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ABSTRACT A new type of phosphine radical precursor for C-P bond formation has been developed and successfully used in visible-light-catalyzed 
phosphonation-annulation of unsaturated sulfonamides and carboxylic acids. The catalytic process is simple and green accessible, and no additional 

oxidant or base is needed. Mechanistic studies suggest that the reaction proceeds via a single electron transfer pathway. 
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Introduction 

Pyrrolidines and lactones are very important organic compound 
frameworks that are widely found in natural products, 
pharmaceuticals, organic materials, and concerned by chemists 
increasingly [1]. Therefore, methods of synthesizing pyrrolidines 
and lactones have been extensively studied, including Lewis acid 
or Lewis base catalysis [2], BrØnsted acid catalysis[3], transition 
metal catalysis[4], and electrophilic halides reaction[5]. With the 
rise of radical chemistry, radical reaction has also become a crucial 
method for the synthesis of such compounds[4a, 6]. 

Scheme 1.  Phosphonation-annulation via phosphine radicals. 

 

 
Organophosphorus compounds are used in agriculture[7], 

biochemistry[8], medicinal chemistry[9], materials[10], and organic 
synthesis[11]. Taking their multifunctional applications into 
consideration, design and synthesis of novel organophosphorus 
compounds have been extensively received attention in recent 
years[12]. Recently, there are heightened concerns about 
phosphine radicals for synthesizing organophosphorus 
compounds[13]. However, there is no denying that the production 
of phosphine radicals is often accompanied by stoichiometric 
amounts of a radical initiator, external oxidants and higher 
equivalent phosphine radical precursor[13], all of which remain as a 

challenge in current C-P bond formation via phosphine radicals (A, 
Scheme 1)[ 13f-i]. Exploring the new strategy to synthesize 
organophosphorus compounds has become an important topic in 
this field[14]. Visible light as a sustainable energy has played an 
important role in chemistry since the pioneering researches 
reported by MacMillan, Yoon, and Stephenson[15]. The 
accomplishment on synthesis of organophosphorus compounds 
via photo-redox catalysis has been documented since 2011[16], 
examples for the synthesis of phosphorylated pyrrolidines and 
lactones are still very rare to date[13i, 17]. In the past several years, 
our group has been working on exploring concise and efficient 
methodologies of phosphine radicals and made significant 
progress[13d-g]. Herein, we wish to report our latest advance in the 
synthesis of phosphorylated pyrrolidines and lactones (B, Scheme 
1). In this transformation, a new type of phosphine radical 
precursor had been synthesized and used in the visible light 
catalyzed phosphonation-annulation reaction firstly. Meanwhile, 
this catalytic process is simple and green accessible, and no 
additional oxidant or base is needed. 

Results and Discussion 

Our investigation began with unsaturated sulfonamide 1a and 
phosphine radical precursor 2a in the presence of 1.0 mol % PC 
(photocatalyst) in DCM under argon atmosphere at room 
temperature (Table 1, entry 1). Fortunately, diethyl- 
((2-phenyl-1-tosylpyrrolidin-2-yl)-methyl)-phosphonate (3a) was 
isolated in 73 % yield when fac-Ir(ppy)3 (ppy = 2-phenylpyridine) 
as photocatalyst. Which might mean that phosphine radicals can 
be produced smoothly under this condition. Then, the amount of 
phosphine radical precursor was changed, to our delight, when 2a 
loading to 1.2 to 1.5 equivalent increased the yield to 82 % and 
95 % (Table 1, entry 2-3). Different protecting groups for 
phosphine radical precursors have been investigated, including 
Me, Ac, p-NBz (Table 1, entry 4-6), only Bz as phosphine radical 
precursor’s protecting group could give an excellent yield, and Ac 
protecting group also get product 3a in 32 % yield. When Me and 
p-NBz served as protecting group, no product was detected under 
existing conditions. Following other solvents such as DCE, DME, 
toluene and CH3CN were also screened, DCM was found to be the 
best solvent (Table 1, entry 7-10). After that, a further exploring 
the reaction condition by changing the photocatalyst, such as 
Eosin Y, Rhodamine B, Rose Bengal, and Ru(bpy)3Cl2·6H2O was 
found ineffective on catalysis, with fac-Ir(ppy)3 serving as the best 
choice (Table 1, entry 3, entry 11-14). Furthermore, a control 
experiments revealed that photocatalyst and light were all 
necessary for phosphonation-annulation (Table 1, entry 15-16). 
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Next, we tested the influence of reaction atmosphere (Table 1, 
entry 17). It indicated that there were only trace products in air 
atmosphere. Finally, no desired products were formed when other 
phosphine radical precursors were used, such as HP(O)Ph2 and 
HP(O)(OEt)2 (Table 1, entry 18). 

With the optimized reaction conditions in hand, we next shifted 
our attention to investigate the scope of various unsaturated  

 

Table 1.  Optimization of Reaction Conditions 
a.b

 

 
a 

Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), PC (1.0 mol %) in 2 

mL solvent was irradiated by 5 W blue LED for 6 h at room temperature 

under Ar. 
b 

Isolated yield based on 1a.
 c 

2a (0.2 mmol).
 d

2a (0.24 mmol). 
e 

N.D. = none detected. 
f 
n.r.= no reaction. 

g 
No light. 

h 
Under air atmosphere. 

I 
2a=HP(O)Ph2 or HP(O)(OEt)2. 

 
sulfonamides (1b-1q) with 2a (Scheme 2). To our delight, 
substrates bearing various substituents led to the desired 
β-phosphonopyrrolidines in moderate to good yields (30%−96%), 
when unsaturated sulfonamides were explored in the presence 
1.0 mol % fac-Ir(ppy)3. In general, a series of unsaturated 
sulfonamides, with various substituents on the aromatic ring were 
proven to adapt to this reaction condition and provided the 
corresponding product in moderate to excellent yield (30%-96%, 
3b-3k). The efficient formation of 3b-3f illustrated that not only 
electron-donating Me, OMe but also electron-withdrawing F, Cl, 
Br substituents were tolerated on the aryl ring. The steric bulk on 
the aromatic ring could affect the reaction. The lower yields were 
obtained with the larger steric bulk (3j, 3k). Moreover, for 
meta-substituted sulfonamides 1g and 1h, 
phosphonation-annulation reaction was occurred with moderate 
yield (75%, 74%), these lower yields might be affected by steric 
hindrance slightly. When the N-protecting group was a chiral 
group, we could get a chiral atropoisomeric product (3n) in 36% 
yield and low diastereomeric ratios (dr =1.21:1). What’s more, 
non-terminal olefins 1l could also achieve good yield (79%) and 
high diastereomeric ratios (dr >20:1). β-phosphonopiperidine (3m) 
were accessible obtained under the standard reaction conditions 
in moderate yield (46%). Notably, endo-selective 
phosphonocycloamination for internal β- or γ-aminoxyalkenes (1o, 
1p) with 2a gave the corresponding 

Scheme 2. Scope of the Phosphonation-Annulation Reaction of 

Unsaturated Sulfonamides 
a,b 

 

a 
Reaction conditions: 1 (0.2 mmol), 2a (0.3 mmol), fac-Ir(ppy)3 (1.0 mol %) 

in 2 mL DCM was irradiated by 5 W blue LED for 6 h at room temperature 

under Ar. 
b 

Isolated yield based on 1. 
c 
The dr value was determined by 

31
P 

NMR without column chromatography. 
d
1.5 equiv. K3PO4 was added under 

standard reaction conditions. 
 
Scheme 3. Scope of the Phosphonation-Annulation Reaction of 

Unsaturated Carboxylic Acids
 a,b 

 
a 

Reaction conditions: 4 (0.2 mmol), 2a (0.3 mmol), fac-Ir(ppy)3 (1.0 mol %) 

in 2 mL DCM was irradiated by 5 W blue LED for 6 h at room temperature 

under Ar. 
b 

Isolated yield based on 4.
c 
The dr value was determined by 

31
P 

NMR without column chromatography. 

 

endo-products (3o, 3p) in good yields (84%, 53%) and high 
diastereomeric ratios (dr >20:1). Unfortunately, unsaturated 
sulfonamides 1q could not react in our condition, which might be 
due to the fact that the tertiary carbon cation is not as stable as 
the benzyl carbon cation. 

This article is protected by copyright. All rights reserved.
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To further explore the scope of application of 2a, various 

unsaturated carboxylic acids were tested. As shown in scheme 3, 
aromatic-substituted lactones 5b and 5c were generated in good 
yields with 73% and 90%. In addition, substrates with alkyl chain 
substituted could also obtain better yields (5d, 5e). Non-terminal 
olefins 4f achieved good yield in 86% and high diastereomeric 
ratios (dr >20:1). Moreover, endo-selective 
phosphonolactonization for internal carboxy alkenes gave the 
corresponding endo-product (5g-5i) in moderate to good yields 
and high diastereomeric ratios (dr >20:1). However, the longer 
the alkyl chain of the substrate is （4g-4i）, the lower the yield is.  

More importantly, a gram-scale reaction was performed to 
explore the utility of our strategy in organic synthesis. 
Diethyl-((2-phenyl-1-tosylpyrrolidin-2-yl)-methyl)-phosphonate 
(3a) 1.16g was obtained when decreasing the load of fac-Ir(ppy)3 
(0.1 mol %) (A, Scheme 4). Furthermore, 
phosphonocycloetherfication product 7 was isolated with 91% 
yield under the optimal reaction condition (B, Scheme 4). 
 
Scheme 4. Gram-Scale Reaction and Phosphonocycloetherfication 

Reaction. 

 

 

Scheme 5.  Mechanism Experiments 

 

 

To gain insight into the mechanism, the typical radical inhibitor 
TEMPO (2,2,6,6-tetramethyl-1-piper-idinyloxy) inhibited the 
reaction completely (A, Scheme 5). When 1a was replaced by 
radical scavenger 1,1-diphenylethylene (8) under standard 
conditions, coupling-product: phosphondifunctionalized-product 
(9a:9a’=4.55:1) was obtained 53% yield totally (C, Scheme 5). This 
indicated that .P(O)(OEt)2 and -OBz were generated in the system. 
Trace product was detected when O2 was instead of Ar (B, Scheme 
5). The above experiments showed that the reaction might have 
experienced a free radical pathway.  

 

Scheme 6. A Plausible Reaction Mechanism. 

 

Base on the analysis of mechanism experiments and published 
literatures[18], a mechanism was proposed for the 
phosphonation-annulation reaction (Scheme 6). Upon blue light 
photoexcitation, IrIII is excited to a photoexcited state IrIII*. IrIII* 

oxidatively quenched by 2a to generate IrIV (E1/2 IV/III* = -1.73 V vs. 
SCE)[19] and P-radical A. Then P-radical A is rapidly trapped by 
unsaturated substrates 1a to form a radical intermediate B, which 
undergoes a single electron transfer (SET) oxidation to generate 
benzyl cation intermediate C and regenerate IrIII photocatalyst 
simultaneously. Subsequently, benzyl cation is nucleophilic 
attacked to form desired products. 

 Conclusions 

In summary, a new type phosphine radical precursor has been 
developed to generate phosphine radical through photo-redox 
catalysis without additional oxidant and base. This phosphine 
radical precursor offers a straightforward and efficient strategy to 
C-P bond formation via visible light photocatalysis. The significant 
transformation exhibits a great value in organic synthesis and 
medicine formation which is oxidant sensitive. As well as sundry 
β-Phosphonopyrrolidines and β-Phosphonolactones were formed 
smoothly. 

Supporting Information  

The supporting information for this article is available on the 
WWW under https://doi.org/10.1002/cjoc.2018xxxxx. 

Acknowledgement 

We are grateful to the financial of the NSFC (Nos. 21472076 
and 21532001) and International Joint Research Centre for Green 
Catalysis and Synthesis, Gansu Provincial Sci. & Tech. Department 
(No.2016B01017). 

References 

[1]  (a) Jiang, Y.; Xu, K.; Zeng, C., Chem. Rev. 2018, 118, 4485; (b) Kang, E. 

J.; Lee, E., Chem. Rev 2005, 105, 4348; (c) Omar, H. A.; Zaher, D. M.; 

Srinivasulu, V.; Hersi, F.; Tarazi, H.; Al-Tel, T. H., Eur. J. Med. Chem. 

2017, 139, 804. 

[2]  (a) Denmark, S. E.; Collins, W. R., Org. Lett. 2007, 9, 3801; (b) 

Denmark, S. E.; Kalyani, D.; Collins, W. R., J. Am. Chem. Soc. 2010, 

132, 15752; (c) Niu, W.; Yeung, Y. Y., Org. Lett. 2015, 17, 1660; (d) 

Zhang, X.; Emge, T. J.; Hultzsch, K. C., Angew. Chem. Int. Ed. 2012, 51, 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
394. 

[3]  (a) Lin, J.-S.; Yu, P.; Huang, L.; Zhang, P.; Tan, B.; Liu, X.-Y., Angew. 

Chem. Int. Ed. 2015, 54, 7847; (b) Yu, Y.; Li, J.; Jiang, L.; Zhang, J.-R.; 

Zu, L., Angew. Chem. Int. Ed. 2017, 56, 9217. 

[4]  (a) Zhu, R.; Buchwald, S. L., J. Am. Chem. Soc 2015, 137, 8069; (b) Lin, 

J. S.; Dong, X. Y.; Li, T. T.; Jiang, N. C.; Tan, B.; Liu, X. Y., J. Am. Chem. 

Soc 2016, 138, 9357; (c) Khoder, Z. M.; Christina E Wong; Chemler, S. 

R., ACS Catal. 2017, 7, 4775; (d) Shen, K.; Wang, Q., Chem. Sci. 2017, 

8, 8265; (e) Hemric, B. N.; Shen, K.; Wang, Q., J. Am. Chem. Soc 2016, 

138, 5813; (f) Zhu, H.; Chen, P.; Liu, G., Org. Lett. 2015, 17, 1485; (g) 

Lin, J.-S.; Wang, F.-L.; Dong, X.-Y.; He, W.-W.; Yuan, Y.; Chen, S.; Liiu, 

X.-Y., Nat. Commun. 2017, 8, 14841; (h) Zhu, R.; Buchwald, S. L., 

Angew. Chem. Int. Ed. 2013, 52, 12655. 

[5]  (a) Kang, S. H.; Sung Bae Lee; Park, C. M., J. Am. Chem. Soc 2003, 125, 

15748; (b) Whitehead, D. C.; Yousefi, R.; Jaganathan, A.; Borhan, B., J. 

Am. Chem. Soc 2010, 132, 3298; (c) Garzan, A. J. A.; Whitehead, D. C.; 

Staples, R. J.; Borhan, B., Angew. Chem. Int. Ed. 2011, 50, 2593; (d) 

Cheng, Y. A.; Yu, W. Z.; Yeung, Y. Y., Angew. Chem. Int. Ed. 2015, 54, 

12102; (e) Jaganathan, A.; Garzan, A.; Whitehead, D. C.; Staples, R. J.; 

Borhan, B., Angew. Chem. Int. Ed. 2011, 50, 2593. 

[6]  (a) Nguyen, T. M.; Nicewicz, D. A., J. Am. Chem. Soc. 2013, 135, 9588; 

(b) Zhang, B.; Studer, A., Chem. Soc. Rev. 2015, 44, 3505; (c) Leifert, 

D.; Studer, A., Angew. Chem. Int. Ed. 2016, 55, 11660; (d) Lin, J.; Song, 

R.-J.; Hu. M.; Li, J.-H., Chem. Rec. (2018, 

DOI:10.1002/tcr.201800053),; (e) Chen, J.-R.; Yu X.-Y.; Xiao, W.-J., 

Synthesis 2015, 47, 604; (f) Song, R.-J.; Xie, Y.-X.; Li, J.-H., Synthesis 

2015, 47, 1195. 

[7]  (a) Helv. Chim. Acta. 1972, 55, 224; (b) Lamberth, C., Tetrahedron 

2010, 66, 7239. 

[8]  (a) Karl, D. M., Nature 2000, 406, 31; (b) George, A.; Veis, A., Chem. 

Rev. 2008, 108, 4670. 

[9]  (a) Chen, X.; Kopecky, D. J.; Mihalic, J.; Jeffries, S.; Min, X.; Heath, J.; 

Deignan, J.; Lai, S.; Fu, Z.; Guimaraes, C.; Shen, S.; Li, S.; Johnstone, S.; 

Thibault, S.; Xu, H.; Cardozo, M.; Shen, W.; Walker, N.; Kayser, F.; 

Wang, Z., J. Med. Chem. 2012, 55, 3837; (b) Cheng, T.-J. R.; 

Weinheimer, S.; Tarbet, E. B.; Jan, J.-T.; Cheng, Y.-S. E.; Shie, J.-J.; 

Chen, C.-L.; Chen, C.-A.; Hsieh, W.-C.; Huang, P.-W.; Lin, W.-H.; Wang, 

S.-Y.; Fang, J.-M.; Hu, O. Y.-P.; Wong, C.-H., J. Med. Chem. 2012, 55, 

8657; (c) Alexandre, F. R.; Amador, A.; Bot, S.; Caillet, C.; Convard, T.; 

Jakubik, J.; Musiu, C.; Poddesu, B.; Vargiu, L.; Liuzzi, M.; Roland, A.; 

Seifer, M.; Standring, D.; Storer, R.; Dousson, C. B., J. Med. Chem. 

2011, 54, 392; (d) Demmer, C. S.; Krogsgaard-Larsen, N.; Bunch, L., 

Chem. Rev. 2011, 111, 7981. 

[10] (a) Baumgartner, T.; Re´au, R. g., Chem. Rev. 2006, 106, 4681; (b)        

Queffélec, C.; Petit, M.; Janvier, P.; Knight, D. A.; Bujoli, B., Chem. 

Rev. 2012, 112, 3777. 

[11] Montchamp, J.-L., Acc. Chem. Res., 47, 77. 

[12] (a) Yang, J.; Chen, T.; Han, L.-B., J. Am. Chem. Soc 2015, 137, 1782; (b) 

Feng, J.; Li, B.; Jiang, J.; Zhang, M.; Ouyang, W.; Li, C.; Fu, Y.; Gu, Z., 

Chin. J. Chem. 2018, 36, 11; (c) Unoh, Y.; Hirano, K.; Miura, M., J. Am. 

Chem. Soc 2017, 139, 6106; (d) Beaud, R.; Phipps, R. J.; Gaunt, M. J., 

J. Am. Chem. Soc 2016, 138, 13183; (e) Yang, J.; Xiao, J.; Zhou, Y.; 

Chen, T.; Yin, S.; Han, L., Chin. J. Org. Chem. 2017, 35, 1055; (f) Shao, 

C.; Xu, W.; Li, L.; Zhang, X., Chin. J. Org. Chem. 2017, 35, 335; (g) Shi, 

B.; Fang, Y.; Zhang, L.; Jin, X.; Wu, Y.; Fang, M.; Yang, Y.; Chen, C., 

Chin. J. Org. Chem. 2016, 36, 673.  

[13] (a) Tang, P.; Zhang, C.; Chen, E.; Chen, B.; Chen, W.; Yu, Y.,  

Tetrahedron Lett. 2017, 58, 2157; (b) Guo, W.-S.; Dou, Q.; Hou, J.; 

Wen, L.-R.; Li, M., J. Org. Chem. 2017, 82, 7015; (c) Zhang, P.; Zhang, 

L.; Gao, Y.; Tang, G.; Zhao, Y., RSC Adv. 2016, 6, 60922; (d) Wang, 

C.-H.; Li, Y.-H.; Yang, S.-D., Org. Lett. 2018, 20, 2382; (e) Li, Y.; Zhu, Y.; 

Yang, S.-D., Org. Chem. Front. 2018, 5, 822; (f) Li, Y.-M.; Sun, M.; 

Wang, H.-L.; Tian, Q.-P.; Yang, S.-D., Angew. Chem. Int. Ed. 2013, 52, 

3972; (g) Zhang, H.-Y.; Mao, L.-L.; Yang, B.; Yang, S.-D., Chem. 

Commun. 2015, 51, 4101; (h) Li, D. P.; Pan, X. Q.; An, L. T.; Zou, J. P.; 

Zhang, W., J. Org. Chem. 2014, 79, 1850; (i) Gao, Y.; Li, X.; Chen, W.; 

Tang, G.; Zhao, Y., J. Org. Chem. 2015, 80, 11398, (j) Xuan, J.; Zeng, 

T.-T.; Chen, J.-R.; Lu, L.-Q.; Xiao, W.-J., Chem. Eur. J. 2015, 21, 4962; 

(k) Zhao, J.-F.; Duan, X.-H.; Guo, L.-N., Chin. J. Org. Chem. 2017, 37, 

2498. 

[14] (a) Lozano González, M.; Bousquet, L.; Hameury, S.; Alvarez Toledano, 

C.; Saffon-Merceron, N.; Branchadell, V.; Maerten, E.; Baceiredo, A., 

Chem. Eur. J. 2018, 24, 2570; (b) Wu, H.; Han, Z. S.; Qu, B.; Wang, D.; 

Zhang, Y.; Xu, Y.; Grinberg, N.; Lee, H.; Song, J. J.; Roschangar, F.; 

Wang, G.; Senanayake, C. H., RSC Adv. 2017, 359, 3927; (c) Hornillos, 

V.; Vila, C.; Otten, E.; Feringa, B. L., Angew. Chem. Int. Ed. 2015, 54, 

7867; (d) Xu, J.; Li, X.; Gao, Y.; Zhang, L.; Chen, W.; Fang, H.; Tang, G.; 

Zhao, Y., Chem. Commun. 2015, 51, 11240; (e) Yang, Q.; Li, C.; Cheng, 

M.-X.; Yang, S.-D., Acs. Catal. 2016, 6, 4715.; (f) Yang, Q.; Yang, S.-D., 

Acs. Catal. 2017, 7, 5220.;        

[15] (a) Nicewicz, D. A.; MacMillan, D. W. C., Science 2008, 322, 77; (b) 

Ischay, M. A.; Anzovino, M. E.; Du, J.; Yoon, T. P., J. Am. Chem. Soc 

2008, 130, 12886; (c) Jagan M. R. Narayanam; Tucker, J. W.; 

Stephenson, C. R. J., J. Am. Chem. Soc 2009, 131, 8756. 

[16] Luo, K.; Yang, W.-C.; Wu, L., Asian J. Org. Chem. 2017, 6, 350. 

[17] (a) Arizpe, A.; Rodríguez-Mata, M.; Sayago, F. J.; Pueyo, M. J.; Gotor, 

V.; Jiménez, A. I.; Gotor-Fernández, V.; Cativiela, C., Tetrahedron: 

Asymmetry 2015, 26, 1469; (b) Mansueto, R.; Mallardo, V.; Perna, F. 

M.; Salomone, A.; Capriati, V., Chem. Commun. 2013, 49, 10160.  

[18] (a) Zhao, B.; Shi, Z., Angew. Chem. Int. Ed. 2017, 56, 12727; (b) Ke, J.; 

Tang, Y.; Yi, H.; Li, Y.; Cheng, Y.; Liu, C.; Lei, A., Angew. Chem. Int. Ed. 

2015, 54, 6604; (c) Jiang, H.; An, X.; Tong, K.; Zheng, T.; Zhang, Y.; Yu, 

S., Angew. Chem. Int. Ed. 2015, 54, 4055; (d) Yu, X. Y.; Chen, J. R.; 

Wang, P. Z.; Yang, M. N.; Liang, D.; Xiao, W. J., Angew. Chem. Int. Ed. 

2018, 57, 738. 

[19] Nguyen, J. D.; D'Amato, E. M.; Narayanam, J. M.; Stephenson, C. R., 

Nat. Chem. 2012, 4, 854. 
 

(The following will be filled in by the editorial staff) 

Manuscript received: XXXX, 2017 

Revised manuscript received: XXXX, 2017 

Accepted manuscript online: XXXX, 2017 

Version of record online: XXXX, 2017 

 

 

 

 

 

 

 

 

 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

[1] Entry for the Table of Contents 

Page No. 

Visible-Light-Catalyzed 

Phosphonation–Annulation: An 

Efficient Strategy to Synthesize 

β-Phosphonopyrrolidines and 

β-Phosphonolactones 

 

 

A new type of phosphine radical precursor for C-P bond formation has been developed 
and successfully used in visible-light-catalyzed phosphonation-annulation of 
unsaturated sulfonamides and carboxylic acids. The catalytic process is simple and 
green accessible, and no additional oxidant or base is needed. Mechanistic studies 
suggest that the reaction proceeds via a single electron transfer pathway. 

Chong Li,a Zhi-Chao Qi,a Qiang Yang,a 

Xiao-Yue Qiang,a and Shang-Dong 

Yang*,a,b 

 

This article is protected by copyright. All rights reserved.




