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Abstract Phosphorus compounds are important compounds in many areas. This review briefly discusses copper-catalyzed C-P bond 
formation reactions. In the presence of copper catalyst, various C-P bond can be formed. C-P bond formation reactions are classified 
based on the different hybridization of the carbon which is connected with P atom. In addition, the challenges and opportunities of these 
reactions are also discussed.  

1.  Introduction 

Phosphorus compounds have broad applications in medicinal 
chemistry, materials chemistry, and catalysis.1a-1g For example, 
phosphorus compounds has been used widely as catalyst in 
asymmetric catalysis.1h-1i Due to their fundamental importance, 
various methods for construction of C–P bonds2 has been 
developed. Of all the methods, the transition-metal-catalyzed 
cross-coupling reactions for C–P bonds formation have received 
more and more attentions. Pd and Ni are the most used catalyst in 
transition-metal-catalyzed cross-coupling reactions for 
preparation of C–P bond.3 Compared with Pd and Ni, Cu is less 
explored in C–P bond formation. Since Cu catalyst are relatively 
inexpensive and less toxic, Cu-catalyzed C–P bond formation 
reactions has received more and more attentions. This review 
summaries copper-catalyzed C–P bond formation reactions in the 
last few years. This would be the first review especially on 
copper-catalyzed C-P bond formation reactions.  

2. C(aryl)–P Bond Formation 

C(aryl)–P bond formation is the most common reaction in C–P 
bonds formation reactions. Traditionally, arylphosphines4 were 
prepared from the reactions of aryl-Grignard or aryl-lithium 
reagents with phosphine halides. But a wide variety of functional 
groups can not be tolerated in this method, which hinder the 
application of the reaction in organic synthesis. In 2003, 
Venkataraman5 and co-workers reported the copper-catalyzed 
corss-coupling of aryl iodides with diphenylphosphine. A vatiety 
of functional groups were well tolerated in this method and 
expensive additives was not needed. A series of unsymmetrical 
triarylphosphines were efficiently prepared using this protocol 
and the reaction conditions are much less harsh than similar 
protocols based on phosphination (Scheme 1). 
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Scheme 1. Synthesis of unsymmetrical triarylphosphines. 

In the presence of N, N’-dimethylethylenediamine as a ligand, 
Buchwald and co-workers6 realized the copper-catalyzed C–P 
bond formation via direct coupling of secondary phosphines and 
phosphites with aryl halides in good to excellent yields. This 
method was of particular value given its experimental simplicity, 
functional group compatibility, and the low cost of the catalytic 
system (Scheme 2). In 2007, this method was used to synthesize 
the phosphinooxazoline (PHOX) ligands.7 PHOX ligands with 
varied steric and electronic properties can be obtained 
conveniently through cross-coupling of diphenylphosphine with 
aryl halide. 

R1-X +

HP(O)(OBu)2

HPR2
CuI (5 mol%), L

Cs2CO3, toluene, 110℃

Aryl-PR2

Aryl-P(O)(OBu)2

L =
NH HN MeMeR1 = aryl, vinyl  

Scheme 2. Copper-catalyzed phosphination of aryl halides.  

When commercially available and inexpensive proline and 
pipecolinic acids were used as a ligand, Fu et al. developed8 a 
convenient and efficient approach for P–arylation of 
organophosphorus compounds containing P–H. Aryl iodides can 
work well in this system, but only a low yield of the product was 
obtained when aryl bromides was subjected to this system. In 
2006, the same group9 found that bidentate ligand, namely, 
pyrrolidine-2-phosphonic acid phenyl monoester (PPAPM) was 
also an efficient ligand for copper-catalyzed formation of C–P 
bonds. But aryl bromides still showed low reactivity in this 
system. This system was also efficient for the construction of C–
N, C–O bonds (Scheme 3). This ligand showed good generality 
for copper-catalyzed C–P bond formation in cross-coupling 
reactions. In 2011, Beletskaya et al. demonstrated10 copper-
catalyzed C–P cross-coupling reactions of diethyl phosphonate 
with aryl iodides using 1, 10-phenanthroline as a ligand and good 
to excellent yields was obtained. Recently, a new ligand (S)-α-
phenylethylamine11 was explored as a ligand to promote CuI-
catalyzed C–P bonds formation reactions, tertiary arylphosphine 
oxides could be synthesized efficiently via coupling of second 
phosphine oxides with aryl bromides or iodides (Scheme 4). 

 
Scheme 3. Proline or pipecolinic acid-promoted copper-catalyzed 

coupling of aryl halides and organophosphorus compounds. 

 
Scheme 4. Copper-catalyzed cross-coupling of aryl iodides with H-

phosphonates and hypophosphite. 

Without any additional ligand, Gaumont, Taillefer and co-
workers12 discovered a novel system for the syntheses of aryl 
phosphonates, aryl phosphinates, and aryl phosphine oxides from 
aryl iodides. When radical scavengers such as galvinoxyl or 
TEMPO was added to the system, the yield of the product did not 
decreased. So copper(III) intermediate was suggested in the 
catalytic system (Scheme 5). This result will be helpful to further 
probe the mechanism of the copper catalyzed C–P bond 
formation. 

 
Scheme 5. Ligand-free copper-catalyzed Michaelis–Arbuzov reaction. 

Under mild conditions (45-55 °C), Fu and co-workers13 
demonstrated a highly efficient method for the coupling of 2-
haloacetanilides with phosphine oxides and phosphites using 
copper(I) iodide/N-methylpyrrolidine-2-carboxamide as the 
catalyst. It is worthwhile to note that whether aryl iodides or aryl 
bromides was well tolerated in this system, even aryl chlorides 
can react with organophosphorus compounds to provide the P-
arylation products with 50% yields (Scheme 6). Theoretical 
insights into mechanisms for copper(I)-catalyzed C–P coupling of 
diarylphosphines with aryl halides was conducted by Zhang 
groups.14 Based on determining the identity of the active catalytic 
species and the operative reaction mechanism for Ullmann-type 
P-arylation reactions, a combined effect of solvent polarity and 
ancillary ligand had been recognized. When phenanthroline and 
1,2-ethylenediamine types of bidentate ligands was used, the 
active catalyst should be the neutral form LCu(I)-PPh2 in 
nonpolar toluene, while the Cu(PPh2)2−anion should be 
significant in highly polar DMSO. However, when phosphine 
type ligands was used the neutral LCu(I)-PPh2 complexes should 
be the active species in both toluene and DMSO.  

 
Scheme 6. N-methylpyrrolidine-2-carboxamide-promoted copper-

catalyzed coupling of aryl halides with organophosphorus compounds. 

Besides organohalides, arylboronic acids were also found to be 
good substrates in C–P bond formation reactions. Fang, Zhao and 
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co-workers15 provided a novel protocol for C–P bond formation 
from aromatic boronic acids under mild conditions. This is the 
first example of copper-catalyzed synthesis of aryl phosphonates 
from arylboronic acids and H-phosphonate dialkyl esters. 
(Scheme 7)  

 
Scheme 7. Copper-catalyzed cross-coupling of arylboronic acids with 

H-phosphonate diesters. 

Zou et.al. found that arylhydrazines were also good substrates for 
C–P bond coupling reactions.16 Without any additives, the 
reaction of arylhydrazines with trialkylphosphites could be 
realized in the presence of 10 mol% CuO. Although Cu(II) could 
also catalyzed the reaction, the real catalyst might be Cu(I) which 
was reduced in situ from Cu(II) (Scheme 8). But further study 
was not carried out to prove the proposed mechanism.  

 
Scheme 8. CuO-catalyzed coupling reaction of arylhydrazines and 

trimethylphosphite. 

Diaryliodonium salts, as important and valuable electrophilic 
arylation reagents, have attracted much attention in recent years 
due to their high reactivity and nontoxicity. In 2013, Tang and 
co-workers17 achieved P-arylation via direct coupling of 
diaryliodonium salts with phosphorus nucleophiles. Products can 
be obtained in high yields at room temperatue in a short time of 
10 min. When unsymmetrical iodonium salts were employed, 
nucleophilic substitution occured preferentially on the sterically 
hindered aromatic ring or the more electron-deficient ring 
(Scheme 9). 

 

Scheme 9. Copper-catalyzed coupling of symmetrical iodonium salts 

with diarylphosphine oxides. 

Aryl halides are the most used substrates in C(aryl)–P bond 
formation reactions. Compared with aryl halides, C(aryl)–H bond 
are less explored in C(aryl)–P bond formation reactions. Because 
of cost-efficient and eco-benign, it is a promising method that 
C(aryl)–P bond could be formed directly from C(aryl) –H bond 
functionalization. The first copper-catalyzed direct intermolecular 
arene C–H phosphorylation reaction was realized by Yu and 
Chen groups.18 A variety of benzamides containing an 8-
aminoquinoline moiety as a bidentate directing group were 
tolerated in this reaction and only the mono-substituted products 
was obtained. Mechanism study indicated that no radical was 
involved in the catalytic cycle of the phosphorylation and Cu(III) 
intermediates was proposed in this reaction (Scheme 10). 

 
Scheme 10. Copper-catalyzed phosphorylation of carboxylic acid 

derivatives. 

The cross-coupling reactions between indoles and H-phosphine 
catalyzed by copper was reported by Yang’s group.19 Different 
from the oxidative dehydrogenative coupling reactions reported, 
this reaction completely omits the oxidant and base, producing 
hydrogen (H2) as the only byproduct (Scheme 11). 
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Scheme 11. CuCl-catalyzed phosphorylation of indoles. 

Although there have lots of reports about Cu-catalyzed C(aryl)–P 
cross-coupling reactions, the mechanism of these reactions are 
not very clear. In 2012, Ribas and co-workers20 disclosed that a 
well-defined macrocyclic aryl-CuIII complex readily reacts with 
(RO)2(O)-PH (R =alkyl) nucleophiles to quantitatively afford the 
aryl dialkyl phosphonates. This work demonstrated that the 
CuI/CuIII redox cycle maybe incorporated in C–P cross-coupling 
reactions and also have instructive effect on the Cu-catalyzed C–
P bonds formation (Scheme 12). 
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Scheme 12. Reaction of aryl−Cu(III) complex with H-phosphonate 

diesters 

3. C(alkynyl)–P Bond Formation 

Alkynylphosphanes are an attractive class of compounds in 
organic chemistry.21 Beletskaya and co-workers22 reported CuI-
catalyzed cross-coupling of terminal alkynes with 
chlorophosphanes. Various alkynylphosphanes were obtained in 
high yields. (Ph2PCl)3CuI complex maybe incorporated in this 
catalytic cycle (Scheme 13). 

 
Scheme 13. Cross-coupling of terminal alkynes with 

chlorophosphanes. 

In 2011, a new approach23 relied on the coupling of secondary 
phosphine boranes with alkynyl bromides using the CuI/1,10-
phenanthroline couple was presented by Gaumont et al. This is 
the first time to use a nucleophilic phosphorus derivative in 
C(alkynyl)–P bond formation(Scheme 14). Next year they 
synthesized the copper–phosphido-borane complexes and the 
complexes was further characterized spectroscopically and by X-
ray analysis. Experimental studies24 showed that the complexes 
have a catalytic activity in C(alkynyl)–P bond formation.  

 
Scheme 14. Cross-coupling reaction of secondary phosphine Boranes 

with Alkynyl Bromides. 

Transition-metal-catalyzed decarboxylative coupling reactions 
have received more and more attentions in recent years.25 
However, there are rare examples of C–P bond formation via 
metal-catalyzed decarboxylative coupling reactions. After 
repeated attempts, copper-catalyzed decarboxylative coupling of 
alkyne acid with Ph2P(O)H was first achieved by Liang, Yang 
and co-workers.26 Note that fatty alkyne acid also worked 
smoothly in this transformation (Scheme 15). 

 

Scheme 15. Decarboxylative coupling of alkyne acid with R2P(O)H. 

The oxidative decarboxylative coupling of arylpropiolic acids 
with dialkyl H-phosphonates in water has been developed by 
Yang, Wu and co-workers.27 This reaction could  proceed in air at 
low temperature. In order to suppress the decomposition of 
dialkyl H-phosphonates, the addition of isopropanol was needed 
(Scheme 16). 

 

Scheme 16. Decarboxylative coupling of propiolic acids with H-

phosphonates. 

Without needing ligand, base, and additive, various alkynyl acids 
could react with H-phosphine oxides to afford E–
alkenylphosphine oxides28 in the presence of 10 mol% of CuCl. 
This method provided a powerful synthetic tool for simple 
synthesis of valuable (E)-P-alkenylated motifs (Scheme 17). 

 

Scheme 17. Decarboxylative cross-coupling of alkyne acids with 

P(O)H. 

Han and co-workers29 developed an efficient copper-catalyzed 
oxidative coupling of alkynes with (iPrO)2P(O)H. However, 
under similar reaction conditions, Ph2P(O)H as substrate did not 
afford the oxidative-coupling product, because Ph2P(O)H was 
oxidized to Ph2P(O)OH (Scheme 18).  

 
Scheme 18. Copper-catalyzed aerobic oxidative coupling of 

terminal alkynes with H-P(O) compounds. 

Oxidative alkynylation of phosphorus-based nucleophiles with 
copper acetylides was achieved by Evano and co-workers.30  A 
brief optimization revealed that the reaction was best performed 
using N-methylimidazole as the ligand in DMF at room 
temperature and under an atmosphere of oxygen. The presence of 
a free alcohol was more detrimental in this case, which might be 
due to a side reaction with excess diisopropyl phosphite (Scheme 
19). Mechanistic study showed that dioxygen play an important 
role in this type reaction.31 Dioxygen was activated by Cu(I) 
species to form η1-superoxocopper(II), η2-superoxocopper(III), 
µ-η2:η2-peroxodicopper(II), and bis(µ-oxo)dicopper(III) 
complexes. Then proton transfer from the phosphite to the 
bridging oxygen atom leads to the formation of a P−C bond. 
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Scheme 19. Oxidative cross-coupling of phosphite with copper(I) 

acetylides. 

4. C(alkenyl)–P Bond Formation 

Vinylphosphonates are of great importance32a in synthetic 
chemistry where they are commonly used in the preparation of 
carbocyclic and heterocyclic compounds.  As early as 1998, 
Ogawa et al. prepared series of vinylic and arylic phosphonates 
and phosphonic bis(diethylamides)32b from the corresponding 
bromides in the presence of copper. It is noteworthy to note that 
diphenyl 2-(4-dimethylaminophenyl)ethenylphosphonate 
exhibited strong second harmonic generation (SHG) activity, the 
efficiency being 13 times greater than that of urea. In 2003, 
Buchwald et al. described33 copper-catalyzed coupling of 
secondary phosphines and phosphiteswith vinyl halides. Both 
vinyl iodides and vinyl bromides could react smoothly in this 
reaction. 
Vinyliodonium tetrafluoroborates34 which is a readily available 
reagent could react with H-phosphonates to construct 2-
arylvinylphosphonates. Considering the very mild conditions of 
the reaction, phosphorus diastereomers could be prepared using 
this method (Scheme 20). 

 
Scheme 20. Synthesis of dialkyl 2-arylvinylphosphonates. 

As was mentioned aboved, alkynyl acids was good substrated to 
construct C–P bonds via decarboxylative coupling reactions. 
Besides alkynyl acids, alkenyl acids35 was also good partner in 
copper-catalyzed decarboxylative coupling reactions with 
Ph2P(O)H to form C–P bonds. This reaction exhibited the best 
regio- and chemoselectivity reported so far for C–P coupling 
(Scheme 21). 

 
Scheme 21. Decarboxylative coupling of alkenyl acids with Ph2P(O)H. 

A new procedure for the preparation of E-1-alkenylphosphonates 
through copper-mediated cross-coupling between 1,1-dibromo-1-
alkenes and dialkyl phosphites is reported.36 This method has the 
advantageous feature that it starts from readily available 1,1-
dibromo-1-alkenes which act as attractive synthetic equivalents 
of E-alkenyl bromides. But the loading of CuI was a little high 
and the yields of the reaction still need to be improved (Scheme 
22). The crossing-coupling parter alkenyl bromides was formed 
by reduction of ,1-dibromo-1-alkenes, then the final product was 
obtained from the reaction of dialkyl phosphites and alkenyl 
bromides. 

 
Scheme 22. Cross-coupling of 1,1-dibromo-1-alkenes with dialkyl-

phosphites. 

The aerobic oxidative coupling of Cu/triazole complex with H-
phosphonates was disclosed in 2013 by Li and Zhang groups.37 It 
is worthwhile to note that the reaction was conducted at room 
temperature. This reactions showed high regioselectivity and 
efficiency providing provides a facile new protocol for the 
preparation of phosphorus compounds in mild conditions. But the 
yield was moderate (Scheme 23). At present, the direct coupling 
of C(alkenyl)–H bond with phosphorous compounds has not been 
reported. It is an appealing target deserving our endeavor. 
 

 
Scheme 23. Copper-catalyzed three-component reaction (CuAA[P]C 

reaction) of terminal alkynes, azides, and H-phosphonates. 

5. C(alkyl)–P Bond Formation 

In 2010, Glueck, Rheingold and co-workers38 synthesized the 
intermediates which are incorporated in copper-catalyzed cross-
coupling of diphenylphosphine with PhCH2Br, then they 
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investigated the mechanism of this reaction. A proposed 
mechanism for catalytic P–C bond formation was proposed: 
deprotonation of the cationic diphenylphosphine complex 
[Cu(triphos)-(PHPh2)][PF6] by NaOSiMe3 to yield the phosphide 
complex Cu(triphos)(PPh2). Then nucleophilic attack on the 
substrate (benzyl halide) yields the tertiary phosphine complex. A 
novel approach for the alkylation of H-phosphonates and 
diphenylphosphine oxide using N-tosylhydrazones as new alkyl 
reagents has been established by Tang and co-workers. 39 Without 
any ligands, this reaction could afford the corresponding coupled 
alkylphosphonates in good to excellent yields. 
Alkylphosphonates can also be prepared in a one-pot directly 
from carbonyl compounds without the isolation of 
tosylhydrazone intermediates (Scheme 24). 

NNHTs

R2

R1

PH

R4

O

R3
+

CuI (10 mol%)

CsCO3, DME, 80℃
P

R4

O

R3
R1
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P
OEt

O OEt

86%

P
OEt

O OEt
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OEt
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P
OEt

O OEt
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P
OEt

O OEt

Ph

85%

P
OEt

O OEt

Ph

78%  
Scheme 24. Copper-catalyzed coupling of H-phosphonate with N-

tosylhydrazones. 

In 2013, similar catalytic system40 was described by Liang et al. 
In the present of CuI, phosphine oxide derivatives could be 
prepared smoothly utilizing N-tosylhydrazones as readily 
available alkylating reagents(Scheme 25). An insertion of copper 
carbene into P-H bond of H-phosphorus oxides was proposed in 
this reaction mechanism (Scheme 26). The substrates for 
C(alkyl)–P bond formation are not explored enough at present. It is 
interesting to note that other more accessable substrates such as 
C(alkyl)–H or C(alkyl)–X will be used for C(alkyl)–P bond 
formation  in future. 

 
Scheme 25. The copper-catalyzed P-alkylation using N-

tosylhydrazones. 

 

 

Scheme 26. Proposed mechanism of the reaction. 

6. Conclusion 

In conclusion, great progresses have been made in copper-
catalyzed cross-coupling reactions for C–P bond formation. 
Various organophosphorus with good functional group 
compatibility can be obtained efficiently. It is believed that 
copper-catalyzed cross-coupling reactions for C–P bond 
formation will play an important role in organic transformations. 
Although great advances has been achieved, challenges still 
remain: firstly, the substrate scopes of reactions are still limited, 
aryl iodides  are the most used substrates in this reaction, 
however, the more available and cheaper organic bromides, 
organic chlorides and carboxylic acids were not explored enough; 
Secondly, the copper-catalyzed cross-coupling of C-H bond with 
organophosphorus to construct C-P bond via C-H bond activation 
was also deserve our more attention; Thirdly, asymmetric copper-
catalyzed C–P bond formation catalyzed by chiral catalyst is an 
very interesting and important subject; Finally, the mechanism of 
these reactions is in need of further study, mechanism study will 
help us to achieve more successful C–P bond formation.   
It would be a pleasure for us to see that this review will create 
keen interest among the wide readership of this journal and result 
in further focused research to meet some of these aforementioned 
challenges in the future. 

Acknowledgements  

Financial support from the research fund of the National Natural 
Science Foundation of China [21402103], Qingdao Agricultural 
University’s high-level Person [631303], the Scientific Research 
Foundation of Shandong Province Outstanding Young Scientist 
Award [BS2013YY024] were gratefully acknowledged. 

College of Chemistry and Pharmaceutical Sciences, Qingdao 

Agricultural University, Qingdao, P. R. China 266109. Tel:  86-532-

86080213; E-mail: wangzulichem@163.com 

Notes and references 

 
1 a) S. C. Fields, Tetrahedron 1999, 55, 12237-12273. b) R. Engel, 

Chem. Rev. 1977, 77, 349-367. c) L. D. Quin, A Guide to 
Organophosphorus Chemistry, John Wiely & Sons: New York, 2000. 
d) Phosphorus Ligands in Asymmetric Catalysis−Synthesis and 
Application;Börner, A., Ed.; Wiley-VCH: Weinheim, 2008. e) W. 
Tang, X. Zhang, Chem. Rev. 2003, 103, 3029-3037. f) K. V. L Crepy, 
T. Imamoto, Top. Curr. Chem. 2003, 1-40. g) H. H. Chou, C. H. 

Page 6 of 7RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

Cheng, Adv. Mater. 2010, 22, 2468-2471. h) A. Zamfir, S. Schenker,  
M. Freund,  S. B. Tsogoeva, Org. Biomol. Chem., 2010, 8, 5262-
5276. i) T, Masahiro, Synthesis 2010, 1929. 

2 C. Baillie, J. Xiao, Curr. Org. Chem. 2003, 7, 477-514. 
3 A. L. Schwan, Chem. Soc. Rev. 2004, 33, 218-224. (b) F. M. J. 

Tappe, V. T. Trepohl, M. Oestreich, Synthesis, 2010, 18, 3037-3062. 
4 a)Organophosphorous Chemistry Vols. 1-15, The Royal Society of 

Chemistry: London, UK, 1969-1983; b) G. M. Kosolapoff, L. Maier, 
Organic Phosphorous Compounds, 2nd ed.; Wiley-Interscience: New 
York, 1972. 

5 D. V. Allen, D. Venkataraman, J. Org. Chem. 2003, 68, 4590-4593. 
6 D. Gelman, L. Jiang, S. L. Buchwald. Org. Lett. 2003, 5, 2315-2318. 
7 K. Tani, D. C. Behenna, R. M. McFadden, B. M. Stoltz, Org. Lett. 

2007, 9, 2529-2531. 
8 C. Huang, X. Tang, H. Fu, Y. Jiang, Y. Zhao. J. Org. Chem. 2006, 71, 

5020-5022. 
9 H. H. Rao, Y. Jin, H. Fu,Y. Y. Jiang, Y. F. Zhao, Chem. Eur. J. 2006, 

12, 3636-3646. 
10 N. B. Karlstedt, I. P. Beletskaya, Russ. J. Org. Chem. 2011, 47, 1011-

1014. 
11 M. Stankevic, A. W1odarczyk, Tetrahedron 2013, 69, 73-81. 
12 J. Ballester, J. Gatignol, G. Schmidt, C. Alayrac, A. Gaumont, M. 

Taillefer, Chem. Cat. Chem. 2014, 6, 1549-1552. 
13 D. S. Jiang, Q. Jiang, H. Fu, Y. Y. Jiang, Y. F. Zhao, Synthesis, 2008, 

21, 3473-3477. 
14 S. L. Zhang, W. F. Bie, L. Huang, Organometallics 2014, 33, 5263-

5271. 
15 R. R. Zhuang, J. Xu, Z. S. Cai, G. Tang, M. J. Fang, Y. F. Zhao, Org. 

Lett. 2011, 13, 2110-2113. 
16. S. Y. Chen, R. S. Zeng, J. P. Zou, O. T. Asekun, J. Org. Chem. 2014, 

79, 1449-1453. 
17 J. Xu, P. B. Zhang, Y. Z. Gao, Y. Y. Chen, G. Tang, Y. F. Zhao, J. 

Org. Chem. 2013, 78, 8176-8183. 
18 S. Wang, R. Guo, G. Wang , S. Y. Che n, X. Q. Yu, Chem. Commun. 

2014, 50, 12718-12721. 
19 A. X. Zhou, L. L. Mao, G. W. Wang, S. D. Yang, Chem. Commun. 

2014, 50, 8529-8532. 
20 M. Font, T. Parella, M. Costas, X. Ribas, Organometallics 2012, 31, 

7976-7982. 
21 a) F. R. Hartley, The Chemistry of Organophosphorus Compounds, 

Vols. 1-4, Wiley: Chichester, 1990-1996; b) L. D. Quin, A Guide to 
Organophosphorus Chemistry; Wiley: New York, 2000; c) E. Müller, 
Methoden derorganischen Chemie, Part 2, Vol. 5; Houben-Weyl, 
Thieme Verlag: Stuttgart, 1977. 

22 V. V. Afanasiev, I. P. Beletskaya, M. A. Kazankova, I. V. Efimova, 
M. U. Antipin, Synthesis 2003, 2835-2838. 

23 E. Bernoud, C. Alayrac, O. Delacroix, A. Gaumont, Chem. Commun. 
2011, 47, 3239-3241. 

24 I. Abdellah, E. Bernoud, J. Lohier, C. Alayrac, L. Toupet, C. 
Lepetitcd, A. Gaumont, Chem. Commun. 2012, 48, 4088-4090. 

25 a) R. Shang, L. Liu, Sci China Chem. 2011, 54, 1670-1687. b) N. 
RodrÍguez，L. J. Goossen, Chem. Soc. Rev. 2011,40, 5030-5048. c) 
W. I. Dzik, P. P. Lange, L. J. Gooßen, Chem. Sci. 2012, 3, 2671-2678. 
d) L. J. Gooßen, N. RodrÍguez, K. Gooßen, Angew. Chem. Int. Ed. 
2008, 47, 3100-3120. 

26 J. Hu, N. Zhao, B. Yang, G. Wang, L.-N. Guo, Y.-M. Liang, S.-D. 
Yang, Chem. Eur. J. 2011, 17, 5516-5521. 

27 X. Li, F. Yang, Y. J. Wu, Y. S. Wu, Org. Lett. 2014, 16, 992 −995. 
28 G. Hu, Y. Gao, Y. Zhao, Org. Lett. 2014, 16, 4464 -4467. 
29 Y. Gao, G. Wang, L. Chen, P. Xu, Y. Zhao, L.-B. Han, J. Am. Chem. 

Soc. 2009, 131, 7956-7957. 
30 K. Jouvin, J. Heimburger, G. Evano, Chem. Sci., 2012, 3, 756-760. 
31 L. Liu, Y. Wu, Z. Wang, J. Zhu, Y. Zhao, J. Org. Chem. 2014, 79, 

6816-6822. 
32 a) T. Minami, Motoyoshiya, Synthesis 1992, 333-349. b) H. Q. 

Wang, Z. J. Liu, Chin. J. Org. Chem. 2003, 23, 321-330. b) T. Ogawa,  
N. Usuki, N. Ono, J. Chem. Soc., Perkin Trans. 1, 1998, 2953-2958. 

33 D. Gelman, L. Jiang, S. L. Buchwald. Org. Lett. 2003, 5, 2315-2318. 
34 S. Thielges, P. Bisseret, J. Eustache, Org. Lett. 2005, 7, 681-684. 
35 J. Hu, N. Zhao, B. Yang, G. Wang, L.-N. Guo, Y.-M. Liang, S.-D. 

Yang, Chem. Eur. J. 2011, 17, 5516-5521. 

36 Evano, K. Tadiparthi, F. Couty. Chem . Commun. 2011, 47, 179-181. 
37 L. Li, G. Hao, A. Zhu, X. Fan, G. Zhang, L. Zhang, Chem. Eur. J. 

2013, 19, 14403-14406. 
38 M. F. Cain, R. P. Hughes, D. S. Glueck, J. A. Golen, C. E. Moore, A. 

L. Rheingold, Inorg. Chem. 2010, 49, 7650-7662. 

39   W. J. Miao, Y. Z. Gao, X. Q. Li, Y. X. Gao, G. Tang, Y. F. Zhao, Adv. 

Synth. Catal. 2012, 354, 2659-2664. 

40  Z. S. Chen, Z. Z. Zhou, H. L. Hua, X. H. Duan, J. Y. Luo, J. Wang, P. 

X. Zhou, Y. M. Liang, Tetrahedron 2013, 69, 1065-1068 
 
 
 

 
 

Page 7 of 7 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


