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a b s t r a c t

Erlotinib is an orally administered, highly effective, specific epidermal growth factor receptor tyrosine

kinase inhibitor, used to treat non-small cell lung cancer and pancreatic cancer. The traditional synthetic

methods for Erlotinib exhibit long reaction time and safety concern. Herein, we describe a novel five-step

route for the synthesis of Erlotinib in flow. These five steps comprise etherification, nitration, reduction,

addition and cyclization reactions. All steps were optimized and converted to continuous flow process,

which drastically reduces the reaction time and considerably improves the process safety as well as the

total yield. Enabled by five continuous flow units, Erlotinib is efficiently afforded with an E-factor of 38,

an overall yield of 83%, and a total residence time of 25.1 min. Majority steps in this process have been

optimized for quantitative conversion, which offers the possibility of telescoping the entire process.

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

Medica, Chinese Academy of Medical Sciences.

Cancer is a major cause of death and an important obstacle to

improving life expectancy worldwide [1]. Lung cancer, an exam-

ple of cancer caused by malignant tumors, is extremely harmful

and one of the main causes of cancer-related deaths [2]. Erlotinib

is a targeted antitumor drug for the treatment of non-small-cell

lung cancer (NSCLC), which has gained wide market demand for its

excellent therapeutic effects and tolerability [3–6]. Numerous syn-

thetic routes for Erlotinib have been reported [7–13]. Although dif-

ferent starting materials are used in these routes, the main steps

include etherification, addition, nitration, hydrogenation, cycliza-

tion, chlorination and amination reaction. Table S1 (Supporting in-

formation) presents several widely used synthetic routes, the syn-

thetic routes were presented in Figs. S2-S4 (Supporting informa-

tion).

The conventional batch process usually involves long reaction

time, uncontrolled formation of by-product and complicated pu-

rification procedures. Continuous flow synthesis has developed

rapidly over the last decades and has been widely used in var-

ious fields [14–23]. Compared to the batch process, continuous

flow synthesis has the advantages of a reduced reaction times

[24,25], enhanced process safety [26], improved selectivity of re-

actions [27], and achieved precise reaction control [28–33]. There-

fore, it is meaningful to develop a simple, economical and com-

mercially viable continuous flow process for Erlotinib.
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First, we evaluated the batch process for Erlotinib (Scheme 1),

with 3,4-dihydroxybenzonitrile and 2-bromoethyl methyl ether as

starting materials. The conditions for the etherification, nitration,

reduction, addition, and cyclization reactions were optimized, and

the effects of reactant molar ratio, solvent, reaction time, and reac-

tion temperature were investigated in detail (Tables S2-S6 in Sup-

porting information). After conducting a preliminary evaluation,

we converted the batch process to a continuous flow process.

Step 1: Williamson ether synthesis in flow

During batch process optimization, we deemed potassium car-

bonate the most suitable base for catalyzing etherification. How-

ever, as potassium carbonate was not soluble in DMF, it tended to

clog in a PTFE coil reactor, resulting in unstable reaction. There-

fore, we chose a micro packed-bed flow reactor (inner diame-

ter=4.5 mm, length=11 cm) to perform Williamson ether synthe-

sis (Fig. 1). A DMF solution of 1 and 2-bromoethyl methyl ether

was pumped through a packed-bed reactor filled with potassium

carbonate as the base and SiO2 (100–200 mesh) for dispersion, us-

ing a back pressure regulator (BPR) at 75 psi at the end of the reac-

tor coil to afford 2. The reaction solution was obtained after three

residence times of stable operation, and the yields were calculated

using high performance liquid chromatography (HPLC).

The effects of concentration, reaction temperature (T) and res-

idence time (tR) were investigated. The yield increased with in-

creasing temperature at the same residence time (Table 1, entries

1–5), although no equilibrium point in yield was observed up to

150 °C. In addition, higher temperatures cause leakage of the re-
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Scheme 1. Synthesis route for Erlotinib in batch process.

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

Table 1

Results for the flow synthesis of 2 under different conditions.a

Entry Conc. of 1 (mol/L) T (°C) tR (min) Yield (%)b

1 0.2 30 5 7

2 0.2 60 5 28

3 0.2 90 5 46

4 0.2 120 5 60

5 0.2 150 5 72

6 0.1 120 5 44

7 0.2 120 5 60

8 0.4 120 5 73

9 0.6 120 5 62

10 0.8 120 5 50

11 0.4 150 1 21

12 0.4 150 2 50

13 0.4 150 3 72

14 0.4 150 5 81

15 0.4 150 10 99

a Reaction conditions: 1 was mixed with 2-bromoethyl methyl ether in DMF and

pumped through the packed–bed reactor (SS, 1.2 mL) packed with anhydrous K2CO3

under 75 psi back pressure.
b Determined by HPLC.

action solution. This phenomenon is probably the tightness of re-

action setup cannot resist the high temperature. Therefore, 150 °C
was chosen as the optimal reaction temperature for this reaction.

A slight increase in the concentration of 1 result in an increase

in yield (Table 1, entries 6–8). As the concentration increases to

0.8 mol/L, the catalytic efficiency decreases and is no longer able

to facilitate the completion of the reaction over the same reaction

time. This causes a gradual decrease in yield to 50% (Table 1, en-

tries 9 and 10). Furthermore, we found that the reaction achieved

a quantitative conversion when the residence time was extended

to 10 min. Finally, the optimum conditions were determined to be

150 °C, and 10 min residence time with 0.4 mol/L of compound 1

to afford 2 under the nearly full conversion condition.

Step 2: Nitration in flow

Next, we optimized the conditions for the synthesis of 3 in a

PTFE coil reactor. Typical systems used for the nitration reaction

include nitric acid, nitric-sulfuric acid, superacid [34], and nitric

acid mixed acetic anhydride [35]. By studying of batch reactions,

we found that the nitration. capacity of the mixed system of nitric

and sulfuric acid was most effective, with a high reaction rate and

high yield. Therefore, we used the nitric–sulfuric acid system in the

continuous flow process. The experimental setup of the continuous

flow reactor is shown in Fig. 2. The CH2Cl2 solution of 2 (1.0 mol/L,

1.0 equiv.) and a solution of 65% nitric acid (2.5 mol/L, 1.3 equiv.)

premixed with 98% sulfuric acid were streamed to the PTFE coil

at 25 °C. The reaction was quenched using cold water, and the re-

action mixture was introduced into the membrane separator. The

samples were then analyzed using HPLC.

The amount of nitric acid, concentration, reaction temperature,

and residence time were also investigated. Initially, we studied the

relationship between the concentration of 2 and its conversion and

selectivity. As shown in Fig. 3a, the yield gradually increased with

the increasing concentration of 2, attainting stability at 1.0 mol/L.

Moreover, the increased concentration of 2 decreased the yield of

by-product, thereby improving the selectivity of the reaction. The

by-product was analyzed by LCMS as a sulphonated product. Based

on the above results, we attempted to change the molar ratio of

nitric acid to 2 to improve the yield of 3. The flow rate of the

sulfuric acid solution was adjusted to adapt to the molar ratio.

As shown in Fig. 3b, with an increasing molar ratio of nitric acid,

the yield reached its maximum value at a molar ratio of 1.3. The

yield decreased as the molar ratio continued to increase, result-

ing in further production of the by-product. As expected, the mi-

croreactor exhibits excellent heat transfer efficiency, which allows

the reaction to proceed at a precise temperature and over rapid

timescales of less than 1 min. The flow rate was adjusted to con-

trol the residence time; shorter residence times resulted in a sig-

nificant decrease in by-products formation (Fig. 3c). The influence

of temperature on nitration is shown in Fig. 3d. According to the

Arrhenius equation, the reaction rate increases with temperature.

When the reaction temperature was below 0 °C, the conversion

was low (65%). After increasing the temperature above 25 °C, high
conversion was achieved within 30 s. Consequently, side reactions

caused by uncontrolled temperature during the mixing process can

be avoided by performing continuous flow process. Furthermore,

we attempted to perform nitration using the LTF chip reactor. The

unique geometry channel of the chip reactor promotes mixing, re-

sulting in better reaction performance (Table S7 in Supporting in-

formation). Finally, we determined the optimal conditions to be

as follows: for 2, concentration=1.0 mol/L; tR= 5 s; T=25 °C;
NHNO3

:N2 =1.3 in the LTF chip reactor. Under these conditions, a

yield of 99% was successfully obtained.

Step 3: Hydrogenation in flow

The reduction of 3 was performed using the Olsen hydrogena-

tion reactor. A schematic of the continuous–flow system includes

a preheating coil, packed–bed reactor, and a gas–liquid separator

(Fig. 4). The CH2Cl2 solution of 3 was delivered to the micromixer

using HPLC pump, where it was preheated to the reaction tem-

perature and mixed with hydrogen. The reaction proceeded in a

packed–bed reactor filled with 5% Pd/C as the catalyst. Following

the reaction, the effluent flows into the liquid–gas separator and

a back pressure regulator (BPR) to control the reaction pressure.

After stabilizing the reaction system, samples were collected from

the bottom of the gas–liquid separator for HPLC analysis. The re-

action time was controlled by varying the flow rates of the mixed

solvent. The flow rate of hydrogen was steadily controlled at a spe-

cific value using the mass flow controller (MFC).
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Fig. 2. Continuous flow synthesis of 3 from 2.

Fig. 3. (a) Effect of the concentration of 2 on nitration. Condition: T=25 °C,
NHNO3

:N2 =1.3, tR =1 min; (b) Effect of molar ratio on nitration. Condition: T=
25 °C, C2 =1.0 mol/L, tR =1 min; (c) Effect of residence time on nitration. Condi-

tion: T=25 °C, C2 =1.0 mol/L, NHNO3
:N2 =1.3; (d) Effect of temperature on nitration.

Condition: C2 =1.0 mol/L, NHNO3
:N2 =1.3, tR =30 s.

The experimental parameters were optimized by varying the

residence time and reaction temperature. As shown in Table 2, a

stable conversion is maintained at temperatures of 30 °C and 60 °C,
with a gradual increase in the flow rate of 3 but a slight decrease

in yield, indicating that an extended residence time promotes the

formation of 4 (Table 2, entries 1–5). Furthermore, the conversion

and yield tended to increase with increasing temperature (Table

2, entries 3, 7–9), and fully conversion of the reaction could be

achieved at 40 °C. Then, the effect of pressure on yield was con-

tinuously studied in the packed–bed reactor. The reaction achieved

full conversion at a pressure of 2 MPa (Table 2, entry 11). The hy-

drogen flow during continuous hydrogenation may shorten the res-

idence time and intensify the gas–liquid mass transfer by increas-

ing the turbulence, which strongly influences the conversion and

selectivity of the reaction [36]. However, in this case, an increase

in the gas flow rate did not cause any obvious changes in conver-

Table 2

Results for the flow synthesis of 4 under different conditions.a

Entry QA (mL/min) QB (sccm) T (°C) P (MPa) Conv. (%)b Yield (%)b

1 0.8 40 30 1 99 97

2 1.0 40 30 1 99 95

3 0.8 40 60 1 100 98

4 1.2 40 60 1 100 97

5 2.0 40 60 1 100 95

6 0.8 20 60 1 100 98

7 0.8 40 20 1 97 96

8 0.8 40 30 1 99 97

9 0.8 40 40 1 100 97

10 0.8 40 60 0.8 70 70

11 0.8 40 60 2 100 100

a Reaction conditions: 0.11 mol/L of 3, 5% Pd/C.
b Determined by HPLC.

Fig. 5. Continuous flow synthesis of 5 from 4.

sion (Table 2, entries 3 and 6); therefore, we believe that the gas–

liquid phase has reached full mixing and that there was consider-

able overdosing of hydrogen. Finally, optimal hydrogenation condi-

tions were obtained as follows: T=60 °C; QA =0.8 mL/min; QB =40

sccm and P=2 MPa.

Step 4: Addition reaction in flow

After investigating the hydrogenation conditions, the reaction

conditions for the addition reaction of 4 were optimized (Fig. 5).

4 (in toluene) and DMF–DMA (in toluene) were loaded through in-

lets A and B, respectively, and mixed in a simple T–mixer before

being introduced into a PTFE coil reactor.

Fig. 4. Continuous flow synthesis of 4 from 3.
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Fig. 6. (a) Effect of the concentration of 4 on the reaction. Condition: T=
130 °C, NDMF-DMA:N4 =1.5, tR =5 min, d=0.5 mm; (b) Effect of inner diameter on

the reaction. Condition: T=130 °C, C4 =0.4 mol/L, NDMF–DMA:N4 =1.5, tR =5 min;

(c) Effect of residence time on the reaction. Condition: T=130 °C, C4 =0.47 mol/L,

NDMF–DMA:N4 =1.5, tR =5 min, d=0.5 mm; (d) Effect of temperature on the reaction.

Condition: C4 =0.4 mol/L, NDMF–DMA:N4 =1.5, tR =10 min, d=0.5 mm.

To obtain optimized reaction conditions, the effects of con-

centration, coil diameter, reaction temperature, and residence

time were investigated. When the concentration of 4 was in-

creased from 0.09 mol/L to 0.47 mol/L, the yield increased to 96%

(Fig. 6a); however, continued increase of the concentration of 4

decreases solubility, which was not conducive to the stable op-

eration of the continuous flow system. Next, when maintaining a

constant Reynold number during the reaction, the effect of differ-

ent coil diameters on the reaction was investigated. Five different

coil diameters were applied for the addition reaction with same

residence time (5 min) and the same Reynolds number (58.34). As

the microreactor diameter decreased, the yield increased, indicat-

ing that an inner diameter of 0.5 mm resulted in improved mass

and heat transfer (Fig. 6b). Continuing to reduce the inner diam-

eter increases the pressure drop, which is not conducive to the

reagent transportation. Studying the effects of residence time on

the reaction showed that the yield was increased drastically in the

residence time range of 1 min to 10 min. Maximum yield (99%)

was achieved at a residence time of 10 min (Fig. 6c). Further re-

search demonstrated that continuing to extend the residence time

did not improve the yield. Typically, increasing the temperature in-

creases the reaction rate and shortens the reaction time. Increasing

the temperature from 70 °C to 150 °C, caused the yield to signifi-

cantly increase, reaching 92% at 130 °C (Fig. 6d); however, further

increasing the temperature did not significantly increase the yield.

Therefore, the optimum reaction condition of this step was deter-

mined as follows: for 4, concentration=0.47 mol/L; tR =10 min;

T=130 °C.

Step 5: Cyclization in flow

After having successfully established a reliable flow process for

the synthesis of 5, the reaction conditions for the cyclization reac-

tion of 5 were optimized (Fig. 7). 5 and 3-aminophenylacetylene

(6) were dissolved in acetic acid and mixed in a T–mixer in a

PTFE coil reactor, and before finally flowing out through the BPR.

After the system was stabilized, the solution was collected, and

the product was processed and analyzed. The cyclization process

parameters, including concentration, reactant equivalents, reaction

temperature and residence time were systematically investigated.

In general, a high concentration of reactant was found to ac-

celerate the reaction and reduce waste. When the concentration of

Fig. 7. Continuous flow synthesis of Erlotinib from 5.

Fig. 8. (a) Effect of the concentration of 5 on cyclization. Condition: T=130 °C,
N6:N5 =1.5, tR =10 min; (b) Effect of molar ratio on cyclization. Condition: T=
130 °C, C5 = 0.1 mol/L, tR =10 min; (c) Effect of temperature on cyclization. Con-

dition: C5 = 0.1 mol/L, N6:N5 =1.5, tR =10 min; (d) Effect of residence time on cy-

clization. Condition: T=150 °C, C5 = 0.8 mol/L, N6:N5 =1.5.

5 was increased from 0.1 mol/L to 0.8 mol/L, the yield and con-

version gradually increased to a maximum value. The yield and

conversion will not change when the concentration continues to

increase to 1.0 mol/L (Fig. 8a), indicating that higher concentra-

tions promote the conversion of intermediates to products. After

determining the concentration of 5, the effects of different equiva-

lents of 3-aminophenylacetylene (6) on the reaction were inves-

tigated. Changes in molar ratio were achieved by adjusting the

flow rate of each pump, showing that the reduction of 6 led to

incomplete conversion of 5; in contrast, increasing the amount

of 6 had almost no effect on the yield (Fig. 8b). Temperature

was found to have the most significant effect on the reaction.

When the temperature was increased from 70 °C to 150 °C, the
yield and conversion improved to 71% and 90%, respectively. In-

creasing the temperature obviously improved the conversion and

yield (Fig. 8c). Too short residence time result in the incom-

plete conversion of 5. The yield increased with increasing res-

idence time and remained essentially unchanged above 2 min,

indicating that 2 min was suitable residence time to achieve a

yield of 86% (Fig. 8d). Finally, the optimum conditions were found

to be 150 °C, N5:N6 =1:1.5, and 2 min residence time with 0.8

mol/L of 5 to afford Erlotinib in nearly full conversion and 86%

yield.

In summary, we successfully developed a new continuous flow

process for the synthesis of Erlotinib. Using inexpensive reagents

as starting materials, five reaction conversions were performed

through five continuous flow units. Each individual step was suc-

cessfully optimized to afford almost quantitative conversion via

continuous flow synthesis. Compared to the conventional batch

process, all steps of the continuous flow process considerably bet-

ter in terms of reaction time and yield (Table 3). Finally, we
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Table 3

Comparison between batch and continuous flow procedures.

Step Reaction Batch Flow

Time (h) Yield (%) Time (min) Yield (%)

1 Etherification 3 98 10 99

2 Nitration 2 96 5 s a 99

3 Reduction 6 94 3 100

4 Addition 4 98 10 99

5 Cyclization 5 85 2 86

a Reaction completed at 5 s in the LTF reactor.

demonstrated the continuous flow synthesis of Erlotinib with an

overall yield of 83% and a total residence time of 25.1 min. Tele-

scoping can be applied to entire process because of the fact that

all the synthesis steps were optimized using the continuous flow

process in a way that allowed quantitative conversion. In this pa-

per, we treat telescoping as a conceptual conjecture without show-

ing the actual telescoping process. We believe that continuous flow

integration with drug synthesis is of great value for drug produc-

tion.
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