type reaction between an aldehyde, an amine, and
an indole,[20, 21] whereas a microdroplet reaction between the
same three starting materials produced a new compound
resulting from N-alkylation of the indole (Figure 1).

Nitrogen-containing molecules play a major role in the
pharmaceutical, food, and agricultural industries. In partic-
ular, indole and its derivatives are important molecules in
several natural products, and some have biological activities
(Figure 2).[15] For example, delvavirdine (A) is a drug used for
the treatment of HIV type 1,[16] and yohimbine (B) has
potential for the treatment of sexual dysfunction as well as
type-2 diabetes in both animal and human models.[17] Indole-
containing compound C has potent anticancer properties
against cell lines resistant to paclitaxel,[18] and 5HT2C agonist

Figure 1. Chemoselective synthesis of alkylated indoles in a three-
component Mannich-type reaction. The conventional bulk reaction
forms the C-alkylation product whereas the microdroplet reaction
produces the N-alkylation product.
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E has potential therapeutic utility for the treatment of
obsessive compulsive disorder.[19]

Owing to the importance of indole derivatives (see
above), we chose to investigate the synthesis of alkylated
indoles via a three-component Mannich-type reaction. Kumar
and co-workers[20] have developed a green, three-pot syn-
thesis of indole C-alkylation products that is catalyzed by
l-proline (Figure 3a). Other groups studied the same reaction
using different catalytic systems, including silver nanoparti-
cles, a Co xanthane complex, or SiO2–iodine.[21] Typically,
several hours of reaction time were required to obtain the
products (Figure 3a).[20] Given that reactions are often
accelerated in microdroplets, we anticipated that our droplet
method would significantly reduce the reaction time. There-
fore, we performed a three-component Mannich-type reac-
tion without adding any catalyst to the microdroplets (Fig-
ure 3b).

As a preliminary reaction, one equivalent each of
benzaldehyde and indole and 1.5 equivalents of pyrrolidine
were mixed in a water–ethanol solvent (7:3 v/v) in a syringe
and introduced through a fused silica capillary (i.d. 100 mm) at

a rate of 30 mLmin�1 to the spray tip (Figure 4). A potential of
�10 kV was applied to the solution to initiate the formation
of charged microdroplets. A coaxial sheath gas (dry N2

operated at 80 psi) flowing around the capillary resulted in
better nebulization. We collected the products on a grounded
surface for 15 min and subjected them for crude 1H NMR
analysis. Surprisingly, instead of the expected C-alkylation
product, we observed moderate conversion (30 %) into the
N-alkylation product (Figure 3b). The molecule has not been
reported before, and the structure of this new indole aminal
was confirmed by high-resolution mass spectrometry and
13C NMR, 1H NMR, and IR spectroscopy (see the Supporting
Information).

Looking at the literature for methods to synthesize the
N-alkylated products, we found that the analogous morpho-
line aminal was synthesized in two steps by Love and
Nguyen[22a] and that Joshi and co-workers[22b] had developed
a method to synthesize indole aminals by utilizing urea and
thiourea nucleophiles.[22] There were no reports on the one-
step synthesis of indole aminals from simple amines. This
result prompted us to search the literature for examples of
biologically relevant N-alkylation products, of which there are
several. Indole aminals are present both in elbasvir (D), which
is a highly potent and selective NS5A inhibitor used for
treating the hepatitis C virus, and in a potential antibiotic
drug (F).[23] Indole hemiaminals, such as the one found in
DNA topoisomerase I inhibitor (G), are also relevant
(Figure 2).[24] Only a few methods are available for preparing
these delicate motifs, which involve many steps. Our result
encouraged us to optimize further this one-step method for
synthesizing indole aminals.

To improve the conversion, the reaction was carried out
with 1 equivalent of benzaldehyde, 1.05 equivalents of indole,
and 1.5 equivalents of pyrrolidine in ethanol–water (1:1 v/v),
which gave 85% conversion of the aldehyde. The better
solubility of the starting materials likely caused this behavior.
The reaction was scaled up using a higher droplet flux (dual
spray source with a total flow rate of 60 mL min�1) and higher
concentration (0.066m, 0.4 mmol) of aldehyde using nitrogen
gas. After collecting the reaction product, crude 1H NMR
indicated that complete conversion of aldehyde had occurred.

Figure 2. Representative examples of bioactive indole derivatives.

Figure 3. a) Previous work on the synthesis of C-alkylated indoles in
the bulk phase using different catalytic systems, including l-proline,
silver nanoparticles, a Co xanthane complex, or SiO2–iodine. b) Our
work on the three-component one-step synthesis of the N-alkylation
products of indoles in microdroplets without any catalyst.

Figure 4. Experimental setup used in the microdroplet synthesis of
indole aminals. The charged microdroplets were generated by applying
a �10 kV voltage to the bulk solution with assisted nebulizing dry
nitrogen gas at 80 psi (a schematic diagram of the collection process
is provided in the Supporting Information).
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After purification by silica gel chromatography, the
N-alkylation product 5a was obtained as the sole product in
47% yield with complete conversion of aldehyde. Electron-
rich p-anisaldehyde gave the analogous N-alkylation product
5b in 43 % isolated yield. Similarly, 3-methyl- and 4-fluoro-
benzadehyde also gave the corresponding indole aminals 5c
and 5d in 37 % and 51 % yield, respectively (Table 1). The
scope of the reaction was further expanded to include other
indole derivatives such as 3-methylindole (2e) and 5-
methoxyindole (2 f). The former gave the aminal (5e) in
35% yield while the latter bearing the electron-donating
methoxy group gave N-alkylation product 5 f in 32 % yield
(Table 1, entry 6).

Additionally, the use of a heteroaryl aldehyde (2-thienyl)
with indole was also well tolerated giving rise to N-alkylation
product 5g in good yield. The 2-thienylcarboxaldehyde also
successfully reacted with 3-methylindole to afford the corre-
sponding product 5h in 39 % yield. Having succeeded in the
Mannich-type reaction using microdroplet chemistry with
various aromatic aldehydes and nucleophiles, we then inves-
tigated the reaction with aliphatic aldehydes to test the
generality of this method. Notably, butyraldehyde reacted
with indole and 3-methylindole to afford the corresponding
N-alkylation products 5 i and 5j in 48 % and 53 % yield,
respectively. When we attempted to extend this method to
acetaldehyde as the electrophilic partner, the reaction failed
to give the addition product. This may be caused by the low
boiling point of the aldehyde. Similarly, utilizing sterically
crowded 2,3-dimethylindole as the nucleophile failed to form
the addition product because of its increased steric demand.

In conclusion, we have described the first example of
a one-step chemoselective N-alkylation of indoles. This was
accomplished by a three-component reaction in negatively
charged aqueous microdroplets without using any catalyst.
Instead of the C-alkylation products that were obtained from
bulk reactions, N-alkylation products were synthesized under
aqueous microdroplet conditions. Functionalized indoles and
benzaldehydes were added to the microdroplet reagents, and
their corresponding N-alkylation products were also success-
fully obtained.

At present, yields are only moderate. However, recent
work has shown that it is possible to scale up the product
amount for some reactions.[25] It remains to be demonstrated
whether the yield can be increased by recycling the droplet
spray, but this is a topic for future work.

In this work, we have provided a new method for
synthesizing indole aminals. All of the structures of the new
molecules were confirmed. The fact that we observed
N-alkylation rather than C-alkylation demonstrates that
strikingly different reactivity can occur in microdroplets
compared to that in bulk solution. Based on our previous
experience in microdroplet chemistry,[13c,d] water droplets can
produce hydroxyl radicals and hydrogen peroxide. These
reactive oxygen species may catalyze the reaction to selec-
tively obtain the N-alkylated products. Support for this
contention is provided by the work of Heaney and Ley,[26]

who showed that indole could be deprotonated by hydroxide
anion, although this process required the use of dimethyl
sulfoxide as a solvent. It is expected that the concentration of

the hydroxide anion is enhanced on the periphery of the
aqueous microdroplet.[27] The product that we observe might

Table 1: Scope of the microdroplet reaction with various indoles and
aldehydes.[a,b]

[a] All reactions were performed using the microdroplet method with
0.4 mmol of aldehyde, 0.42 mmol of indole, and 0.6 mmol of pyrrolidine
in water–ethanol solvent (1:1 v/v). [b]Yields of isolated products.
[c]<10% of the aldehyde was recovered.
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then result from the reaction of the indole N-anion with the
iminium ion derived from the aldehyde–pyrrolidine conden-
sation.[28] Further detailed mechanistic investigations to
understand the chemoselective formation of the N-alkylation
product and work toward larger-scale reactions are currently
under way.
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Chemoselective N-Alkylation of Indoles in
Aqueous Microdroplets

The chemoselective N-alkylation of
indoles in aqueous microdroplets pro-
ceeds in the absence of any catalyst. This
approach provides a new synthetic
method for the synthesis of indole ami-
nals.
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