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Photochemical organocatalytic heteroarylation of
anilines and secondary alicyclic amines in
continuous-flow†

Egor N. Boronin, a Milena M. Svetlakova,a Ilya I. Vorobyov, a Yulia B. Malysheva,a

Yuri V. Polushtaytsev, b Sergey N. Mensov,ab Andrey V. Vorotyntsev, c

Alexey Yu. Fedorov, a Timothy Noël d and Alexander V. Nyuchev *a

C–N bond formation plays a crucial role in various chemical synthesis processes in both the chemical

industry and nature. While numerous methods have been developed for the formation of C–N bonds, only

a few meet the criteria of “green chemistry”. In this study, we present a continuous-flow procedure for the

decyanative N-heteroarylation of anilines and secondary alicyclic amines using a photoorganocatalytic

reaction. Through the synergistic combination of photochemistry, organocatalysis, and continuous-flow

technology, we were able to achieve high and close to quantitative yields, while significantly reducing the

reaction time from 12 hours in batch procedures to just 1 hour in continuous-flow conditions.

Introduction

The formation of C–N bonds is of utmost importance in both
natural processes and chemical synthesis. It plays a
significant role in various biological functions, such as the
creation of peptides within living cells, as well as numerous
stoichiometric and catalytic reactions utilized in research,
chemical industry, and the manufacturing of active
pharmaceutical ingredients (APIs).1–3

During the 19th and 20th centuries, for the synthesis of
nitrogen-containing compounds both laboratorial and
industrial chemistry used the classical methods such as radical
nitration of alkanes and electrophilic substitution of aromatics,4

or copper-catalyzed Ullmann-type reactions;5 only three decades
ago the Buchwald–Hartwig coupling opened the new era in C–N
bond formation.6 In recent years, photocatalytic methods have
excelled in forming the C–N bond. Both metal complex and
organic photocatalysis have contributed to this success,
enabling efficient and sustainable routes in synthetic

chemistry.7,8 The organocatalytic pathway is considered a
favorable technique due to economic and ecological reasons in
comparison with metal catalysis9 and has recently yielded
significant advancements (Scheme 1).

Nicewicz and coworkers developed an acrydinium-mediated
C–H amination of (het)arenes by N-heterocycles10 or primary
amines11 as well as deoxygenative amination of anisoles12

(Scheme 1a). The group of Leonori performed eosin Y-catalyzed
amination of arenes, pyrroles, furan and thiophene derivatives
by modified Weinreb–Nahm amides13 (Scheme 1b). Xia and
colleagues showed pyrylium-catalyzed ortho-amination of
activated phenols by diarylamines in moderate and good yields
including late-stage functionalization of natural product14

(Scheme 1c). Nicewicz and colleagues employed pyrylium and
acridinium catalysis for the defluorinative amination of benzene
derivatives.15 This approach facilitated the generation of
products by reacting with azoles, primary amines, and ammonia
carbamate to incorporate NH2-group (Scheme 1d).

The group of Wu developed a cyanobenzene-catalyzed
decyanative heteroarylation of amines without additional
oxidizers or reductants (Scheme 1e).16 The combination of wide
availability of aryl nitriles17 and significant interest from the
pharmacy in substituted arylamines, as evidenced by the Food
and Drug Administration (FDA) approval of several drugs with
these core in the last years (e.g. antitumor drug Avapritinib was
approved in 2020,18 see structure on Scheme 1f), underscores
the potential of this photoorganocatalytic reaction for industrial
API synthesis.

The approaches mentioned above are photochemical
transformations. It is known that photochemical reactions
are difficult for industrial implementation.19 Efficiency of
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light penetration into the reaction volume in the case of
rising a batch to the kilogram and larger scale is one of the
most important challenges of photochemical reactions in
industry.20 Continuous-flow microreactors perform efficient
light irradiation due to the small size of the reacting
channels as well as improved mass and heat transfer.21

Intensification of photocatalyzed reactions using microfluidic
reactors allowed to overcome the difficulties of various

chemical transformations22 and opened the ability to
implement them in the chemical and pharmaceutical
industries.23 Also, flow technology allows for the
implementation of green chemistry concept,24 such as
improving energy efficiency, significantly reducing catalyst
loading, integrating analytic instruments into the reactor,
and increasing process safety. Moreover, continuous-flow
technology has been established in recent years as a reliable
method for the production of APIs.25–27

As an extension of our previous works on continuous-flow
approaches for the formation of C–heteroatom bonds via
photochemical methodologies,28–30 here we report a flow
protocol for the photoorganocatalytic N-arylation of alkylated
and free anilines as well as secondary alicyclic amines based
on Wu's procedure.16

Results and discussion

Optimization of the reaction conditions was performed in a
microreactor made of perfluoroalkoxy alkane (PFA) with LED
light source (detailed information on experimental procedures
is given in ESI†) using p-cyanopyridine 1 and N-methylaniline 2
as coupling partners, 2,4,6-tris(diphenylamino)-5-
fluoroisophthalonitrile 3DPAFIPN (PC) as a photocatalyst, 1
equiv. of 1,4-diazabicyclo[2.2.2]octane (DABCO) as a base, and
acetonitrile as a solvent (Table 1; here and further isolated yields
are given) (Fig. 1).

Using a 30 min residence time (tR) with 1 mol% catalyst
loading, product 3 was obtained in moderate yield (46%,
entry 1). Application of 1.2 mol% of PC gave a higher yield of
58% (entry 2). Also, an increased catalyst loading (2 mol%)
was inspected. For tR = 30 min, that resulted in a good yield
of 76% (entry 3).

As the expected trend, increasing the residence time to 45
minutes resulted in improved yields for different PC loadings.
Product 3 was obtained with good yields of 63% (1 mol%, entry

Table 1 Optimization of the reaction time and catalyst loading

tR, min PC, mol% Yield, %

1 30 1 46
2 30 1.2 58
3 30 2 76
4 45 1 63
5 45 1.2 75
6 45 2 97
7 60 1 91
8 60 1.2 94
9 60 2 99
10 90 1 93
11 90 1.2 97
12 90 1.5 >99
13 60 0 n.d.

Scheme 1 Photoorganocatalytic amination reactions (a–e) and
structure of avapritinib (f).
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4) and 75% (1.2 mol%, entry 5). Furthermore, with a 2 mol%
PC loading, the yield significantly increased to 97% (entry 6).
Extending the tR to 60 minutes yielded high results even with a
lower catalyst loading, with yields of 91% (1 mol%, entry 7) and
94% (1.2 mol%, entry 8). Remarkably, when employing a 2
mol% catalyst loading with a 60 minute tR, an excellent yield of
99% was achieved (entry 9). All reactions with a tR of 90 minutes
yielded at least 90% of the desired product, reaching 93% with
1 mol% catalyst (entry 10), 97% with 1.2 mol% PC (entry 11),
and nearly quantitative yield with 1.5 mol% catalyst (entry 12);
the use of 2 mol% with a 90 minute tR was not investigated. It's
worth noting that these results look promising from an
industrial point of view, with a yield of more than 95% obtained
in 90 minutes which corresponds an 8-fold shortening of the

reaction time in comparison with original Wu's procedure (the
same product was synthesized with 98% yield on 0.2 mmol
scale using 12 h reaction time).16 Finally, a control experiment
without catalyst demonstrated no product formation (entry 13).

Based on the results of Table 1, a scope of amines was
investigated using standard conditions of 1.2 mol% PC and
60 min of residence time. In cases of unsatisfactory results,
variations in reaction conditions were applied (higher catalyst
loading, additives, etc.). Firstly, p-cyanopyridine was used as a
coupling partner with different anilines (Scheme 2; product 3
was obtained during optimization).

Reaction with N-ethylaniline under optimized conditions
gave 4 in a 76% yield. N-benzylaniline afforded 88% of 5.
Allyl derivative 6 was obtained with a good yield of 76%.
Sterically hindered tertiary pyridylcyclohexylamines with
phenyl (7) and naphthyl (8) substituents were synthesized
with low yields. N-methyl-p-chloroaniline reacted similarly to
Cl-free aniline, and product 9 was isolated with an 86% yield.
The reaction of benzyl-protected p-chloroaniline yielded
poorer results, 10 being isolated with a yield of 62%. At the
same time, reaction with N-benzyliodoaniline gave 11 with
only 42% yield (a large amount of starting materials were
detected in the reaction mixture by TLC), and reaction with
4-bromoindoline gave the corresponding product 12 with
69% yield. Then, we tested synthetically attractive
unprotected anilines. Products 13 and 14 were obtained from
aniline and p-chloroaniline correspondingly with low yields
and required usage of 2 mol% PC. Finally, cyclic secondary

Fig. 1 Optimization of reaction conditions in flow.

Scheme 2 Scope of amines.

Reaction Chemistry & Engineering Paper

Pu
bl

is
he

d 
on

 0
3 

A
pr

il 
20

24
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

va
n 

A
m

st
er

da
m

 o
n 

8/
13

/2
02

4 
2:

06
:5

1 
PM

. 
View Article Online

https://doi.org/10.1039/d4re00130c


1880 | React. Chem. Eng., 2024, 9, 1877–1882 This journal is © The Royal Society of Chemistry 2024

amines reacted difficultly in standard conditions; products
were isolated with yields of 24% for pyrrolidine (15) and only
4% for morpholine (16). Wu and colleagues shown that
application of ammonium salt increased the yield in case of
usage of dialkylamines as coupling partners.16 Indeed, in the
presence of 0.5 equiv. tetrabutylammonium bromide (TBAB),
the yields of both reactions significantly increased and
reached 75% and 30%, respectively. Also, product 15 was
obtained by using 1.5 mm inner diameter (I.D.) PFA reactor
(11 mL volume) that led to a yield of 79%, slightly higher
than that obtained with the 0.75 mm I.D. reactor.

Next, reactions of 1-cyanoisoquinoline and different
anilines were examined in continuous-flow with standard
conditions. N-methylaniline reacted with a good yield of 84%
(product 17). N-ethylaniline and N-benzylaniline were able to
form corresponding products in good yields in both standard
and DABCO-free conditions (products 18 and 19). In contrast
to cyanopyridine, the reaction of cyanoisoquinoline with
N-allylaniline gave only 46% of 20 in standard conditions.
The reaction with diphenylamine gave an excellent yield of
21 more than 99%.

Chloro- and bromo-substituted anilines reacted in base-free
conditions with moderate-to-good yields (products 22–24). The
reaction with unprotected anilines worked better than with
cyanopyridine, and both 25 and 26 were obtained in 19% yield.

As this reaction has potential for industrial implementation,
we have examined the application of a continuous-flow reactor
of larger size. A PFA reactor with an inner diameter of 1.5 mm
and a volume of 11 mL was used; other conditions were the
same as used previously. The effects of residence time and
catalyst loading on the reaction performance applied to the 1.5
mm I.D. setup were investigated on the model reaction (Table 2).

Using the optimized conditions established in previous
experiments, 3 was obtained with an almost quantitative
yield (Table 2, entry 1). Reducing the residence time to 30
minutes only slightly affected the yield (entry 2). Decreasing
the catalyst loading to 0.5 mol% resulted in a lower yield of
77% at a 30 minute residence time (entry 3). However,
reverting to a 60 minute residence time restored a high yield
(entry 4).

Hence, extending the residence time proves to be a simple
and cost-effective approach for increasing product yield, thus
facilitating the potential industrial implementation of this
reaction. To explore this concept further, a series of
experiments with a 0.25 mol% catalyst loading were
conducted (entries 5–7).

A reaction with a 30 minute residence time already gave the
product with a good yield of 75% (entry 5). Increasing the
residence time to 60 and 90 minutes resulted in similarly high
yields of over 90% (entries 6 and 7). Additionally, reactions with
a 0.1 mol% PC loading proved to be successful (entries 8 and
9), yielding 66% and 81% of the coupling product for 60 and 90
minutes of residence time, respectively.

To assess the feasibility of industrial implementation, we
calculated the productivity of the reaction. Despite the almost
quantitative yield (Table 2, entry 1) achieved with a 60 minute
residence time, the productivity (135 mg h−1) is significantly
lower compared to the reaction with a 30 minute residence
time (240 mg h−1, entry 2) due to the longer residence time.
Reactions with 0.5 mol% and 0.25 mol% of photocatalyst
loading resulted in decreased productivity, following a
decreasing trend. Interestingly, the highest productivities
were observed for cases with the shortest residence times (30
minutes, entries 2, 3, and 5, each exceeding 200 mg h−1,

Table 2 Application of 1.5 mm I.D. reactor for the synthesis of 3

tR,
min

PC,
mol% Yield, %

Productivity

mg h−1 mmol h−1

1 60 1.2 >99 135 0.73
2 30 1.2 89 240 1.30
3 30 0.5 77 208 1.13
4 60 0.5 94 127 0.69
5 30 0.25 75 204 1.11
6 60 0.25 93 126 0.68
7 90 0.25 95 85 0.46
8 60 0.1 66 97 0.53
9 90 0.1 81 79 0.43
10a 60 0.25 93 136 0.74

a A gram-scale, 8 h experiment, c = 0.072 M; isolated 1.05 g of 3.
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corresponding 1.1 mmol h−1). However, lower yields in these
cases lead to higher amounts of unreacted starting materials,
resulting in lower atom economy and more complex isolation
and purification processes.

Based on these considerations, the optimal reaction
conditions can be determined from the experiments in entry 2 (tR
= 30 minutes with 1.2 mol% of PC, productivity = 240 mg h−1 =
1.30 mmol h−1, approximately 1.9 g = 10.43 mmol during an
8-hour working day) and entry 6 (tR = 60 minutes with 0.25 mol%
of PC, productivity = 126 mg h−1 = 0.68 mmol h−1, approximately
1.0 g = 5.48 mmol during an 8 hour working day). Although the
productivity in entry 6 is almost 2-times lower, it utilizes
approximately 5-times less catalyst loading, which can be
advantageous for industrial applications. Furthermore, employing
an extra-low catalyst loading (0.1 mol%, entry 8) resulted in a
productivity of 97 mg h−1 = 0.53 mmol h−1, corresponding to 2.33
g = 12.66 mmol over 24 hours. In comparison, a gram-scale batch
experiment conducted by Wu and colleagues using
cyanoisoquinoline yielded 1.05 g (4.49 mmol) of product with an
isolated yield of 90% in a 24 hour batch reaction (noting that
higher batch loading would lead to higher productivity). Finally,
based on the low catalyst loading 0.25 mol%, we performed a
gram-scale experiment during an 8 hour working day. For this
purpose, a concentration 0.072 M was used, resulting in a 1.05 g
(5.71 mmol) of product 3 corresponds to a 93% isolated yield
(entry 10) which proves the ability to use the developed protocol
for the industrial application.

To investigate the influence of flow technique from an
ecological point of view, we compared the green metrics of three
experiments, which were performed using 11 mL, 1.5 mm I.D.
continuous-flow setup, 100 mL Schlenk flask, and 7.5 mL vial.
All experiments were performed using 0.25 mol% of PC and 1
equiv. of DABCO in acetonitrile (0.07 M) under 450 nm, 36 W
irradiation at room temperature (Table 3).

The highest yield was obtained in case of the flow setup
(93%) with only 1 h of residence time; a slightly lower yield was
reached in the vial experiment (90%) under 5 h of irradiation;
only a moderate yield of 54% was reached while a 100 mL flask
was used (the reaction mixture volume was about 85 mL)
despite a 24 h reaction time. This is an illustration of the
irrational application of the reactor's dimensions increasing for
the scaling up of photochemical reactions. The atom economy
(AE) of the reaction is 87%; the stoichiometric factor (1/SF) is
the same for all three experiments (100%) due to the constant
ratio of reagents (1 : 1 for cyanopyridine and methylaniline) used
for all three experiments. STY (space time yield) is dramatically
different between flow and batch technique's experiments and
expectedly has a high value for flow and a low value for both vial
and flask approaches; gain of 1265% in comparison to the vial
and 4547% to the flask techniques observed for the flow. Next,
the E-factor and process mass intensity (PMI) of the flow and
the vial variants are close to each other (gain of flow is 11%)
and notably lower than these indicators of the flask's setup.
Reaction mass efficiency (RME) of flow is similar to the vial's
procedure (difference is only 4%) and rather higher than the
flask's one (gain is 72%). Finally, the productivity of the flow
setup is almost 20 times higher than that of the vial (gain is
about 1900%) and more than 5 times higher than that of the
flask setup (gain is 411%). Thus, calculated green metrics show
the effectiveness of the application of flow technology for
scaling up potential industrial photochemical approaches.

Conclusions

We have successfully developed a continuous-flow procedure for
synthesizing substituted heteroarylamines through a
photoorganocatalytic decyanative N-arylation reaction. The
implementation of flow technology significantly reduced

Table 3 Green metrics analysis of flow, flask and vial synthetic procedures

Parametera Flow setup Vial
Gain/loss of flow
vs. vial Flask

Gain/loss of flow
vs. flask

Yield (%) 93 90 3% 54 72%
AE (%) 87 87 — 87 —
1/SF (%) 100 100 — 100 —
STY (g L−1 h −1) 11.93 0.88 1265% 0.2567 4547%
E-factor (−) 64.65 72.51 −11% 110.9 −42%
PMI (−) 65.65 73.51 −11% 111.9 −41%
RME (%) 81 78 4% 47 72%
Productivity (mg h−1) 131.2 6.60 1888% 25.67 411%

a The formulas for the green metrics parameters are given in a section 4 of ESI.†
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reaction times to 1 hour compared to the 12 hours required in
batch conditions, while maintaining similar yields.
Furthermore, we have demonstrated the potential for scaling up
the reaction by utilizing a flow reactor with a wider working
diameter, paving the way for its industrial application. This
developed procedure holds promise for the efficient industrial
production of tertiary amines, particularly in the
pharmaceutical industry.
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