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以 NH4
＋/N,N-二甲基甲酰胺组合为氰源 Ag/Cu 

介导芳基羧酸的脱羧氰化反应 

付拯江*,a,b    郝广果 a    石泉清 a    周金琪 a    姜李高 a 

汪水亮 a    郭生梅 a    蔡  琥*,a 
(a南昌大学化学学院  南昌 330031) 

(b南京大学配位化学国家重点实验室  南京 210023) 

摘要  有氧条件下以 NH4OAc/N,N-二甲基甲酰胺(DMF)组合为氰源, 发展了 Ag/Cu 介导芳基羧酸脱羧的氰化反应, 并

进一步实现了以该方法为关键步骤的吡仑帕奈(perampanel)合成. 初步的机理研究表明, 产物中的“CN”来源于 NH4
＋/ 

DMF 组合, 催化体系中的 Cu 决定着反应的发生, Ag 有利于反应的转化.  
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Ag/Cu-Mediated Decarboxylative Cyanation of Arene Carboxylic  
Acids Using NH4

＋/N,N-Dimethylformamide as  
Combined Cyanide Source 
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Abstract  A Ag/Cu-mediated decarboxylative cyanation of aryl carboxylic acids has been well established using NH4OAc/
N,N-dimethylformamide (DMF) as a combined cyanide source under aerobic conditions, and the synthesis of perampanel was 
further realized with this method as the key step. Preliminary mechanistic investigation indicated the “CN” of desired products 
was from the combination of DMF and ammonium salt. Cu in the catalytic system was essential for the process, whereas Ag 
was beneficial for the transformation. 
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1  Introduction 

The fundamental importance of transition metal-cata- 
lyzed functional group conversion is to construct new C—
C and C—hetero bonds, so this transformation is a hot 
research topic in synthetic chemistry.[1] Carboxylic acids 
are cheap and readily accessible compounds, while or-
ganometallic intermediate generated from the decarboxyla-
tive transformation served as either electrophile or nucle-
ophile depending on the nature of the used transition-metal 
mediator, thus, carboxylic acid could act as a versatile 
coupling partner in organic synthesis.[2]  

In recent decade, reliable methods of transition met-
al-catalyzed decarboxylative functionlization transfor-
mations to create alkenes,[3] alkynes,[4] azides,[5] amines,[6] 
biaryls,[7] halides,[8] trifluoromethyl(thio) compounds[9] and 
other functional compounds[10] have been well established. 
In view of our continuing research pursuit in functionaliza-
tion transformation of carboxylic acids, we have made 
great progress in Pd-mediated decarboxylative ortho-  
halogenation of aromatic carboxylic acids using carboxyl 
as traceless directing group,[11] K2CO3 mediated coupling 
of carboxylic acids with CH2Cl2 as methylene synthon,[12] 
and Cu-promoted decarboxylative ipso-functionalization of 
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aryl carboxylic acids including decarboxylative methylthi-
olation,[13] arylation,[14] protonation,[15] halogenation and 
cyanation.[16] 

As core structural motifs, aryl nitriles are of great im-
portance to many value-added pharmaceuticals, agro-
chemicals, dyes and materials, in addition, aryl nitriles can 
serve as versatile synthetic platforms to produce a wide 
variety of functional groups including amines, amides, 
aldehydes, tetrazoles and others.[17] Traditionally, Sand- 
meyer reaction and Rosenmund-von Braun transformation 
are the common routes to prepare aryl nitriles,[18] never-
theless, the methods generally suffered from limitations 
with regard to the use of unstable aryldiazonium salts and 
stoichiometric amounts of cuprous cyanide under harsh 
conditions. Over the past decades, great progress has been 
made to form aryl nitriles with CN-containing reagents, 
such as inorganic metal cyanides salts M(CN)n

[19] and or-
ganic CN-containing compounds [cyanohydrin, trimethyl- 
silyl cyanide (TMSCN), CH3CN, malononitrile, N-cyanosu- 
ccinimide, N-cyano-N-phenyl-p-toluenesulfonamide (NC- 
TS)].[20] Moreover, increasing attention has been paid to 
in-situ generated cyano source through an organic mole-
cule [CH3NO2, N,N-dimethylformamide (DMF), 2,2'-azo- 
bis(2-methylpropionitrile (AIBN)][21] or an organic/inor- 
ganic combination [DMF with NH3 or an ammonium salt, 
dimethyl sulfoxide (DMSO) with an ammonium salt].[22] In 
view of the significance of aryl nitriles, the method for 
low-cost and eco-friendly synthesis of aryl nitriles is still in 
a high demand, in this regard, the combination of DMF 
and ammonium has been employed as a simple and green 
cyanide source to synthesize aryl nitriles under transition 
metal catalysis.[22a-22d]  

As has been described above, our group[16a] has devel-
oped a Cu-promoted decarboxylative cyanation of benzoic 
acids with K4Fe(CN)6 as cyanide reagent (Scheme 1, a). In 
terms of green chemistry and sustainability, the use of 
heavy-metal iron complex as cyano donor limited further 
application and improvement for the method. Hence, it is 
highly desirable to develop an efficient and green method 
for synthesis of aryl nitriles through decarboxylative cya-
nation of aryl carboxylic acids with eco-friendly cyano 
source. Herein, we firstly report a method to synthesize 
aryl nitriles via Ag/Cu-mediated decarboxylative cyanation 
of aryl aromatic acids with NH4OAc/DMF as a combined 
cyanide source under aerobic conditions (Scheme 1, b). 

 

Scheme 1  Established and desired transformations to synthesize 
aryl nitriles in our group 

2  Results and discussion 

Inspired by a combined source of “CN” from readily 

available DMF and ammonium salt,[22a-22d] Ag/Cu- Medi-
ated decarboxylative cyanation of 4,5-dimethoxy-2-nitro- 
benzoic acid (1a) in DMF was selected as the model reac-
tion for optimization studies, as presented in Table 1. Em-
ploying DMF as both solvent and reactant, initially, the 
desired product 4,5-dimethoxy-2-nitrobenzonitrile (2a) 
was obtained in a modest yield (40%) when the model re-
action was treated with Ag2SO4 (0.1 equiv.) and Cu(OAc)2 
(1 equiv.) as bimetallic mediators in the presence of eth-
ylenediamine (en) (1.5 equiv.) as “N” source at 140 ℃ 
for 20 h under aerobic conditions (Table 1, Entry 1). A 
slightly enhanced yield (43%) was detected when organic 
amine en was replaced with inorganic ammonia salt 
NH4OAc under otherwise equal conditions (Entry 2), fur-
thermore, halving the loadings of Ag2SO4 gave a continu-
ously improved yield (46%) (Entry 3). Moreover, the addi-
tion of carboxylic acid as additive brought benefits to the 
transformation (Entries 4, 5). To our delight, increasing the 
loadings of Cu(OAc)2 to 1.6 equiv. resulted in a syntheti-
cally useful yield (79%) (Entry 6). Furthermore, the 
screening of additive clearly demonstrated the reaction 
efficiency with EtCOOH was significantly higher than that 
with other carboxylic acids (PhCOOH, tBuCOOH and 
AdCOOH) as additive (Entries 6～9). Although NH4OAc 
can decompose into NH3 under thermal conditions, how-
ever, the reaction efficiency was greatly reduced with 
NH3•H2O under otherwise identical conditions (Entry 10 
vs Entry 6). Subsequently, replacing Cu(OAc)2 with 
Cu(TFA)2 or CuI did not give satisfied yields for the con-
version (Entries 11, 12). Moreover, other silver compounds 
including Ag2O, Ag2CO3 and AgOTf were proved to be 
less effective, while Ag2SO4 was illustrated as suitable 
choice for the transformation (Entries 13～15 vs Entry 6). 
Unfortunately, halving the use of DMF had a detrimental 
effect on the transformation, presumably owing to lower 
amounts of “N” source in less solvent (Entry 16). The 
switch of dioxygen atmosphere to air atmosphere drasti-
cally decreased the yield, thus, a dioxygen atmosphere was 
crucial to the reaction (Entry 17). Finally, reducing reac-
tion temperature from 140 ℃ to 120 ℃ led to a obvi-
ously diminished yield, indicating reaction temperature 
was also an important factor to the conversion (Entry 18). 
As a consequence, optimized reaction conditions was ob-
tained as described in Entry 6 of Table 1.  

With the optimized conditions in hand, the scope of aryl 
carboxylic acids substrates in this Ag/Cu-mediated decar-
boxylative cyanation reaction was evaluated. As shown in 
Table 2, the transformation was similar to our recent ob-
servation,[16a-16d] which worked well for a diverse range of 
substituted ortho-nitrobenzoic acids (1a～1i). It’s found 
that diverse electronic nature of substituent on ortho-nitro- 
benzoic acid substrate had an obvious effect on the trans-
formation, thus, the substrate of ortho-nitrobenzoic acid 
(1e) was the divide between electron-donating (methoxy 
and methyl) and electron-withdrawing (nitro, trifluorome-
thyl, chloro, and fluoro) groups on the aromatic ring of 
2-nitrobenzoic acid. Albeit moderate yield was obtained   
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Table 1  Optimization of the reaction conditionsa 

 

Entry [Ag] (equiv.) [Cu] (equiv.) “N” (equiv.) Additive (equiv.) Yieldb/% 

1 Ag2SO4 (0.1) Cu(OAc)2 (1) Ethylenediamine (1.5) — 40 

2 Ag2SO4 (0.1) Cu(OAc)2 (1) NH4OAc (3) — 43 
3 Ag2SO4 (0.05) Cu(OAc)2 (1) NH4OAc (3) — 46 
4 Ag2SO4 (0.05) Cu(OAc)2 (1) NH4OAc (3) EtCOOH (2) 55 
5 Ag2SO4 (0.05) Cu(OAc)2 (1) NH4OAc (3) MeCOOH (2) 52 
6 Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) EtCOOH (2) 79 
7 Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) PhCOOH (2) 63 
8 Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) tBuCOOH (2) 40 
9 Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) AdCOOH (2) 61 
10 Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH3•H2O (3) EtCOOH (2) 55 
11 Ag2SO4 (0.05) Cu(TFA)2 (1.6) NH4OAc (3) EtCOOH (2) 40 
12 Ag2SO4 (0.05) CuI (1.6) NH4OAc (3) EtCOOH (2) 36 
13 Ag2O (0.05) Cu(OAc)2 (1.6) NH4OAc (3) EtCOOH (2) 42 
14 Ag2CO3 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) EtCOOH (2) 54 
15 AgOTf (0.1) Cu(OAc)2 (1.6) NH4OAc (3) EtCOOH (2) 51 
16c Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) EtCOOH (2) 43 
17d Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) EtCOOH (2) 10 
18e Ag2SO4 (0.05) Cu(OAc)2 (1.6) NH4OAc (3) EtCOOH (2) 38 

a Conditions: 1 (0.2 mmol), DMF (4 mL), O2, 140 ℃, 20 h. b Yield of the isolated product. c DMF (2 mL). d Air instead of O2. 
e 120 ℃. 

 
for decarboxylative cyanation of 4-methoxy-2-nitrobenzoic 
acid (1b). It’s pleased to observe that ortho-nitrobenzoic 
acid bearing electron-donating (methoxy and methyl) 
groups furnished corresponding products in satisfied 
yields, for example, 4,5-dimethoxy-2-nitrobenzoic acid 
(1a) and 5-methoxy-2-nitrobenzoic acid (1c) as well as 
4-methyl-2-nitrobenzoic acid (1d) readily afforded the 
desired products. In contrast, 2-nitrobenzoic acids tolerated 
electron-withdrawing (trifluoromethyl, chloro and fluoro) 
groups furnished moderate to low yields, for example, or-
tho-nitrobenzoic acid with trifluoromethyl (1f) substituent 
at the para-position of carboxyl gave corresponding prod-
uct in modest yield with concomitant formation of proto-
decarboxylation side product. Significantly, 4-chloro-2- 
nitrobenzoic acid (1g), 4-fluoro-2-nitrobenzoic acid (1h) 
and its isomer 5-fluoro-2-nitrobenzoic acid (1i) furnished 
target products with halo moiety surviving from the condi-
tions, while chloro moiety could be used as useful precur-
sor for late-stage C—Cl bond activation and further elabo-
rations of this process. Finally, it’s reported that ortho- 
nitro substituent leads to a much lower activation energy 

barrier for decarboxylation process compared with its meta 
and para counterparts due to the combination of steric and 
electronic effects.[23] As expected, meta-nitrobenzoic acid 
(1j) and para-nitrobenzoic acid (1k) were unable to pro-
vide desirable product in this protocol. 

It’s worth mentioning o-nitrobenzonitrile in this protocol 
could be used for late-stage modification through reduc-
tion/Sandermeyer transformation and subsequent function-
alization conversion. Thus, to further demonstrate synthet-
ic potential of this protocol, decarboxylative cyanation of 
ortho-nitrobenzoic acid (1e) was employed as key step to 
prepare perampanel (6).[24] Perampanel is the first antiepi-
leptic drug which is used with other drugs to treat partial 
seizures and generalized tonic-clonic seizures for people 
older than 12 years.[25] As outlined in Scheme 2, with or-
tho-nitrobenzonitrile (2e) as starting material, firstly, nitro 
group was reduced to corresponding 2-aminobenzonitrile 
(3) through a combination of B2pin2/KOtBu in isopropa-
nol.[26] Subsequently, nucleophilic substitution of 2-bromo- 
benzonitrile (4) derived from Sandmeyer bromination of 
amine (3) to arylboronic ester (5) with trimethylene borate,  

 
Scheme 2  Multi-step synthesis of perampanel 6 
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Table 2  Decarboxylative cyanation of aromatic carboxylic acids substratesa 

 

Entry ArCOOH Product Yieldb/% Entry ArCOOH Product Yieldb/% 

1 

COOH

NO2

OMe

MeO

1a  

CN

NO2

OMe

MeO

2a  

79 7 

 

CN

NO2

Cl
2g  

35 

2 

 

CN

NO2

OMe
2b  

32 8 

 

CN

NO2

2h
F

 

18 

3 

COOH

NO2

MeO
1c  

CN

NO2

MeO
2c  

64 9 

 

30 

4 

COOH

NO2

Me
1d  

CN

NO2

Me
2d  

74 10 

 

CN

2j
NO2

 

0 

5 

 

CN

NO2

2e  

57 11 

COOH

1k

NO2

 

CN

2k

NO2

 

0 

6 

 

CN

NO2

2f

CF3

 

37     

a Reaction conditions: acid (0.2 mmol), NH4OAc (3 equiv.), Ag2SO4 (0.05 equiv.), Cu(OAc)2 (1.6 equiv.), EtCOOH (2 equiv.), DMF (4 mL), O2, 140 ℃, 20 h. b Iso- 
lated yield by an average of two runs. 

followed with a Pd-catalyzed Suzuki coupling between 5 
and 3-bromo-1-phenyl-5-(pyridin-2-yl)-1,2-dihydropyri- 
din-2-one to provide final product Perampanel (6) in 82% 
yield. 

In order to gain some information on reaction mecha-
nism, further studies were performed as exhibited in Table 
3. Firstly, control experiment illustrated no desired product 
was observed when model reaction was performed with the 
absence of both Ag2SO4 and Cu(OAc)2 (Entry 2). Moreo-
ver, Cu-mediated decarboxylative cyanation of 4,5-di- 
methoxy-2-nitrobenzoic acid (1) gave desired product in 

31% yield in the absence of Ag (Entry 3), whereas no tar-
get product was detected for Ag-catalyzed model reaction 
without Cu under otherwise identical conditions (Entry 4). 
Thus, the results suggested Cu was essential for the trans-
formation while Ag was beneficial for the conversion, 
which was consistent with our recent investigation in 
Ag/Cu-mediated decarboxylative halogenation of aryl 
carboxylic acids.[16b-16c] Secondly, replacing ammonium 
acetate with 15N-labeled ammonium acetate, the model 
reaction furnished product with almost complete isotopic 
incorporation into cyano group (Entry 5), which indicated 
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ammonia served as nitrogen source of cyano group in 
transformation. It’s noteworthy a moderate yield (43%) 
was detected when NH4OAc was replaced with NH4I under 
otherwise equal condition (Entry 6), while the transfor-
mation also provided desired product without EtCOOH or 
with CuI instead of Cu(OAc)2 (Entries 7, 8). Thus, carbon 
source of cyano group could be excluded from acetate or 
EtCOOH. In order to clarify whether carbon source came 
from dimethylamino moiety or formyl group of DMF, in 
this regard, no product was detected to exclude the initial 
formation of a primary amide and subsequent dehydration 
from carboxylic acid substrate when employing formamide 
HCONH2 as solvent (Entry 9), while desired product was 
obtained in a modest yield (28%) using N,N-diethyl- 
formamide (DEF) instead of DMF as solvent (Entry 10). 
Therefore, N,N-dimethylamino moiety of amide was an 
efficient carbon source of cyano group in the transfor-
mation, whereas formyl group of the amide was inadequate 
to the conversion.[22a] Thirdly, dramatic decrease of con-
version was observed when 2,2,6,6-tetramethylpiperidine 
1-oxyl (TEMPO) or 2,4-di-tert-butyl-4-methylphenol 
(BHT) were added as radical scavenger into model reac-
tion (Entries 11～12). Thus, a single electron transfer 
(SET) process might be involved in the reaction. 

Table 3  Studies to understand reaction mechanism 

 

Entry Change of standard conditions 
Isolated 
yield/%

1 None [Entry 6, Table 1] 79 
2 No Ag/Cu 0 
3 No Ag 31 
4 No Cu 0 
5 3 equiv. 15NH4OAc [instead of NH4OAc] 75 
6 NH4I [instead of NH4OAc] 43 
7 CuI [instead of Cu(OAc)2] 36 
8 Absence of EtCOOH 56 
9 Formamide HCONH2 [instead of DMF] 0 
10 N,N-Diethylformamide HCONEt2 [instead of DMF] 28 
11 2 equiv. TEMPO was added as a radical scavenger 15 
12 2 equiv. BHT was added as a radical scavenger 12 

Basing on related reports[22a-22d] and above observa-
tion,[16] although a detailed mechanism needed to be fur-
ther elucidated, a plausible mechanism for this conversion 
was proposed in Scheme 3. At first, aryl carboxylic acid 
underwent a decarboxylation process to form aryl-Cu in-
termediate A with Cu(II) species as promoter,[27] on the 
other hand, DMF was oxidized to iminium species B along 
with reduction of Cu(II) to Cu(I) via a SET pro-
cess,[22b-22c,28] followed by the transformation of B with 
NH4OAc to give amidinyl species C with the assistance of 

O2, and then cyanide ion was generated via C—N bond 
cleavage.[17f,17i,29] Subsequently, the coordination of CN－ 
with Cu of intermediate A generated aryl-Cu(II)-CN com-
plex D, which was oxidized by O2 to form Cu(III) species 
E. Finally, the reductive elimination of intermediate E re-
leased desired product along with the generation of Cu(I), 
which may be oxidized to Cu(II) by Ag(I) under aerobic 
conditions to complete catalytic cycle. 
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R
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E
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NH4OAc NH3 O2

SET

 

Scheme 3  Proposed mechanism 

3  Conclusions 

In conclusion, Ag/Cu promoted decarboxylative cya-
nation of easily available aryl carboxylic acids with 
NH4OAc as additive in DMF under aerobic conditions was 
developed. The protocol represented a considered alterna-
tive to conventional methods for the synthesis of aryl ni-
triles. This decarboxylative cyanation was further em-
ployed as key step to synthesize pharmaceutical to exhibit 
the synthetic utility. Preliminary mechanistic studies re-
vealed Cu played an essential role in the transformation, 
while carbon and nitrogen source of cyano group was 
originated from DMF and ammonia respectively. Further 
studies on extending substrate scope are currently in pro-
gress and the results will be reported in due course. 

4  Experimental section 

4.1  Instruments and reagents  
1H NMR, 13C NMR and 19F NMR spectra were recorded 

at 400, 100 and 377 MHz with CDCl3 as solvent respec-
tively on Agilent DD2 400-MR. GC-MS analysis was 
conducted on a Shimadzu GCMS-QP2010 instrument 
equipped with a Restec-5HT column (30 m×0.25 mm, 
Hewlett-Packard). The reagents used for experiments were 
commercially available and were used as received unless 
otherwise noted. DMF was distilled from CaH2 under re-
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duced pressure and stored under nitrogen. All reactions 
were performed under dioxygen with the strict exclusion of 
moisture using Schlenk techniques. Column chromatog-
raphy was performed on silica gel 300～400 mesh. The 
yields reported are the isolated yields and the average of 
two runs.  
4.2  General procedure for the synthesis of 2 

Take the synthesis of 2a[16d] as an example. An ov-
en-dried Schlenk tube equipped with a stir bar was charged 
with 4,5-dimethoxy-2-nitrobenzoic acid (45.4 mg, 0.2 
mmol), Cu(OAc)2 (58.1 mg, 0.32 mmol, 1.6 equiv.), 
Ag2SO4 (3.1 mg, 0.01 mmol, 0.05 equiv.), NH4OAc (46.2 
mg, 0.6 mmol, 3.0 equiv.) and EtCOOH (30.0 μL, 0.4 
mmol, 2.0 equiv.). The tube was fitted with a rubber sep-
tum, and then it was evacuated and refilled with dioxygen 
three times. Under dioxygen, DMF (4 mL) was added via 
syringe. The rubber septum was replaced with a Teflon 
screwcap under dioxygen flow. With stirring, the reaction 
mixtures were heated at 140 ℃ for 20 h, then cooled 
down to room temperature. The reaction mixtures were 
diluted with EtOAc and filtered through a short plug of 
silica gel, and then washed with EtOAc. The combined 
organic phase was washed with brine, dried over Na2SO4, 
filtered and concentrated in vacuo. The resulting residue 
was purified by flash column chromatography on silica gel 
[V(ether)∶V(hexane)=1∶4] to afford 32.9 mg (79%) of 
4,5-dimethoxy-2-nitrobenzonitrile (2a) as a yellow solid, 
m.p. 165～167 ℃  (Lit.[30] 167～167.5 ℃); 1H NMR 
(400 MHz, CDCl3) δ: 7.78 (s, 1H), 7.22 (s, 1H), 4.02 (d,  
J＝4.4 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ: 153.4, 
152.2, 142.8, 115.5, 115.4, 108.0, 100.8, 57.0, 56.8. 

4-Methoxy-2-nitrobenzonitrile (2b):[16d] Isolated by flash 
column chromatography [V(ether) ∶ V(hexane)=1 ∶ 7], 
32% yield, 11.4 mg, yellow solid. m.p. 136～138 ℃ 
(Lit.[31] 129～131 ℃); 1H NMR (400 MHz, CDCl3) δ: 
7.81～7.78 (m, 2H), 7.27 (dd, J＝8.8, 2.4 Hz, 1H), 3.97 (s, 
3H); 13C NMR (100 MHz, CDCl3) δ: 163.2, 150.2, 136.7, 
120.0, 115.4, 111.1, 99.4, 56.6. 

5-Methoxy-2-nitrobenzonitrile (2c):[16d] Isolated by flash 
column chromatography [V(ether) ∶ V(hexane)=1 ∶ 7], 
64% yield, 22.8 mg, yellow solid, m.p. 95～96 ℃ (Lit.[32] 
96 ℃); 1H NMR (400 MHz, CDCl3) δ: 8.31 (d, J＝9.2 Hz, 
1H), 7.32 (d, J＝2.4 Hz, 1H), 7.21 (dd, J＝9.2, 2.4 Hz, 
1H), 3.97 (s, 3H); 13C NMR (100 MHz, CDCl3) δ: 163.7, 
141.4, 128.0, 120.6, 118.2, 115.1, 110.0, 56.7. 

4-Methoxy-2-nitrobenzonitrile (2d):[16d] Isolated by flash 
column chromatography [V(ether) ∶ V(hexane)=1 ∶ 7], 
74% yield, 20 mg, yellow solid. m.p. 102～104 ℃; 1H 
NMR (400 MHz, CDCl3) δ: 8.14 (s, 1H), 7.79 (d, J＝8.0 
Hz, 1H), 7.62 (d, J＝8.0 Hz, 1H), 2.57 (s, 3H); 13C NMR 
(100 MHz, CDCl3) δ: 148.5, 145.7, 135.3, 134.9, 126.1, 
115.2, 105.1, 21.8. 

2-Nitrobenzonitrile (2e):[16d] Isolated by flash column 
chromatography [V(ether)∶V(hexane)=1∶7], 57% yield, 
16.9 mg), white soid. m.p. 109～111 ℃ (Lit.[33] 109～
110 ℃); 1H NMR (400 MHz, CDCl3) δ: 8.35～8.33 (m, 

1H), 7.93～7.88 (m, 1H), 7.86 (dd, J＝5.6, 3.6 Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ: 148.5, 135.6, 134.4, 133.8, 
125.6, 115.0, 107.9. 

2-Nitro-4-(trifluoromethyl)benzonitrile (2f):[16d] Isolated 
by flash column chromatography [V(ether) ∶
V(hexane)=1∶7], 37% yield, 16 mg, yellow solid. m.p. 
43～45 ℃ (Lit.[34] 41～42.5 ℃); 1H NMR (400 MHz, 
CDCl3) δ: 8.60 (s, 1H), 8.12 (s, 2H); 13C NMR (100 MHz, 
CDCl3) δ: 148.8, 136.5, 136.3, 136.0, 135.6, 135.3, 131.0, 
130.9, 125.9, 123.2, 122.9, 122.9, 122.9, 122.8, 120.5, 
117.7, 113.7, 111.4; 19F NMR (377 MHz, CDCl3) δ:    
－63.5 (3F). 

4-Chloro-2-nitrobenzonitrile (2g):[16d] Isolated by flash 
column chromatography [V(ether) ∶ V(hexane)=1 ∶ 7], 
35% yield, 12.7 mg, yellow solid. m.p. 105～106 ℃ 
(Lit.[35] 98 ℃); 1H NMR (400 MHz, CDCl3) δ: 8.33 (d,   
J＝1.7 Hz, 1H), 7.87 (d, J＝8.0 Hz, 1H), 7.80 (dd, J＝8.0, 
1.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ: 149.0, 140.5, 
136.3, 134.5, 126.1, 114.2, 106.3. 

4-Fluoro-2-nitrobenzonitrile (2h):[16a] Isolated by flash 
column chromatography [V(ether) ∶ V(hexane)=1 ∶ 7], 
18% yield, 6 mg, white solid. m.p. 64～66 ℃ (Lit.[36] 
69～71 ℃); 1H NMR (400 MHz, CDCl3) δ: 8.06 (dd, J＝
7.9, 2.1 Hz, 1H), 7.97 (dd, J＝8.5, 5.2 Hz, 1H), 7.60～7.52 
(m, 1H); 13C NMR (100 MHz, CDCl3) δ: 165.6, 163.0, 
137.6, 137.5, 122.1, 121.9, 114.2, 114.1, 113.9, 104.3; 19F 
NMR (377 MHz, CDCl3) δ: －97.7～－97.8 (1F). 

5-Fluoro-2-nitrobenzonitrile (2i):[16a] Isolated by flash 
column chromatography [V(ether) ∶ V(hexane)=1 ∶ 7], 
30% yield, 10 mg, white solid. m.p. 97～99 ℃ (Lit.[37] 
102～104 ℃); 1H NMR (400 MHz, CDCl3) δ: 8.41 (dd,  
J＝9.2, 4.8 Hz, 1H), 7.62 (dd, J＝7.2, 2.8 Hz, 1H), 7.56～
7.52 (m, 1H); 13C NMR (100 MHz, CDCl3) δ: 166.1, 
163.5, 128.5, 128.4, 122.9, 122.6, 121.1, 120.9, 113.7, 
110.5, 110.4; 19F NMR (377 MHz, CDCl3) δ: －99.4～ 
－99.5 (1F). 

 
Supporting Information  Full experimental detail, 1H, 
13C and 19F NMR spectra data, and references for 2a～2i, 
3～6. The Supporting Information is available free of 
charge via the Internet at http://sioc-journal.cn/. 
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