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a b s t r a c t

N-formylation of amines, a class of synthetically important reactions, is typically conducted using metal

catalysts that are relatively expensive or not readily available and usually needs harsh conditions to in-

crease the reaction efficiency. Here, an efficient continuous microflow strategy was developed for the gas-

liquid visible-light photocatalytic N-formylation of piperidine, which achieved a reaction yield of 82.97%

and a selectivity of >99% at 12 min using cheap organic dye photocatalyst under mild reaction con-

ditions. The influence of essential parameters, including light intensity, temperature and equivalents of

the gas, additive and photocatalyst, on the reaction yield was systematically studied. Furthermore, ki-

netic investigations were conducted, exhibiting the dependence of reaction rate and equilibrium yield of

N-formylpiperidine on light intensity, temperature and photocatalyst equivalent. The microflow photo-

catalytic approach established in this work, which realized a markedly higher space-time yield than the

conventional batch method (37.9 vs. 0.212 mmol h−1 L−1), paves the way for the continuous, green and

efficient synthesis of N-formamides.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Formylation of amines is a synthetically significant reaction as

N-formamides are valuable intermediates in the synthesis of phar-

maceuticals, agrochemicals, dyes, etc. [1–5]. Formamides can act as

Lewis base catalysts in hydrosilylation and alkylation of carbonyl

compounds [6,7], and are also indispensable reagents in Vilsmeier

formylation reactions [8].

In recent years, numerous methods have been reported on N-

formylation of amines, which, however, usually require expensive

metal catalysts and harsh reaction conditions such as high temper-

ature and pressure [9–13]. The Glorius group [4] used methanol

as the formylation reagent and Ru(cod)(2-methylallyl)2 as the de-

hydrogenation catalyst for the formylation of primary and sec-

ondary amines at 125 °C. Chakraborty et al. [10] reported a method

of using metal Mn complexes to catalyze amines and methanol

to produce the corresponding formamides, where the reaction

temperature was also high (110 °C), and the preparation of the

catalyst was difficult and required strict anhydrous and oxygen-

free environment. Therefore, it is still crucial to develop a green

and efficient method with mild reaction conditions for formamide

synthesis.
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Over the past fifteen years, great progress has been made on

photocatalysis, especially visible-light photocatalysis which has be-

come one of the most powerful tools in organic synthesis [14–19].

Ghosh et al. reported the formylation of amines by visible-light

photocatalysis, where N-formamides were generated from the re-

action between the enamine intermediate and the oxygen in the

air at room temperature under photocatalytic reactions [20]. How-

ever, the reaction was implemented in conventional glass vials

where the gas-liquid mass transfer rate was very low due to the

limited gas-liquid interfacial surface area and the light intensity

distribution was inhomogeneous. As a result, the photocatalytic

reaction rate in the glass vessels was largely limited and it still

needed hours to complete the reaction in Ghosh’s work.

The combination of photochemistry and flow chemistry has

emerged as an enabling method in the past few years and can ef-

fectively resolve the above-described problems [21–30]. Especially,

microflow photochemistry can achieve even illumination in the re-

action mixture, and provide uniform and good gas-liquid disper-

sion, thereby imparting high interfacial area per unit volume to

the gas-liquid mass transfer [31,32]. In this work, a continuous

microflow photocatalytic strategy for the N-formylation of amines

was developed. Using piperidine as the model substrate (Fig. 1a),

the effects of various parameters, such as oxygen equivalent, oper-

ating pressure, light intensity, temperature, additive equivalent and
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Fig. 1. (a) Schematics for the continuous microflow photocatalytic N-formylation of piperidine; (b) Proposed mechanism for the photocatalytic N-formylation of piperidine.

Fig. 2. (a) The glass microphotoreactor obtained by femtosecond laser engraving

for the microflow photocatalytic synthesis of N-formamides in this work; (b) The

photoreaction box custom-made by 3D printing to hold the light source and the

microphotoreactor in this work.

photocatalyst equivalent, on the reaction yield were systematically

examined in continuous flow conditions. Furtherly, photocatalytic

kinetic studies as well as the comparison between batch and con-

tinuous microflow methods were performed.

In order to enhance the gas-liquid dispersion and mass trans-

fer in the visible-light photocatalytic N-formylation of amines, a

glass microreactor (Fig. 2a) with special microchannel structures

designed in our previous publication [33] was fabricated via fem-

tosecond laser micromachining (see microreactor details in the

Supporting information). As shown in Fig. 2b, two of the as-

fabricated microphotoreactors (with a total internal volume of

6.348 mL) were connected in series and both installed in a red

3D-printed photoreaction box. Green LED stripes (maximum emis-

sion 523 nm) were wrapped around the interior vertical wall of the

box. In order to reduce the illumination loss, aluminum foil was

sticked onto the interior wall of the box prior to the LED strips.

There was an observation hole with a detachable cover at the top

of the box to facilitate the observation of fluid flow and disper-

sion in the microphotoreactor. Furthermore, some small ventilation

holes, all having a Z-shape channel to reduce as many as possible

photons that also went through the holes, were distributed prop-

Fig. 3. Schematic diagram of the continuous microflow photocatalytic experimen-

tal setup. MFC and BPR represent mass flow controller and back pressure regulator

respectively. The dashed lines represent the LED strips.

erly on both the top and bottom of the box to facilitate heat dissi-

pation. In addition, a small electric fan was fixed to the bottom of

the box for cooling, and the temperature inside the photoreaction

box was monitored by a thermocouple during the experiments.

Schematic representation of the experimental setup is shown

in Fig. 3. The reaction solution consisting of piperidine, phenylac-

etaldehyde and Eosin Y disodium salt in ethanol was prepared and

stirred in dark for at least 2 h to ensure the complete conver-

sion of piperidine to the enamine intermediate. This liquid solu-

tion was fed to one of the two inlets of the microphotoreactor

by a metering pump (2PB-1002Ⅳ-PT, SZWEICO). The oxygen gas

was controlled by a mass flow controller (F-200CV-005-AGD-11-V,

Bronkhorst) and entered the microphotoreactor via the other in-

let. A back pressure regulator (HBP-1, HX-LOK) was connected at

the outlet of the microphotoreactor. After the whole continuous

microflow system reached a steady state, samples of the reaction
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Fig. 4. (a) Effect of oxygen equivalent and operating pressure (gauge pressure) on the yield. (b) Effect of light intensity on the yield (liquid flow rate 1.058 mL/min, gas flow

rate 0.794 mL/min, 30 °C, and 0.2 MPa). (c) Effect of temperature on the yield (liquid flow rate 0.529 mL/min, gas flow rate 0.397 mL/min, light intensity 19.75 W/m2, and

0.2 MPa). Other conditions in the experiments of this figure: 10 mmol/L piperidine, 2 equiv. of phenylacetaldehyde, and 5 mol% Eosin Y disodium salt.

effluents were collected with light-tight vials. An internal standard

(4-tert-butylcyclohexanone, 15 mg/mL) was added to the reaction

mixture and the product yield was determined by GC/FID (GC-

2014C, Shimadzu). The definition of the reaction yield is given by

the following formula:

Yield = C1,p

C0
× 100% (1)

where C1,p and C0 represent the concentration of N-

formylpiperidine and the initial concentration of enamine re-

spectively.

In the continuous microflow, precise control on the feeding ra-

tio and uniform gas-liquid dispersion enable facile and accurate

regulation of the gas amount for the reaction, which is difficult and

sometimes impossible in batch. In this work, the oxygen equiv-

alent was varied under different operating pressures in the con-

tinuous microflow photocatalytic set-up system, and the effects

of oxygen equivalent and operating pressure on the yield of N-

formylpiperidine were investigated. As shown in Fig. 4a, an in-

crease in the oxygen equivalent from 1.12 to 4.46 resulted in higher

yields when the operating pressure was fixed, which should be due

to the fact that more superoxide radical anions were produced by

molecular oxygen. Note that the improvement in the yield with

the increasing of oxygen equivalent was not significant when the

oxygen equivalent surpassed 3.35. In addition, when the operating

pressure (gauge pressure) increased from 0 to 0.12 MPa, the yield

increased evidently, while in the pressure range of 0.12 MPa to 0.28

MPa, the increase of pressure had no significant influence on the

product yield.

Appropriate light intensity is crucial to obtain high yield and

high selectivity for photoreactions. In this work, the change of light

intensity was realized by changing the working current of the light

source. From the proposed reaction mechanism in Fig. 1b [34–37],

it can be seen that the increase of light intensity accelerates the

formation of the excited state of the photocatalyst, which is then

conducive to the subsequent generation of the radical cation of

enamine and the superoxide radical anion. Consequently, it is not

surprising that the photocatalytic yield in Fig. 4b increased evi-

dently with the increase of light intensity.

Fig. 4c shows that an increase of the temperature resulted in

the improvement of the reaction yield in the temperature range

of 22-38 °C (the reaction temperature was varied by adjusting

the power of the fan, and a thermocouple was fixed beside the

glass microreactor in the photoreaction box to ensure the real-time

monitoring of the temperature), indicating the effect of tempera-

ture on the photocatalytic formylation of piperidine could not be

ignored. Higher temperatures can increase the chance that parti-

cles will collide, which in turn increase the reaction rate. For ex-

ample, the frequency of collisions between the radical cation of

enamine and the superoxide radical anion would increase at a high

temperature, thereby producing more product molecules.

Then we investigated the effect of the equivalent of pheny-

lacetaldehyde which acted as an additive on the yield of N-

formylpiperidine. As is evident from Fig. 5a, the yield was ele-

vated with the increase of the amount of phenylacetaldehyde used

when the phenylacetaldehyde equivalent was less than 2. In the

photocatalytic route shown in Fig. 1, phenylacetaldehyde was used

to form enamine with piperidine before the microflow photocat-

alytic reaction. Fig. 5c shows the plausible reaction mechanism for

the formation of enamine [38]. In order to understand the role of

phenylacetaldehyde in this process, a simple kinetic study for the

reaction between piperidine and phenylacetaldehyde was carried

out (Fig. 5b). It can be seen that the increase of phenylacetaldehyde

equivalent could increase the production rate of the enamine inter-

mediate as well as the amount of the enamine produced. As a con-

sequence, as the equivalent of phenylacetaldehyde rose during the

formation of enamine, the yield of N-formylpiperidine in the sub-

sequent photocatalytic reaction was improved. It can be also seen

that the yield of N-formylpiperidine remained almost unchanged

when the phenylacetaldehyde equivalent further increased beyond

2, implying that increasing the amount of phenylacetaldehyde no

longer enhanced the enamine formation.

The presence of photocatalyst is vital for photocatalytic reac-

tions. As shown in Fig. 6, the N-formylpiperidine yield rose dis-

tinctly from 43.80% to 72.11% by increasing the photocatalyst load-

ing from 0.25 mol% to 2.5 mol%. However, a further increase of

photocatalyst equivalent did not give rise to an improvement in

yield. This could be potentially due to the limitations of photon

transport and higher photon flux was required to achieve a higher

yield at a higher photocatalyst usage.

Based on the above investigations on various parameters, we

then carried out the microflow photocatalytic synthesis under op-

timized conditions (10 mmol/L piperidine, 2 equiv. of phenylac-

etaldehyde, 5 mol% Eosin Y disodium salt, liquid flow rate 0.529

mL/min, gas flow rate 0.397 mL/min, light intensity 23.74 W/m2,

38 °C, and 0.2 MPa), and achieved a reaction yield of 82.97% and a

selectivity of more than 99%.

Kinetic profiles for the microflow photocatalytic N-formylation

of piperidine were attained under different light intensities, tem-

peratures and photocatalyst loadings, respectively. Investigations

on the elimination of gas-liquid mass transfer limitations were

conducted ahead of time to ensure the subsequent reaction kinet-

ics obtained was not affected by mass transfer (see details in Sup-

porting information). As shown in Figs. 7a and b, when the light

intensity or the temperature elevated, the reaction rate was ac-

celerated evidently. Theoretically, the intrinsic kinetics of a pho-

tochemical reaction is determined by the photon flux and that of a

thermal chemical reaction is determined by the temperature. And
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Fig. 5. (a) Effect of phenylacetaldehyde equivalent on the yield (10 mmol/L piperidine, 5 mol% Eosin Y disodium salt, liquid flow rate 0.529 mL/min, gas flow rate 0.397

mL/min, light intensity 19.75 W/m2, 30 °C, and 0.2 MPa). (b) Kinetic curves for formation of enamine with 1 or 2 equiv. of phenylacetaldehyde respectively (10 mmol/L

piperidine and 5 mol% Eosin Y disodium salt in batch). The vertical axis represents the GC peak area of enamine. (c) Plausible reaction mechanism for formation of enamine.

Fig. 6. Effect of photocatalyst equivalent on the yield (10 mmol/L piperidine, 2

equiv. of phenylacetaldehyde, liquid flow rate 0.529 mL/min, gas flow rate 0.397

mL/min, light intensity 19.75 W/m2, 30 °C, and 0.2 MPa).

both the two types of the reactions are involved in the photocat-

alytic process to form N-formamides, as shown by the multi-step

reaction mechanism in Fig. 1b, indicating that light intensity and

temperature are both essential operating conditions that govern

the reaction kinetics. Simultaneously, it is worth noting that in-

crease in the light intensity did not change the final yield when

the reaction was complete (i.e., equilibrium yield), while the in-

crease in the temperature could improve the equilibrium yield.

As expected, the increase of the photocatalyst equivalent would

also increase the reaction rate greatly when the photocatalyst

Table 1

Comparison of reaction results in batch and continuous microflow.a

Reaction time (h) Yield (%) Selectivity (%)

Batch 24 81.20 82

Microflow 0.2 72.86 99

a Conditions: 10 mmol/L piperidine, 2 equiv. of phenylacetaldehyde, 5 mol% Eosin

Y disodium salt, light intensity 19.75 W/m2, 30 °C, and 0.2 MPa.

equivalent was below 2.5 mol% (Fig. 7c). Further increase of photo-

catalyst equivalent (>2.5 mol%) had no effect on the reaction rate

due to the limitation of photon flux irradiating on reaction fluid.

Eventually, to validate the superiority of the protocol developed

in this work, a comparison was conducted between continuous-

flow and batch processing. A 10 mL flask connected with an

oxygen balloon was used to investigate the photocatalytic N-

formylation of piperidine in batch. In this reactor vessel, 6.348

mL (this volume is equal to the internal volume of the micropho-

toreactor used in the continuous-flow experiment) reaction solu-

tion was agitated with a magnetic stirrer and irradiated with the

same light source adopted for the continuous-flow experiment.

Table 1 shows comparison of reaction results between continu-

ous microflow and batch under the same conditions of concentra-

tions, temperature and light intensity. It can be seen that the reac-

tion efficiency in the continuous-flow microreactor was remarkably

higher than that in the batch vessel. It can be further calculated

that the space-time yield in flow was two orders of magnitude

higher than that in batch (37.9 vs. 0.212 mmol h−1 L−1). The signif-

Fig. 7. (a) Reaction kinetics at various light intensities; (b) Reaction kinetics at various temperatures; (c) Reaction kinetics at various photocatalyst equivalents. Conditions in

the kinetic experiments:10 mmol/L piperidine and 2 equiv. of phenylacetaldehyde.
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Fig. 8. (a) UV-vis absorption spectra of the reaction mixture at different reaction times in batch; (b) UV-vis absorption spectra of the reaction fluid before and after the

reaction in continuous microflow.

icant acceleration of the reaction rate was mainly attributed to the

enhanced mass transfer (especially gas- liquid mass transfer) and

the good uniformity of light illumination in the self-designed and

home-made microreactor in this work. The periodic expansion and

contraction structures of the microreactor were capable of provid-

ing good mass transfer and enough residence time simultaneously

at a relatively low pressure drop, which was highly suitable for the

photocatalytic N-formylation in this work. Moreover, as is evident

from Fig. 8a, severe photocatalyst degradation occurred during the

photoreaction in batch, which could be probably attributed to the

long reaction time and localized over-illumination in the batch re-

action. In contrast, the UV-vis spectra (Fig. 8b) of the reaction fluid

before and after the continuous microflow reaction confirmed that

no obvious degradation of photocatalyst occurred. The results in

Fig. 8 confirms that the microflow has the advantages of short re-

action time and uniform illumination.

In the present study, a continuous microflow photoreaction

set-up was constructed for the study of gas-liquid visible-light

photocatalytic synthesis of N-formylpiperidine. The glass chip-

microreactor made from femtosecond laser micromachining, the

light source, and the cooling fan were all integrated in a light-

tight and ventilated photoreaction box. Different reaction condi-

tions such as oxygen equivalent, light intensity, and temperature

were adjusted and screened accurately and efficiently, and reaction

kinetics without the limitations of mass transfer was obtained in

the microflow set-up. It was also demonstrated that the space-time

yield of the flow method was two orders of magnitude higher than

that of the batch method, indicating the findings of this work can

offer an efficient strategy for the green synthesis of N-formamides.
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