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1. Introduction 

The present work lies at the intersection of important areas of 
organic chemistry, such as the chemistry of O-centered radicals, 
oxidative transformations under the action of cerium(IV) 
ammonium nitrate, and radical reactions involving C=C bonds.

Radicals with an unpaired electron localized on an N-O 
fragment, namely, N-oxyl radicals are widely used in organic and 
biological chemistry, the development of organic radical batteries 
and material design.1 In organic synthesis, more stable nitroxyl 
radicals are employed as free radical scavengers1 and catalysts 
for the oxidation of alcohols.2-7 Less stable imide-N-oxyl radicals 
have found application as mediators of hydrogen atom 
abstraction for the subsequent formation of C-C, C-O, C-S, and 
C-N bonds.2, 6, 8-13 Phthalimide-N-oxyl (PINO) generated from 
inexpensive N-hydroxyphthalimide (NHPI) is widely employed 
in the aerobic oxidation of bulk chemicals.8, 9, 14, 15

The main approach for the generation of imide-N-oxyl 
radicals is the oxidation of N-hydroxyimides under the action of 
transition metal salts or hypervalent iodine compounds. Among 
the metal-based reagents, cerium(IV) ammonium nitrate (CAN) 
is widely used due to its commercial availability, ease of 
handling, low toxicity and high solubility in organic solvents. 
Using a combination of NHPI and CAN, a number of C-H 
functionalization12, 16 and oxidation17 processes have been 
developed. 

In the last decade, the selective functionalization of alkenes 
with N-oxyl radicals has become a prominent area of modern 
organic chemistry. In the reactions of styrenes with NHPI, 

bifunctional products with C-O,18-21

C-C,22, 23 C-N24, 25 and C-I26, 27 bonds were obtained. Recently, we 
developed an approach for the selective radical 
difunctionalization of styrenes under the action of NHPI and 
CAN.28

Vinyl azides possess a rich spectrum of reactivity, and have 
therefore gained growing interest as versatile precursors for 
organic synthesis.29-31 Reactions of ArSO2∙,32-34 CF3∙,35-39 SCN∙,40 
NO2∙,34 ArC(O)∙34, 41 and various C-centered radicals42-44 with 
vinyl azides have been reported. In general, such processes are 
accompanied by the addition of a radical species to the terminal 
atom of the C=C bond of vinyl azides with the release of nitrogen 
and the formation of an iminyl radical. Depending on the reaction 
conditions, the formation of ketones and enamines can occur. To 
date, no intermolecular addition reactions of such iminyl radicals 
have been reported.

In the present work, the selective coupling of PINO radical 
with vinyl azides, followed by recombination with iminyl 
radicals was carried out to form O-substituted oximes containing 
two phthalimide-N-oxyl fragments (Scheme 1).

R
Previous works: Present work:

N3
X

N2

R

N
XR

O
X R

NH2
X X

R

NH
X

H2O

X = ArSO2, CF3, NO2, ArC(O) R

N
X

X
HAT X = N O

O

O

R

N3
X

Scheme 1. The present work in the context of the iminyl 
radical mediated transformations of vinyl azides.
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O-Phthalimide oximes with an N-O-N fragment were synthesized in high yields via the reaction 
of vinyl azides with phthalimide-N-oxyl radicals derived from N-hydroxyphthalimide under the 
action of cerium(IV) ammonium nitrate. The disclosed process is based on the radical 
transformation of vinyl azides with the elimination of nitrogen and the formation of iminyl N-
radicals. The developed approach exploited the dual reactivity of imide-N-oxyl radicals. They 
act as O-components for oxidative C-O coupling with vinyl azides and participate in subsequent 
formation of the N-O bond via their recombination with intermediate iminyl radicals.
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2. Results and Discussion

In the present work we report the reaction of substituted vinyl 
azides 1a-l and NHPI 2 under the action of CAN with the 
formation of O-phthalimide oximes 3a-l (Scheme 2).
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Scheme 2. Reaction of vinyl azides 1a-l, NHPI 2 and CAN to 
give O-phthalimide oximes 3a-l.

An important feature of this work is that formation of the N-
O-N fragment proceeds through the recombination of N-centered 
iminyl and O-centered PINO radicals.

Initially, we studied the model transformation of vinyl azide 
1a under the action of NHPI 2 and CAN (Table 1).

Table 1.
Optimization of the CAN-mediated reaction of vinyl azide 1a 
with NHPI 2.
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Solvent

rt, 0.5-2 h1a 2 3a

Entrya
Molar
ratio
1a:2:CAN

Solvent Time 
(h)

Yield
3a (%)b

1 1:2:2 MeOH 1 88 (85)
2 1:2:2 CH3CN 1 74
3 1:2:2 Acetone 1 70
4 1:2:2 THF 1 76
5 1:2:2 CH2Cl2/H2O (3:2) 1 78
6 1:2:2 EtOAc/H2O (3:2) 1 81
7 1:3:3 MeOH 1 85
8 1:2:3 MeOH 1 87
9 1:2:2 MeOH 0.5 80
10 1:2:2 MeOH 2 84

a Reagents and conditions: CAN (1.0-1.5 mmol) was added to a mixture of 
vinyl azide 1a (0.5 mmol) and NHPI 2 (1.0 mmol) in solvent (5 mL), and 
stirred at 20-25 °C for 0.5-2 h under an air atmosphere. For entries with a 
mixture of solvents, the v/v ratio is in parentheses. b NMR yields; isolated 
yields are given in parentheses.

The effect of the solvent nature on the yield of O-phthalimide 
oxime 3a was evaluated in Entries 1-6. In an initial experiment 
using MeOH as the solvent, target product 3a was obtained in 
88% yield. Carrying out the reaction in CH3CN, acetone or THF, 
as well as in two-phase systems (CH2Cl2/H2O, EtOAc/H2O) led 
to a decrease in the yield of 3a (Entries 2-6, 70-81%). Therefore, 
MeOH proved to be the best solvent for the process under study, 
and was chosen for further optimization.

Increasing the amount of NHPI 2 and CAN led to a slight 
decrease in the yield of 3a (Entry 7, 85%). The increase in 

CAN/NHPI 2 molar ratios from 1 to 1.5 did not improved the 
yield of the target product (Entry 8, 87%). The optimal reaction 
time was 1 h, since carrying out the reaction for 30 min resulted 
in decrease in the yield of the imide oxime 3a (Entry 9, 80%). 
Prolonging the reaction time to 2 h reduced the yield of 3a (Entry 
10, 84%).

With the optimized conditions (Table 1, Entry 1) in hand, the 
synthesis of O-phthalimide oximes 3a-l from various vinyl azides 
1a-l was performed in order to study the scope of the discovered 
process (Table 2).

Table 2.
Scope of O-phthalimide oximes 3a-l synthesized from vinyl 
azides 1a-l and NHPI 2.a
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a Reagents and conditions: CAN (1.0 mmol, 548 mg) was added to a mixture 
of vinyl azide 1a-l (0.5 mmol, 73-107 mg) and NHPI 2 (1.0 mmol, 163 mg) in 
MeOH (5 mL), and stirred at 20-25 °C for 1 h under an air atmosphere; 
isolated yields.

The reaction proceeded in high yields with vinyl azides 
1b,c,i,k, containing weakly electron-donating alkyl substituents 
on the aromatic ring (3b,c,i,k, 79-88%). The reactions with vinyl 
azides 2d,e,h possessing moderately electron-withdrawing 
groups (F, Cl, CF3) yielded O-phthalimide oximes 3d,e,h with 
slightly diminished yields (73-75%). Vinyl azides bearing 
strongly electron-donating (MeO) or -withdrawing (NO2) 
substituents gave products 3f,g,j,l with the lowest yields of 54-
69%.

Based on the literature data concerning the generation of 
PINO radicals from NHPI under the action of CAN45 and the 
addition of radical species to vinyl azides,29-31 we proposed a 
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mechanism for the synthesis of O-phthalimide oximes from vinyl 
azides under the action of NHPI and CAN (Scheme 3). 
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Scheme 3. Proposed mechanism for the CAN-mediated 
synthesis of O-phthalimide oxime 3 from vinyl azide 1 and 
NHPI 2.

The reaction begins with the formation of PINO radical from 
NHPI 2 under the action of CAN, followed by addition to the 
terminal carbon atom of the C=C bond of vinyl azide 1. Nitrogen 
elimination from the resulting radical A occurs with the 
formation of iminyl radical B. At the last stage radical B is 
intercepted by the PINO radical to form product 3.

3. Conclusion

In summary, we have disclosed the reaction between various 
vinyl azides and N-hydroxyphthalimide resulting in the formation 
of O-phthalimide oximes with an N-O-N fragment. The reaction 
proceeds under the action of cerium(IV) ammonium nitrate 
which acts as an oxidizing agent for the formation of the 
phthalimide-N-oxyl radical from NHPI. The radical pathway 
starts with the addition of the PINO radical to the C=C bond of 
the vinyl azide which triggers a cascade of radical 
transformations, including generation of the iminyl radical and its 
recombination with the PINO radical. The developed approach 
was successfully extended to various substituted vinyl azides. As 
a result, a wide range of O-phthalimide oximes was obtained with 
the yields ranging from 54-88%.

Acknowledgment

Scientific Schools Development Program by Zelinsky Institute 
of organic chemistry is gratefully acknowledged.

Supplementary data

Supplementary data (experimental procedures, spectroscopic 
data for all of the synthesized compounds) associated with this 
article can be found, in the online version, at 
http://dx.doi.org/xxxx. 

References and notes

1. Bagryanskaya, E. G.; Marque, S. R. Chem. Rev. 2014, 114, 5011-
5056.

2. Tebben, L.; Studer, A. Angew. Chem., Int. Ed. 2011, 50, 5034-
5068.

3. Ciriminna, R.; Pagliaro, M. Org. Process Res. Dev. 2010, 14, 245-
251.

4. Hamada, S.; Furuta, T.; Wada, Y.; Kawabata, T. Angew. Chem., 
Int. Ed. 2013, 52, 8093-8097.

5. Ryland, B. L.; Stahl, S. S. Angew. Chem., Int. Ed. 2014, 53, 8824-
8838.

6. Wertz, S.; Studer, A. Green Chem. 2013, 15, 3116-3134.
7. Muramatsu, W.; Nakano, K. Org. Lett. 2015, 17, 1549-1552.
8. Recupero, F.; Punta, C. Chem. Rev. 2007, 107, 3800-3842.
9. Galli, C.; Gentili, P.; Lanzalunga, O. Angew. Chem., Int. Ed. 2008, 

47, 4790-4796.
10. Wentzel, B. B.; Donners, M. P. J.; Alsters, P. L.; Feiters, M. C.; 

Nolte, R. J. M. Tetrahedron 2000, 56, 7797-7803.
11. Amaoka, Y.; Kamijo, S.; Hoshikawa, T.; Inoue, M. J. Org. Chem. 

2012, 77, 9959-9969.

12. Sakaguchi, S.; Hirabayashi, T.; Ishii, Y. Chem. Commun. 2002, 
516-517.

13. Minisci, F.; Punta, C.; Recupero, F. J. Mol. Catal. A: Chem. 2006, 
251, 129-149.

14. Kompanets, M. O.; Kushch, O. V.; Litvinov, Y. E.; Pliekhov, O. 
L.; Novikova, K. V.; Novokhatko, A. O.; Shendrik, A. N.; 
Vasilyev, A. V.; Opeida, I. O. Catal. Commun. 2014, 57, 60-63.

15. Kasperczyk, K.; Orlińska, B.; Zawadiak, J. Cent. Eur. J. Chem. 
2014, 12, 1176-1182.

16. Kamijo, S.; Amaoka, Y.; Inoue, M. Tetrahedron Lett. 2011, 52, 
4654-4657.

17. Soo Kim, S.; Rajagopal, G. Synth. Commun. 2004, 34, 2237-2243.
18. Bag, R.; Sar, D.; Punniyamurthy, T. Org. Lett. 2015, 17, 2010-

2013.
19. Bag, R.; Sar, D.; Punniyamurthy, T. Org. Biomol. Chem. 2016, 14, 

3246-3255.
20. Bag, R.; Sar, D.; Punniyamurthy, T. ACS Omega 2017, 2, 6278-

6290.
21. Bag, R.; De, P. B.; Pradhan, S.; Punniyamurthy, T. Eur. J. Org. 

Chem. 2017, 2017, 5424-5438.
22. Huang, L.; Zheng, S.-C.; Tan, B.; Liu, X.-Y. Org. Lett. 2015, 17, 

1589-1592.
23. Li, Y.-X.; Wang, Q.-Q.; Yang, L. Org. Biomol. Chem. 2017, 15, 

1338-1342.
24. Li, Y.; Zhou, X.; Zheng, G.; Zhang, Q. Beilstein J. Org. Chem. 

2015, 11, 2721-2726.
25. Xia, X.-F.; Gu, Z.; Liu, W.; Wang, H.; Xia, Y.; Gao, H.; Liu, X.; 

Liang, Y.-M. J. Org. Chem. 2015, 80, 290-295.
26. Krylov, I. B.; Paveliev, S. A.; Syroeshkin, M. A.; Korlyukov, A. 

A.; Dorovatovskii, P. V.; Zubavichus, Y. V.; Nikishin, G. I.; 
Terent’ev, A. O. Beilstein J. Org. Chem. 2018, 14, 2146-2155.

27. Nadia, J.; Shahbaz, K.; Ismail, M.; Farid, M. M. ACS Sustainable 
Chemistry & Engineering 2018, 6, 862-871.

28. Krylov, I. B.; Paveliev, S. A.; Matveeva, O. K.; Terent'ev, A. O. 
Tetrahedron 2019, 75, 2529-2537.

29. Hu, B.; DiMagno, S. G. Org. Biomol. Chem. 2015, 13, 3844-3855.
30. Hayashi, H.; Kaga, A.; Chiba, S. J. Org. Chem. 2017, 82, 11981-

11989.
31. Fu, J.; Zanoni, G.; Anderson, E. A.; Bi, X. Chem. Soc. Rev. 2017, 

46, 7208-7228.
32. Ning, Y.; Ji, Q.; Liao, P.; Anderson, E. A.; Bi, X. Angew. Chem., 

Int. Ed. 2017, 56, 13805-13808.
33. Tang, J.; Sivaguru, P.; Ning, Y.; Zanoni, G.; Bi, X. Org. Lett. 

2017, 19, 4026-4029.
34. Ning, Y.; Zhao, X.-F.; Wu, Y.-B.; Bi, X. Org. Lett. 2017, 19, 

6240-6243.
35. Wang, Y.-F.; Lonca, G. H.; Chiba, S. Angew. Chem., Int. Ed. 

2014, 53, 1067-1071.
36. Wang, Y.-F.; Lonca, G. H.; Le Runigo, M.; Chiba, S. Org. Lett. 

2014, 16, 4272-4275.
37. Mackay, E. G.; Studer, A. Chem. - Eur. J. 2016, 22, 13455-13458.
38. Yang, T.; Zhu, H.; Yu, W. Org. Biomol. Chem. 2016, 14, 3376-

3384.
39. Qin, H.-T.; Wu, S.-W.; Liu, J.-L.; Liu, F. Chem. Commun. 2017, 

53, 1696-1699.
40. Chen, B.; Guo, S.; Guo, X.; Zhang, G.; Yu, Y. Org. Lett. 2015, 17, 

4698-4701.
41. Kong, X.; Liu, Y.; Lin, L.; Chen, Q.; Xu, B. Green Chem. 2019, 

21, 3796-3801.
42. Wang, Y.-F.; Chiba, S. J. Am. Chem. Soc. 2009, 131, 12570-

12572.
43. Yang, J.-C.; Zhang, J.-J.; Guo, L.-N. Org. Biomol. Chem. 2016, 

14, 9806-9813.
44. Wang, Q.; Huang, J.; Zhou, L. Adv. Synth. Catal. 2015, 357, 2479-

2484.
45. Terent'ev, A. O.; Krylov, I. B.; Sharipov, M. Y.; Kazanskaya, Z. 

M.; Nikishin, G. I. Tetrahedron 2012, 68, 10263-10271.

Declaration of interests

☒ The authors declare that they have no known 
competing financial interests or personal 
relationships that could have appeared to influence 
the work reported in this paper.



Tetrahedron4
☐The authors declare the following financial 

interests/personal relationships which may be 
considered as potential competing interests: 

N3

+ N OH

O

O

N
O

O
N

O

O

NO O

R

R

CAN
MeOH

-N2R = H, Alk, Hal,
MeO, NO2, CF3

12 examples, 54-88% yield

 Cerium(IV) ammonium nitrate as a 
reagent for radical oxidative 
transformations.

 Preparative generation of imide-N-
oxyl radicals from N-
hydroxyphthalimide.

 Addition of O-centered imide-N-oxyl 
radicals to double carbon-carbon 
bonds.

 Reactions involving vinyl azides with 
the formation of iminyl radicals.

 Formation of N-O bond through the 
recombination of N- and O-centered 
radicals.


