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In this work, the synthesis of N,N′-dialkyl-6,6′-dibromoisoindigo derivatives by continuous-flow chemistry is explored
as a means to enhance material availability and structural diversity, in particular toward the application of isoindigo-based
semiconductors in high-performance organic photovoltaic devices. The individual steps in the conventional batch
synthesis protocol are evaluated and, when needed, adapted to flow reactors. To overcome the low solubility of non-
alkylated 6,6′-dibromoisoindigo in common organic solvents, the flow condensation reaction between the 6-bromo-isatin
and 6-bromo-oxindole precursors is evaluated in polar aprotic solvents. Dialkylation of 6,6′-dibromoisoindigo is readily
performed in flow using a solid-phase reactor packed with potassium carbonate. In an alternative strategy, solubility is
ensured by first introducing the N-alkyl side chains on 6-bromo-isatin and 6-bromo-oxindole (accessible via a high-
yielding flow reduction of alkylated 6-bromo-isatin), followed by condensation using the conventional method in acetic–
hydrochloric acid medium. The N,N′-dialkylated 6,6′-dibromoisoindigo derivatives indeed show enhanced solubility in
the hot reaction mixture compared to the non-alkylated material but eventually precipitate when the reaction mixture is
cooled down. Nevertheless, the condensation between both alkylated starting materials is achieved in flow without any
blockages by keeping the outlet from the reactor heated and as short as possible. The latter strategy allows the preparation
of both symmetrically and asymmetrically N-substituted isoindigo compounds.
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1. Introduction

Over the last decades, multiple types of solar cell technologies
have been developed to aid to renewable energy production.
Among those, the class of organic photovoltaics (OPV) has par-
ticular advantages in terms of aesthetics, flexibility, and cost and
mainly aims at portable or wearable consumer goods and build-
ing/automotive integration [1–5]. OPV device efficiencies have
recently made a huge leap forward, reaching ~10% for polymer-
and small-molecule-based solution-processed bulk (single) hetero-
junction devices [6–17]. Nevertheless, some issues concerning cost,
efficiency, and reliability still need to be resolved for OPV to
become an economically viable technology. There is an obvious
need for improved material availability with a low production cost,
in high quality and, most importantly, with reproducible properties,
for example toward device optimization in large area roll-to-roll
printing processes [18]. As most of the synthetic processes are
nowadays still performed in (academic) research labs, there is a
need for reaction optimization and translation from lab to pilot-scale.
Chemical industry is constantly developing new technologies

to increase the ease of syntheses and their upscaling, driven by the
urge to decrease production costs and the increased awareness of
process safety and environmental impact. Continuous-flow chem-
istry has been developed into a powerful complementary material
production technique, partly satisfying the general trend toward
faster, cheaper, and cleaner processes [19–23]. Many chemical
companies, in particular the pharmaceutical ones and material
providers, have been exploring the potential of flow methods
and have implemented them in their research and production
facilities, as a lot of processes can benefit from (micro/milli) flow
reactor technology. Among the major advantages of flow tech-
nologies are faster and safer reactions (smaller intrinsic reaction
volumes), quick reaction screening, easy scale-up, high reprodu-
cibility, reduced waste production, and lower (energy/solvent)
costs. Additionally, continuous-flow procedures can also lead to
higher reaction selectivities, improved yields, and increased puri-
ties of the desired products as contact times can be precisely

controlled. Based on these intrinsic properties, it has been stated
that 40–60% of all organic reactions may profit from flow con-
ditions [21]. Although flow chemistry clearly has many advan-
tages over conventional batch processes, there are some drawbacks
as well. On transferring in-flask processes to continuous-flow
systems, some particular points have to be considered. Heteroge-
neous reactions and reagent and/or (by)product precipitation have
to be avoided whenever possible, as they tend to block the flow (in
particular for microreactors). The same holds for reactions result-
ing in a large increase in viscosity (e.g., certain polymerizations).
Continuous-flow chemistry can be a versatile tool to close the gap

between OPV material discovery and device (processing) optimiza-
tion by translating and carefully optimizing synthesis protocols for
state of the art low bandgap (precursor) materials from batch-to-
flow, in this way, paving the way for efficient scalability and low-
cost OPV [24–31]. In contrast to the past generations of photoactive
(electron donor) conjugated polymer materials, poly(p-phenylene
vinylene)s and poly(3-alkylthiophene)s, there is not a single work-
horse material anymore that is widely used and studied by all (non-
synthetic) researchers active in the domain. Most of the top research
groups and industrial players focus on their own home-made mate-
rials, which are therefore scarcely available to others.
Isoindigo was already synthesized in 1988, but it took over

two decades before it was recognized as a versatile component
of OPV materials [32–34]. The isoindigo core contains two
fused lactam rings, inducing a strong electron-deficient charac-
ter and, therefore, rendering it attractive as an acceptor compo-
nent in push–pull type organic semiconductors. Nowadays,
isoindigo has become a widely applied building block, with
over 100 publications on its characteristics and use in polymer
and molecular solar cells [35–41]. Power conversion efficiencies
(PCE's) of 3.7 and 7.3%, respectively, have been reached
for small molecule and polymer solar cells based on photoactive
isoindigo-containing light-harvesting materials [40, 41].
N-functionalized isoindigo derivatives are typically synthesized
via a two-step strategy (Scheme 1) [33]. In the first step, an acid-
catalyzed condensation reaction between (commercially avail-
able) 6-bromo-oxindole (1) and 6-bromo-isatin (2) is performed,
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followed by the N-alkylation of the obtained 6,6′-dibromoisoin-
digo (3). During the condensation reaction at elevated temper-
ature (100–120 °C in AcOH–HCl), 6,6′-dibromoisoindigo (3)
precipitates out of the hot reaction mixture. The subsequent
alkylation step uses a barely soluble base (K2CO3 in DMF),
resulting in a heterogeneous reaction mixture. As such, both
steps are difficult to perform in a continuous-flow reactor. The
synthetic strategy therefore needs some adaptations to allow the
use of flow processes. The main issues to deal with are the low
solubility of the pristine 6,6′-dibromoisoindigo core in common
organic solvents and the use of the inorganic base K2CO3. On the
other hand, 6,6′-dibromoisoindigo dissolves rather well in polar
aprotic solvents such as DMSO and DMF, and the solubility
improves drastically by introducing alkyl substituents on the lac-
tam nitrogen atoms. This explorative study follows both
approaches toward the desired N,N′-dialkyl-6,6′-dibromoisoindigo
derivatives.

2. Results and Discussion

All continuous-flow experiments were conducted on a Syrris
Asia 320 system (Figure S1), consisting of a pressurized solvent/
reagent input store under N2 atmosphere, a corrosion resistant
dual syringe pump, a heater module with an adaptor for a tubular
or glass chip reactor, and an adaptor for a solid-phase (SP) reactor,
a 5–10 mL polytetrafluoroethylene (PTFE) loop reagent injector,
and a corrosion resistant backpressure regulator (BPR). Different
synthetic methods toward N,N′-dialkyl-6,6′-dibromoisoindigo
derivatives 4 have been evaluated, as outlined in Scheme 2.
Routes A, B, and C are based on the idea to improve the solubility
of the precursor compounds in the standard solvent used for the
condensation reaction, acetic acid (AcOH), by first introducing
N-alkyl side chains on the starting materials. Route D is motivated
by the fact that both starting and end products dissolve well in
polar aprotic solvents such as DMF and DMSO, implying that

Scheme 1. Conventional batch procedure for the synthesis of N,N′-dialkyl-6,6′-dibromoisoindigo derivatives 4 [33]

Scheme 2. Overview of the synthetic strategies applied toward the flow synthesis of N,N′-dialkyl-6,6′-dibromoisoindigo derivatives 4: i) solid-phase
reactor filled with K2CO3, DMF, 2-ethylhexyl bromide (1.2 equiv.), 120 °C, 100–135 μL/min (50–70 mm path length), 4 bar, H2O quench; ii) AcOH–
HCl, 110 °C, 80 min, 3 bar; iii) hydrazine hydrate, DMF, 180 °C, 20 min, 4 bar; iv) AcOH–HCl, 110 °C, 80 min; v) solid-phase reactor filled with
K2CO3, DMF, dodecyl bromide (1.2 equiv.), 120 °C, 135 μL/min; vi) 1 (1.5 equiv.), TEOF (7 equiv.), DMF, 12 M HCl (7 equiv.) in DMF, 120 °C,
80 min; vii) solid-phase reactor filled with K2CO3 (70 mm path length), DMF, 2-ethylhexyl bromide (2.1 equiv.), 120 °C, 135 μL/min
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the condensation reaction between non-alkylated 6-Br-isatin and
6-Br-oxindole can be performed in these solvents without precip-
itation of pristine 6,6′-dibromoisoindigo (3).
2.1. N-Alkylation. We started our explorative study with the

N-alkylation reaction, which is required for all synthetic routes
depicted in Scheme 2 and is a general reaction to afford sol-
ution-processable semiconducting materials. Since the conven-
tional N-alkylation reaction of 6,6′-dibromoisoindigo (3)
(Scheme 1) uses a heterogeneous base–solvent system, K2CO3

in DMF, it was necessary to evaluate this procedure and possi-
bly adapt it to work under continuous-flow conditions.
Initially, a wide variety of reaction conditions, in standard

batch settings or applying microwave irradiation [42], has been
screened for the N-alkylation of 6-Br-isatin (2) (Table S1). The
first idea was to change K2CO3 by a more soluble organic base.
However, none of the conditions examined turned out to be
efficacious. All attempts to perform the N-alkylation in a bipha-
sic system in combination with the phase transfer catalyst
tetrabutylammonium bromide (TBAB) were not successful
either [43], since this resulted in the opening of the 5-membered
ring of the 6-Br-isatin starting compound. The use of the more
soluble base KOtBu was screened in THF as well as in 1,4-
dioxane, under high dilution conditions (due to the poor solu-
bility of 6-Br-isatin in these solvents). In this case, conversion
to the N-alkylated 6-Br-isatin 2a was only observed when 18-
crown-6 was added to the reaction mixture. Dioxane was not a
good choice because it resulted in a viscous reaction mixture
which is disadvantageous in flow. After all attempts to keep the
reaction mixture homogeneous, it turned out that none of the
screened conditions actually afforded a good alternative for the
classical heterogeneous N-alkylation reaction. Therefore, it was
decided to stay with K2CO3 as the preferred base. The best
results in batch were obtained when the reaction was done in the
presence of a catalytic amount of KI in acetonitrile at reflux or
DMF at temperatures between 130 and 150 °C. These condi-
tions resulted in 96% conversion to the desired N-alkylated 6-
Br-isatin (analysis via 1H NMR).

Having at hand a set of optimized batch reaction conditions
for the N-alkylation of 6-Br-isatin, we then moved to a contin-
uous-flow process, on a small scale as well as on a larger scale

(Table S2). For this purpose, a high-temperature glass solid-
phase reactor (Omnifit®) was filled with K2CO3 and a stream of
the reagent solution was sent through this packed bed with a
typical overall flow rate of 100–135 μL/min (average residence
time of 40 min) and a post-slug volume of 3 mL (necessary for
collecting the entire reaction mixture since the product tends to
stick to the solid K2CO3). A solution of 6-Br-isatin (2) and 1.2
equivalents of 2-ethylhexyl bromide in DMF (20–44 mM) was
passed through the solid-phase reactor filled with K2CO3 (3–
3.5 g; 50–70 mm path length) heated to 120 °C, as shown in
Figure S2. Typically, 100–200 mg of 6-Br-isatin was used for
the small scale screening whereas, for the larger scale reaction,
2.0 g of starting material was used. In the first case, the reagents
were injected into small injector loops (5–10 mL) whereas, in
the latter case, the reagents were put in a solvent bottle and
pumped as such. Important to note is that, despite being a good
solvent in batch, acetonitrile was not the most suitable solvent
in the flow experiments since it resulted in an irregular move-
ment of the solvent front through the solid packing (Figure S3).
To obtain a smooth flow pattern and to avoid the formation of
bubbles inside the solid-phase reactor, a BPR was inserted into
the fluidic setup after the solid-phase reactor, maintaining the
system at a constant pressure of 4 bar. To prevent blockages
inside the BPR and pressure buildup during the entire run, a
stream of water was inserted between the outlet of the solid-
phase reactor and the BPR via a T-piece to remove any solid
K2CO3 (partially solubilized or precipitated/deposited inside the
BPR or the connecting tubing). The most suitable fluidic setups
for the small and larger scale N-alkylation reactions are depicted
in Figure 1. The product was collected manually in a flask
containing toluene, and a post-slug volume of 3 mL was set to
ensure the complete elution of the compound from the packed-
bed reactor. After removal of the solvent and drying, the crude
reaction mixture was analyzed by 1H NMR. In both cases, 92%
(1H NMR, Figure S4) conversion could be obtained. The
remaining 8% corresponded to the starting material. The prod-
uct could be successfully isolated from the reaction mixture by
consecutive hexane extractions. To be able to determine the
conversions by 1H NMR, the crude mixture was extracted with
diethyl ether, since both 6-Br-isatin (2) and N-2-ethylhexyl-6-

Figure 1. Fluidic setups for the N-alkylation of 6-Br-isatin (2) in flow on a small (100–200 mg) (top) and larger (2.0 g) scale (bottom)
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Br-isatin (2a) dissolve in diethyl ether. Purification by column
chromatography finally resulted in N-2-ethylhexyl-6-Br-isatin
in high purity in 80% yield (Figure S5).
Based on literature procedures, it was also attempted to N-

alkylate 6-Br-isatin utilizing solid-supported KF/alumina (Table
S2, entry 4) [44, 45]. Good conversion to the correct alkylated
compound could be obtained (87%), but problems arose with
blockages caused by the solid support passing through the filter
of the solid-phase reactor, resulting it to settle down inside the
BPR. Since this problem could not be solved by just adding a
water quench between the solid-phase reactor and the BPR, it
was decided to not further pursue this method because it would
anyway hamper upscaling of the reaction.
The optimized procedures, in batch and in the flow reactor, were

then also applied for the N-alkylation of 6-Br-oxindole (1). It turned
out, though, that it was not possible to alkylate 6-Br-oxindole in a
regioselective way. All trials resulted in the formation of a mixture
of mono-, di-, and tri-alkylated materials (through the occurrence of
carbonyl α-substitution), each time in a more or less 1:1:1 ratio
(according to gas chromatography–mass spectrometry [GC–MS]).
This finding forced us to find an alternative approach to synthesize
N-alkylated 6-Br-oxindole (vide infra).
On the other hand, the optimized flow alkylation method did

work properly for both theN-alkylation ofmono-alkylated isoindigo
3a (vide infra) and for the double N-alkylation of 6,6′-dibromoi-
soindigo (3) (Scheme 2). The double alkylation could be performed
without any difficulties and with acceptable yield (63%) and high
purity (98%) after column chromatography. For the N-alkylation of
monosubstituted isoindigo derivative 3a (R1=2-ethylhexyl), some
precipitation was observed at the outlet of the reactor, resulting in
loss of product. The correct asymmetrically substituted isoindigo
compound 4b (R1=2-ethylhexyl, R2=dodecyl) was obtained in
41% yield after purification. These flow experiments were per-
formed without BPR and without the water quench to avoid block-
ages in the setup due to product precipitation (Figure 2).

From the conducted experiments, it can be concluded that a
similar conversion ratio could be obtained for the N-alkylation
reaction of 6-Br-isatin in flow and batch (92 and 96%, respec-
tively), while the reaction time could significantly be reduced
(from 20 h to only 40 min) in the flow protocol. Moreover,
the reaction was scaled up without difficulties and less
impurities were formed during the reaction in flow, resulting
in higher net yields after purification. Furthermore, the opti-
mized flow protocol was also successfully applied for iso-
indigo dialkylation.
2.2. Reduction of 6-Br-isatin (Route C). The failure of the

(regioselective) N-alkylation reaction of 6-Br-oxindole (1)
prompted us to find an alternative method to synthesize N-2-
ethylhexyl-6-Br-oxindole (1a) (Scheme 2). According to liter-
ature, this can be achieved through reduction of the respective
isatin derivative with hydrazine hydrate in polar solvents (DMF,
ethylene glycol, i-PrOH, or MeOH) without the addition of a
base, through conventional heating or via microwave irradiation
[46, 47]. First of all, this approach was evaluated on 6-Br-isatin
(2) in ethylene glycol and in i-PrOH in the microwave (30 W,
5 min at 180 or 150 °C, respectively), affording full conversion
of the starting material with formation of up to 98% of 6-Br-
oxindole (1) (as analyzed by GC–MS). Unfortunately, ethylene
glycol and i-PrOH are not so suitable for the reduction of 6-Br-
isatin in the flow reactor, since the solubility of the starting
compound in these solvents is low. Therefore, we moved to the
more suitable solvent DMF for a standard batch reaction, and
the reaction progress was monitored with a ReactIR probe
(Figure S6). After 2 h of reaction at 150 °C, a GC–MS con-
version of 94% was obtained, with 6% of hydrazone still
remaining in the reaction mixture (Table 1, entry 1). Based on
this experience, we then moved to the flow reactor. The fluidic
setup applied for the reduction reaction is shown in Figure 3.
Different reaction conditions (residence time and temperature) in
DMF and i-PrOH have been evaluated (Table S3). The experiments
showed that DMF is the most suitable solvent, and temperatures
higher than 150 °C are required to convert the hydrazone inter-
mediate to the desired 6-Br-oxindole. When the reaction was
performed at 150 °C, only limited conversion (up to 55%) was
observed. Increasing the temperature to 180 °C resulted in full
conversion to 6-Br-oxindole within 10 min.
Next, a variety of conditions were also screened for the reduc-

tion of N-2-ethylhexyl-6-Br-isatin (2a) in batch, in the microwave
and in the flow reactor (Figure 3, Table S4). In contrast to what
was observed for non-alkylated 6-Br-isatin, the flow reduction of
N-2-ethylhexyl-6-Br-isatin afforded the best results in i-PrOH as a
solvent. An overview of the best conditions for both 6-Br-isatin
and N-2-ethylhexyl-6-Br-isatin reduction is provided in Table 1.
In general, it can be concluded that it is possible to con-

vert N-alkylated 6-Br-isatin to the corresponding N-alkylated
6-Br-oxindole in flow without noticeable difficulties and with a

Figure 2. Fluidic setup for the N,N′-dialkylation reaction of 6,6′-
dibromoisoindigo (3) in flow

Table 1. Comparison of the optimum reaction conditions and reaction outcome for the reduction of 6-Br-isatin (2) and N-2-ethylhexyl-6-Br-isatin (2a) in batch,
in the microwave (MW), and in the flow reactor (1 mL glass chip)

Entry Synthetic procedure Starting material Solvent Conc. (M) T (°C) Time (min) GC–MS

1 Batch 2 DMF 0.1 130 120 94% 1 6% Hydrazone
2 Batch 2a DMF 0.2 150 180 90% 1a 10% 1a–Bra

3 MW (30 W) 2 Ethylene glycol
(or i-PrOH)

0.22 180 (or 150) 5 98% 1b

4 MW (50 W) 2a DMF 0.12 150 10 84% 1a 2% Hydrazone 14% 1a–Bra

5 MW (100 W) 2a i-PrOH 0.12 150 10 90% 1a 5% 2a 5% Hydrazone
6 Flow 2 DMF 0.05 180 10c 100% 1
7 Flow 2a DMF 0.05 180 20c 84% 1a 4% 2a 8% 2a–Bra 4%

Other side products
8 Flow 2a i-PrOH 0.06 170 35c 99% 1a 1% 1a–Bra

a Loss of the bromine group has been observed in some cases while reducing N-2-ethylhexyl-6-Br-isatin (2a).
b 2% of a non-identifiable side product.
cResidence time.
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good conversion. The optimum solvent turned out to be i-PrOH
and a conversion of 99% to the correct oxindole compound was
achieved, which is slightly better as compared to the batch and
microwave procedures. Higher temperatures are required to
convert the intermediate hydrazone to the final oxindole deriv-
ative, and it is important to note that, when DMF is used as a
solvent, residence times in the reactor should not exceed
25 min, as prolonged exposure to high temperature in this
solvent results in partial loss of the bromine moiety and the
formation of other impurities.
2.3. Condensation. Having both alkylated starting materials

successfully prepared in flow, we moved to the condensation
reaction. In the first attempt, condensation of N-2-ethylhexyl-6-
Br-isatin (2a) and 6-Br-oxindole (1) (route B) or N-2-ethyl-
hexyl-6-Br-oxindole (1a) (routes A and C) was performed in
batch according to the conventional method in AcOH–HCl
medium at elevated temperatures (Schemes 1 and 2). The cor-
responding mono- and dialkylated 6,6′-dibromoisoindigo prod-
ucts (3a and 4a, respectively) showed a reasonable solubility in
the hot reaction mixture, but they started to precipitate imme-
diately upon cooling down the reaction medium. Nevertheless,
this method was transferred to the flow reactor. Two separate
solutions, one containing N-2-ethylhexyl-6-Br-isatin (2a) and
6-Br-oxindole (1) (or N-2-ethylhexyl-6-Br-oxindole (1a)) in
AcOH and the other one containing 12 M HCl in AcOH, were
prepared and introduced into two injection loops, and then
connected with two pumps delivering AcOH to the fluidic setup
(Figure 4). Both solutions were mixed via a Teflon T-piece
mixer before entering the preheated 4 mL tubular reactor

(110 °C). The residence time in the tubular reactor was set to
80 min. To avoid precipitation, the outlet of the reactor was kept
heated and as short as possible. For this reason, the reaction was
also carried out without BPR. For the condensation between
both N-alkylated starting materials, a conversion of about 75%
to the correct isoindigo derivative 4a was obtained when using
equimolar amounts of both starting materials. When using an
excess (2 equiv.) of N-2-ethylhexyl-6-Br-oxindole (1a), it was
possible to consume the isatin derivative completely. For the
condensation of N-2-ethylhexyl-6-Br-isatin (2a) with unsubsti-
tuted 6-Br-oxindole (1), an excess of the oxindole (1.5 equiv.)
was used. This resulted in a reaction mixture containing 71% of
the correct isoindigo compound 3a and 29% of remaining N-2-
ethylhexyl-6-Br-isatin (according to 1H NMR, Figure S7). The
desired compound 3a could be obtained in 60% yield by crys-
tallization from the crude reaction mixture.
In the meantime, the condensation reaction between the unsub-

stituted precursors, 6-Br-oxindole (1) and 6-Br-isatin (2), was also
evaluated in batch in polar aprotic solvents (DMSO and DMF) in
the presence of HCl (route D). Since the idea was to keep the
synthesized isoindigo in solution, it was expected that it could be
more difficult to drive the reaction to completion. For this reason,
the water scavenger triethyl orthoformate (TEOF) was added to the
reaction mixture. When the condensation reaction was carried out
in DMSO, no reproducible results and poor conversions and yields
were obtained. The 1H NMR spectrum of the crude reaction
mixture indicated the absence of the signals corresponding to 6-
Br-oxindole (1), whereas the signals corresponding to the desired
isoindigo 3 and 6-Br-isatin (2) were clearly visible. The spectrum

Figure 3. Fluidic setup for the flow reduction of 6-Br-isatin (2) and N-2-ethylhexyl-6-Br-isatin (2a)

Figure 4. Fluidic setup for the condensation reactions in the tubular flow reactor
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showed, however, also the presence of new signals, more in
particular in the alkene region (at 4.7 and 4.9 ppm) (Figure S8).
These findings made us to suggest that 6-Br-oxindole reacts with
DMSO in a type of condensation reaction [48]. When the con-
densation was performed in deuterated DMSO, the signals around
4.7 and 4.9 ppm were absent, indicating the participation of
DMSO in the reaction.
Before changing to DMF as an alternative solvent for the

condensation, the stability of 6-Br-oxindole (1) was tested under
the applied reaction conditions (DMF, HCl, TEOF, 120 °C,
120 min). After 2 h of stirring, the 1H NMR spectrum showed
only the signals corresponding to 6-Br-oxindole (Figure S9). The
condensation reaction was investigated in DMF and in mixtures of
DMF and AcOH, changing the reaction temperature, reaction time,
and the number of equivalents of HCl and TEOF. When DMF and
AcOH were used in a 3:1 ratio, no precipitation was formed, but
when going to 2:1 and 1:1 mixtures, the isoindigo product pre-
cipitated from the hot reaction mixture. The best result in batch
was obtained when the reaction was performed in DMF (0.1 M)
during 2 h at 120 °C with equimolar amounts of starting materials,
7 to 15 equivalents of HCl and 7 equivalents of TEOF. This
resulted in the formation of the correct isoindigo compound 3 in
70% yield (after work-up). Isoindigo 3 remained in solution, and
even upon cooling down, no precipitate was formed. This method
was then transferred to the flow reactor, and it was shown that it is
indeed possible to synthesize alkyl-free 6,6′-dibromoisoindigo 3 in
this way. Although good conversions were obtained in batch using
equimolar amounts of both starting materials, an excess of 6-Br-
oxindole (1) (1.5–2 equiv.) was required in flow to achieve com-
parable conversions (Table 2). For the flow condensation reactions
(Figure 4), the reagents were injected into two 5 mL injector loops
(solution 1 and solution 2), each inlet being connected to a syringe
pump delivering the solvent. The reaction was accomplished in a
4-mL tubular reactor heated to 120 °C. The residence time for the
condensation reactions was typically set to 80 min.
During the reaction screening in DMF, it was observed that, in

many cases, the reaction mixture still contained a lot of the
intermediate alcohol derivative (i.e., the hydrated isoindigo ana-
logue). For this reason, the condensation was also performed in
flow using a mixture of TFA and acetic anhydride in DMF (in the
tubular reactor), using the same conditions as before (120 °C for
80 min) (Table 2, entry 9). 1H NMR analysis of the crude reaction
mixture showed an acceptable conversion to the correct isoindigo
compound (73%) and only a minor amount of the alcohol precur-
sor. However, the isoindigo material started to precipitate in the last
part of the reactor, hampering the scale-up of the reaction using
these conditions.
In summary, the condensation of pristine 6-Br-isatin and 6-

Br-oxindole could be achieved in a tubular flow reactor using
DMF as a solvent to keep the formed 6,6′-dibromoisoindigo in
solution. After optimization of the reaction conditions, the

desired isoindigo compound was synthesized in 70% yield with
a good purity after precipitation. N-alkylation of both 6-Br-isatin
and 6-Br-oxindole resulted in increased solubility of the isoin-
digo compound, and in this way, the conventional batch strategy
using AcOH–HCl could be used for the condensation reaction
in a tubular flow reactor without blocking the reactor.

3. Conclusions

In conclusion, both symmetrically and asymmetrically
N,N′-dialkylated 6,6′-dibromoisoindigo derivatives were effi-
ciently synthesized using continuous-flow technology. All indi-
vidual steps in the different possible synthetic routes were
carefully optimized and transferred to flow. The main issues to
solve were the low solubility of the unsubstituted 6,6′-dibromoi-
soindigo core in common organic solvents and the heterogene-
ous reaction mixture in the N-alkylation reaction. In the first
strategy, the condensation reaction between 6-Br-isatin and
6-Br-oxindole was performed in DMF, avoiding precipitation
of pristine 6,6′-dibromoisoindigo. Subsequent dialkylation
using a packed-bed reactor filled with K2CO3 resulted in
the N,N′-disubstituted isoindigo derivative in a good yield
and high purity. In the second strategy, 6-Br-isatin was first
N-alkylated in flow using the same solid-phase alkylation pro-
cedure, with a similar conversion ratio as in batch, an increased
yield after purification and a significantly reduced reaction time.
This N-alkylated 6-Br-isatin was readily reduced in flow to the
corresponding N-alkyl-6-Br-oxindole using hydrazine hydrate in
i-PrOH upon optimizing the residence time. Both N-alkylated
starting materials were then combined in flow using the conven-
tional AcOH–HCl conditions at 110 °C affording the desired
N,N′-dialkylated 6,6′-dibromoisoindigo compounds. Reactor
fouling by precipitation was avoided by keeping the outlet
from the reactor heated. The latter strategy also allowed the
synthesis of an unprecedented asymmetrically dialkylated iso-
indigo derivative. The N,N′-dialkyl-6,6′-dibromoisoindigo
flow synthesis protocol reported here represents the first real
example of an important OPV building block prepared by
continuous flow. Further efforts in this direction are considered
relevant to increase material availability – with an emphasis on
purity and reproducible material properties – and thereby foster
further technological progress in the OPV field.

4. Experimental Section

4.1. Materials and Instrumentation. Unless stated other-
wise, all reagents and chemicals were obtained from commercial
sources and used without further purification. Solvents were
dried by a solvent purification system (MBraun, MB-SPS-800).
1H NMR chemical shifts (δ, in ppm) were determined relative to

Table 2. Overview of the screened reaction conditions for the condensation between 6-Br-oxindole (1) and 6-Br-isatin (2) in flow in DMF (120 °C, 4 mL
tubular reactor, overall residence time 80 min)

Entry Injector solution 1 Injector solution 2 NMR (mol%)

1 0.073 M 2 + HCl 0.05 M 0.073 M 1 + TEOF (1 equiv.) A: 43a B: 24 C: 33 D: 0
2b 0.086 M 2 + HCl 0.24 M 0.088 M 1 A: 46 B: 17 C: 37 D: 0
3 0.070 M 2 + HCl 0.52 M 0.070 M 1 + TEOF (7 equiv.) A: 43 B: 38 C: 19 D: 0
4 0.070 M 2 + HCl 0.52 M 0.102 M 1 + TEOF (7 equiv.) A: 74 B: 0 C: 3 D: 0 Unknown: 23
5c 0.070 M 2 + HCl 0.52 M 0.140 M 1 + TEOF (7 equiv.) A: 28 B: 0 C: 33 D: 39
6 0.070 M 2 + HCl 0.52 M 0.140 M 1 + TEOF (7 equiv.) A: 69 B: 0 C: 31 D: 0
7 0.070 M 2 0.102 M 1 TEOF (7 equiv.) 12 M HCl in DMF 0.52 M A: 74 B: 0 C: 26 D: 0
8 0.070 M 2 0.070 M 1 TEOF (7 equiv.) 12 M HCl in DMF 0.57 M A: 54 B: 22 C: 24 D: 0
9d 0.070 M 2 0.102 M 1 TFA–Ac2O in DMF A: 73 B: 25 C: 2

aA=isoindigo 3; B=6-Br-isatin (2); C=alcohol precursor; D=6-Br-oxindole (1).
b The solvent used was a mixture DMF–AcOH 3:1.
c 40 min overall residence time.
d Precipitation occurred in the last part of the reactor.

Continuous-Flow Isoindigo Synthesis

206



the residual solvent signals (2.50 ppm for DMSO-d6, 2.05 ppm
for (CD3)2CO, and 7.26 ppm for CDCl3). Gas chromatography–
mass spectrometry (GC–MS) analyses were carried out on a
Finnigan TSQ-7000 Thermoquest, with a 30-m DB5-MS
0.25 mm ID, 0.25 μm FT column. Electrospray ionization
(ESI)–MS was performed using an LTQ Orbitrap Velos Pro mass
spectrometer (ThermoFischer Scientific) equipped with an
atmospheric pressure ionization source operating in the nebulizer
assisted electro spray mode. The instrument was calibrated in the
m/z range 220–2000 using a standard solution containing caf-
feine, MRFA, and Ultramark 1621. A constant spray voltage of
5 kV was used, and nitrogen at a dimensionless sheath gas flow-
rate of 7 was applied. Capillary temperature was set to 275 °C.
High-performance liquid chromatography (HPLC) grade metha-
nol was used as solvent. Spectra were analyzed in Thermo
Xcalibur Qual Browser software. The flow experiments were
conducted on a Syrris Asia 320 system. The applied solid-phase
reactor is a glass (10 mm ID) Omnifit column. The used FT-IR
probe is a ReactIR15 from Mettler-Toledo with a liquid N2 MCT
detector, an AgX 6 mm×2 m fiber, a probe tip comprised of
diamond (DiComp), and an integrated thermal device (RTD)
temperature sensor. The system is controlled, and the raw data
are collected and analyzed by the iC-IR software. Reactions
under microwave irradiation were performed in a CEM Discover
Explorer Hybrid12 microwave, controlled by the Synergy Appli-
cation Software.
4.2. Synthetic Protocols
4.2.1. N-alkylation in Flow
4.2.1.1. N-alkylation of 6-Br-isatin (2) – Synthesis of 6-Bromo-1-

(2-ethylhexyl)indoline-2,3-dione (N-2-ethylhexyl-6-Br-isatin) (2a)
(Route A) [49] Small-Scale Synthesis (Fluidic Setup in Figure 1 –
Top) 6-Br-isatin (2) (0.050 g, 0.22 mmol) and 2-ethylhexyl
bromide (0.051 g, 0.265 mmol, 1.2 equiv.) were dissolved in
dry DMF (11 mL), and this solution was injected into a 10-mL
injection loop. The Omnifit® glass solid-phase reactor (path
length 50–70 mm) was filled with anhydrous K2CO3 (2.5 g),
and the mixed starting product solution was pumped through the
preheated reactor (120 °C, 100 μL/min). The flow rate of the
water stream (at the reactor outlet) was kept fixed at 50 μL/min,
and the BPR was set at 4 bar. The residence time that was
obtained in the whole setup was about 75 min. The reaction
mixture leaving the flow reactor was collected over toluene. At
the end of the experiment, the solvent was removed under reduced
pressure by coevaporation with toluene. The crude compound was
diluted with water and extracted with n-hexane. The combined
organic phase was dried over MgSO4 and filtered, and the solvent
was removed under reduced pressure. The crude compound was
purified by column chromatography (eluent diethyl ether–petro-
leum ether, 8:2), which resulted in a pure orange solid (0.046 g,
62%). 1H NMR (400 MHz, DMSO-d6) δ 7.47 (d, J=7.9 Hz, 1H),
7.41 (d, J=1.5 Hz, 1H), 7.32 (dd, J=7.9, 1.6 Hz, 1H), 3.54 (d, J=
7.4 Hz, 2H), 1.46–1.10 (m, 9H), 0.91–0.81 (m, 6H) [49].
Upscaling (Fluidic Setup in Figure 1 – Bottom). 6-Br-isatin

(2) (2.00 g, 8.84 mmol) and 2-ethylhexyl bromide (2.05 g,
10.61 mmol, 1.2 equiv.) were dissolved in dry DMF (200 mL),
together with KI (0.146 g, 0.88 mmol, 0.1 equiv.), and this
solution was collected in a solvent reagent bottle. The Omnifit®

glass solid-phase reactor (path length 50–70 mm) was filled with
anhydrous K2CO3 (3.2 g), and the mixed starting product solu-
tion was pumped through the preheated reactor (120 °C, 100 μL/
min). The flow rate of the water stream (at the reactor outlet) was
kept fixed at 100 μL/min, and the BPR was set at 4 bar. The
outcome of the flow reactor was collected over toluene. At the
end of the experiment, the solvent was removed under reduced
pressure by coevaporation with toluene. The crude compound
was diluted with water and extracted with n-hexane. The com-
bined organic phase was dried over MgSO4 and filtered, and the

solvent was removed under reduced pressure. The crude com-
pound was purified by column chromatography (eluent hexanes–
CH

2Cl2, 8:2), affording the pure product in 80% (2.39 g) yield.
4.2.1.2. N-monoalkylation of N-2-ethylhexyl-6,6′-dibromoisoin-

digo – Synthesis of (E)-6,6′-dibromo-1-dodecyl-1′-(2-ethylhexyl)-
[3,3′-biindolinylidene]-2,2′-dione (4b) (Route B) [33] A solution
of N-2-ethylhexyl-6,6′-dibromoisoindigo (3a) (0.070 g,
0.132 mmol) and 1-dodecyl bromide (0.039 g, 0.158 mmol, 1.2
equiv.) in dry DMF (5 mL) was introduced into a 5-mL injector
loop connected with a syringe pump to pump DMF through the
fluidic setup. The Omnifit® glass solid-phase reactor (path length
70 mm) was filled with anhydrous K2CO3 (3.5 g), and the mixed
starting product solution was pumped through the preheated
reactor (120 °C) with a flow rate of 135 μL/min and a post-slug
volume of 3 mL. The outcome of the flow reactor was collected
over toluene. At the end of the experiment, the solvent was
removed under reduced pressure by coevaporation with toluene.
The crude compound was diluted with water and extracted with
diethyl ether. The combined organic phase was dried over
MgSO4 and filtered, and the solvent was removed under reduced
pressure. The crude compound was purified by flash column
chromatography (petroleum ether–CH2Cl2 eluent gradient) and
obtained as a pure red solid (0.038 g, 41%). 1H NMR (300 MHz,
CDCl3) δ 9.05 (ddd, J=8.6, 4.9, 2.1 Hz, 2H), 7.15 (dd, J=8.6,
1.9 Hz, 2H), 6.91 (d, J=1.8 Hz, 1H), 6.89 (d, J=1.8 Hz, 1H),
3.71 (t, J=7.4 Hz, 2H), 3.66–3.62 (m, 2H), 1.64–1.02 (m, 25H),
0.92–0.80 (m, 9H); 13C NMR (100 MHz, CDCl3) δ 168.5,
168.1, 146.6, 146.2, 133.04, 133.00, 131.6, 131.4, 127.15,
127.11, 125.6, 125.2, 120.82, 120.78, 112.0, 111.7, 44.8, 40.7,
37.8, 32.3, 31.0, 30.1, 30.03, 29.97, 29.91, 29.75, 29.69, 29.0,
27.8, 27.4, 24.4, 23.5, 23.1, 14.6, 14.5, 11.1; MS (ESI) calcd. for
C36H48Br2N2O2Na [M+Na]+ m/z 721.19; found 721.14.

4.2.1.3. N,N′-dialkylation of 6,6′-Dibromoisoindigo – Synthesis
of (E)-6,6′-dibromo-1,1′-bis(2-ethylhexyl)-[3,3′-biindolinylidene]-
2,2′-dione (4a) (Route D; Fluidic Setup in Figure 2) [33] A sol-
ution of 6,6′-dibromoisoindigo (3) (0.150 g, 0.357 mmol) and 2-
ethylhexyl bromide (0.152 g, 0.786 mmol,2.2 equiv.) in DMF
(10 mL) was introduced into a 10-mL injector loop connected
with a syringe pump to pump DMF through the fluidic setup.
The Omnifit® glass solid-phase reactor (path length 70 mm) was
filled with anhydrous K2CO3 (3.5 g), and the mixed starting
product solution was pumped through the preheated reactor
(120 °C) with a flow rate of 135 μL/min and a post-slug volume
of 3 mL. The outcome of the flow reactor was collected over
toluene. At the end of the experiment, the solvent was removed
under reduced pressure by coevaporation with toluene. The
crude compound was diluted with water and extracted with
diethyl ether. The combined organic phase was dried over
MgSO4 and filtered, and the solvent was removed under reduced
pressure. The crude compound (82% yield) was purified by flash
column chromatography (eluent n-hexane–CH2Cl2, 8:2) and
obtained as a pure red solid (0.145 g, 63%). 1H NMR
(300 MHz, acetone-d6) δ 9.19 (d, J=8.6 Hz, 2H), 7.25 (dd, J=
8.6, 1.9 Hz, 2H), 7.21 (d, J=1.8 Hz, 2H), 3.76 (d, J=7.6 Hz,
4H), 1.50–1.24 (m, 18H), 1.00–0.82 (m, 12H) [33].
4.2.2. Reduction of N-2-ethylhexyl-6-Br-isatin (in MW and

Flow) (Route C) [49]
4.2.2.1. Microwave Synthesis of 6-Bromo-1-(2-ethylhexyl)

indolin-2-one (N-2-ethylhexyl-6-Br-oxindole) (1a) N-2-ethyl-
hexyl-6-Br-isatin (2a) (0.200 g, 0.592 mmol) was dissolved in
DMF (4 mL) in a 10-mL MW vial, and hydrazine hydrate
(51% v/v; 0.160 mL) was added to this solution. The vial was
inserted into the CEM® microwave reactor and irradiated for
10min at 150 °C (50W). The reaction mixture was poured on ice,
neutralized with 1 N HCl (aq), and extracted with diethyl ether.
The crude product was purified by flash column chromatography
(petroleum ether–CH2Cl2 eluent gradient, from 99 to 10%
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petroleum ether) and obtained as a white solid in 77% yield
(0.140 g). 1H NMR (300 MHz, DMSO-d6) δ 7.27–7.08 (m,
3H), 3.53 (s+d, J=8.0 Hz, 4H), 1.39–1.12 (m, 9H), 0.93–0.75
(m, 6H) [49].

4.2.2.2. Flow Synthesis of 6-Bromo-1-(2-ethylhexyl)indolin-
2-one(N-2-ethylhexyl-6-Br-oxindole) (1a) (Fluidic Setup in
Figure 3) Two separate solutions were prepared, one containing
N-2-ethylhexyl-6-Br-isatin (2a) (0.100 g, 0.30 mmol) in iPrOH
(5 mL; 0.06 M) and the other one containing hydrazine hydrate
(51% v/v, 0.08 mL) in iPrOH (5 mL). Both solutions were
injected into 5 mL injection loops and passed through the
1 mL glass chip reactor, heated to 170 °C, with a residence time
of 35 min. The BPR was set to 7 bar. The total flow rate was
28 μL/min. The outcome of the reactor was collected on ice,
neutralized with 1 N HCl, and extracted with diethyl ether. The
crude compound was purified by flash column chromatography
(petroleum ether–CH2Cl2 eluent gradient) and obtained as an
off-white solid in 70% yield (67 mg).
4.2.3. Condensation Reaction in Flow (Fluidic Setup in

Figure 4)
4.2.3.1. Condensation between 6-Br-oxindole (1) and 6-Br-

isatin (2) – Synthesis of 6,6′-Dibromoisoindigo (3) (Route D)
Two separate solutions were prepared, one (solution 1) contain-
ing 6-Br-isatin (2) (0.100 g, 0.44 mmol) and 6-Br-oxindole (1)
(0.140 g, 0.66 mmol, 1.5 equiv.) together with TEOF (0.5 mL)
in DMF (6 mL), and the other one (solution 2) containing HCl
(12 M; 0.3 mL) in DMF (6 mL). Of those solutions, 5 mL was
injected into injector loops A and B, respectively. Both pump A
(connected with the inlet of injector loop A) and pump B
(connected with the inlet of injector loop B) provide DMF from
the solvent bottle reservoir to the fluidic setup. Solutions 1 and
2 were mixed together in a Teflon T-piece before entering into
the 4 mL tubular reactor, which was preheated to reach a liquid
temperature of 120 °C. The residence time was set to 80 min
(50 μL/min total flow rate). The outcome of the reactor was
concentrated by evaporation under reduced pressure and diluted
with water and acetic acid. The formed precipitate was filtered
off and washed with water and acetic acid. The residue was
dissolved in DMF, the solvent was removed under reduced
pressure, and the compound was dried under high vacuum,
affording 82% (0.105 g) of pure isoindigo 3. 1H NMR
(300 MHz, DMSO-d6) δ 11.11 (s, 2H), 8.99 (d, J=8.7 Hz,
2H), 7.19 (dd, J=8.7, 2.0 Hz, 2H), 7.00 (d, J=2.0 Hz, 2H) [33].

4.2.3.2. Condensation between 6-Br-oxindole (1) and N-2-
ethylhexyl-6-Br-isatin (2a) – Synthesis of (E)-6,6′-dibromo-1-(2-
ethylhexyl)-[3,3′-biindolinylidene]-2,2′-dione (N-2-ethylhexyl-
6,6′-dibromoisoindigo (3a)) (Route B) [33]Two separate solutions
were prepared, one (solution 1) containing N-2-ethylhexyl-6-Br-
isatin (2a) (0.100 g, 0.30 mmol) and 6-Br-oxindole (1) (0.095 g,
0.45 mmol, 1.5 equiv.) in AcOH (5 mL), and the other one
(solution 2) containing HCl (12 M; 0.5 mL) in AcOH
(5 mL). Of those solutions, 5 mL was injected into the 5 mL
injector loops A and B, respectively. Both pump A (connected
with the inlet of injector loop A) and pump B (connected with the
inlet of injector loop B) pump AcOH from the solvent bottle
reservoir into the fluidic setup. Solutions A and B were mixed
together in a Teflon T-piece before entering into the 4 mL tubular
reactor, which was preheated to reach a liquid temperature of
110 °C. The residence time in the reactor was set to 80 min
(50 μL/min total flow rate). The outlet of the reactor was kept as
short as possible to avoid precipitation and blockage. The out-
come of the reactor was diluted with water, neutralized with
NaHCO3 (aq), and extracted with diethyl ether. The crude com-
pound was crystallized from hot ethanol, resulting in isoindigo 3a
in 60% yield (0.086 g) (still containing a little bit of starting
material). 1H NMR (400 MHz, CDCl3) δ 9.04 (d, J=8.7 Hz, 1H),
8.97 (d, J=8.6 Hz, 1H), 7.61 (br s, 1H), 7.18–7.16 (m, 1H), 7.16–

7.14 (m, 1H), 6.97 (d, J=1.8 Hz, 1H), 6.89 (d, J=1.8 Hz, 1H),
3.64–3.59 (m, 2H), 1.85–1.76 (m, 1H), 1.38–1.24 (m, 8H), 0.95–
0.85 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 168.6, 167.3,
145.9, 145.5, 133.08, 133.05, 131.3, 130.9, 130.4, 125.9,
124.4, 123.9, 120.6, 119.7, 112.4, 111.7, 43.4, 36.6, 29.6, 27.7,
23.2, 22.4, 13.8, 10.3; HRMS (ESI) calcd. forC24H24Br2N2O2Na
[M+Na]+ m/z 553.0105; found 553.0043.

4.2.3.3. Condensation between N-2-ethylhexyl-6-Br-oxindole
(1a) and N-2-ethylhexyl-6-Br-isatin (2a) – Synthesis of N,N′-bis
(2-ethylhexyl)-6,6′-dibromoisoindigo (4a) (Route A) [50] Two
separate solutions were prepared, one (solution 1) containing
N-2-ethylhexyl-6-Br-isatin (2a) (0.087 g, 0.258 mmol) and
N-2-ethylhexyl-6-Br-oxindole (1a) (0.167 g, 0.561 mmol,
2 equiv.) in AcOH (5 mL), and the other one (solution 2) contain-
ing HCl (12 M; 0.5 mL) in AcOH (5 mL). Of those solutions,
5 mL was injected into the 5 mL injector loops A and B, respec-
tively. Both pump A (connected with the inlet of injector loop A)
and pump B (connected with the inlet of injector loop B) pump
AcOH from the solvent bottle reservoir into the fluidic setup.
Solutions A and B were mixed together in a Teflon T-piece before
entering into the 4 mL tubular reactor, which was preheated to
reach a liquid temperature of 110 °C. The residence time in the
reactor was set to 80 min (50 μL/min total flow rate). The outlet of
the reactor was kept as short as possible to avoid precipitation and
blockage. The outcome of the reactor was diluted with water and
extracted with chloroform. The crude compound was purified by
column chromatography (n-hexane–CH2Cl2 eluent gradient) to
afford isoindigo 4a in pure form (because the reactor cracked
during the run, the yield could not exactly be determined). 1H
NMR (400 MHz, acetone-d6) δ 9.17 (d, J=8.6 Hz, 2H), 7.23 (dd,
J=8.6, 1.9 Hz, 2H), 7.19 (d, J=1.9 Hz, 2H), 3.77–3.72 (m, 4H),
1.44–1.24 (m, 18H), 1.00–0.89 (m, 12H).
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