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Reissert Indole Synthesis Using Continuous-Flow Hydrogenation
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A series of substituted indole-2-carboxylic acid ethyl esters and aza-indole analogs have been prepared using 
continuous-flow hydrogenation. The identification of some key parameters using a design of experiments (DoE)-
based approach allowed efficient optimization of each synthesis. The scale-up study for the multigram preparation 
of one model indole substrate showed the importance of working at steady state with the H-Cube apparatus. A new 
useful method for the easy preparation of substituted indoles in various quantities is presented.
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1. Introduction

In the past few years, flow chemistry [1] has become a power-
ful technique for increasing the throughput of many chemical 
reactions. The shorter reaction times used in flow chemistry are 
mainly due to an efficient heat exchange and an improved mass 
transport of the chemicals in the micro- or meso-flow reactors. 
Hence, pumping through a mesofluidic system can be reduced 
to less than a minute for preparing few milligrams of product, 
sufficient for structure characterization and yield assessment. 
Ease in scale-up by running the flow reaction for a longer period 
of time made also such technology very appealing in process 
development [2]. Continuous-flow technology proved to be 
very well suited for fast chemical reactions. Even slower reac-
tions now benefit from the continuous-flow technology because 
of the possible use of extreme pressure and temperature condi-
tions, which significantly expand the scope of known chemical 
reactions [3]. The small volume of reaction has also a direct and 
paramount impact on safety concerns associated with hazard-
ous, exothermic reactions and toxic compounds. This indeed is 
a valuable argumentation and promoted the spread of apparatus 
such as the H-Cube hydrogenation device [4], which limits air 
handling of heterogeneous catalysts thanks to prepacked cata-
lyst cartridges and the direct generation of hydrogen by in situ 
electrolysis of water. Hence, combination of hydrogenation and 
continuous-flow technology is now widely used in the pharma-
ceutical industry and academic groups [5] for the synthesis of 
many bioactive substances [6]. This study describes the suc-
cessful modification of the Reissert reaction using flow hydro-
genation, which resulted in the accelerated production of new 
compounds. A study of the mechanism and chemoselectivity of 
the Reissert indole synthesis in flow is presented in the first part 
followed by the preparation of a larger batch in a second part.

2. Results and Discussion

2.1. Study of the Mechanism and Chemoselectivity of the 
Reissert Indole Synthesis in Flow. The biological importance 
of indoles and related analogs in both natural products and 
pharmaceutical compounds made these motifs a good source 
of building blocks for further elaboration [7]. Numerous syn-
theses of indoles have already been described. The most widely 
used are the Leimgruber–Batcho, [8], Reissert [9], and Fischer 
[10] indole syntheses. Some preparations of indoles using 

continuous-flow technology have also been recently reported 
in the literature, notably some Fisher indole syntheses by the 
groups of Watts [11] and Kappe [12]. A more recent preparation 
of indoles using flow chemistry was also described by Seeberger 
[13] and involved the thermolysis of azide and C–H insertion of 
nitrene [13]. These strategies, however, require a particular sub-
stitution pattern on the benzene ring in order to control the regi-
oselectivity of the cyclization. The Reissert synthesis (Scheme 1) 
does not contain such limitation and the report herein consti-
tutes the first description of the Reissert indole synthesis using 
continuous-flow technology.

The first step of the Reissert indole synthesis involves the 
condensation of o-nitrotoluene with diethyl oxalate to give 
the ethyl o-nitrophenylpyruvate product. Subsequent catalytic 
reduction of the nitro group of ethyl o-nitrophenylpyruvate 
leads to spontaneous cyclization and formation of indole-2-
carboxylic ester (Scheme 1). The reaction conditions remain 
strongly dependent on the nature of the chosen o-nitrotoluene 
substrates and the use of different alkylation conditions (NaH/
DMF [14], EtONa/EtOH [15], and neat DBU [16]) was neces-
sary. Some ethyl o-nitrophenylpyruvate derivatives have there-
fore been obtained in moderate to good yields but none of these 
conditions proved to be sufficiently versatile to prepare a broad 
range of substrates. An anticipated reduction profile of unsub-
stituted ethyl o-nitrophenylpyruvate 1a to indole product 6a is 
depicted in Scheme 2 with partially reduced intermediates.

The kinetic study of the reduction of the model compound 
o-nitrophenylpyruvate 1a was performed in classical batch 
mode [17] using Pd/C (5%) on 100-mg scale in EtOH (0.05 M) 
at room temperature under hydrogen atmosphere. The conver-
sion was readily established by monitoring the composition of the 
reaction mixture by High Performance Liquid Chromatography–
Mass Spectrometry (HPLC-MS) analysis (Figure 1). This study 
indicated that the reduction proceeded quickly with 60% conver-
sion after 15 min. However, the rate became much slower after 
this preliminary phase mainly because of the slow reduction 
of the N-hydroxyindole intermediate 5a. The reaction seemed 
to be directed into an undesired pathway decreasing the speed 
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Scheme 1. Classical Reissert indole synthesis
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of formation of 6a. This pathway involves nucleophilic attack 
of the nitrogen of the hydroxylamine intermediate 3a onto the 
carbonyl group of the pyruvate to form the hydroxyindole side 
product 5a prior to complete reduction of the hydroxylamine 

intermediate 3a into arylamine 4a [14]. This latter intermedi-
ate was never observed during this study presumably because 
of its high reactivity toward spontaneous cyclization giving the 
desired indole product 6a upon dehydration. Eventually, indole 
6a was obtained in 88% yield after 440 min.

This kinetic profile was not surprising as the by-product 
5a was reported under alternative reduction conditions [18]. 
Structure of 5a and 6a were confirmed when the experiment was 
stopped after 1 h and product 5a and 6a were isolated in 29% 
and 63% yield, respectively. Alternative reduction approaches 
such as Zn/AcOH [15] and Pd-based heterogeneous catalytic 
hydrogenation either under hydrogen atmosphere [17] (both in 
batch and with continuous-flow mode) or using transfer hydro-
genation with cyclohexene under microwave irradiation [19] 
have then been compared (Table 1).

In our comparative study, the H-Cube system offered the best 
results (Table 1, entry 4). Product 6a was obtained in 93% yield 
under 1 bar of H

2
 in EtOH/EtOAc 1:1 (0.05 M) with a flow rate 

of 1 mL/min at 20°C. The advantage of the flow mode com-
pared to the batch mode is striking as the desired product is 
obtained cleanly in as little as 8 min compared to 440 min in 
batch mode (Table 1, entries 3, 4). Such difference between the 
reaction rates obviously relies on the fact that the amount of 
heterogeneous catalyst is much higher in flow processing using 
the H-Cube than it is in a typical batch experiment (140 mg in 
H-Cube Pd/C 10% small cartridge (s-cart) versus 8 mg (Pd/C 
5%) in 100-mg scale batch comparative reactions). The turnover 
number (TON) of the catalyst in the flow experiment depends 
on how much material is actually processed through the catalyst 
cartridge. In our case, both experiments were performed on the 
same scale (0.42 mmol) and TONs were 3 and 100 mol (sub-
strate)/mol (metal), respectively. Despite using relatively short 
reaction times, the two other methods (Table 1, entries 1, 2) suf-
fered from time consuming filtration and extraction steps. Such 
additional work-up has to be minimized when working on large 
series or in multistep syntheses where focus on throughput is 
important [5c, 20, 21]. Further investigations were carried out 
on the synthesis of more challenging indoles once the condi-
tions for transforming the model substrate 1a using continuous-
flow technology with more than 90% conversion on 0.42-mmol 
scale have been set (conditions A: 1 mL/min, 0.05 M, 20°C, 
1 bar, EtOH/EtOAc 1:1, Pd/C 10% s-cart) (Table 2). Temperature 
and pressure were increased, respectively 50°C and 100 bars, as 
most substrates were not fully transformed using our original 
conditions (conditions A). Larger cartridges (l-cart: 350 mg of 
catalyst in 70 × 4 mm cartridge) were used, increasing reagents 
residence time compared to smaller cartridges (s-cart: 140 mg 
of catalyst in 30 × 4 mm cartridge). The residence time in the 
H-Cube system was around 2.5 min compared to 20 s in the 
larger cartridge (300 mL) with a flow rate of 1 mL/min. Satis-
factory conversion for a whole series of substrates was obtained 
with our new set of harsher conditions (conditions B: 1 mL/min, 
50°C, 100 bars, EtOH/EtOAc 1:1 (0.05 M), Pd/C 10% l-cart). 
Refinement was, however, necessary when nitropyruvates bear-
ing sensitive functional groups were used (Table 2, entry 16).

The evaluation of the chemoselectivity of this reductive cycl-
ization step has been undertaken and showed that nitrile group 

Scheme 2. Mechanism for the reduction–cyclization of the 
o-nitrophenylpyruvate 1a into indole-2-carboxylic ester 6a

Entry Reaction conditions Time (min) HPLC UV (%) of 
producta

Yield (%)

1 Zn, AcOH/H
2
O (0.3 M), 75°C 60 >90 55

2 Cyclohexene microwave mode, Pd/C (10%) MeOH (0.15 M), 80°C 30 >90 95
3 H

2
 batch mode, Pd/C (5%), EtOH (0.05 M), 20°C, 1 barg 440 >90 88

4 H
2
 flow mode, Pd/C (10%) s-cart, EtOH/AcOEt 1:1 (0.05 M), 1 mL/min, 20°C, 1 bar 8 >90 93

aHPLC peak area percent (210–260 nm), UV absorption not corrected for different absorptivities.

Table 1. Comparison of reduction techniques for the Reissert synthesis of indole 6a

Figure 1. Kinetic of the Reissert indole synthesis of 6a in batch mode. 
Reaction conditions: H

2
 1 bar, 1 mol% Pd/C (5%), 100-mg scale, 20°C, 

0.05 M in EtOH. Conversion determined by LCMS/UV (HPLC peak 
area percent (210–260 nm)); UV absorption not corrected for different 
absorptivities
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aReactions conditions are as follows: A = 1 mL/min, 20°C, 1 bar, Pd/C 10% s-cart; B = 1 mL/min, 50°C, 100 bars, Pd/C 10% l-cart; C = 1 mL/min, 75°C, 
70 bars, Ru/C s-cart; D = 1 mL/min, 40°C, 1 bar, Raney Ni l-cart; E = 3 mL/min, 40°C, 1 bar, Raney Ni l-cart.

bHPLC peak area percent (210–260 nm); UV absorption not corrected for different absorptivities.
cIsolated yield of the pure product.
dChromatography purification was required to obtain clean product (>90%).

Table 2. Reductive cyclization of o-nitropyruvates 1a–j to the corresponding indole derivatives 6a–j

of 1e was not reduced on using both conditions A and B and that 
the pyridine system was found stable enough in case of substrate 
1d (only 6% of tetrahydropyrrolopyridine was found along with 
93% of the expected product 6d (Table 2, entry 8)). Such pyri-
dine heterocycles are however commonly reduced when Pt, Rh, 
Ru, or Ni catalysts are employed and a recent report related the 
reduction of pyridine compounds using neutral or acidic condi-
tion with Pd-based catalyst in H-Cube system [6a]. Reduction of 
the pyridine ring was observed in case of substrate 1j (Table 2, 
entry 18) as reported by Frydman [22]. Other chemoselective 
transformations were tested such as hydrogenation in the pres-
ence of benzyl ether or halogen group with the goal to avoid 

hydrogenolysis reactions. Screening of catalysts [23] and 
hydrogenation conditions [24] using continuous flow was effi-
cient due to short reaction times. Milder conditions (conditions 
D: 1 mL/min, 0.05 M, 40°C, 1 bar, EtOH/EtOAc 1:1, Raney 
Ni l-cart) afforded high chemoselectivity with 48% and 92% 
conversion on benzyl ethers 6g and 6i, respectively (Table 2, 
entries 14, 17). Conversion could be slightly improved from 
48% to 55% of 6g by using a higher flow rate (Table 2, entry 
15). Reductive dehalogenation can be slightly minimized for 
halogenated substrates by shifting from Pd/C catalyst to Ru/C 
catalyst with a new set of conditions (conditions C: 1 mL/min, 
0.05 M, 75°C, 70 bars, EtOH/EtOAc 1:1, Ru/C s-cart) (Table 2, 

JFC-D-11-00009R1.indd   70 12/5/2011   7:09:08 PM



E. Colombo et al.

71

entries 11, 12). The overall results described here demonstrated 
that it is possible to control chemoselectivity for sensitive sub-
strates by fine-tuning the reaction parameters.

2.2. Preparation of a Larger Batch Using the H-Cube 
Apparatus. Investigations have been carried out to increase 
the scale of the synthesis. Extrapolation of the continuous-flow 
reaction time to several hours was not acceptable as the current 
output is not sufficient (100 mg in 8 min (0.75 g/h)). Increasing 
both flow rate and concentration up to their maximum reason-
able limit (from 1 to 3 mL/min and from 0.05 to 0.2 M, respec-
tively) provided a theoretical output of 9 g/h. However, such 
decrease in residence time had a strong impact and the degree of 
conversion decreased when this new setting was applied on sub-
strate 1a (3 mL/min, 0.2 M, 20°C, 1 bar, EtOH/EtOAc 1:1, Pd/C 
l-cart). Only 78% of product 6a was observed along with 12% 
of hydroxyindole 5a and some minor unidentified impurities. 
Other parameters had to be modified in order to achieve full 
conversion using a forced mode (3 mL/min, 0.2 M). A design-
of-experiments (DoE) [25] approach using Design-Expert® 
version 7.0 software (DX7) [26] was used to screen the dif-
ferent parameters and identify main effects, cross-interactions 
between parameters as well as robustness of the experiments. 
A D-optimal design was selected with five factors (tempera-
ture, pressure, catalyst type, solvent, and presence of AcOH) 
and two to five levels for each factor (see Supporting informa-
tion part). The experiments were conducted on 0.42-mmol scale 
with reaction time of around 50 s in the whole H-Cube system 
and a residence time <10 s in the larger catalyst cartridge. High 
degrees of conversion (>90%) were obtained for few experi-
ments. Not surprisingly, temperature and pressure were iden-
tified as key parameters and provided the best results using 
moderate level for temperature (50°C) and highest level for 
pressure (100 bars). The choice of catalyst was also important 
but to a lower extent. Pd/C is favored over PtO

2
 and Raney Ni 

catalysts and higher amounts of catalyst led to higher conver-
sion in the order Pd/C 5% < Pd/C 10% s-cart < Pd/C 10% l-cart. 
An outlier was found with Raney Ni in EtOH, which provided 
an excellent 97% conversion. Modified conditions around this 
Raney Ni (data not shown) and Pd/C 10% l-cart catalysts indi-
cated that the Pd/C catalyst provided more consistent results. 
Other parameters such as solvent and the presence of acetic acid 
(10% v/v) were not found essential. The newly optimized flow 
reaction conditions turned out to be 3 mL/min, 0.2 M, 50°C, 
100 bars, EtOH/EtOAc 1:1, absence of AcOH, and Pd/C 10% 
l-cart providing consistently more than 90% conversion. During 
the scale-up experiment the conversion was excellent for the 
first few minutes (as anticipated with the above DoE results) 
but dropped rapidly to reach a plateau around 65% conversion 
after 15 min running at 0.2 M (Figure 2). These conditions were 
deemed acceptable to produce a few hundred milligrams of 
pure products when operating for few minutes, but not suited 
for larger amount. Complementary experiments were then per-
formed in order to study the variation of conversion versus time. 
In all cases, the kinetic profile was similar with a rapid decrease 
of the rate to reach a plateau (stabilized state) after ~15 min. 
The product distribution at 15 min is reported for each experi-
ment in Table 3.

The observed side products were mainly residual nitro-
pyruvate starting material 1a and N-hydroxyindole 5a in a 
ratio 2:1. Several hypotheses could explain this lower con-
version: slow dissolution of hydrogen in solvent, satura-
tion of adsorption of hydrogen onto the catalyst, catalyst 
poisoning, and leaching of palladium catalyst. Higher solubi-
lization of hydrogen with solvent of lower polarity [27] such 
as Tetrahydrofuran (THF) or a mixture of hexane/THF 2:1 
proved beneficial but the conversion (86%) was still not com-
plete and these solvent systems could not be used for a large 

range of substrates, especially in flow mode where solubiliza-
tion of reagents and products is essential (Table 3, entries 4, 5). 
Increasing temperature to 100°C or adding AcOH 10% v/v in 
order to accelerate the reaction rate did not significantly impact 
conversion (Table 3, entries 3, 6). One cartridge was used for 
several hours under 3 mL/min (0.2 M), 50°C, 100 bars, EtOH/
EtOAc 1:1, Pd/C 10% l-cart to assess poisoning or destruction 
of the catalyst cartridge. A decreased conversion was observed 
as expected. However, when the same cartridge was then used 
at lower concentration and flow rate (0.05 M, 1 mL/min), com-
plete conversion was achieved. This indicated that catalytic 
activity was not lost and the catalyst was preserved.

In order to reach a steady state, it is mandatory to maintain 
constant state variables (flow rates (volumes), temperature and 
pressure, adsorption/desorption rates). The first obvious param-
eter is the flow rate of substrate, which is linked to the residence 
time. This residence time under forced conditions looks suffi-
cient as the substrate is fully transformed during the first few 
minutes. However, not only the substrate but also hydrogen and 
the catalyst have to remain available at a constant level during 
the whole process. The curves from Figure 2 and Table 3 indi-
cated that the major limitation to reach a stabilized condition was 
related to the loading and replacement of hydrogen at the cata-
lyst surface, which was not rapid enough and led to the varia-
tion of conversion. The reduction reaction becomes less effective 
during the first 15 min as if new hydrogen could not reach the 
catalyst in order to allow the reaction to pursue. Increasing the 
pressure of hydrogen was not an option as the working pres-
sure was already set at 100 bars. The results in Table 3 show 
that the limiting factor seems to be the substrate concentration 
rather than the substrate flow rate. Hence, a threefold reduction 
in flow rate (Table 3, entries 2, 9) provided a lower improvement 
compared to twofold reduction in concentration of substrate 
(Table 3, entries 2, 7). Full and stabilized conversion (more favor-
able steady state) was eventually observed by moving from 0.2 
to 0.05 M, with the already observed conversion being 96% at 

Figure 2. Impact of flow rate on conversion for synthesis of com-
pound 6a. Reaction conditions: H

2
 100 bars, Pd/C (10%) l-cart, 100-mg 

scale, EtOH/AcOEt 1:1, 3 mL/min, 50°C. Conversion determined by 
LCMS/UV (HPLC peak area percent (210–260 nm)); UV absorption 
not corrected for different absorptivities
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0.1 M (Table 3, entries 2, 8, 9). This reduction in substrate concen-
tration left time for the catalyst to recycle and reload hydrogen.

New subsaturating conditions were then selected for the pro-
duction (3 mL/min, 0.05 M, 50°C, 100 bars, EtOH/EtOAc 1:1, 
absence of AcOH, Pd/C l-cart). The flow reaction was per-
formed for 6.75 h on the model substrate 1a without changing 
the catalyst cartridge. Under these conditions a total of 11.1 g of 
indole product 6a was prepared in 96% yield. The purity of the 
obtained compound was 88% after simple solvent evaporation, 
confirming that full conversion had been maintained during the 
whole process. This production with an output of 1.6 g/h using 
the H-Cube apparatus fits the classical needs of research labora-
tories in producing 10–20 g of various intermediates.

3. Conclusion

This study described an improved procedure for the preparation 
of a series of indole-2-carboxylate esters using continuous-flow 
hydrogenation. Clear advantages over classical reduction meth-
ods were demonstrated in terms of reaction time, yield, ease of 
procedure and safety. Despite the fact that a general condition 
can hardly be determined for a large range of substrates possess-
ing sensitive functional groups, the short reaction time allowed 
to quickly identify the best conditions for each substrate. Most 
importantly, the methodological approach involving DoE was 
found essential in evaluating the different parameters and their 
interactions, and accelerated the optimization process. Pressure 
and temperature as well as concentration played a major role 
in the production phase. During this scale-up phase, multigram 
quantities of indole compound were produced and the reliability 
of the process over more than 6 h was assessed. It is noteworthy 
that running the operation at steady state, below the saturation 
level of hydrogen adsorption, was necessary to ensure full con-
version. This is a significant parameter which is often neglected 
when working on small scale for just a few minutes. With an 
output rate of 1.6 g/h for this transformation, the H-Cube appa-
ratus is not intended to produce kilograms or even hundreds of 
grams of materials and is definitely more suited for research 
applications. However, similar apparatus possessing increased 
output are commercially available, which will likely support 
larger scale preparation [28].

4. Experimental

4.1. Materials and Methods. Reagents were used as purchased 
from commercial sources. All o-niropyruvate starting materials 
(1) were prepared using known procedures. Products (6) synthe-
sized in this study are known in the literature [29]. Analytical data 
on indoles (6) have been compared when possible to reported 
data from previously described syntheses (see Supporting infor-
mation). All products have been characterized by 1H Nuclear 
Magnetic Resonance (NMR) and Liquid Chromatography Mass 

Spectrometry (LCMS) analysis. Conversion reactions were mon-
itored using LCMS technique on an Agilent HPLC 1100 series 
equipped with a 25 × 2 mm XS Strategy C18-2 2.2 mm column 
coupled to a Waters Micromass ZQ mass spectrometer. Solvent 
composition consisted of water (0.1% AcOH) and acetonitrile 
(0.1% AcOH) and a flow rate of 1 mL/min was applied. UV 
ratios were calculated without correction for extinction coeffi-
cients. Products were purified using medium pressure flash chro-
matography when necessary. Products purities were determined 
by reverse phase Ultra Performance Liquid Chromatography 
(UPLC) on a Waters Acquity instrument using a 50 × 2.1 mm 
Acquity UPLC BEH C18 1.7 mm column. Solvent composition 
consisted of water (0.07% AcOH and 0.03% TFA) and acetonitrile 
(0.07% AcOH and 0.03% TFA) with a linear gradient from 5% to 
95% in 2.5 min at 45°C and a flow rate of 0.8 mL/min. Purity was 
assessed by UV detection between 210 and 260 nm using DAD. 
Mass spectra were recorded on an SQ Detector Waters Acquity 
system using positive and negative electrospray ionization (ESI) 
technique. Exact mass measurements were made on Shimadzu 
LCMS IT-TOF apparatus. Proton NMR spectra were recorded 
on a Brüker Avance III 400 or Brüker Avance 500 instruments 
with Broad Band Fluorine Observation (BBFO) or Broad Band 
Inverse (BBI) probes, respectively, using DMSO-d6 as solvent, 
and chemical shifts (d) are reported in parts per million (ppm) 
relative to dimethyl sulfoxide (DMSO; 2.49 ppm). Peak multi-
plicities are expressed as follows: s, singlet, d, doublet; dd, dou-
blet of doublets; t, triplet; q, quadruplet; bs, broad singlet; and m, 
multiplet. Melting points (mp) were determined on an OptiMelt 
capillary apparatus from Stanford Research Systems and are 
reported uncorrected.

4.2. Hydrogenation Procedures. Microwave irradiation 
experiments were carried out with a Biotage Initiator 8 system. 
Flow hydrogenation reactions were performed on the H-Cube 
apparatus from Thalesnano Nanotechnology Inc. using fresh 
cartridges of various commercial prepacked heterogeneous cat-
alysts. Cartridges are available in large format (l-cart) with 70 × 
4 mm i.d. containing ~350 mg catalyst or small format (s-cart) 
with 30 × 4 mm i.d. containing ~140 mg catalyst. Preparation 
of the H-Cube system was performed by filling the water tank 
with milli-Q grade water and switching on the H-Cube appa-
ratus. After a few seconds, the apparatus was under hydrogen 
pressure and the cartridge was placed in the cartridge holder. 
Tubing was placed into the solvent vessel and rinsed by flush-
ing with MeOH using HPLC pump at 1 mL/min for 5 min. 
The hydrogen pressure was then set at the desired pressure 
and other parameters (temperature, flow rate) were selected. 
Running for a few minutes at expected pressure is necessary 
to ensure that a stable processing is obtained. Once such con-
ditions were reached, the solubilized substrate at a concentra-
tion of 0.05–0.2 M in the appropriate solvent was injected by 
switching the inlet line to the vial containing the substrate. 
The reaction mixture was then collected at the outlet line and 

Entry Reaction conditions o-Nitropyruvate 1aa Hydroxylamine 3aa Hydroxyindole 5aa Indole 6aa

1 EtOH/AcOEt 1:1, 0.2 M, 3 mL/min, 20°C, 100 bars 22 0 14 55
2 EtOH/AcOEt 1:1, 0.2 M, 3 mL/min, 50°C, 100 bars 23 2 11 64
3 EtOH/AcOEt 1:1, 0.2 M, 3 mL/min, 100°C, 100 bars 25 0 6 66
4 THF (0.2 M), 3 mL/min, 50°C, 100 bars 20 0 9 70
5 Hexane/THF 2:1 (0.2 M), 3 mL/min, 50°C, 100 bars 8 0 5 86
6 EtOH/AcOEt 1:1, 0.2 M, 3 mL/min, 50°C, 100 bars, 

AcOH 10%
16 0 14 70

7 EtOH/AcOEt 1:1, 0.1 M, 3 mL/min, 50°C, 100 bars 4 0 0 96
8 EtOH/AcOEt 1:1, 0.05 M, 3 mL/min, 50°C, 100 bars 0 0 0 100
9 EtOH/AcOEt 1:1, 0.2 M, 1 mL/min, 50°C, 100 bars 8 0 11 81

10 EtOH/AcOEt 1:1, 0.05 M, 1 mL/min, 50°C, 100 bars 0 0 0 100
aHPLC peak area percent (210–260 nm) after 15 min under stabilized flow hydrogenation regime; UV absorption not corrected for different absorptivities.

Table 3. Influence of flow reaction conditions on conversion of indole 6a measured under stabilized regime conditions
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conversion was monitored by submitting an aliquot from the col-
lection vessel to LCMS analysis. Collection was carried on for 
further 5 min after the end of the injection of the substrate solu-
tion after switching back to washing solvent (MeOH) in order 
to remove any product or substrate still adsorbed onto the cata-
lyst. Evaporation of the solvent provided the desired product, 
which required in some cases an extra purification step when 
the purity was found below 90%. Representative procedure for 
small scale: Preparation of 1H-indole-2-carboxylic acid ethyl 
ester (6a): 3-(2-nitro-phenyl)-2-oxo-propionic acid ethyl ester 
(1a; 102 mg, 0.43 mmol) was dissolved in ethyl acetate/ethanol 
1:1 (8.6 mL). The substrate was submitted to continuous-flow 
hydrogenation with conditions B: 1 mL/min, 0.05 M, 50°C, 
100 bars, Pd/C 10% l-cart. Upon collection, solvents were 
removed under reduced pressure to provide 77 mg (95%) of 
1H-indole-2-carboxylic acid ethyl ester (6a) as pale yellow 
powder. UPLC: Rt = 2.16 min, 92%. Representative procedure 
for large scale: Preparation of 1H-Indole-2-carboxylic acid ethyl 
ester (6a): 3-(2-nitro-phenyl)-2-oxo-propionic acid ethyl ester 
(1a; 14.4 g, 60.7 mmol) was dissolved in ethyl acetate/ethanol 
1:1 (1.2 L). The substrate was submitted to continuous-flow 
hydrogenation (3 mL/min, 0.05 M, 50°C, 100 bars, Pd/C 10% 
l-cart). After stabilization for 10 min, the continuous-flow reac-
tion was performed for 6 h and 45 min with the same catalyst car-
tridge. Upon collection, solvents were removed under reduced 
pressure to provide 11.1 g (96%) of 1H-indole-2-carboxylic acid 
ethyl ester (6a) as pale yellow powder. mp = 114–117°C (litera-
ture [9b] = 118–124°C); UPLC: Rt = 2.07 min, 88% UV purity; 
1H NMR (DMSO-d6): d = 1.34 (t, 3H, J = 7.2 Hz), 4.34 (q, 
2H, J = 7.2 Hz), 7.07 (td, 1H, J

1
 = 0.8 Hz, J

2
 = 8.0 Hz), 7.14 (d, 1H, 

J = 1.2 Hz), 7.26 (td, 1H, J
1
 = 1.2 Hz, J

2
 = 8.0 Hz), 7.46 (dd, 1H, 

J
1
 = 0.8 Hz, J

2
 = 8.0 Hz), 7.65 (dd, 1H, J

1
 = 0.8 Hz, J

2
 = 8.0 Hz), 

11.84 (bs, 1H); MS (ESI+): m/z = 190.2 (90) (M+H)+.

Acknowledgements. We warmly thank Ruijken Marko 
(Abbott Healthcare Products, Weesp, The Netherlands) for per-
forming the DoE studies. We also thank Uwe Schön (Abbott 
Products GmbH, Hannover, Germany), Leo Sliedregt, Niek 
Buizer and Jos Lange (Abbott Healthcare Products, Weesp, The 
Netherlands) for fruitful discussions.

Supporting Information Available. Supplementary data 
(detailed conditions for the preparation and characterization of other 
indole and azaindole products, procedures for the comparison exper-
iments performed in batch mode as well as the design of experi-
ments results for the screening of solvent, acid, catalyst, temperature 
and pressure) associated with this article can be found in the online 
version on the journal’s homepage at www.akademiai.com.

5. References

 1. For selected reviews related to flow chemistry, continuous flow tech-
nology and microreactors, see: (a) Jähnisch, K.; Hessel, V.; Löwe, H.; Baerns, 
M. Angew. Chem. Int. Ed. 2004, 43, 406–446. (b) Wiles, C.; Watts, P. Eur. J. 
Org. Chem. 2008, 1655–1671. (c) Geyer, K.; Codée, J. D. C.; Seeberger, P. H. 
Chem. Eur. J. 2006, 12, 8434–8442. (d) Pennemann, H.; Watts, P.; Haswell, 
S. J.; Hessel, V.; Löwe, H. Org. Proc. Res. Dev. 2004, 8, 422–439. (e) Masson, 
B. P.; Price, K. E.; Steinbacher, J. L.; Bogdan, A. R.; McQuade, D. T. Chem. 
Rev. 2007, 107, 2300–2318. (f) Sahoo, H. R.; Kralj, J. G.; Jensen, K. F. Angew. 

Chem. Int. Ed. 2007, 46, 5704–5708. (g) Wenger, J.; Ceylan, S.; Kirschning, A. 
Chem. Commun. 2011, 47, 4583–4592.

 2. (a) Roberge, D. M.; Ducry, L.; Bieler, N.; Cretton, P.; Zimmermann, B. 
Chem. Eng. Technol. 2005, 28, 318–323. (b) Zhang, X.; Stefanick, S.; Villani, 
F. J. Org. Proc. Res. Dev. 2004, 8, 455–460. (c) Braune, S.; Pöchlauer, P.; 
Reintjens, R.; Steinhofer, S.; Winter, M.; Lobet, O.; Guidat, R.; Woehl, P.; 
Guermeur, C. Chim. Oggi 2009, 27, 26–29.

 3. Darvas, F.; Dormán, G.; Lengyel, L.; Kovács, I.; Jones, R.; Urge, L. 
Chim. Oggi, 2009, 27, 40–43.

 4. (a) Jones, R. V.; Gödörházy, L.; Varga, N.; Szalay, D.; Urge, L.; Darvas, 
F. J. Comb. Chem. 2006, 8, 110–116. (b) The H-Cube product series is avail-
able from ThalesNano Nanotechnology Inc., Budapest, Hungary, http:www.
thalesnano.com.

 5. (a) Clapham, B.; Wilson, N. S.; Michmerhuizen, M. J.; Blanchard, D. P.; 
Dingle, D. M.; Nemcek, T. A.; Pan, J. Y.; Sauer, D. R. J. Comb. Chem. 2008, 10, 
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