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a b s t r a c t

Triflumezopyrim (TFM) is a novel mesoionic pyrido[1,2-α]pyrimidinones insecticide, which acts on nico-

tinic acetylcholine receptors (nAChRs) and has no cross-resistance with other insecticides. Herein, we

firstly developed a new continuous flow approach to synthesis 2-[3-(trifluoromethyl)phenyl]malonic acid,

a key intermate of TFM, coupling with esterification, condensation, and hydrolysis. All three-step reac-

tions were optimized and transformed into a continuous synthesis mode by three micro reaction units.

Compared with the batch mode, the total reaction time and overall separation yield were improved from

more than 12h and 60% to 18 min and 73.38%, respectively. The solvent consumption and waste emis-

sion were significantly reduced, which also provides an eco-friendly and efficient potential tool for the

development and production of mesoionic pyrido[1,2-α]pyrimidinones insecticide.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Neonicotinoids are a class of highly effective insecticides with

a high market share and a wide range of applications. Recently,

the large-scale application of neonicotinoid pesticides and cli-

mate anomalies have caused an acute insect resistance prob-

lem, especially in rice-related insects [1–4]. Meanwhile, the eco-

logical safety issues of traditional neonicotinoid insecticides fur-

ther limited their application [5–12]. Different from traditional

neonicotinoid insecticides, Triflumezopyrim (TFM), a novel class

of mesoionic pyrido[1,2-α]pyrimidinones insecticide, as inhibitor

of nicotinic acetylcholine receptors (nAChRs),was developed by

Dupont (Corteva) and first registered in China in 2016 [13,14].

TFM has excellent insecticidal activity against Lepidoptera and Ho-

moptera, especially rice-related pests (Nilaparvata lugens, Sogatella

furcifera, Laodelphax striatellus, etc.), and no cross-resistance with

other classes of insecticides [15–19]. Moreover, TFM has low toxi-

city to non-target organisms, such as bees, spiders, aquatic organ-
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isms, and is eco-friendly, which makes it particularly suitable for

pest control in rice-growing areas in Southeast Asia [14,15]. Several

synthetic routes of 2-substituted malonic acid, the key intermedi-

ate of mesoionic pyrido[1,2-α]pyrimidinones including TFM have

been reported, as shown in Fig. S1 (Supporting information). How-

ever, almost all current reported synthetic routes have the draw-

backs, such as high economic cost and waste liquid, negative en-

vironmental impact (esterification), low yield and conversion (con-

densation), poor selectivity and prone to side effects (hydrolysis),

etc. [20–37].

Compared with conventional batch mode, continuous flow syn-

thesis has remarkable advantages in mixing performance [38], heat

transfer [39], pressure control [40]. Meanwhile, on-line separa-

tion/purity technology [41], automation control [42] and modu-

larization technology [43] in flow chemistry system greatly en-

hance the flexibility and compatibility of photochemistry and en-

zyme chemistry, etc., for large-scale green manufacture of fine

chemicals [44]. Herein, for the above-mentioned shortcomings in

batch mode, we firstly reported a flow chemistry approach for

https://doi.org/10.1016/j.cclet.2024.109747
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Scheme 1. Synthetic route of 2-[3-(trifluoromethyl)phenyl]malonic acid in this

work.

2-[3-(trifluoromethyl)phenyl]malonic acid synthesis, which also of-

fered a potential tool for synthesis and manufacture of related

analogs.

Prior to conducting continuous flow studies, the designed syn-

thetic route (Scheme 1) was initially evaluated in the batch mode

with screening experiments and DoE experiments, in order to

check comprehensively the influence of reaction conditions in es-

terification, condensation, and hydrolysis, such as equivalence ratio,

solvent, reaction temperature, reaction time, reaction system con-

centrations. The effects were observed and recorded in Tables S1,

S2 and S4, Fig. S3 (Supporting information). Subsequently, specifi-

cally optimized the parts of the process that might have a negative

impact in the continuous flow synthesis.

In batch mode synthesis of compound 2, sulfuric acid, p-

toluenesulfonic acid, phosphotungstic acid, and Amberlyst 15 were

found to have satisfactory catalytic activity and dry methanol

was an optimal reaction solvent. Accordingly, two schemes were

proposed to afford compound 2 based on the catalyst proper-

ties (Fig. 1). A PTFE capillary (0.6mm i.d., 5.0m length, shown

in Fig. 1A, liquid acid as catalyst) or a stainless-steel capillary

(2.10mm i.d., 10.0 cm length, shown in Fig. 1B, solid acid as cat-

alyst) was adopted as reactor, respectively. A back pressure regu-

lar (BPR) at 75psi was applied at the end of the reactor coil to

increase the boiling point and stabilize the flow state of the reac-

tion system. After running a tenfold residence time, the reaction

system was considered to reach a steady state, then samples were

collected and analyzed in GC–MS.

Before determining Amberlyst 15 as catalyst, the reaction sys-

tem concentration of compound 1 was screened firstly under batch

conditions, and the continuous mode with the same reaction con-

ditions was used as a control. It was shown in Fig. S6 (Support-

ing information) that when the system concentration of compound

Fig. 1. Continuous flow synthesis of compound 2 from compound 1.

Fig. 2. (A) Effect of reaction temperature with 1.0 mol% Amberlyst 15. Condition:

1.0mmol/mL compound 1, device shown in Fig. 1B. (B) Effect of reaction time

with sulfuric acid. Condition: 1.0mmol/mL compound 1, T=90 °C, device shown in

Fig. 1A.

1 was lower than 0.5mmol/mL, the reaction progress was slower

than that in more than 1.0mmol/mL, and reaction rate in batch

mode was also dramatically slower than in continuous flow mode.

It might be attributed to the fact that low substrate concentration

significantly increased the distance between substrate and catalyst

in reaction system, while also decreased the possibility of effec-

tive contact, so the reaction rate was slowed. Furthermore, the re-

action rate of solid-liquid heterogeneous reaction system in batch

mode was also particularly influenced by the solid-liquid contact

area (afforded by Amberlyst 15 in this research), which was usually

regarded as a key factor in heterogeneous mass transfer. Therefore,

1.0mmol/mL system concentration of compound 1 was adopted to

screen continuous process conditions. It was noteworthy that in

continuous mode, the reaction effect comparable to that of 5 h in

batch mode could be achieved in only 10min, owning to the far

higher mass transfer ability of micro-reactors than conventical re-

actors. In Fig. 2A, it was pointed out that increasing the reaction

temperature promoted effectively the reaction to take place, and

it only took 2.5min and 5.0min at 90 °C and 100 °C, respectively,
to achieve almost quantitative reaction. As a control, sulfuric acid

was used as the catalyst instead of Amberlyst 15, and the results in

Fig. 2B indicated that the reaction could be finished in 5min with

no change in other parameters, but the catalyst concentration had

a significant effect on the progress of the reaction.

Both Amberlyst 15 and sulfuric acid had similar catalytic ef-

fects, however, the reaction catalyzed by the former could be put

into the next step directly after removing the solvent at the end

of the reaction, while the latter required neutralization and ex-

traction. Thus, Amberlyst 15 was regarded as an optimal catalyst.

Considering the deactivation of Amberlyst 15 at high tempera-

tures, and with the aim of maximize the lifetime of the catalyst,

the final continuous scheme was determined to achieve 98% yield

at 90 °C for 5min, and the reaction time-space yield was up to

1744g L−1 h−1.

Next, potassium methanol was selected as preferred alkali for

condensation to prepare compound 3 by optimizing the batch pro-

cess conditions. Two continuous synthesis schemes were designed

to adapt the poor solubility of potassium methanol in dry dimethyl

carbonate (Fig. 3). Figs. 3A and B respectively adopted a stainless-

steel capillary (10.0mm i.d., 100.0mm length) filled with MeOK

and micro glass beads or a PTFE capillary (2.10mm i.d., 50.0 cm

length) as reactor. Membrane separator was used for on-line ex-

traction with HCl (aq) and ethyl acetate, and flow rate was the

same with reaction system respectively. A back pressure regular

(BPR) at 20psi was applied at the end of the reactor coil to con-

trol one-way flow. After running a tenfold residence time, samples

were collected and analyzed in GC–MS.

In batch mode, it was observed that the reaction system pre-

sented a significant solid-liquid heterogeneity at the initial state,

then gradually transformed into a relatively stable suspension,

which might be attributed to the poor solubility of potassium
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Fig. 3. Continuous flow synthesis of compound 3 from compound 2.

Table 1

Results for continuous flow synthesis of compound 3 with device shown in Fig. 3A.

Entry Column fillers a T (°C) tR (min) Yield (%)b

1 MeOK+ 4 Å molecular sieve 60 20 50.31

2 MeOK+ 0.4mm glass beads 60 20 50.65

3 MeOK+ 1.0mm glass beads 60 20 54.23

4 MeOK+ 0.4mm glass beads 70 20 51.37

5 MeOK+ 1.0mm glass beads 70 20 56.55

a Concentration of compound 2 was 1.0mmol/mL, potassium methanol was 1.5

equiv. of compound 2.
b The data were calculated from GC–MS peak areas.

methanolate in dimethyl carbonate. Thus, the transportation of

suspension in this reaction should be emphasized as a key in

flow mode. Subsequently, two flow chemistry tactics were imple-

mented. In Table 1, alkali and inert material were used as fillers

for the packed column reactor, the reaction device was simplified

in a certain degree and the average conversion rate reached 55%. It

could not be ignored that in the initial stage, the reaction was al-

most completed, but the increase of the apparatus operation time,

the reaction conversion rate decreased significantly, or even non-

reaction, which was probably explained by spatial-temporal mald-

istribution of mass transfer in the packed bed.

Before implementing the device shown in Fig. 3B, T-type, Y-

type, and tube-in-tube mixer were tested, considering the possi-

ble influence of micro-mixers to the heterogeneous system mixing.

Fig. 4. Continuous flow synthesis of compound 4 from compound 3.

Unfortunately, most mixers caused clogging in a short time. Al-

though the T-mixer with shear mixing and the tube-in-tube mixer

could maintain a pretty long-time stability, they still need to be

flushed periodically. Hence, the tube-in-tube mixer was chosen to

continuous synthesis.

In Table 2, the clogging caused by the deposition of reactants

before mixing was effectively mitigated with external mass trans-

fer intensification and the capillary diameter enlargement. As ex-

pected, high flow rates also provide some relief from clogging. It

was also found that the suspension pumped while stirring was

able to maintain its stability for a pretty long time. As a result,

it could achieve 96% conversion in 8min, a dramatic reduction in

reaction time compared to batch reactions. Furthermore, the re-

action time-space yield could reach to 882g L−1 h−1. It was an

unexpected surprise that the reaction output could be purified by

extraction and distillation under reduced pressure rather than col-

umn chromatography, and the product could be used directly in

the next hydrolysis reaction. Despite the problem of transporting

high solids suspensions through the pipeline was solved, back-

flushing of the transport pipe in front of the mixer was still re-

quired at regular intervals (every 3h) under long-term operation.

In the following hydrolysis reaction, it was found that almost

all common alkali could be used in batch reaction process, and af-

ter comprehensive consideration, sodium hydroxide was finally se-

lected for hydrolysis. A PTFE capillary (0.5mm i.d., 2.55m length,

V=0.50mL) was applied as reactor. Membrane separator was used

for on-line extraction with ethyl acetate and 1mol/L HCl (aq),

and flow rate was the 1.5-fold reaction system respectively. A

back pressure regular (BPR) at 20psi was used at the end of the

reactor coil to control one-way flow (Fig. 4). After running a ten-

fold residence time, samples were collected and analyzed by HPLC.

Table 2

Results for continuous flow synthesis of compound 3 with device shown in Fig. 3B.a

Entry Capillary i.d.× l (mm) Outfield enhancement b T (°C) tR (min)c Yield (%)d

1 0.50×5000 Magnetic stirring 70 5 (20) clog

2 0.50×5000 Ultrasound 70 5 (20) clog

3 0.50×5000 Magnetic stirring & ultrasound 70 5 (20) clog

4 1.00×1000 Magnetic stirring 70 5 (20) clog

6 1.00×1000 Ultrasound 70 5 (20) clog

7 1.00×1000 Magnetic stirring & ultrasound 70 5 (20) clog

8 2.10× 500 Ultrasound 70 5 (20) clog

9 2.10× 500 Magnetic stirring & packed column 70 5 (20) clog

10 2.10× 500 Magnetic stirring 70 5 68.32

11 2.10× 500 Magnetic stirring & ultrasound 70 5 67.13

12 2.10× 500 Magnetic stirring 70 45 98.27

13 2.10× 500 Magnetic stirring 80 2 30.05

14 2.10× 500 Magnetic stirring 80 5 63.15

15 2.10× 500 Magnetic stirring 80 8 95.52

16 2.10× 500 Magnetic stirring 80 16 96.17

a Concentration of compound 2 was 1.0mmol/mL, potassium methanol was 1.5 equiv. of compound 2.
b The outfield reinforcement was applied near the mixer and the packed column was filled 1.0mm glass beads in capillary.
c 5 (20) meant that residence time was 20min, 10min, 5min.
d The data were calculated from GC–MS peak areas.
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Fig. 5. Semi-continuous synthesis of compound 4 from compound 1.

Due to the liquid-oil status of compound 3, the difficulty of

modifying the hydrolysis reaction for continuous flow was greatly

reduced. Similar to batch mode in this research, aqueous system

was adopted in continuous flow mode to replace conventional

water-alcohol system, which effectively decreased the consumption

of chemicals and the difficulty of post-processing operations. On

the other hand, in continuous flow mode, the excellent mixing and

mass transfer capability of the microreactor effectively improved

the defects of heterogeneous phase reaction systems observed in

batch mode.

Considering that the reaction system was a liquid-liquid het-

erogeneous system and the comparison was about 1:10, a high-

pressure mixing tree with higher mixing efficiency was chosen as

the mixer in this step instead of the typical T-type mixer.

As expected, the results were essentially similar to batch mode,

but the reaction efficiency was remarkably higher. As shown in

Table 3 and Table S5 (Supporting information), almost all reaction

conditions could achieve >97% conversion, the selectivity and yield

were closely related to the base equivalent and residence time. It

was manifested that both yield and selectivity at the same resi-

dence time showed positive correlation with the consumption of

NaOH. A visible improvement from 2.10 equiv. to 2.25 equiv., and

a subtle increasement form 2.25 equiv. to 2.50 equiv. could also be

found, which might be explained by the fact that the reaction bal-

ance has been gradually approaching the end as the dosage of base

increased. Besides, it was indicated that under the current condi-

tions, the reaction could reach the end in 5min, and increasing

the temperature could shorten the reaction time but led to lower

yields and selectivity.

Table 3

Results for continuous flow synthesis of compound 4 with device shown in Fig. 4.a

Entry NaOH (equiv.) tR (min) T (°C) Yield (%)b

1 2.10 5.0 30 86.03

2 2.10 5.0 35 89.91

3 2.10 5.0 40 90.27

4 2.25 5.0 30 94.22

5 2.25 5.0 35 93.39

6 2.25 5.0 40 96.35

7 2.50 5.0 30 96.51

8 2.50 5.0 35 96.77

9 2.50 5.0 40 95.54

a Condition: 1.0mmol/mL reaction system concentration of compound 3 as sub-

strate; purified water as solvent; PTFE capillary as reactor.
b The data were calculated from HPLC peak areas.

On the other hand, by analyzing the sample of the 2.5min reac-

tion, we found a unique peak in the liquid chromatography, which

decreased markedly with the increase of reaction time and temper-

ature until disappeared. Hence, it was presumed that it might be

an intermediate in the hydrolysis process, which was a potential

reason for the lower than 50% selectivity and yield of the 2.5min

reaction. After comprehensive consideration, the hydrolysis contin-

uous process was finalized as 35 °C, 1.0mmol/mL dimethyl ester,

2.25 equiv. NaOH, 5min residence time to achieve 95% conversion

and 80% separation yield. In addition, the reaction time and space

yield could be up to 1084g L−1 h−1.

After completing the continuous flow synthesis condition op-

timization for each unit reaction, continuous rotation evaporation

was used to connect with the above-mentioned reaction modules

(Fig. 5). The reaction parameters were set to the optimal combi-

nation, and during equipment operation, samples were collected

periodically at each unit output.

Benefitting from the modification of rotary evaporator, it was

possible to couple the three flow chemistry reaction units to-

gether with their corresponding post-processing units. Finally,

2-[3-(trifluoromethyl)phenyl]malonic acid (4) was prepared effi-

ciently by three-step continuous synthesis with a total conversion

of 85.64% and an overall average separation yield of about 73.38%,

which was better than current reported yield (58% [26], 59% [22],

63% [27]). Moreover, the total residence time of the three-steps

reaction was significantly shortened from more than 12h to the

current 18min, which could be attributed to the excellent heat

and mass transfer capabilities and exceptional mixing performance

of the microreactor. Attributing to the optimization of the reac-

tion and post-processing conditions and the application of flow

chemistry, the consumption of chemical materials especially sol-

vents and the waste generation were significantly reduced com-

pared to batch mode while increasing reaction yields and selec-

tivity, as shown in Table S6 (Supporting information). Considering

that the post-process still has potential for optimization, the total

space-time yield of the three-step reaction could be further im-

proved from the current 98 g L−1 h−1.

In summary, we firstly reported a new flow chemistry strat-

egy for the synthesis of 2-[3-(trifluoromethyl)phenyl] malonic

acid, a key intermediate of Triflumezopyrim or mesoionic pyrido

[1,2-α]pyrimidinones insecticides. Adopting inexpensive and eco-

friendly reagents as starting materials, three-step reactions were

achieved in three micro-reaction units. Compared with traditional

batch process, continuous synthesis in all three-steps reaction
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owned significant advantages in terms of reaction time, reaction

yield and selectivity. Finally, we achieved the synthesis of 2-[3-

(trifluoromethyl)phenyl]malonic acid in 18 min with 73.38% overall

separation yield. Since all the steps of the current continuous syn-

thesis could be achieved with nearly quantitative conversion, the

post-treatment was the main limitation to improve the overall sep-

aration yield. In the subsequent research, we will concentrate on

the improvement of the stability of high solid-content suspensions

for long time transport and online post-treatment in order to real-

ize the long time, stable and efficient synthesis of the key interme-

diate of Triflumezopyrim or mesoionic pyrido[1,2-α]pyrimidinones

insecticides. We deeply believed that continuous flow integration

could help to achieve high-throughput screening and efficient

synthesis of pesticide candidate compounds, which is of great

value for the development and application of agrochemical.
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