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铜促进下腙的氧化胺化反应: 1H-吲唑和 1H-吡唑的合成 
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摘要  吲唑和吡唑是两类重要的含氮杂环化合物, 具有广泛的生物活性. 发展了一类铜促进下腙的 C(sp2)—H 键氧化

胺化反应, 简便、高效地构建了一系列 1H-吲唑和 1H-吡唑衍生物. 该反应条件温和, 具有广泛的底物适用范围和较好

的官能团兼容性.  
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Abstract  An efficient copper-promoted C(sp2)—H bond amination was developed to afford 1H-indazoles and 1H-pyrazoles 
in moderate to excellent yields from easily accessible hydrazones. This process tolerated a variety of functional groups and 
afforded the corresponding 1H-indazoles and 1H-pyrazoles under mild conditions. 
Keywords  C—H activation; amination; indazole; nitrogen heterocycles; pyrazole 

   
1  Introduction 

Nitrogen-containing heterocycles are structural constit-
uents of many bioactive natural products, medicinally im-
portant compounds and organic materials.[1] In particular, 
indazoles and pyrazoles are prevalent structural motifs in 
pharmaceutically important and biologically active com-
pounds which have exhibited a broad spectrum of biologi-
cal activities including anti-bacterial,[2] anti-tumour,[3]  
anti-HIV,[4] anti-cancer,[5] and anti-platelet activities.[6] 
With the growing interest in indazole and pyrazole deriva-
tives, development of mild and efficient synthetic methods 
has been pursued for a long time by synthetic chemists.[7] 

Traditional synthetic methods for indazoles include dia-
zotization of 2-alkyl anilines[8a] and nitrosation of the 
N-acetyl derivatives of 2-alkyl anilines.[8b ～ 8d] Catalytic 
cyclization of the hydrazones of o-haloacetophenones or 
o-haloaldehydes represents an attractive route.[9] Recently, 
1,3-dipolar cycloaddition of arynes with diazo com-
pounds,[10a～10b] hydrazones[10c～10d] or nitrile imines[10e] has 
also been reported. Despite significant achievements have 

been made, ortho prefunctionalization is indispensable in 
most cases. 

With regard to pyrazole derivatives, classical synthetic 
methods mostly involve the condensation of 1,3-dicarbonyl 
or α,β-unsaturated carbonyl compounds with hydrazines, 
and 1,3-dipole cycloaddition of diazo compounds onto 
triple bonds.[11] Recently, several new approaches towards 
the synthesis of these compounds have been developed.[12] 

For instance, Zhan[12a] has reported the one-pot synthesis of 
pyrazoles from tertiary propargylic alcohols and 
p-tolylsulfonohydrazide, and Yu has disclosed a 
three-component reaction of vinyl azide, aldehyde and  
tosylhydrazine affording the polyfunctional pyrazoles.[12c] 

However, it is still desirable to develop novel synthetic 
methods of pyrazoles in terms of starting materials availa-
bility and synthetic efficiency. 

Transition metal catalyzed intramolecular C—H bond 
amination, without the necessity to prefunctionalize the 
readily available starting materials, is highly efficient and 
environmentally benign for construction of nitrogen con-
taining heterocycles.[13,14] In this event, this strategy has 
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been applied to the synthesis of N-substituted indazoles 
and pyrazoles during the past few years.[15]  

Recently, we reported a tandem rhodium-catalyzed    
C—H bond olefination/annulation approach to afford the 
1,2-dihydrophthalazines in good to excellent yields from 
sulfonylhydrazones and alkenes, in which the hydrazone 
moiety remained intact during the reaction.[16a] However, in 
the case of N-diethoxyphosphoryl hydrazone (＝N—NH 
P(O)(OEt)2), the N—N bond is more labile and cleavaged 
under rhodium catalysis, leading to an efficient synthesis of 
multisubstituted isoquinolines (Scheme 1a).[16b] As a part of 
our continuing efforts to assemble heterocycles through a  
C—H bond amination strategy,[17] herein we report a  
copper-promoted intramolecular oxidative C—H bond 
amination to afford 1H-indazoles and 1H-pyrazoles in 
moderate to excellent yields, whereby a C(sp2)—N bond 
was formed with the N—P bond cleavage of N-diethoxy- 
phosphoryl hydrazone under mild conditions (Scheme 1b). 
It is worth noting that 1H-indazoles and 1H-pyrazoles are 
of considerable biological interests,[18] which allowed for 
further functionalization and thus especially useful for 
combinatorial chemistry and new drug discovery. 
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Scheme 1  Synthesis of indazoles and pyrazoles from hydrazones 

2  Results and discussion 
2.1  Reaction condition optimization 

We started our study by examining the reaction of 1a  
(R＝P(O)(OEt)2) in the presence of anhydrous Cu(OAc)2 
in toluene under an oxygen atmosphere. To our delight, the 
indazole product 2a was isolated in 38% yield after react-
ing for 70 h at 100 ℃ (Table 1, Entry 1). An extensive 
screening of copper resources revealed that the use of 
Cu(OAc)2•H2O turned out to be the best choice and af-
forded 2a in 70% yield (Entry 5), while other copper salts 
resulted in either lower yields or no desired product   
(Entries 2～4). Next, the influence of solvent was investi-
gated (Entries 6～9). Among the screened solvents, DMSO 
gave the best result with an excellent yield in shorter reac-
tion time (Entry 9). By raising the reaction temperature to 
110 ℃, the indazole product was obtained with up to 96% 
yield (Entry 10). Decreased yields were obtained when the 
reaction was conducted under an air or nitrogen atmos-
phere (Entries 11～12). The leaving group of 1 has a deci-
sive and subtle effect on this transformation based on the 

fact that replacement of the P(O)(OEt)2 group by hydrogen, 
acetyl or tosyl group gave no apparent desired product 
(Entries 13～15), indicating the vital role of diethoxy-
phosphoryl group for such a transformation. To our delight, 
catalytic amount of Cu(OAc)2•H2O could also afford the 
desired product in moderate to good yields with long reac-
tion time (Entries 16～17). No product was isolated in the 
absence of copper salt (Entry 18). In view of its readily 
availability and less toxic character, stoichiometric 
Cu(OAc)2•H2O was used for the following studies in order 
to achieve higher yields. 

Table 1  Optimization of reaction conditions a 

 

Entry Cu salt Solvent R 
Temp/
℃ 

Time/
h 

Yieldb/
% 

1 Cu(OAc)2 toluene P(O)(OEt)2 100 70 38 

2 Cu(TFA)2 toluene P(O)(OEt)2 100 32 23 

3 CuBr2 toluene P(O)(OEt)2 100 26 ND 

4 CuCl toluene P(O)(OEt)2 100 37 41 

5 Cu(OAc)2•H2O toluene P(O)(OEt)2 100 70 70 

6 Cu(OAc)2•H2O PhOMe P(O)(OEt)2 100 64 63 

7 Cu(OAc)2•H2O dioxane P(O)(OEt)2 100 70 ND 

8 Cu(OAc)2•H2O DMF P(O)(OEt)2 100 27 37 

9 Cu(OAc)2•H2O DMSO P(O)(OEt)2 100 25 91 

10 Cu(OAc)2•H2O DMSO P(O)(OEt)2 110 16 96 

11 Cu(OAc)2•H2O DMSO P(O)(OEt)2 110 21 89c 

12 Cu(OAc)2•H2O DMSO P(O)(OEt)2 110 37 78d 

13 Cu(OAc)2•H2O DMSO H 110 20 ND 

14 Cu(OAc)2•H2O DMSO Ac 110 20 ND 

15 Cu(OAc)2•H2O DMSO Ts 110 20 ND 

16 Cu(OAc)2•H2O DMSO P(O)(OEt)2 110 55 81e 

17 Cu(OAc)2•H2O DMSO P(O)(OEt)2 110 67 74f 

18 — DMSO P(O)(OEt)2 110 40 ND 
a Reaction conditions: 1a (0.3 mmol), Cu salt (0.3 mmol) in solvent (1.5 mL), 
100 ℃, O2. Ac＝Acetyl, Ts＝4-toluenesulfonyl, ND＝not detected. b Isolated 
yield. c Under air. d Under N2. 

e Cu(OAc)2•H2O (50 mol%) was used.         
f Cu(OAc)2•H2O (20 mol%) was used. 

2.2  Substrate Scope 

2.2.1  Hydrazone scope in the synthesis of indazoles 

With the optimized reaction conditions in hand, we then 
extended the reaction to a range of readily available phos-
phorylhydrazones 1a～1k, and the results are shown in 
Table 2. Substrates bearing various substituents on the aryl 
rings, regardless of their electronic properties, all gave the 
desired products in good to excellent yields (2a～2i). For 
substrate bearing two methyl groups on the meta positions 
of the aryl rings gave a mixture of isomers 2f and 2f ', with 
the less sterically hindered product 2f slightly favored. 
Similarly, unsymmetrical hydrazones containing two dif-
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ferent aryl groups also afforded a mixture of isomers (2g～
2i), the ratios of which varied from 1∶1 to 4.6∶1, de-
pending on the electronic properties of the substituents. 
Impressively, the substrates containing furyl and benzoyl 
groups also afforded the corresponding products 2j and 2k 
in moderate yields, respectively. Notably, the absolute 
spectroscopic analysis for some products is relatively com-
plicated, which due to their dynamic tautomeric forms that 
1H-indazoles can adopt. 

Table 2  Hydrazone scope in the synthesis of indazoles a,b 
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a Reaction Conditions: 1a～1k (0.3 mmol), Cu(OAc)2•H2O (0.3 mmol) in 
DMSO (1.5 mL), O2 (1 atm), 110 ℃. b Isolated yield. c Combined yield of both 
isomers (the ratio indicated in the parentheses). 

2.2.2  Hydrazone scope in the synthesis of pyrazoles 
To further explore the generality of this method, we next 

expand this synthetic strategy to C—H bond amination of 
olefinic double bonds for the synthesis of pyrazole deriva-
tions. However, under the aforementioned optimized con-
ditions (Table 1, Entry 10), the pyrazole product 3,5-  

diphenyl-1H-pyrazole 4a was afforded in 52% yield from 
substrate 3a together with many complicated by-products. 
Further optimization of the reaction condition revealed that 
the indistinct secondary reactions could be significantly 
suppressed under a nitrogen atmosphere and 0.5 equivalent 
of Cu(OAc)2•H2O was sufficient to drive the reaction to 
complete. With the established optimized condition, a  
variety of substrates derived from readily available 
α,β-unsaturated ketones and phosphorylhydrazine were 
surveyed to prepare different 1H-pyrazoles. As depicted in 
Table 3, substrates with electron-donating and electron- 
withdrawing groups on the phenyl rings all gave the prod-
ucts in good yields (4a～4d). The reactions showed excel-  

 
Table 3  Hydrazone scope in the synthesis of pyrazoles a,b 
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a Reaction conditions: 3a～3i (0.3 mmol), Cu(OAc)2•H2O (0.15 mmol) in 
DMSO (1.5 mL), N2, 110 ℃. b Isolated yield. 
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lent selectivity as no indazoles could be isolated in all  
cases which could be formed through the aromatic C(sp2)
—H bond functionalization other than the olefinic C(sp2)—
H amination. Functional groups, such as Cl and Br, were 
all well tolerated in this transformation (4b and 4d). In 
addition to the phenyl substituent, other aryl groups such as 
2-naphthyl and 2-furyl, had little effect on the yields and 
gave corresponding pyrazoles in good yields (4e and 4f), 
while 3-pyridyl led to a lower yield (4g). It is worth noting 
that substrate with two alkenyl substituents gave compara-
ble yield (4h). Hydrazone bearing an alkyl substituent on 
one side could also afford the desired product 4i, albeit in 
lower yield and elongated reaction time. 

2.3  Mechanistic studies 

To gain insight into the mechanism, we conducted the 
reaction by adding 1.5 equivalents of the radical scavenger 
TEMPO to the reaction of 1a under the optimized reaction 
conditions. The addition of TEMPO did not inhibit the re-
action, but caused decreased yields for products (57% yield 
for 2a and 74% yield for 4a), indicating that the radical 
process might not be the major pathway in this reaction.[19] 
An intramolecular kinetic isotope effect (KIE) study was 
next conducted, and a small KIE value (kH/kD＝1.06) was 
obtained, which implied that the C—H bond cleavage did 
not involve in the rate-determining step (for details, see: 
Supporting Information).[20] Furthermore, the fact that un-
substituted benzophenone hydrazone could not afford the 
desired product (Table 1, Entry 13), which suggested that 
the N—P bond cleavage may not occur at the initial stage.  

Although the detailed reaction mechanism remained to 
be clarified, a plausible mechanism for this transformation 
was proposed in Scheme 2. Initially, hydrazone 1a reacted 
with Cu(OAc)2 to give intermediate A, which then formed 
metallacycles B by C—H bond activation or electrophilic 
metalation.[14a,21] Reductive elimination of B generated 
corresponding cyclization product C. Finally, C afforded 
2a after release of diethyl hydrogen phosphate with the aid 
of water due to the excellence of diethyl phosphate as a 
leaving group.[22] The existence of diethyl hydrogen phos-
phate was confirmed by an in situ phosphorus NMR analy-
sis after completion of the reaction.[23] 

 

Scheme 2  Plausible mechanism (ligands are omitted for clarity) 

3  Conclusions 
In conclusion, we have developed a novel and efficient 

protocol for the synthesis of 1H-indazoles and 
1H-pyrazoles from easily accessible N-diethoxyphosphoryl 
hydrazones through N—P bond cleavage and C(sp2)—H 
bond amination process. The approach features a wide sub-
strate scope, good functional group tolerance, mild reaction 
conditions and operational simplicity, which would provide 
it a broad utility in organic synthesis. Further insight into 
the synthetic applications for bioactive compounds are now 
under investigation in our group. 

Acknowledgements 
The authors thank Prof. Hongmei Deng (Laboratory for 

Microstructures, SHU) for NMR spectroscopic measure-
ments. 

References 
[1] (a) Joule, J. A.; Mills, K. Heterocyclic Chemistry, 4th ed., Blackwell 

Science, Oxford, 2000. (b) Butler, M. S. J. Nat. Prod. 2004, 67, 
2141. (c) Zhao, J.; Zhang, Q. Acta Chim. Sinica 2015, 73, 1235. (赵
金钵, 张前, 化学学报, 2015, 73, 1235.)  

[2] Fu, X.; Chen, Y.; Yang, Y.; He, S.; Shen, C.; Wan, R. Chin. J. Org. 
Chem. 2014, 34, 2090. (傅晓东, 陈月, 杨阳, 贺书泽, 沈陈, 万嵘, 
有机化学, 2014, 34, 2090.) 

[3] Keppler, B. K.; Hartmann, M. Met.-Based Drugs 1994, 1, 145.  
[4] Sun, J. H.; Teleha, C. A.; Yan, J. S.; Rodgers, J. D.; Nugiel, D. A. J. 

Org. Chem. 1997, 62, 5627.  
[5] De Lena, M.; Lorusso, V.; Latorre, A.; Fanizza, G.; Gargano, G.; 

Caporusso, L.; Guida, M.; Catino, A.; Crucitta, E.; Sambiasi, D.; 
Mazzei, A. Eur. J. Cancer 2001, 37, 364.  

[6] Lee, F. Y.; Lien, J. C.; Huang, L. J.; Huang, T. M.; Tsai, S. C.; Teng, 
C. M.; Wu, C. C.; Cheng, F. C.; Kuo, S. C. J. Med. Chem. 2001, 44, 
3746.  

[7] For selected reviews, see: (a) Fustero, S.; Sánchez-Roselló, M.; Bar-
rio, P.; Simón-Fuentes, A. Chem. Rev. 2011, 111, 6984. (b) Schmidt, 
A.; Dreger, A. Curr. Org. Chem. 2011, 15, 1423. (c) Ma, S.; Zhong, 
Y.; Wang, S.; Xu, Z.; Chang, M.; Wang, R. Acta Chim. Sinica 2014, 
72, 825. (马世雄, 钟源, 王守磊, 许兆青, 常民, 王锐, 化学学报, 
2014, 72, 825.) 

[8] (a) Stadlbauer, W. Sci. Synth. 2002, 12, 227. (b) Jacobson, P.; Huber, 
L. Ber. Dtsch. Chem. Ges. 1908, 41, 660. (c) Rüchardt, C.; 
Hassmann, V. Leibigs Ann. Chem. 1980, 908. (d) Yoshida, T.; 
Matsuura, N.; Yamamoto, K.; Doi, M.; Shimada, K.; Morie, T.; Kato, 
S. Heterocycles 1996, 43, 2701.  

[9] (a) Lebedev, A. Y.; Khartulyari, A. S.; Voskoboynikov, A. Z. J. Org. 
Chem. 2005, 70, 596. (b) Inamoto, K.; Katsuno, M.; Yoshino, T.; 
Arai, Y.; Hiroya, K.; Sakamoto, T. Tetrahedron 2007, 63, 2695. (c) 
Liu, R.; Zhu, Y.; Qin, L.; Ji, S. Synth. Commun. 2008, 38, 249. (d) 
Thomé, I.; Besson, C.; Kleine, T.; Bolm, C. Angew. Chem., Int. Ed. 
2013, 52, 7509.  

[10] (a) Jin, T.; Yamamoto, Y. Angew. Chem., Int. Ed. 2007, 46, 3323. (b) 
Liu, Z.; Shi, F.; Martinez, P. D. G.; Raminelli, C.; Larock, R. C. J. 
Org. Chem. 2008, 73, 219. (c) Li, P.; Zhao, J.; Wu, C.; Larock, R. C.; 
Shi, F. Org. Lett. 2011, 13, 3340. (d) Li, P.; Wu, C.; Zhao, J.; 
Rogness, D. C.; Shi, F. J. Org. Chem. 2012, 77, 3149. (e) Spiteri, C.; 
Keeling, S.; Moses, J. E. Org. Lett. 2010, 12, 3368.  

[11] (a) Nakano, Y.; Hamaguchi, M.; Nagai, T. J. Org. Chem. 1989, 54, 
5912. (b) Foti, F.; Grassi, G.; Risitano, F. Tetrahedron Lett. 1999, 40, 
2605. (c) Huang, Y. R.; Katzenellenbogen, J. A. Org. Lett. 2000, 2, 
2833. (d) Katritzky, A. R.; Wang, M.; Zhang, S.; Voronkov, M. V.; 
Steel, P. J. J. Org. Chem. 2001, 66, 6787. (e) Baldwin, J. E.; 
Pritchard, G. J.; Rathmell, R. E. J. Chem. Soc., Perkin Trans. 1 2001, 
2906. (f) Grotjahn, D. B.; Van, S.; Combs, D.; Lev, D. A.; Schneider, 
C.; Rideout, M.; Meyer, C.; Hernandez, G.; Mejorado, L. J. Org. 
Chem. 2002, 67, 9200. (g) Aggarwal, V. K.; Vicente, J.; Bonnert, R. 
V. J. Org. Chem. 2003, 68, 538; (h) Adamo, M. F. A.; Adlington, R. 
M.; Baldwin, J. E.; Pritchard, G. J.; Rathmell, R. E. Tetrahedron 



 

化 学 学 报 研究通讯  

 
1306   http://sioc-journal.cn © 2015 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2015, 73, 1302—1306
 

2003, 59, 2197. (i) Heller, S. T.; Natarajan, S. R. Org. Lett. 2006, 8, 
2675. (j) Dirat, O.; Clipson, A.; Elliott, J. M.; Garrett, S.; Jones, A. 
B.; Reader, M.; Shaw, D. Tetrahedron Lett. 2006, 47, 1729. (k) 
Smith, C. D.; Tchabanenko, K.; Adlington, R. M.; Baldwin, J. E. 
Tetrahedron Lett. 2006, 47, 3209. (l) Fustero, S.; Román, R.; 
Sanz-Cervera, J. F.; Simón-Fuentes, A.; Cuñat, A. C.; Villanova, S.; 
Murguía, M. J. Org. Chem. 2008, 73, 3523. (m) Fustero, S.; Román, 
R.; Sanz-Cervera, J. F.; Simón-Fuentes, A.; Bueno, J.; Villanova, S. 
J. Org. Chem. 2008, 73, 8545. (n) Liu, H. L.; Jiang, H. F.; Zhang, 
M.; Yao, W. J.; Zhu, Q. H.; Tang, Z. Tetrahedron Lett. 2008, 49, 
3805.  

[12] (a) Hao, L.; Hong, J. J.; Zhu, J.; Zhan, Z. P. Chem. Eur. J. 2013, 19, 
5715. (b) Zhu, Y.; Lu, W.-T.; Sun, H. C.; Zhan, Z. P. Org. Lett. 2013, 
15, 4146. (c) Zhang, G.; Ni, H.; Chen, W.; Shao, J.; Liu, H.; Chen, 
B.; Yu, Y. Org. Lett. 2013, 15, 5967. (d) Kong, Y.; Tang, M.; Wang, 
Y. Org. Lett. 2014, 16, 576. (e) Schneider, Y.; Prévost, J.; Gobin, M.; 
Legault, C. Y. Org. Lett. 2014, 16, 596.  

[13] For recently reviews, see: (a) Lyons, T. W.; Sanford, M. S. Chem. 
Rev. 2010, 110, 1147. (b) Cho, S. H.; Kim, J. Y.; Kwak, J.; Chang, S. 
Chem. Soc. Rev. 2011, 40, 5068. (c) Zhang, C.; Tang, C.; Jiao, N. 
Chem. Soc. Rev. 2012, 41, 4364. (d) Bariwal, J.; Eycken, E. V. 
Chem. Soc. Rev. 2013, 42, 9283. (e) Louillat, M. L.; Patureau, F. W. 
Chem. Soc. Rev. 2014, 43, 901.  

[14] For selected examples, see: (a) Brasche, G.; Buchwald, S. L. Angew. 
Chem., Int. Ed. 2008, 47, 1932. (b) Neumann, J. J.; Rakshit, S.; 
Dröge, T.; Glorius, F. Angew. Chem., Int. Ed. 2009, 48, 6892. (c) 
Cho, S. H.; Yoon, J.; Chang, S. J. Am. Chem. Soc. 2011, 133, 5996. 
(d) He, G.; Zhao, Y.; Zhang, S.; Lu, C.; Chen, G. J. Am. Chem. Soc. 
2012, 134, 3. (e) Wang, X.; Jin, Y.; Zhao, Y.; Fu, H. Org. Lett. 2012, 
14, 452. (f) Tran, L. D.; Roane, J.; Daugulis, O. Angew. Chem., Int. 
Ed. 2013, 52, 6043. (g) Kim, H.; Shin, K.; Chang, S. J. Am. Chem. 
Soc. 2014, 136, 5904.  

[15] (a) Inamoto, K.; Saito, T.; Katsuno, M.; Sakamoto, T.; Hiroya, K. 
Org. Lett. 2007, 9, 2931. (b) Hu, J.; Chen, S.; Sun, Y.; Yang, J.; Rao, 
Y. Org. Lett. 2012, 14, 5030. (c) Zhang, T.; Bao, W. J. Org. Chem. 
2013, 78, 1317. (d) Li, X.; He, L.; Chen, H.; Wu, W.; Jiang, H. J. 
Org. Chem. 2013, 78, 3636. (e) Yu, D. G.; Suri, M.; Glorius, F. J. 
Am. Chem. Soc. 2013, 135, 8802. (f) Han, S.; Shin, Y.; Sharma, S.; 
Mashra, N. K.; Park, J.; Kim, M.; Kim, M.; Jang, J.; Kim, I. S. Org. 
Lett. 2014, 16, 2494.  

[16] (a) Li, G.; Ding, Z.; Xu, B. Org. Lett. 2012, 14, 5338. (b) Liu, W.; 
Hong, X.; Xu, B. Synthesis 2013, 45, 2137.  

[17] (a) Huang, X.; Xu, S.; Tan, Q.; Gao, M.; Li, M.; Xu, B. Chem. 
Commun. 2014, 50, 1465. (b) Wang, H.; Yu, Y.; Hong, X.; Tan, Q.; 
Xu, B. J. Org. Chem. 2014, 79, 3279. (c) Fang, T.; Tan, Q.; Ding, Z.; 
Liu, B.; Xu, B. Org. Lett. 2014, 16, 2342. (d) Sun, J.; Tan, Q.; Yang, 
W.; Liu, B.; Xu, B. Adv. Synth. Catal. 2014, 356, 388. (e) Qian, G.; 
Liu, B.; Tan, Q.; Zhang, S.; Xu, B. Eur. J. Org. Chem. 2014, 4837. 
(f) Ding, Z.; Tan, Q.; Gao, M.; Xu, B. Org. Biomol. Chem. 2015, 13, 
4642.  

[18] (a) Henke, B. R.; Willson, T. M.; Sugg, E. E.; Croom, D. K.; Jr. 
Doughety, R. W.; Queen, K. L.; Birkemo, L. S.; Ervin, G. N.; Griz-
zle, M. K.; Johnson, M. F.; James, M. K. J. Med. Chem. 1996, 39, 
2655. (b) Sun, J. H.; Teleha, C. A.; Yan, J. S.; Rodgers, J. D.; Nugiel, 
D. A. J. Org. Chem. 1997, 62, 5627. (c) Dymock, B. W.; Barril, X.; 
Brough, P. A.; Cansfield, J. E.; Massey, A.; McDonald, E.; Hubbard, 
R. E.; Surgenor, A.; Roughley, S. D.; Webb, P.; Workman, P.; Wright, 
L.; Drysdale, M. J. J. Med. Chem. 2005, 48, 4212. (d) Collins, I.; 
Workman, P. Nat. Chem. Biol. 2006, 2, 689. (e) Zanaletti, R.; Betti-
netti, L.; Castaldo, C.; Cocconcelli, G.; Comery, T.; Dunlop, J.; 
Gaviraghi, G.; Ghiron, C.; Haydar, S. N.; Jow, F.; Maccari, L.; Mic-
co, I.; Nencini, A.; Scali, C.; Turlizzi, E.; Valacchi, M. J. Med. 
Chem. 2012, 55, 4806.  

[19] Qi, Q.; Shen, Q.; Lu, L. J. Am. Chem. Soc. 2012, 134, 6548.  
[20] Hu, J.; Xu, H.; Nie, P.; Xie, X.; Nie, Z.; Rao, Y. Chem. Eur. J. 2014, 

20, 3932.  
[21] Wang, H.; Wang, Y.; Peng, C.; Zhang, J.; Zhu, Q. J. Am. Chem. Soc. 

2010, 132, 13217.  
[22] Diethyl phosphate has been reported to be an excellent leaving group 

and the N—P bond of N-diethoxyphosphoryl hydrazone was labile 
under basic conditions, see: (a) Wadsworth, W. S.; Emmons, W. D. J. 
Org. Chem. 1967, 32, 1279. (b) Koziara, A.; Turski, K.; Zwierzak, A. 
Synthesis 1986, 298. (c) Galeta, J.; Man, S.; Bouillon, J. P.; Potáček, 
M. Eur. J. Org. Chem. 2011, 392. (d) Wen, J.; Yang, C. T.; Jiang, T.; 
Hu, S.; Yang, T. Z.; Wang, X. L. Org. Lett. 2014, 16, 2398.  

[23] A signal at δ －4.81 was observed in the 31P NMR of the reaction 
mixture after the disappearance of 1a, which is assignable to be 
diethyl hydrogen phosphate when compared with the 31P NMR 
spectrum of the authentic sample (δ －4.67). For details, see: Figure 
S1 and S2 in the supporting information. 

(Zhao, X.) 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


