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a b s t r a c t 

Herein, an efficient molecular oxygen-mediated method for the selective hydroxyalkylation and alkylation 

of quinoxalin-2(1 H )-ones with alkylboronic acids under transition-metal free conditions has been devel- 

oped. This strategy demonstrates a broad scope of quinoxalin-2(1 H )-ones and alkylboronic acids, giving 

3-hydroxyalkylquinoxalin-2(1 H )-ones and 3-alkylquinoxalin-2(1 H )-ones in moderate-to-good yield. Con- 

trol experiments reveal that a radical pathway is involved. 

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Quinoxalin-2(1 H )-ones have been found important applications 

n natural products and bioactive compounds [1-9] , and their su- 

erior biological pharmacological effects and outstanding chemi- 

al properties, such as aldose reductase inhibitor [ 10 , 11 ], MDR an-

agonist [12] and antitumor agents [13] can be significantly in- 

uenced if the C3 position of quinoxalin-2(1 H )-ones is function- 

lized. Therefore, the synthesis of 3-substituted quinoxalin-2(1 H )- 

nes have received much attention. Due to the advantages of high 

tom economy and simple experimental operation, C(sp 

2 )-H func- 

ionalization of quinoxalin-2(1 H )-ones have emerged as a powerful 

ool for the synthesis of 3-functionalized quinoxalin-2(1 H )-ones, 

nd various methods have been developed for the construction 

f C 

–C [14-39] , C 

–O [40-45] , C 

–N [46-54] , C-S [55-57] , C-P [58-

3] and C-Si bonds [64] . 

As a basic chemical bond, the construction of C 

–C bond 

f quinoxalin-2(1 H )-ones are particularly important, which may 

romote its application in new drug research and develop- 

ent. In 2018, Guo group reported the direct C3-alkylation of 

uinoxalin-2(1 H )-ones with cyclobutanone oxime esters under the 

atalysis of Fe(acac) 2 [65] . Subsequently, Li and co-workers in 

019 demonstrated a visible-light induced direct C3-alkylation of 

uinoxalin-2(1 H )-ones by using aliphatic carboxylic acids as alky- 
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001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and In
ation reagents [66] . In the same year, our group also reported 

he photo-promoted C3-alkylation of quinoxalin-2(1 H )-ones with 

 -hydroxyphthalimide ester [23] . 

In particular, Yuan and co-workers developed a new alkyla- 

ion method using isopropanol as alkylation reagent to realize hy- 

roxyalkylation at the C3 position of quinoxalin-2(1 H )-ones [67] . 

lthough the hydroxyalkylation of quinoxalin-2(1 H )-ones are rare 

nd alcohols are easy to obtain and stable, this method cannot get 

id of the waste caused by metal catalysis and additives. With the 

eepening of the concept of green chemistry, it is our goal to find 

 more mild, functional group tolerant, transition-metal free C 

–H 

ydroxyalkylation of quinoxalin-2(1 H )-ones. 

On the other hand, boric acid, as a cheap, easily handled inor- 

anic compound is widely used in chemical and biological fields 

nvolving: asymmetric synthesis of amino acids [68] , hydroxyl pro- 

ection reaction [69] , Suzuki/Heck coupling reaction [70] and so 

n. In 2007, Zhu group successfully synthesized 3-arylquinoxalin- 

(1 H )-ones using aryl boric acids as the arylation reagent under 

alladium catalyzed conditions [71] . In the same year, Alami group 

lso reported direct C 

–H arylation of quinoxalin-2(1 H )-ones with 

ryl boric acids providing aryl groups [72] . In 2021, Wang and 

oworkers reported an electro oxidation method to achieve C 

–H 

lkylation of quinoxalin-2(1 H )-ones to obtain C 

–C bond by radi- 

al addition reaction of alkyl boric acid ( Scheme 1 a) [73] . Despite

he wide range of substrates and good yields, they both inevitably 

eeded noble metal catalysis, excessive additives and harsh reac- 

ion conditions. At the same time, we noticed that most of boric 
stitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Scheme 1. The C –H alkylation of quinoxalin-2(1 H )-ones using alkylboronic acids as 

alkylation reagent. 
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Table 1 

Optimization of reaction conditions. a 

Entry Temp 

( °C) 

Catalyst Solvent Yield (%) b 

3a 4a 

1 100 CF 3 CO 2 H DCE 51 trace 

2 80 CF 3 CO 2 H DCE 23 trace 

3 60 CF 3 CO 2 H DCE 14 trace 

4 120 CF 3 CO 2 H DCE 72 trace 

5 140 CF 3 CO 2 H DCE 71 trace 

6 120 CH 3 CO 2 H DCE trace 40 

7 120 CH 3 SO 3 H DCE trace trace 

8 120 CF 3 SO 3 H DCE trace trace 

9 120 Et 3 N DCE 0 0 

10 120 — DCE 0 0 

11 120 CF 3 CO 2 H 1,4-Dioxane trace trace 

12 120 CF 3 CO 2 H CH 3 CN 81 trace 

13 120 CF 3 CO 2 H DMSO trace trace 

14 120 CF 3 CO 2 H THF 69 trace 

15 120 CF 3 CO 2 H Acetone 77 trace 

16 120 CF 3 CO 2 H H 2 O trace trace 

17 c 120 CF 3 CO 2 H CH 3 CN 26 23 

18 d 120 CF 3 CO 2 H CH 3 CN 0 0 

19 120 CH 3 CO 2 H DMSO 34 21 

20 120 CH 3 CO 2 H DMF trace trace 

21 120 CH 3 CO 2 H CH 3 CN trace 85 

22 120 CH 3 CO 2 H THF trace 70 

23 120 CH 3 CO 2 H Acetone trace 90 

24 120 CH 3 CO 2 H Ethanol trace trace 

25 c 120 CH 3 CO 2 H Acetone trace 89 

26 d 120 CH 3 CO 2 H Acetone 0 0 

Note: DCE = 1,2-dichloroethane; DMSO = dimethylsulfoxide; DMF = dimethyl for- 

mamide. 
a Reaction conditions: 1a (0.2 mmol), 2a (2.0 equiv.), catalyst (25 mol%), solvent 

(2.0 mL), 16 h, O 2 . 
b Isolated yields. 
c Under air. 
d Under N 2 . 
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cids are used for arylation reagent, and alkyl boronic acid used as 

lkylation reagents are rarely reported. Since Anastas and Warner 

ut forward 12 principles of green chemistry, using molecular oxy- 

en as the only oxidant has become a very meaningful exploration 

74-79] . In 1860, Frankland first proposed the application of alkyl 

orane in free radical reaction and then the R 3 B/O 2 reaction sys- 

em was often used to initiate free radicals [80] . Therefore, based 

n the above research and our previous works [81-87] , we tried to 

se alkyl boric acid/O 2 to construct the C 

–C bond of quinoxalin- 

(1 H )-ones. After a series of reaction studies, we were surprised to 

nd that this reaction can not only produce 3-alkyl quinoxalone, 

ut also further oxidize C 

–C bond to C 

–O bond under different sol-

ent and catalyst conditions ( Scheme 1 b). 

In the beginning, we chose quinoxalin-2(1 H )-ones ( 1a ) and iso- 

ropyl boronic acid ( 2a ) as starting substrates, CF 3 CO 2 H as Catalyst,

,2-dichloroethane (DCE) as solvent, the yield of 3a was 51% under 

xygen atmosphere and 100 °C ( Table 1 , entry 1). When the tem-

erature dropped to 80 °C or 60 °C, the yields immediately drop to 

3% and 14% ( Table 1 , entries 2 and 3). Conversely, when the re-

ction temperature was increased to 120 °C, the yield increased to 

2%, while a further increase in temperature did not significantly 

ncrease the yield ( Table 1 , entries 4 and 5). Subsequently, when 

he catalyst was CH 3 CO 2 H, CH 3 SO 3 H, CF 3 SO 3 H or Et 3 N, the reac-

ion effect was not as good as CF 3 CO 2 H, but unexpectedly, the re-

ction could give product 4a in 40% yield under CH 3 CO 2 H condi- 

ion ( Table 1 , entries 6–10). After screening the reaction solvent, 

e found that CH 3 CN was the most suitable solvent for this reac- 

ion, compared with DCE, 1,4-dioxane, dimethylsulfoxide (DMSO), 

HF, acetone and H 2 O ( Table 1 , entries 11–16). Finally, when the

as atmosphere was air, 26% of 3a and 23% of 4a were obtained 

 Table 1 , entry 17). The reaction hardly proceeded under N 2 atmo- 

phere ( Table 1 , entry 18). This shows that O 2 was essential for

he transformations. Combining entry 6, we believed that under 

he condition of using CH 3 CO 2 H as a catalyst, 120 °C and an oxy-

en atmosphere, by changing the reaction solvent, the most favor- 

ble reaction condition for the formation of 4a may be found. By 

creening the solvent, acetone came to the fore, it can increase the 

ield of product 4a to 90% without the formation of 3a ( Table 1 ,

ntries 19–24). Similarly, in order to determine the most suitable 

as atmosphere for 4a , we tried to change the oxygen atmosphere 

o air or nitrogen. It can be seen from Table 1 , entries 25 and 26

hat when the reaction atmosphere was changed to air, the yield of 

a was not affected and the nitrogen atmosphere greatly hinders 

he production of 4a . Therefore, the CH 3 CO 2 H/acetone system only 

eeds air atmosphere, which relatively reduces the experimental 

peration steps. 

Under the optimal conditions, we next investigated the ef- 

ect of different structures of quinoxalin-2(1 H )-one derivatives and 
2037 
lkyl boronic acids under the conditions of CF 3 CO 2 H as catalyst, 

H 3 CN as solvent and oxygen atmosphere ( Scheme 2 ). The ex- 

erimental results proved that the reaction of quinoxalin-2(1 H )- 

nes was good regardless of whether it has electron-donating 

ubstituents or electron-withdrawing substituents, and the corre- 

ponding products ( 3a - 3o ) can be produced in moderate-to-good 

ields. Among them, quinoxalin-2(1 H )-ones exhibit good functional 

roup tolerance whether they have cyclopropylmethyl, cyclohexyl- 

ethyl, propenyl, benzyl group at the N -1 position or methyl, halo- 

en groups at the 6,7 positions. In addition, when 2-butylboronic 

cid and cyclohexyl boronic acid were substituted for isopropyl 

oronic acid, the target product yields were 69% and 74%, respec- 

ively ( 3p, 3q ). However, when primary alkyl boronic acid such as 

 -propyl boronic acid, the corresponding product ( 3r ) cannot be 

btained through this reaction. It is worth mentioning that the N - 

nprotected quinoxalin-2(1 H )-one ( 3s ) also gives 72% of the de- 

ired product in this reaction. 

Next, we discussed the influence of the structure of different 

uinoxalin-2(1 H )-one derivatives and alkyl boronic acids on the re- 

ction results with CH 3 CO 2 H as a catalyst, acetone as a solvent, 

nd air atmosphere conditions ( Scheme 3 ). It can be seen from 

he table that quinoxalin-2(1 H )-ones with different saturated alkyl 

arbon chains (methyl, ethyl, n –butyl, cyclopropylmethyl, cyclo- 

exylmethyl) and fluorobenzyl at the N -1 position performed well 

ith yields of 77% −88% ( 4a - 4e, 4i ). However, when the quinoxalin-

(1 H )-one has an unsaturated carbon chain such as ester group, 

llyl, or alkynyl at the N-1 position, the corresponding product 
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Scheme 2. Substrate scope for the hydroxyalkylation of quinoxalin-2(1 H )-ones with alkylboronic acids. Reaction conditions: 1 (0.2 mmol), 2 (2.0 equiv.), CF 3 CO 2 H (25 mol%), 

CH 3 CN (2.0 mL), O 2 , 120 °C, 16 h, isolated yields. 

Scheme 3. Substrate scope for the alkylation of quinoxalin-2(1 H )-ones with alkylboronic acids. Reaction conditions: 1 (0.2 mmol), 2 (2.0 equiv.), CH 3 CO 2 H (25 mol%), acetone 

(2.0 mL), air, 120 °C, 16 h, isolated yields. 
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an be obtained in moderate yield ( 4f - 4h ). In addition, when the

uinoxalin-2(1 H )-one benzene ring has methyl or halogen group 

t C5, C6 and C7 positions, respectively, the corresponding prod- 

cts ( 4j - 4o ) were obtained in higher yields of 64% −78%. The cor-

esponding products ( 4p - 4s ) were also prepared in good yields 

hen 2-butylboronic acid and cyclohexylboronic acid were sub- 

tituted for isopropylboronic acid, respectively. To extend the sub- 

trate scope, in addition to quinoxalin-2(1 H )-ones, we also tested 

ther substrates such as dihydroquinoline ( 1aa ), quinoline ( 1ab ), 

soquinoline ( 1ac ) and quinoxaline ( 1ad ) in these two catalytic sys- 
2038 
ems, however, no corresponding product was obtained (see Sup- 

orting information). 

Furthermore, to display the value of these two methods, gram- 

cale synthesis of 1-methylquinoxalin-2(1 H )-one ( 1a , 8.0 mmol) 

as carried out. The target products 3a (72%, 1.27 g) ( Scheme 4 a)

nd 4a (76%, 1.23 g) ( Scheme 4 b) were obtained in good yields, re-

pectively. In addition, in order to expand the applicable substrates 

f the CF 3 CO 2 H/CH 3 CN system, two arylboronic acids, phenyl 

oronic acid and 4-methoxyphenyl boronic acid, were used as raw 

aterials for the reaction ( Scheme 4 c). The corresponding prod- 
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Scheme 4. Gram-scale synthesis and study of aromatic boric acid. 
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Scheme 5. Control experiments. 
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cts ( 6a and 6b ) were obtained in 54% and 51% yields. However,

he 4-nitrophenylboronic acid was incompatible probably due to 

he strong electron-withdrawing effect. 

Subsequently, in order to clarify the plausible mechanism by 

hich the reaction occurs, we performed free radical trapping ex- 

eriments. Under the same reaction conditions, we added 2 equiv. 

f 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) (Schemes 5a and 

), 1,1-diphenylethene (DPE) (Scheme S1 in Supporting informa- 

ion) or butylated hydroxytoluene (BHT) (Scheme S2 in Support- 

ng information) radical inhibitors to the CF 3 CO 2 H/CH 3 CN and 

H 3 CO 2 H/acetone reaction systems, respectively, the transforma- 

ions were obviously inhibited, and the adducts of TEMPO and DPE 

ith isopropanol radicals in both reaction systems were detected 

y high resolution mass spectrometer (HRMS). Although the ring- 

pen experiment of phenylcyclopropane did not give the corre- 

ponding product 10 (Scheme S3 in Supporting information), the 

ascade reaction of diethyl 2,2-diallylmalonate with 1a and 2a pro- 

ided the product 11 (Scheme S4 in Supporting information). It 

as clear that both reaction systems involved isopropyl radicals, 

nd the CF 3 CO 2 H/CH 3 CN system probably involved further oxida- 

ion of isopropyl to form isopropanol radicals process. To verify the 

xygen source of product 3a in the CF 3 CO 2 H/CH 3 CN system, we 

sed the 18 O 2 instead of normal oxygen for the 18 O-labeling ex- 

eriments ( Scheme 5 c). After the reaction, HRMS successfully cap- 

ured a large amount of product, which contained 

18 O atoms, con- 

rming that the oxygen source of the reaction came from the oxy- 

en in the system. Besides, we tried to purify the alkylated prod- 

ct 4a and put it into the CH 3 CN as raw material ( Scheme 5 d). In
Scheme 6. Plausible

2039 
he presence of alkyl boronic acid ( 2a ), 3a can be obtained in 85%

ield, but in the absence of 2a, 3a cannot be obtained. The results 

how that 4a can be oxidized to 3a by oxygen under the condition 

f alkyl boric acid. Furthermore, when the reaction was conducted 

n the presence of DPE or BHT respectively, it was completely in- 

ibited, and adducts 12 and 13 were detected, implying a radical 

athway was involved (Scheme S5 in Supporting information). 

Based on the above results and literature reports [88-91] , a pos- 

ible mechanism was proposed ( Scheme 6 ). Firstly, the alkyl boric 

cid 2a produced isopropyl radical B and boric acid radical D un- 

er the condition of heating oxygen atmosphere. Then, in under 

cidic condition, quinoxalin-2(1 H )-one 1a was converted into cor- 

esponding salt A , which was attacked by isopropyl radical B at the 

3 position of quinoxalin-2(1 H )-one to form intermediate C , fol- 

owed by the loss of one electron and one proton to give interme- 

iate E . Product 4a was obtained through a deprotonation process. 

or the formation of product 3a , initially, with the assistance of 

sopropyl radical B, 4a was transformed into intermediate F , which 

as captured by oxygen molecule to give peroxy radical G . Then, 

he radical coupling of F and G provided peroxides H , which was 

onverted into intermediate I by the homolysis of O 

–O bond. The 
 mechanism. 
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nal product 3a was obtained through a hydrogen atom transfer 

rocess of intermediate I with 4a . 

In conclusion, we have achieved a chemselective method for hy- 

roxyalkylation and alkylation of quinoxalin-2(1 H )-ones with alkyl- 

oronic acids. Such transformations were performed under metal- 

ree conditions, various quinoxalin-2( 1 H )-ones and alkylboronic 

cids were compatible, providing the corresponding products in 

oderate-to-good yields. 
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