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Rh(III)催化偶氮苯与碳酸亚乙烯基酯的环化反应 

张文杰 a    李  超 a    王博超 a    高  慧*,a,b    李洪基*,a 
(a淮北师范大学化学与材料科学学院  教育部绿色和精准合成化学及应用重点实验室  安徽淮北 235000) 

(b广西师范大学  省部共建药用资源化学与药物分子工程国家重点实验室  广西桂林 541004) 

摘要  报道了利用导向基策略实现 Rh(III)催化芳基偶氮苯与碳酸亚乙烯基酯的环化反应. 该反应体系可以一步构建吲

唑类化合物骨架. 值得指出的是碳酸亚乙烯基酯中的一个碳原子参与吲唑环的构建, 另一个碳原子用于醛的生成. 该
反应能够高效合成一系列吲唑衍生物, 产物收率中等到良好. 
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Rh(III)-Catalyzed Annulation of Azobenzenes with  
Vinylene Carbonate  
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School of Chemistry and Materials Science, Huaibei Normal University, Huaibei, Anhui 235000) 
(b State Key Laboratory for Chemistry and Molecular Engineering of Medicinal Resources,  
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Abstract  A mild Rh(III)-catalyzed annulation of azobenzenes with vinylene carbonate via inert C—H bond activation has 
been developed. In this reaction system, vinylene carbonate provides one vinyl carbon for the construction of indazole back-
bone, and leaves the other one for the formation of aldehyde. This annulation enables the direct synthesis of 2H-indazole-
3-carbaldehyde with excellent regioselectivity in moderate to good yields. 
Keywords  Rh catalysis; azobenzene; vinylene carbonate; annulation 

 

1  Introduction 
The indazole belongs to an important class of N-con-

taining heterocycles, which features a benzene ring fused to 
a pyrazole molecue.[1] Particularly, 2H-indazole-containing 
molecules having various functionalities could well control 
its pharmacological activities, which have been found in 
several best-selling drugs.[2] In this regard, increasing at-
tention has been focused on the construction of the indazole 
skeleton by using diverse strategies, including metal- cata-
lyzed coupling,[3a] cycloaddition of arynes with sydno-
nes,[3b] organophotocatalytic functionalization and some 
other methods.[3] Among these works, one of the most ef-
fective method for the indazole synthesis is the transition 
metal-catalyzed C—H bond activation and functionaliza-

tion starting from the azobenezenes and aldehydes.[4-6] For 
example, in 2013, we[4a] have established a Pd-catalyzed 
ortho-acylation of azobenzene with aldehydes, followed by 
a reductive cyclization to form 2H-indazoles. Simultane-
ously, Ellman and coworkers[4b] reported an efficient 
Rh-catalyzed cyclization of azobenezenes with aldehydes to 
construct indazole backbone in one-step. In 2014, Ellman’s 
group[4c] found that use of cheap Cobalt catalysis could 
enable the cyclization of azobenezenes with aldehydes. 
Additionally, Glorius et al.[5] reported an oxidative annula-
tion of arylimidates with organo azides by Rh catalysis to 
construct the 1H-indazoles skeleton.  

Then, the significant advance of methods for the con-
struction of 2H-indazoles using C—H bond activation has 
been achieved.[6] However, these reactions generally require 
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Scheme 1  Roles of vinylene carbonate in the inert C—H bond 
activation 

harsh reaction conditions and the difficult late-stage trans-
formation of products extremely limited their further ap-
plications in synthetic chemistry.  

Recently, the commercially available vinylene carbonate 
has received increasing attention for its unique roles in the 
formation of new chemical bonds through transition metal 
catalysis.[7] For instance, Tanaka et al.[8] in early 2009 found 
that the vinylene carbonate could act as an “ethynol” sur-
rogate (C2 synthon) for the phenol synthesis. In 2019, 
Miura’s group[9a] disclosed the critical role of vinylene 
carbonate as an “acetylene” substitute (C2 synthon) in 
Rh-catalyzed C—H bond activation for the construction of 
heterocycles. Recently, some other groups such as those of 
Zhang,[9b] and Zhou[9c] have independently reported the 
excellent works involving the vinylene carbonate, thus 
providing various synthetic methods for the construction of 
N-heterocyclic compounds (Schemes 1a～1b). The past 
years have witnessed the powerful application of vinylene 
carbonate (C2 synthon) in transition-metal-catalyzed C—H 
bond activation reactions,[9] but vinylene carbonate acting 
as a C1 synthon for this purpose tend to be rarely reported. 

Very recently, Ma’s group and Cheng’s group separately 
reported the construction of heterocycles including 4- 
methylpyrrolo[1,2-a]quinoxalines and 4-methylquinazo-
lines using the strategy of C—H bond activation. Remark-
ably, one of the vinyl carbon within vinylene carbonate was 
used for forming heterocycle backbone, and the other one 
left for methyl group (Schemes 1c～1d).[10] In fact, there are 
only two examples with respect to the vinylene carbonate as 
a C1 synthon for heterocycle synthesis. Therefore, explor-
ing the versatile application of vinylene carbonate in or-
ganic synthesis is highly appealing. 

We reasoned that the works listed above, along with our 
recent interests in the functionalization of azobenzene,[11] 
would serve as a basis for establishing a mild protocol to 
realize the N-heterocycle synthesis starting from azoben-
zenes and commercially available vinylene carbonate 
(Scheme 1e). In this work, we will disclose an efficient Rh 
(III)-catalyzed annulation of vinylene carbonate with azo-
benzenes, which can afford a series of 2H-indazole- 
3-carbaldehydes that cannot be achieved through traditional 
synthetic method.[12] To the best of our knowledge, the new 
reaction model of vinylene carbonate has never been re-
ported, in which vinylene carbonate provides one vinyl 
carbon for indazole backbone and leaves the other one for 
the formation of aldehyde (Scheme 1e). 

2  Results and discussion 
Initially, azobenzene 1a and vinylene carbonate 2 were 

chosen as the model substrates to examine the feasibility of 
the Rh(III)-catalyzed annulation reaction and the results are 
listed in Table 1. With [Cp*RhCl2]2 as a catalyst and 
2,2,2-trifluoroethanol (TFE) as a solvent, it is found that the 
annulation reaction did not proceed without a suitable ad-
ditive (Entry 1). Fortunately, the annulation reaction oc-
curred with 5 mol% [Cp*RhCl2]2 and 80 mol% of AgSbF6 
affording the desired 2-phenyl-2H-indazole-3-carbaldehyde 
(3a) in 60% isolated yield (Entry 2). Replacing the AgSbF6 

with AgTFA led to the formation of 3a in decreasing yield 
(Entry 3). It was next found that the use of AgOAc as an 
additive could promote this annulation of azobenezene with 
vinylene carbonate under the above conditions (Entry 4). 
Subsequently, several common catalysts were evaluated on 
the annulation of 2 with 1a in TFE. The result showed that 
only [Cp*Rh(MeCN)3](SbF6)2 gave 3a in 67% yield, and 
[Cp*CoCl2]2 or [Cp*IrCl2]2 did not work under the similar 
conditions (Entries 5～7). Further, It was found that the use 
of 80 mol% AgOAc under the above reaction conditions 
could generate 3a in 71% yield (Entries 8～9). Subse-
quently, the reaction parameters, including the reaction time 
and reaction temperature, were carefully examined (Entries 
10～13). The result showed that high temperature or longer 
reaction time led to diminished yields of 3a. For this ob-
servation, it was found that the aldehyde group was prone to 
partial oxidation leading to diminished yield of product 3a. 
Finally, the solvent effect was discussed (see Table S1 in 
supporting information). It was found that the reaction was 
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moderately successful in 1,2-dichloroethane (DCE) with 3a 
isolated in 67% yield. Some other solvents failed to improve 
the annulation reaction of 1a with vinylene carbonate 2. 

Table 1  Optimization of reaction conditionsa,b 

 

Entry Catalyst Additive  Yieldb/%

1 [Cp*RhCl2]2 — n.r. 
2 [Cp*RhCl2]2 AgSbF6 60 
3 [Cp*RhCl2]2 AgTFA 40 
4 [Cp*RhCl2]2 AgOAc 72 
5 [Cp*Rh(MeCN)3](SbF6)2 AgOAc 67 
6 [Cp*CoCl2]2 AgOAc n.r. 
7 [Cp*IrCl2]2 AgOAc n.r. 
8 [Cp*RhCl2]2 AgOAc  66c 
9 [Cp*RhCl2]2 AgOAc 71d 
10 [Cp*RhCl2]2 AgOAc 68e 
11 [Cp*RhCl2]2 AgOAc 53f 
12 [Cp*RhCl2]2 AgOAc 56g 
13 [Cp*RhCl2]2 AgOAc 62h 

a Reaction conditions: azobenzene (1a, 0.20 mmol), vinylene carbonate (2, 
0.40 mmol), catalyst (5 mol%), additive (80 mol%), TFE (2.0 mL) at 60 ℃ in 
air for 8 h. b Isolated yield. c AgOAc (50 mol%). d AgOAc (100 mol%). e 40 ℃. 
f 80 ℃. g 5 h. h 10 h. Cp*＝pentamethylcyclopentadienyl. n.r. ＝no reaction. 

With the optimized conditions in hand, the generality of 
the Rh(III)-catalyzed annulation reaction with a number of 
diversely substituted azobenzenes was then tested. The 
result is listed in Table 2. Firstly, some symmetric azoben- 
zenes bearing para-substituted electron-donating groups 
(Me, Et, i-Pr and t-Bu) delivered the desired 2H-indazole 
products in moderate yields (3b～ 3e). Introduction of 
electron-withdrawing groups, such as F and ester, generated 
the regarding products in improved yields (3f～3g). The 
reactions of meta-substituted azobenezens with vinylene 
carbonate afforded the desired products in 70%～79% 
yields (3h～3j). Unsurprisingly, the sterically hindered 

(E)-1,2-di-o-tolyldiazene reacted with vinylene carbonate 
smoothly to form the 3k in 45% yield. The azobenzenes 
with disubstitution also allowed for the formation of inda-
zoles in moderate yields (3l～3m). Moreover, some un-
symmetrical azobenzenes were specifically synthesized and 
used to test their reactions under standard conditions, in 
which high regioselectivity was observed. The use of azo-
benzenes containing Cl and Br delivered the according 
products in 74% (3n) and 80% (3o) yields, respectively. 
However, 4-iodo substituted azo substrate generated 3p as a 
single product in decreasing yield. Instead of halogens with 
phenyl group led to the formation of 3q in good isolated 
yield. The more electron-withdrawing groups, such as ester 
and nitrile, were also well tolerated under the optimal con-
ditions, generating the products 3r～3s in 76～79% yield. 
Introduction of electron-rich group into azobenzene, such as 
CF3O and MeO, produced the products 3t and 3u in ac-
ceptable yields. Next, the annulation of 3-bromo substituted 
phenyl azo with vinylene carbonate under above conditions 
were investigated, which gave 3v in 69% yield. The re-
placement of Br with ester group delivered the target 
product 3w in comparable yield. Finally, disubstituted aryl 
azo compounds allowed direct access to 2H-indazoles, 
furnishing the products (3x～3y) in acceptable yields. 

The gram-scale cyclization of azobenzene 1a with 2 can 
be performed under the above conditions, except for pro-
longing reaction time to 13 h, generating the desired 3a in 
62% yield (Scheme 2a). The late-stage transformations of 
3a were also achieved to afford the unsaturated alkenes by 
Wittig reaction and condensation of aldehyde with methyl 
2-cyanoacetate, respectively (Schemes 2b～2c). 

Subsequently, several experiments were conducted to 
understand the reaction pathway of this Rh(III)-catalyzed 
annulation (Scheme 3). In absence of vinylene carbonate 2, 
D2O was added into the reaction system, and the result 
showed that 25% D was incorporated into the phenyl ring, 
which supported that the step of H/D scrambling was re-
versible (Scheme 3a). Furthermore, intramolecular and 
intermolecular kinetic isotope effect (KIE) experiment with 
1a/[D10]-1a showed that the similar KIE value was deter-
mined by using 1H NMR analysis, indicating that C—H 
bond activation maybe not involved in the rate-determining 
step (Schemes 3b～3c). 

 

Scheme 2  Gram-scale synthesis of 3a and typical transformations 
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Table 2  Scope of azobenzenesa,b 
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h. b Isolated yield. 

Based on the previous work and the above experi-
ments,[4,10-11] a possible reaction mechanism was proposed 
and listed in Scheme 4. Firstly, rhodacycle complex I was 
obtained through the coordination of Rh(III) center and 
azobenzene 1a. Secondly, the insertion of the Rh—C bond 
within I into C＝C double bond resulted in the formation of 
rhodacycle II or IIʹ. It should be noted that the formation of 
intermediate IIʹ would lead to a methylation process,[10b] but 
which can be ruled out according to the result from Table 1. 
Subsequently, rhodacycle II underwent an intramolecular 
cyclization with the assistance of HX to generate the 
product 3a and Rh(III) catalyst, along with releasing the 
CO2 gas. 

3  Conclusions 
In summary, we have demonstrated that the annulation of 

azobenzenes with vinylene carbonate can be realized by 

using Rh catalysis for the efficient construction of 2H- 
indazole backbone. The reaction is tolerant of a wide range 
of substituents and affords 2H-indazole-3-carbaldehydes in 
good yields. Further investigations into the role of vinylene 
carbonate in the Rh-catalyzed annulation, and application of 
the vinylene carbonate for more challenging transfor-
mations are currently underway in our laboratory. 

4  Experimental section 
4.1  General information 

1H NMR and 13C NMR spectra were recorded on 400, 
600 MHz Bruker FT-NMR spectrometers (400 MHz and 
100 MHz, 600 MHz and 150 MHz, respectively). All 
chemical shifts are given with reference to tetramethylsilane 
(TMS) as an internal standard. High resolution mass spec-
troscopy data of the products were collected on a Thermo 
Fisher Scientific LTQ FTICR-MS instrument.  
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Scheme 4  Possible reaction mechanism 

The starting materials, such as symmetric azobenzenes 
and unsymmetric azobenzenes, are prepared according to 
the reported methods.[14] Vinylene carbonate was purchased 
from commercial supplier Energy Chemical Company in 
China. Products were purified by flash chromatography on 
200～300 mesh silica gels, eluting with petroleum ether/ 
ethyl acetate (V∶V＝5∶1 to 20∶1). 
4.2  Synthesis of compounds 3a～3y 

General procedure for the gram-scale synthesis of 3a: A 

100 mL round flask equipped with a magnetic stirrer bar 
was charged with azobenzene (1a, 910.0 mg, 5 mmol), 
[Cp*RhCl2]2 (154.5 mg, 0.25 mmol), AgOAc (667.6 mg, 4 
mmol), and vinylene carbonate (2a, 860.5 mg, 10 mmol), 
then 2,2,2-trifluoroethanol (TFE, 40 mL) was injected into 
the tube. The reaction tube was placed in an oil bath and 
stirred at 60 ℃ for 12 h. After that, the mixture in reaction 
tube was monitored by thin-layer chromatography (TLC). 
The crude product was purified by flash chromatography 
(silica gel, petroleum ether/ethyl acetate, V∶V＝20∶1), 
affording the product 3a as a white solid (0.668 g, 62% 
yield).  

The synthetic procedures of compounds 3b～3y are the 
same as that of 3a. 

2-Phenyl-2H-indazole-3-carbaldehyde (3a):[17] White 
solid, 32.0 mg, 72% yield. m.p. 73.1～74.6 ℃; 1H NMR 
(600 MHz, CDCl3) δ: 10.12 (s, 1H), 8.32 (d, J＝8.4 Hz, 
1H), 7.92 (d, J＝8.4 Hz, 1H), 7.67 (d, J＝7.0 Hz, 2H), 
7.64～7.59 (m, 3H), 7.51～7.47 (m, 1H), 7.45 (t, J＝7.5 
Hz, 1H); 13C NMR (150 MHz, CDCl3) δ: 180.0, 148.6, 
138.8, 132.2, 130.1, 129.6, 127.8, 127.1, 126.5, 123.4, 
121.1, 118.7. HRMS (ESI) calcd for C14H11N2O [M＋H]＋ 
223.0866; found 223.0868. 

5-Methyl-2-(p-tolyl)-2H-indazole-3-carbaldehyde (3b): 
White solid; 31.5 mg, 63% yield. m.p. 134.2～135.1 ℃; 1H 
NMR (600 MHz, CDCl3) δ: 10.07 (s, 1H), 8.08 (s, 1H), 7.80 
(d, J＝9.0 Hz, 1H), 7.53 (d, J＝7.8 Hz, 2H), 7.39 (d, J＝7.8 
Hz, 2H), 7.31 (d, J＝8.4 Hz, 1H), 2.52 (s, 3H), 2.49 (s, 3H); 
13C NMR (150 MHz, CDCl3) δ: 180.3, 147.4, 140.3, 137.4, 
136.4, 131.6, 130.5, 130.1, 126.2, 123.8, 119.4, 118.3, 22.1, 
21.3. HRMS (ESI) calcd for C16H15N2O [M ＋ H] ＋ 
251.1179; found 251.1175. 

5-Ethyl-2-(4-ethylphenyl)-2H-indazole-3-carbaldehyde 



   
Chinese Journal of Organic Chemistry ARTICLE 

 
Chin. J. Org. Chem. 2022, 42, 172～180 © 2022 Chinese Chemical Society & SIOC, CAS http://sioc-journal.cn/     177 

(3c): White solid, 36.2 mg, 65% yield. m.p. 127.3～
128.3 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.09 (s, 1H), 
8.10 (s, 1H), 7.82 (d, J＝9.0 Hz, 1H), 7.56 (d, J＝8.4 Hz, 
2H), 7.42 (d, J＝7.8 Hz, 2H), 7.36～7.34 (m, 1H), 2.82 (q,  
J＝7.4 Hz, 2H), 2.78 (q, J＝7.4 Hz, 2H), 1.33 (t, J＝7.8 
Hz, 3H), 1.32 (t J＝7.8 Hz, 3H); 13C NMR (151 MHz, 
CDCl3) δ: 180.3, 147.5, 146.5, 143.8, 136.5, 131.8, 129.6, 
129.0, 126.3, 123.8, 118.4, 118.2, 29.5, 28.6, 15.6, 15.5. 
HRMS (ESI) calcd for C18H19N2O [M＋H]＋  279.1492; 
found 279.1490. 

5-Isopropyl-2-(4-isopropylphenyl)-2H-indazole-3-carbal-
dehyde (3d): White solid, 41.6 mg, 68% yield. m.p. 113.1～
114.2 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.10 (s, 1H), 
8.12 (s, 1H), 7.84 (d, J＝9.0 Hz, 1H), 7.57～7.55 (m, 2H), 
7.45～7.43 (m, 2H), 7.40～7.39 (m, 1H), 3.11～3.02 (m, 
2H), 1.35 (s, 3H), 1.34 (s, 3H), 1.33 (s, 3H), 1.32 (s, 3H); 
13C NMR (150 MHz, CDCl3) δ: 180.4, 151.1, 148.3, 147.7, 
136.6, 131.9, 128.3, 127.6, 126.3, 123.7, 118.5, 116.7, 34.7, 
34.0, 23.91, 23.90. HRMS (ESI) calcd for C20H23N2O [M＋
H]＋ 307.1805; found 307.1804. 

5-(tert-Butyl)-2-(4-(tert-butyl)phenyl)-2H-indazole-3- 
carbaldehyde (3e): White solid, 44.8 mg, 67% yield. m.p. 
153.3～154.4 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.11 (s, 
1H), 8.25 (s, 1H), 7.84 (d, J＝9.0 Hz, 1H), 7.60 (t, J＝7.2 
Hz, 3H), 7.56 (d, J＝7.8 Hz, 2H), 1.42 (s, 9H), 1.40 (s, 9H). 
13C NMR (150 MHz, CDCl3) δ: 180.5, 153.4, 150.5, 147.2, 
136.3, 132.1, 127.3, 126.5, 126.0, 123.5, 118.1, 115.5, 35.4, 
35.0, 31.3, 31.2. HRMS (ESI) calcd for C22H27N2O [M＋ 
H]＋ 335.2118; found 335.2118. 

5-Fluoro-2-(4-fluorophenyl)-2H-indazole-3-carbalde- 
hyde (3f): White solid, 36.1 mg, 70% yield. m.p. 83.1～
84.7 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.06 (s, 1H), 
7.90～7.88 (m, 2H), 7.66～7.64 (m, 2H), 7.32 (t, J＝8.4 
Hz, 2H), 7.30～7.27 (m, 1H); 13C NMR (150 MHz, CDCl3) 
δ: 179.27, 163.3 (d, J＝250.5), 161.8 (d, J＝246.0), 145.8, 
134.7, 132.7, 128.1(d, J＝9.3), 123.7 (d, J＝12.9), 120.9 (d, 
J＝9.9), 119.5 (d, J＝28.5), 116.8 (d, J＝23.3), 104.3 (d,   
J＝ 25.4); 19F NMR (565 MHz, CDCl3) δ: － 109.41,      
－111.54. HRMS (ESI) calcd for C14H9F2N2O [M＋H]＋ 
259.0677; found 259.0681. 

Ethyl-2-(4-(ethoxycarbonyl)phenyl)-3-formyl-2H-inda- 
zole-5-carboxylate (3g): White solid, 59.3 mg, 81% yield. 
m.p. 191.1～192.3 ℃; 1H NMR (600 MHz, CDCl3) δ: 
10.18 (s, 1H), 9.04 (s, 1H), 8.31 (d, J＝8.4 Hz, 2H), 8.12 (d, 
J＝9.0 Hz, 1H), 7.93 (d, J＝9.0 Hz, 1H), 7.78 (d, J＝8.4 
Hz, 2H), 4.45 (q, J＝3.6 Hz, 4H), 1.45 (t, J＝7.2 Hz, 3H), 
1.44 (t, J＝7.2 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ: 
179.1, 166.2, 165.2, 149.9, 141.8, 133.3, 132.3, 131.0, 
129.4, 128.1, 126.3, 124.6, 123.1, 118.7, 61.7, 61.4, 14.4, 
14.3. HRMS (ESI) calcd for C20H19N2O5 [M ＋ H] ＋ 
367.1288; found 367.1289. 

6-Methyl-2-(m-tolyl)-2H-indazole-3-carbaldehyde (3h): 
White solid, 39.5 mg, 79% yield. m.p. 149.8～150.1 ℃; 1H 
NMR (600 MHz, CDCl3) δ: 10.07 (s, 1H), 8.17 (d, J＝8.4 
Hz, 1H), 7.64 (d, J＝1.2 Hz, 1H), 7.48～7.45 (m, 2H), 7.42 
(d, J＝7.8 Hz, 1H), 7.37 (d, J＝7.8 Hz, 1H), 7.27～7.26 (m, 
1H), 2.51 (s, 3H), 2.48 (s, 3H); 13C NMR (150 MHz, 

CDCl3) δ: 180.2, 149.1, 139.9, 138.7, 137.8, 132.1, 130.7, 
129.9, 129.2, 126.9, 123.6, 121.7, 120.6, 117.0, 22.1, 21.3. 
HRMS (ESI) calcd for C16H15N2O [M＋H]＋  251.1179; 
found 251.1174. 

6-Ethyl-2-(3-ethylphenyl)-2H-indazole-3-carbaldehyde 
(3i): White solid, 38.9 mg, 70% yield. m.p. 128.3 ～
128.9 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.07 (s, 1H), 
8.20 (d, J＝8.4 Hz, 1H), 7.67 (s, 1H), 7.50～7.48 (m, 2H), 
7.44 (d, J＝8.4 Hz, 1H), 7.40 (d, J＝7.2 Hz, 1H), 7.30 (d,   
J＝9.0 Hz, 1H), 2.81 (q, J＝7.4 Hz, 2H), 2.77 (q, J＝7.4 
Hz, 2H), 1.33 (t, J＝7.2 Hz, 3H), 1.30 (t, J＝7.2 Hz, 3H); 
13C NMR (150 MHz, CDCl3) δ: 180.3, 149.1, 146.2, 144.3, 
138.8, 132.1, 129.6, 129.4, 129.0, 125.8, 123.8, 121.9, 
120.7, 115.7, 29.4, 28.7, 15.3. HRMS (ESI) calcd for 
C18H19N2O [M＋H]＋ 279.1492; found 279.1489. 

6-Chloro-2-(3-chlorophenyl)-2H-indazole-3-carbalde- 
hyde (3j): White solid, 44.7 mg, 77% yield. m.p. 93.1～
94.7 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.11 (s, 1H), 8.24 
(d, J＝9.0 Hz, 1H), 7.89 (s, 1H), 7.71 (s, 1H), 7.61～7.54 
(m, 3H), 7.39 (d, J＝8.4 Hz, 1H), 5.30 (s, 1H); 13C NMR 
(150 MHz, CDCl3) δ: 179.4, 148.8, 139.4, 135.7, 134.2, 
132.3, 130.6, 130.6, 128.8, 126.6, 124.5, 122.3, 121.9, 
117.7. HRMS (ESI) calcd for C14H9N2Cl2O [M＋H] ＋ 
291.0086; found 291.0084. 

7-Methyl-2-(o-tolyl)-2H-indazole-3-carbaldehyde (3k): 
yellow oil; 22.5 mg, 45% yield; 1H NMR (600 MHz, 
CDCl3) δ: 9.74 (s, 1H), 8.05 (d, J＝8.4 Hz, 1H), 7.43 (t,    
J＝7.8 Hz, 1H), 7.38～7.31 (m, 3H), 7.28 (t, J＝7.8 Hz, 
1H), 7.18 (d, J＝9.0 Hz, 1H), 2.64 (s, 3H), 2.04 (s, 3H); 13C 
NMR (150 MHz, CDCl3) δ: 178.8, 147.8, 136.8, 134.5, 
132.1, 130.3, 129.5, 128.1, 126.8, 126.4, 125.8, 125.8, 
121.3, 117.2, 16.2, 15.9. HRMS (ESI) calcd for C16H15N2O 
[M＋H]＋ 251.1179; found 251.1176. 

2-(3,4-Dimethylphenyl)-5,6-dimethyl-2H-indazole-3-car-
baldehyde (3l): White solid, 41.7 mg, 75% yield. m.p.  
151.3～152.7 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.04 (s, 
1H), 8.05 (s, 1H), 7.63 (s, 1H), 7.43 (d, J＝1.2 Hz, 1H), 
7.35～7.31 (m, 2H), 2.43 (s, 6H), 2.37 (d, J＝3.0 Hz, 6H); 
13C NMR (150 MHz, CDCl3) δ: 180.4, 148.2, 138.7, 138.3, 
138.0, 137.7, 136.6, 131.5, 130.4, 127.2, 123.7, 122.4, 
119.7, 117.4, 21.0, 20.7, 19.8, 19.6. HRMS (ESI) calcd for 
C18H19N2O [M＋H]＋ 279.1492; found 279.1497. 

6-Bromo-2-(3-bromo-4-methylphenyl)-5-methyl-2H-in-
dazole-3-carbaldehyde (3m): White solid, 59.2 mg, 73% 
yield. m.p. 173.5～174.3 ℃; 1H NMR (600 MHz, CDCl3) 
δ: 10.07 (s, 1H), 8.17 (s, 1H), 8.14 (s, 1H), 7.87 (d, J＝2.4 
Hz, 1H), 7.50～7.48 (m, 1H), 7.46 (d, J＝8.1 Hz, 1H), 2.57 
(s, 3H), 2.53 (s, 3H); 13C NMR (150 MHz, CDCl3) δ: 179.6, 
148.2, 140.6, 137.4, 137.1, 131.6, 131.3, 129.9, 126.2, 
125.4, 125.0, 122.9, 121. 7, 120.9, 23.9, 22.9. HRMS (ESI) 
calcd for C16H13Br2N2O [M ＋ H] ＋  406.9389; found 
406.9393. 

2-(4-Chlorophenyl)-2H-indazole-3-carbaldehyde  
(3n):[18] White solid, 37.9 mg, 74% yield. m.p. 112.3～
113.8 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.12 (s, 1H), 
8.29～8.27 (m, 1H), 7.931～7.89 (m, 1H), 7.63～7.58 (m, 
4H), 7.50～7.48 (m, 1H), 7.46～7.43 (m, 1H); 13C NMR 
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(150 MHz, CDCl3) δ: 179.3, 148.7, 137.4, 136.3, 132.0, 
129.8, 128.0, 127.6, 127.3, 123.8, 120.8, 118.7. HRMS 
(ESI) calcd for C14H10ClN2O [M＋H]＋ 257.0476; found 
257.0478. 

2-(4-Bromophenyl)-2H-indazole-3-carbaldehyde (3o): 
White solid, 48.0 mg, 80% yield. m.p. 123.6～124.1 ℃; 1H 
NMR (600 MHz, CDCl3) δ: 10.12 (s, 1H), 8.28 (d, J＝7.8 
Hz, 1H), 7.90 (d, J＝8.4 Hz, 1H), 7.75 (d, J＝9.0 Hz, 2H), 
7.55 (d, J＝8.4 Hz, 2H), 7.50～7.43 (m, 2H); 13C NMR 
(150 MHz, CDCl3) δ: 179.2, 148.7, 137.9, 132.8, 132.0, 
128.0, 127.8, 127.4, 124.3, 123.8, 120.8, 118.7. HRMS 
(ESI) calcd for C14H10BrN2O [M＋H]＋ 300.9971; found 
300.9972. 

2-(4-Iodophenyl)-2H-indazole-3-carbaldehyde (3p): 
White solid, 44.5 mg, 64% yield. m.p. 102.4～103.6 ℃; 1H 
NMR (600 MHz, CDCl3) δ: 10.13 (s, 1H), 8.28 (d, J＝8.4 
Hz, 1H), 7.95 (d, J＝8.4 Hz, 2H), 7.90 (d, J＝8.4 Hz, 1H), 
7.50～7.43 (m, 2H), 7.42 (d, J＝8.4 Hz, 2H); 13C NMR 
(150 MHz, CDCl3) δ: 179.3, 148.7, 138.8, 138.5, 131.9, 
128.1, 127.9, 127.4, 123.8, 120.9, 118.7, 95.9. HRMS (ESI) 
calcd for C14H10IN2O [M＋H]＋ 348.9832; found 348.9830. 

2-([1,1'-Biphenyl]-4-yl)-2H-indazole-3-carbaldehyde 
(3q): White solid, 49.5 mg, 83% yield. m.p. 146.1～
147.6 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.20 (s, 1H), 
8.33 (d, J＝8.3 Hz, 1H), 7.93 (d, J＝8.4 Hz, 1H), 7.84～
7.82 (m, 2H), 7.75 (d, J＝8.4 Hz, 2H), 7.69～7.66 (m, 2H), 
7.53～7.49 (m, 3H), 7.47～7.42 (m, 2H); 13C NMR (151 
MHz, CDCl3) δ: 179.96, 148.62, 143.18, 139.49, 137.83, 
132.20, 129.08, 128.24, 128.21, 127.84, 127.29, 127.15, 
126.72, 123.59, 121.06, 118.70. HRMS (ESI) calcd for 
C20H15N2O [M＋H]＋ 299.1179; found 299.1180. 

Ethyl 4-(3-formyl-2H-indazol-2-yl)benzoate (3r): White 
solid, 44.7 mg, 76% yield. m.p. 93.4～94.3 ℃; 1H NMR 
(600 MHz, CDCl3) δ: 10.15 (s, 1H), 8.29 (d, J＝8.4 Hz, 
3H), 7.91 (d, J＝8.5 Hz, 1H), 7.76 (d, J＝8.4 Hz, 2H), 
7.50～7.48 (m, 1H), 7.46～7.43 (m, 1H), 4.59 (q, J＝7.2 
Hz, 2H), 1.44 (t, J＝7.1 Hz, 3H); 13C NMR (150 MHz, 
CDCl3) δ: 179.3, 165.3, 148.8, 142.1, 132.1, 131.9, 130.9, 
128.2, 127.5, 126.3, 123.9, 121.0, 118.8, 61.7, 14.3. HRMS 
(ESI) calcd for C17H15N2O3 [M＋H]＋  295.1077; found 
295.1075. 

4-(3-Formyl-2H-indazol-2-yl)benzonitrile (3s): White 
solid, 38.0 mg, 77% yield. m.p. 100.6～101.3 ℃; 1H NMR 
(600 MHz, CDCl3) δ: 10.20 (s, 1H), 8.29～8.22 (m, 1H), 
7.96～7.88 (m, 3H), 7.87～7.80 (m, 2H), 7.56～7.44 (m, 
2H); 13C NMR (150 MHz, CDCl3) δ: 178.3, 149.1, 142.4, 
133.4, 131.7, 128.5, 127.8, 127.0, 124.7, 120.5, 118.9, 
117.6, 113.9. HRMS (ESI) calcd for C15H10N3O [M＋H]＋ 
248.0818; found 248.0822. 

2-(4-(Trifluoromethoxy)phenyl)-2H-indazole-3-carbalde
hyde (3t): White solid, 37.3 mg, 61% yield. m.p. 126.6～
127.9 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.15 (s, 1H), 
8.29 (d, J＝8.4 Hz, 1H), 7.91 (d, J＝9.0 Hz, 1H), 7.74～
7.72 (m, 2H), 7.50～7.46 (m, 4H); 13C NMR (150 MHz, 
CDCl3) δ: 179.1, 150.1, 148.7, 137.2, 132.1, 128.1, 127.9, 
127.4, 123.8, 121.9, 120.8, 120.4 (d, J＝257.6 Hz), 118.7. 
19F NMR (565 MHz, CDCl3) δ: －57.85. HRMS (ESI) 

calcd for C15H10F3N2O2 [M ＋ H] ＋  307.0689; found 
307.0692. 

2-(4-Methoxyphenyl)-2H-indazole-3-carbaldehyde (3u): 
White solid, 23.2 mg, 43% yield. m.p. 142.3～143.4 ℃; 1H 
NMR (600 MHz, CDCl3) δ: 10.08 (s, 1H), 8.30 (d, J＝7.8 
Hz, 1H), 7.90 (d, J＝8.4 Hz, 1H), 7.58 (d, J＝9.0 Hz, 2H), 
7.48 (t, J＝7.2 Hz, 1H), 7.43 (d, J＝7.2 Hz, 1H), 7.10 (d,   
J＝9.0 Hz, 2H), 3.92 (s, 3H); 13C NMR (150 MHz, CDCl3) 
δ: 180.18, 160.79, 148.32, 132.23, 131.68, 127.64, 127.61, 
126.95, 123.25, 120.98, 118.56, 114.67, 55.73. HRMS 
(ESI) calcd for C15H13N2O2 [M＋H]＋  253.0972; found 
253.0974. 

2-(3-Bromophenyl)-2H-indazole-3-carbaldehyde (3v): 
White solid, 41.4 mg, 69% yield. m.p. 103.5～105.1 ℃; 1H 
NMR (600 MHz, CDCl3) δ: 10.14 (s, 1H), 8.29 (d, J＝8.4 
Hz, 1H), 7.91 (d, J＝9.0 Hz, 1H), 7.88 (s, 1H), 7.74 (d, J＝
8.4 Hz, 1H), 7.61 (d, J＝7.8 Hz, 1H), 7.53～7.44 (m, 3H); 
13C NMR (150 MHz, CDCl3) δ: 179.4, 148.7, 139.9, 133.2, 
132.1, 130.7, 129.5, 128.1, 127.5, 125.1, 123.7, 123.2, 
120.9, 118.7. HRMS (ESI) calcd for C14H10BrN2O [M＋ 
H]＋ 300.9971; found 300.9969. 

Methyl 3-(3-formyl-2H-indazol-2-yl)benzoate (3w): 
White solid, 39.8 mg, 71% yield. m.p. 91.3～92.6 ℃; 1H 
NMR (600 MHz, CDCl3) δ: 10.14 (s, 1H), 8.34 (t, J＝1.8 
Hz, 1H), 8.31 (d, J＝8.4 Hz, 1H), 8.27 (d, J＝7.8 Hz, 1H), 
7.92 (d, J＝8.4 Hz, 1H), 7.89～7.88 (m, 1H), 7.72 (t, J＝7.8 
Hz, 1H), 7.52～7.45 (m, 2H), 3.97 (s, 3H); 13C NMR (151 
MHz, CDCl3) δ: 179.3, 165.5, 148.7, 139.1, 132.1, 131.8, 
131.0, 130.5, 129.8, 128.1, 127.4, 123.8, 120.9, 118.8, 
52.7. HRMS (ESI) calcd for C16H13N2O3 [M ＋ H] ＋ 
281.0921; found 281.0921. 

2-(3,5-Dimethylphenyl)-2H-indazole-3-carbaldehyde 
(3x): White solid, 30.0 mg, 60% yield. m.p. 165.4～
166.5 ℃; 1H NMR (600 MHz, CDCl3) δ: 10.11 (s, 1H), 
8.31 (d, J＝8.4 Hz, 1H), 7.91 (d, J＝8.4 Hz, 1H), 7.49～
7.42 (m, 2H), 7.28 (s, 2H), 7.22 (s, 1H), 2.44 (s, 6H); 13C 
NMR (150 MHz, CDCl3) δ: 180.5, 148.4, 139.7, 138.5, 
132.2, 131.7, 127.7, 127.0, 124.2, 123.2, 121.2, 118.6, 
21.3. HRMS (ESI) calcd for C16H15N2O [M ＋ H] ＋ 
251.1179; found 251.1183. 

2-(3,5-Dichlorophenyl)-2H-indazole-3-carbaldehyde 
(3y): White solid, 43.5 mg, 75% yield. m.p. 82.1～83.5 ℃; 
1H NMR (600 MHz, CDCl3) δ: 10.18 (s, 1H), 8.26 (d, J＝
8.4 Hz, 1H), 7.89 (d, J＝8.4 Hz, 1H), 7.61 (s, 2H), 7.59 (s, 
1H), 7.50 (t, J＝7.8 Hz, 1H), 7.46 (t, J＝7.8 Hz, 1H); 13C 
NMR (150 MHz, CDCl3) δ: 178.7, 148.8, 140.4, 136.0, 
131.9, 130.2, 128.4, 127.7, 125.0, 124.1, 120.7, 118.8. 
HRMS (ESI) calcd for C14H9Cl2N2O [M＋H]＋ 291.0086; 
found 291.0090. 
4.3  General procedure for the transformation of 3a 
into 4 

Compound 3a (44.4 mg, 0.20 mmol) was dissolved in 1, 
4-dioxane (2 mL) in a 10 mL reaction tube with a magnetic 
stirrer bar. Then methyltriphenylphosphonium bromide 
(71.4 mg, 0.2 mmol) and NaOH (0.3 g) were added the 
mixture in an oil bath and stirred at 70 ℃ for 5 h.[15] After 
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cooling to room temperature, the reaction mixture was ex-
tracted with CH2Cl2 repeatedly. The organic phases were 
combined. The solvent was evaporated and the residue was 
purified by flash chromatography (silica gel, petroleum 
ether/ethyl acetate, V∶V＝20∶1), and afforded 2-phenyl- 
3-vinyl-2H-indazole (4).[19] Yellow oil, 37.9 mg, 86% 
yield. 1H NMR (600 MHz, CDCl3) δ: 7.92 (d, J＝8.4 Hz, 
1H), 7.78 (d, J＝9.0 Hz, 1H), 7.59 (d, J＝7.8 Hz, 2H), 7.55 
(t, J＝7.8 Hz, 2H), 7.50 (d, J＝7.2 Hz, 1H), 7.39～7.34 
(m, 1H), 7.19 (t, J＝7.8 Hz, 1H), 6.84～6.79 (m, 1H), 6.03 
(d, J＝18.0 Hz, 1H), 5.53 (d, J＝11.4 Hz, 1H); 13C NMR 
(150 MHz, CDCl3) δ: 148.9, 139.7, 133.2, 129.1, 128.9, 
126.8, 126.3, 125.0, 122.8, 120.6, 120.4, 118.0, 117.7. 
4.4  General procedure for the transformation of 3a 
into 5 

The compound 3a (39.4 mg, 0.20 mmol), methyl 2-cya-
noacetate (19.8 mg, 0.20 mol), NaOH (9.6 mg, 0.24 mol) 
and MeOH (1 mL) were added into a reaction tube (10 mL) 
at room temperature.[16] The resulted mixture was stirred for 
3 h. After that, the mixture was quenched with water and 
extracted with CH2Cl2 repeatedly. The solvent was evapo-
rated and the residue was further purified by flash chro-
matography (silica gel, petroleum ether/ethyl acetate, V∶ 
V＝5∶1), affording methyl 2-cyano-3-(2-phenyl-2H-in-
dazol-3-yl)acrylate (5). Yellow oil, 54.6 mg, 90% yield. 1H 
NMR (600 MHz, DMSO-d6) δ: 8.18～8.16 (m, 2H), 7.95 
(d, J＝8.4 Hz, 1H), 7.74 (d, J＝7.2 Hz, 2H), 7.69～7.67 (m, 
3H), 7.54 (t, J＝7.2 Hz, 1H), 7.46 (t, J＝7.8 Hz, 1H), 3.85 
(s, 3H); 13C NMR (150 MHz, DMSO-d6) δ: 162.7, 149.0, 
141.7, 139.1, 130.6, 130.2, 128.3, 128.0, 126.9, 125.6, 
122.3, 122.2, 119.3, 116.3, 103.1, 54.0. HRMS (ESI) calcd 
for C18H14N3O2 [M＋H]＋ 304.1081; found 304.1086. 
4.5  General procedure for the H/D exchange ex-
periment 

A reaction tube (10 mL) equipped with a magnetic stirrer 
bar was charged with azobenzene (1a, 36.4 mg, 0.20 
mmol), [Cp*RhCl2]2 (6.2 mg, 0.01 mmol), AgOAc (26.7 
mg, 0.16 mmol), and D2O (0.1 mL), then freshly distilled 
TFE (2 mL) was injected into the reaction tube. The reac-
tion tube was placed in an oil bath and stirred at 60 ℃ for 
1 h. After that, the mixture was quenched with water and 
extracted with CH2Cl2 repeatedly. The obtained solution 
was concentrated under vacuum to yield the crude product, 
which was further purified by flash chromatography (silica 
gel; petroleum ether/ethyl acetate, V∶V＝30∶1), afford-
ing a mixture of 1a/[D2]-1a (H/D＝3∶1). Then, 25% of 
[D2]-1a in the mixture was determined by 1H NMR analy-
sis. (Figure S1) 
4.6  General procedure for the KIE experiments 

(a) To an oven-dried reaction tube (10 mL) equipped 
with a magnetic stirrer bar was charged with deuterated 
azobenzene ([D5]-1a, 37.4 mg, 0.20 mmol), [Cp*RhCl2]2 
(6.2 mg, 0.01 mmol), AgOAc (26.7 mg, 0.16 mmol), and 
vinylene carbonate (2a, 34.4 mg, 0.40 mmol), then 
2,2,2-trifluoroethanol (TFE, 2 mL) was injected into the 

tube. The reaction tube was placed in an oil bath and stirred 
at 60 ℃ for 4 h. After that, the mixture in reaction tube was 
detected by TLC. The crude product was purified by flash 
chromatography (silica gel, petroleum ether/ethyl acetate, 
V∶V＝20∶1), affording the products [D4]-3a and [D5]-3a 
(15.8 mg, ca. 35% yield). The KIE value (KIE＝1.63) was 
determined by 1H NMR analysis (Figure S2). 

(b) To an oven-dried reaction tube (10 mL) equipped 
with a magnetic stirrer bar was charged with deuterated 
azobenzene ([D10]-1a, 19.2 mg, 0.10 mmol), azobenzene 
(1a, 18.2 mg, 0.10 mmol), [Cp*RhCl2]2 (6.2 mg, 0.01 
mmol), AgOAc (26.7 mg, 0.16 mmol), and vinylene car-
bonate (2a, 34.4 mg, 0.40 mmol), then 2,2,2-trifluoroe- 
thanol (TFE, 2 mL) was injected into the tube. The reaction 
tube was placed in an oil bath and stirred at 60 ℃ for 4 h. 
After that, the mixture in reaction tube was detected by 
TLC. The crude product was purified by flash chromatog-
raphy (silica gel, petroleum ether/ethyl acetate, V∶ 
V＝20∶1), affording the products 3a and [D9]-3a (18.6 mg, 
ca. 41% yield). The KIE value (KIE＝1.56) was determined 
by 1H NMR analysis (Figure S3). 

 
Supporting Information  1H NMR, 13C NMR and 19F 
NMR spectra of new compounds 3～5. The Supporting 
Information is available free of charge via the Internet at 
http://sioc-journal.cn/. 
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