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a b s t r a c t

A Ru(Ⅲ)-catalyzed annulation reaction of 2-aminoaromatic aldehydes (ketones) and isoxazoles to afford

diverse 3-cyanoquinolines has been developed. Notably, isoxazole acted as a cyclization reagent and non-

toxic cyano source via N-O bond cleavage and fragmentation. Variously substituted (especially 6- or 7-

substituted) quinolines could be easily afforded. This procedure features wide functional group compati-

bility, efficiency and avoiding toxic cyano source. Meanwhile, this protocol could be successfully applied

to scale-up synthesis. Further chemical transformations of 3-cyanoquinoline could give some valuable

skeletons, demonstrating its potential in synthetic application

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Quinoline is a ubiquitous motif in various natural products [1,2],

functional materials [3–5] and medicines [6–8]. Copious meth-

ods have been explored to construct the quinoline and its deriva-

tives. The representative ones are the Friedländer reaction [9] and

the Skraup reaction [10]. These protocols access quinoline scaffold

through annulation of aniline or its derivatives with carbonyl com-

pounds. When unsymmetrical ketones are used in the Friedlän-

der reaction and meta or 3,4-disubstituted anilines are used in the

Skraup reaction, regioselectivity is a challenging issue [11]. There-

fore, developing an efficient method for the construction of vari-

ously functionalized quinolines have attracted tremendous atten-

tion from both academic and industrial community.

Among quinoline derivatives, the diverse substituted (espe-

cially 6- or 7-substituted) 3-cyanoquinolines represent an im-

portant fragment in the pharmaceuticals and key building block

in a tremendous number of clinical medicines [12–16], such as

pelitinib, bosutinib, neratinib and pyrotinib (Fig. 1). Meanwhile,

the nitrile group can be converted into plenty of useful func-

tional groups, such as aldehydes, ketones, amines, amides and car-

boxylic acids [17–20], even nitrogen-containing heterocycles [21–

26]. The construction of 3-cyanoquinolines had been explored dur-

ing the past decades, the traditional methods are Rosenmund-von

Braun [27–29] and the Sandmeyer reactions [30–32] in the pres-
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Fig. 1. Pharmaceuticals containing 3-cyanoquinolines.

ence of stoichiometric CuCN starting from diazonium salts or 3-

haloquinolines (Fig. 2a). Transition-metal-catalyzed cyanation of 3-

haloquinolines or 3-quinolineboronic acid with various cyanides

(including inorganic cyanides and organic nitriles) provided al-

ternative procedure (Fig. 2b) [33–40]. Moreover, much success

has been achieved by transformations of various C3 functional-

ized quinolines (e.g., 3-methyl-, carbonyl-, alkynyl- and thiomethyl-

substituted quinolines), generally in the presence of the strong
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Fig. 2. Strategies for the preparation of 3-cyanoquinolines.

oxidants and under high temperature or pressure were required

(Fig. 2c) [41–45]. And these reactions above usually rely on the

modification of quinoline skeleton. There are difficulties in the

synthesis of diverse substituted 3-cyanoquinolines, especially 6-

or 7-substituted ones with problematic preparation. Recently, in-

termolecular or intramolecular cyclization of cyanides to obtain

quinoline ring were developed (Fig. 2d) [46–51]. For instance, Li’s

group documented the Rh(Ⅲ)-catalyzed annulation of N-sulfonyl

2-aminobenzaldehydes with olefins in 2014 [52]. Subsequently,

Yu’s group disclosed the NBS-mediated radical cyclization reac-

tion of 3-arylallyl azides under visible light irradiation [53]. Typ-

ically, these approaches were still limited to the narrow scope

of substrates, which are not easy availability and safety. There-

fore, it is urgent to establish a green, efficient, and high-atom eco-

nomic method, which is capable of constructing various-location-

substituted 3-cyanoquinoline derivatives starting from easily avail-

able substrates.

Isoxazole proved to be a potential cyclization reagent and cyano

source through the N-O bond cleavage [54–58]. Most importantly,

they are safe, readily available, and highly effective. Guided by its

properties and in continuation of our interest on the construction

of heterocycles [59–62], we herein disclosed the Ru(Ⅲ)-catalyzed

annulation of 2-aminoaromatic aldehydes (ketones) and isoxazoles

as a universally general method for the construction of diverse 3-

cyanoquinolines (Fig. 2e). In this transformation, variously substi-

tuted (especially 6- or 7-substituted) 3-cyanoquinolines were eas-

ily obtained, and isoxazole acted as a cyclization reagent and non-

toxic cyano source via the N-O bond cleavage. Simultaneously, this

protocol was successfully applied to scale-up synthesis and various

chemical transformations.

The annulation of commercially available 2-aminobenzaldehyde

(1a) with isoxazole (2a) was initially chosen as the model reac-

tion. Using DCE as solvent, [Cp∗RuCl2]2 as the catalyst, AgNTf2
and acetic acid as the additives at 100 °C for 16 h, the desired

Scheme 1. Substrate scope. Unless specified, reaction conditions are as follows: 1

(0.2 mmol), 2 (0.3 mmol), [Cp∗RuCl2]2 (2.5 mol%), CF3COOAg (10 mol%), TFA (1

equiv.) and TFE (1.5 mL), 80 °C, 10 h, air. Isolated yields.

product 3-cyanoquinoline (3a) was isolated in 36% yield (Table 1,

entry 1). To improve the reaction efficiency, other parameters

were screened. Firstly, [Ru(p-cymene)Cl2]2 was tested as a cata-

lyst, and was found to be inferior to [Cp∗RuCl2]2 (Table 1, entry 2).

When other transition-metal were examined, such as [Cp∗RhCl2]2,
[Cp∗IrCl2]2, Cp∗Co(CO)I2 (Table 1, entries 3–5), the target prod-

uct (3a) was not detected. These results indicated the importance

of ruthenium as the catalyst. Next, a set of solvents (DCM, THF,

TFE, MeCN, and acetone) were evaluated, and TFE was found to

be the optimal (Table 1, entries 6–10), affording product (3a) in

61% yield. Among the silver salts, CF3COOAg gave the best yield of

76% (Table 1, entries 11–15). Then different acids were screened,

and the product (3a) could be obtained in 83% yield in the pres-

ence of trifluoroacetic acid (TFA) (Table 1, entries 16–20). In addi-

tion, the reaction temperature was investigated, and it was shown

that the reaction proceeded smoothly at 80 °C, giving 3a in 85%

yield (Table 1, entries 21–23). When decreasing the reaction time

to 10 h, a similar result was given with 86% yield (Table 1, en-

try 24). Finally, the optimized reaction conditions were assigned as

follows: 2.5 mol% of [Cp∗RuCl2]2, 10 mol% of CF3COOAg, 1.0 equiv.

of CF3COOH, and 1.5 equiv. of isoxazole (2a) in TFE under air at 80

°C for 10 h

With the optimal conditions in the hand (Table 1, entry 24),

we next examined the scope of 2-aminobenzaldehydes and isoxa-

zoles. The results are shown in Scheme 1. The reaction performed

well with a wide range of 2-aminoaromatic aldehydes (ketones).

In all case (R1-R4), synthetically useful halogens (F, Cl, Br) and

methyl, methoxy (Me, OMe) groups were all well tolerated, afford-

ing the desired products (3a-3k, 3n-3r, 3u-3y) in moderate to ex-

cellent yields (53%−91%). It is worth noting that 6- or 7-substituted
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Table 1

Optimization of the reaction conditions.a

.

Entry Catalyst Silver salt Additive Solvent Temp ( °C) Time (h) Yield (%)b

1 [Cp∗RuCl2]2 AgNTf2 AcOH DCE 100 16 36

2 [Ru(p-cymene)Cl2]2 AgNTf2 AcOH DCE 100 16 27

3 [Cp∗RhCl2]2 AgNTf2 AcOH DCE 100 16 ND

4 [Cp∗IrCl2]2 AgNTf2 AcOH DCE 100 16 ND

5 Cp∗Co(CO)I2 AgNTf2 AcOH DCE 100 16 ND

6 [Cp∗RuCl2]2 AgNTf2 AcOH DCM 100 16 35

7 [Cp∗RuCl2]2 AgNTf2 AcOH THF 100 16 45

8 [Cp∗RuCl2]2 AgNTf2 AcOH TFE 100 16 61

9 [Cp∗RuCl2]2 AgNTf2 AcOH MeCN 100 16 28

10 [Cp∗RuCl2]2 AgNTf2 AcOH acetone 100 16 34

11 [Cp∗RuCl2]2 AgBF4 AcOH TFE 100 16 70

12 [Cp∗RuCl2]2 AgOTf AcOH TFE 100 16 55

13 [Cp∗RuCl2]2 AgPF6 AcOH TFE 100 16 62

14 [Cp∗RuCl2]2 CF3COOAg AcOH TFE 100 16 76

15 [Cp∗RuCl2]2 Ag2CO3 AcOH TFE 100 16 trace

16 [Cp∗RuCl2]2 CF3COOAg PhCOOH TFE 100 16 63

17 [Cp∗RuCl2]2 CF3COOAg TFA TFE 100 16 83

18 [Cp∗RuCl2]2 CF3COOAg PivOH TFE 100 16 50

19 [Cp∗RuCl2]2 CF3COOAg HBF4 TFE 100 16 68

20 [Cp∗RuCl2]2 CF3COOAg TsOH TFE 100 16 31

21 [Cp∗RuCl2]2 CF3COOAg TFA TFE 60 16 69

22 [Cp∗RuCl2]2 CF3COOAg TFA TFE 80 16 85

23 [Cp∗RuCl2]2 CF3COOAg TFA TFE 120 16 86

24 [Cp∗RuCl2]2 CF3COOAg TFA TFE 80 10 86

AgNTf2 = Silver bis(trifluoromethane sulfonimide). AgOTf = Silver trifluoromethanesulfonate. ND = no detected. DCE = 1,2-dichloroethane.

DCM = dichloromethane. THF = tetrahydrofuran. TFE = 2,2,2-trifluoroethanol. TFA = trifluoroacetic acid.
a Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), catalyst (2.5 mol%), silver salt (10 mol%), additive (1 equiv.) and solvent (1.5 mL), air.
b Isolated yields.

3-cyanoquinolines (3g-3t) were easily obtained, which are impor-

tant intermediates to construct quinoline-containing pharmaceuti-

cals [63,64]. Moreover, a variety of functional groups including -CF3
(3l and 3s), -COOMe (3m and 3t), -OH (3aa) and -NH2 (3ab) were

also tolerated. In addition, 2-amino-4,5-dimethoxybenzaldehyde

was coupled with 1a to provide the corresponding product 3ac

in 70% yield. Interestingly, 2-aminoaromatic ketones, such as 2-

aminoacetophenone and 2-aminobenzophenone, were also suitable

for this catalytic system (4a and 4b). Furthermore, substitutions at

5-position of isoxazoles were treated with 2-aminobenzaldehyde

under the optimized reaction conditions to provide the desired

products 5a-5d in 33%−83% yields. Substrates with heterocycles

were investigated, such as 4-aminopyridine-3-carboxaldehyde and

2-amino-3-formylchromone, affording the desired products 6a in

60% yield and 7a in 25% yield, respectively.

To examine the practical utility of this method, a scale-up

reaction and further chemical transformations were carried out

(Scheme 2). Under the standard reaction conditions, the desired

product 3a was obtained with 82% isolated yields in the gram-

scale. Furthermore, some chemical transformations were investi-

gated. The nitrile group of 3a could be converted into amide in

the presence of concentrated sulfuric acid to provide the product

8a in 95% yield. Interestingly, the cyano of 3a could also be con-

verted into nitrogen-containing heterocycles, such as 3-amine-1H-

pyrazole (9a, 42% yield), which is an important intermediate in or-

ganic synthesis [65,66].

To clarify the reaction mechanism, some control experiments

were explored (Scheme 3). When the reaction of 1a with 2a in

TFE was carried out in the absence of catalyst, the desired prod-

uct 3a was not detected (Scheme 3a), which revealed that the N-O

bond cleavage of isoxazole might be promoted by the Ru catalyst.

The product 3a was obtained in 51% yield in the absence of silver

salt (Scheme 3b), suggesting that the silver salt make a promoting

Scheme 2. Large scale synthesis and further transformations.

Scheme 3. Control experiments.
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Scheme 4. Proposed reaction mechanism.

effect on this transformation. Furthermore, only trace yield of 3a

was detected in the absence of acid (Scheme 3c), so acid played a

crucial role in this reaction.

Based on the control experiments and literature reports [67–

71], a plausible reaction mechanism was proposed (Scheme 4).

Firstly, the activated ruthenium complex underwent coordination

with 2a (isoxazole) to form isoxazole complex A. Complex A then

underwent N-O bond cleavage and directly inserted into the N-O

bond to form complex B as a possible intermediate, which subse-

quently transferred into a four-membered ring C. After a reductive

elimination process, azirine complex D was obtained through C-N

bond formation and ring reconstruction. Azirine E was released in

exchange for the coordination of 2a, which regenerated complex

A. Intermediate E directly transferred into 3-oxopropanenitrile (in-

termediate F) through an isomerization. Intermediate F then re-

acted with 1a (2-aminobenzaldehyde) to give the intermediate G

(observed by HRMS, page S12 in Supporting information) via Al-

dol reaction. Finally, 3a (3-cyanoquinoline) was obtained through

an intramolecular condensation of aldehyde and amine.

In summary, we have developed a novel and efficient method

to synthesize 3-cyanoquinolines and its derivatives from easily

available 2-aminoaromatic aldehydes (ketones) and isoxazoles via

Ru(Ⅲ)-catalyzed annulation reaction. Herein, isoxazole played dual

roles as a cyclization reagent and nontoxic cyano sources. In this

transformation, variously substituted (especially a series of 6- or

7-substituted) 3-cyanoquinoline derivatives were obtained under

the mild reaction, which exhibited wide functional-group com-

patibility. In addition, a scale-up synthesis, and further chemical

transformations of 3-cyanoquinolines enhance its synthetic value.

This efficient protocol provides novel strategy for the synthesis of

quinoline-containing pharmaceuticals.
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