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Rhodium Catalyzed ortho-Cyanation of Arylphosphates
with N-cyano-N-phenyl-p-toluenesulfonamide
Li-Jun Gu,*[a] Cheng Jin,[b] Rui Wang,[a] and Hong-Yan Ding[a]

A rhodium-catalyzed cyanation of chelation assisted C�H
bonds is described. This process provided a useful method for
the preparation of diverse 2-cyanated arylphosphonate and
related compounds in good yields. The reaction tolerates a vari-
ety of synthetically important functional groups.

The development of novel methods for the preparation of aryl
nitriles is of long-standing interest to organic chemists because
of the importance of these compounds in chemistry and biol-
ogy.[1] Furthermore, they can serve as synthetic scaffolds to a di-
verse array of building blocks such as aldehydes, ketones,
amides, carboxylic acids, and amines. Consequently, the devel-
opment of synthetic methods for the preparation of aryl ni-
triles has received considerable attention.[2–5] Traditionally,
direct cyanations are achieved through the replacement ap-
proach, in which aryl nitriles are obtained by introducing a ni-
trile group through Sandmeyer reaction of aryldiazonium salts
or by the transition-metal-mediated cyanation of aryl halides
with a cyanide source.[6] However, general problems in these
reactions are the use of expensive aryl halides, highly toxic cy-
anating reagents, high catalyst loading due to the cyanide poi-
soning or need for superstoichiometric amounts of additives
(generally metal salts), and harsh reaction conditions.[7] Alterna-
tively, aryl nitriles can be prepared by the dehydration ap-
proach, for example, dehydration of aryl amides or oximes,[2a,-

b, 3a,b] or oxidative dehydration of benzylic amines or alcohols
with ammonia.[9–10] Selective cyanation of highly abundant
C�H bonds with a suitable reagent is probably the most eco-
nomic and benign route to the synthesis of aryl nitrile deriva-
tives. For instance, Cu- and Pd-catalyzed C�H cyanation reac-
tions of 2-arylpyridines with CH3NO2 and DMF/NH3, respective-
ly, as the CN source and a Pd-catalyzed 3-cyanation reaction of
indoles using DMF as the CN source have been reported. In
2013, Fu and Anbarasan independently reported a Rh-cata-
lyzed C�H cyanation reaction employing N-cyano-N-phenyl-p-
toluenesulfonamide (NCTS) as an efficient cyanating re-
agent.[11–13] Recently, Jiao and co-workers report a new and

direct silver-catalyzed nitrogenation reaction of alkynes to ni-
triles through C�C bond cleavage.[14] Despite these advances,
versatile and efficient methods for the direct construction of
aryl�CN bonds that are compatible with various functional
groups and use readily available starting materials remain
highly desirable.

Organophosphorus compounds are important structural
motifs frequently found in pharmaceuticals, natural products,
biologically active molecules, and organic functional materials,
and their functionalization has been attracting great interest
in the synthetic organic chemistry community.[15] Recently, sev-
eral examples on the phosphoryl-related compounds as the
directing group for C�H activation have been reported
(Scheme 1).[16]

In this context, we were interested in the use of phosphates
as the directing groups for Rh-catalyzed aromatic C�H bonds
(Scheme 2). Our study was inspired by the recent reports that

phosphates can complement other directing groups for C�H
functionalization in terms of substrate scope, and functional
group compatibility.[17] In connection with our broader interest
in transition-metal-catalyzed reaction,[15e,f, 18] herein we describe
the first example of Rh-catalyzed C�H cyanation with NCTS
using arylphosphonate as the directing group.[19]

Scheme 1. Phosphoryl-related directing groups in RhIII catalysis.

Scheme 2. Evolution of the rhodium-catalyzed ortho-selective C-H cyanation
of diverse benzene derivatives.
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In the initial phase of this study we investigated the reaction
of diethyl phenylphosphonate 1 a with NCTS 2 in the presence
of [RhCp*Cl2]2 (5 % mol), Ag2CO3 (15 % mol) in 1,4-dioxane at
115 8C with stirring for 18 h. The desired product diethyl 2-cya-
nophenylphosphonate 3 a was isolated with 31 % yield
(Table 1, entry 1). The catalyst [RhCp*Cl2]2 provided the best re-
sults (Table 1, entries 1–3). The influence of solvent on the re-
action efficiency was also significant; when 1,2-dichloroethane
(DCE) was chosen as the solvent, the yield was enhanced to
62 % (Table 1, entries 4–8). Increasing the reaction temperature
to 125 8C further improved the efficiency of this transformation
(Table 1, entry 9). Of the additives tested, AgSbF6 proved partic-
ularly suitable (Table 1, entries 9–12). In the absence of AgSbF6

the desired product was obtained in a low yield (Table 1,
entry 13). Without the Rh catalyst, none of the desired product
was obtained (Table 1, entry 14).

With the optimized reaction conditions, we next investigat-
ed the generality of the Rh-catalyzed cyanation with a variety
of arylphosphonates 1. As summarized in Table 2, a series of ar-
ylphosphonate 1 were found to participate in the reaction, af-
fording the corresponding aryl nitriles in moderate to good
yields. For example, arylphosphonate bearing electron-rich
(methoxy, methyl) and electron-deficient (halogen, phenyl)
substituents on the aryl ring underwent this reaction to furnish
the corresponding products in generally moderate to good
yields (60–78 %). Substituent at the para position of the phenyl
ring afforded the desired product smoothly and substituent at
the meta position of the phenyl ring afforded the less sterically
crowded isomer 3 g in 74 % yield. However, ortho-substituted
derivative 1 h gave a much lower yield of 3 h (Table 2, entry 7).
These results indicated that the steric effects affected the effi-
ciency of the reactions. Interestingly, the polysubstituted aryl-

phosphonate derivative gave the desired oxidative product 2 i
with a good yield. In addition, arylphosphonates with a naph-
thyl group (1 j) also participated in this Rh-catalyzed cyanation,
affording C3-cyanated product in 53 % yield. Notably, the intro-
duction of heterocycles into this system made this methodolo-
gy more useful for the preparation of pharmaceuticals and ma-

Table 1. Optimization of the reaction conditions.[a]

Entry Catalyst Additive Solvent Yield [%][b]

1 [RhCp*(CH3CN)3] Ag2CO3 1,4-dioxane 31
·(SbF6)2

2 [Cp*Rh(OAc)2] Ag2CO3 1,4-dioxane 18
3 [RhCp*Cl2]2 Ag2CO3 1,4-dioxane 51
4 [RhCp*Cl2]2 Ag2CO3 toluene 43
5 [RhCp*Cl2]2 Ag2CO3 DCE 62
6 [RhCp*Cl2]2 Ag2CO3 MeCN 19
7 [RhCp*Cl2]2 Ag2CO3 xylene 49
8 [RhCp*Cl2]2 Ag2CO3 DMF trace
9 [RhCp*Cl2]2 Ag2CO3 DCE 68
10 [RhCp*Cl2]2 HOAc DCE 0
11 [RhCp*Cl2]2 AgSbF6 DCE 77
12 [RhCp*Cl2]2 Cu(OAc)2 DCE 16
13 [RhCp*Cl2]2 none DCE 22
14 none AgSbF6 DCE 0

[a] Reaction conditions: 1 a (0.3 mmol), 2 (0.6 mmol), catalyst (5 mol %),
additive (15 mol %), solvent (2 mL), 24 h, 110 8C under argon atmosphere.
[b] Isolated yield.

Table 2. Scope of arylphosphonates 1.[a]

Entry Arylphosphonates Product Yield [%][b]

1 78

2 69

3 71

4 62

5 60

6 74

7 44

8 71

9 53

10 56

[a] Reaction conditions: 1 (0.3 mmol), 2 (0.6 mmol), [RhCp*Cl2]2 (5 mol %),
AgSbF6 (15 mol %), DCE (2 mL), 24 h, 110 8C under argon atmosphere.
[b] Isolated yield.
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terials (Table 2, entry 10). In this case, cyanation occurred only
at the 2-position and not at the 4-position.

The subsequent screening of various arylphosphonate-based
chelating groups was also examined under the optimized rho-
dium catalyzed cyanation conditions. Dimethyl phenylphosph-
onate 1 e could be smoothly converted into the expected
product 3 e in 54 % yield. Diisopropyl phenylphosphonate 1 f
could also efficiently furnish the desired product in a good
yield (Table 3, entry 2). To highlight the utility of this transfor-

mation, a bulky phosphonic diethylamino group was subjected
to the standard reaction conditions. The desired product was
isolated in a moderate yield (Table 3, entry 3).

To shed more light on the reaction mechanism, a deuteri-
um-labeling experiment was were performed (Scheme 3).[12, 16a]

When a 1:1 mixture of 1 a and 1 a-[D5] was subjected to the

Rh-catalyzed reaction conditions, we obtained the cyanation
products 3 a and 3 a-[D4] in a ratio of 4.9:1. This kinetic isotope
effect (KIE) value of 4.9 is typical of Rh-catalyzed C�H activa-
tion processes.

On the basis of the above KIE experiment and previous re-
ports on the rhodium(III)-catalyzed C�H functionalization of ar-

ylphosphonate and related compounds, a plausible mechanis-
tic pathway is proposed (Scheme 4). Initially, treatment of a rho-
dium precursor with AgSbF6 generates the reactive cationic
rhodium(III) species A, which on reaction with 1 a affords the
cyclic rhodium species B through C�H functionalization. Coor-
dination of NCTS 2 with rhodium species B affords intermedi-
ate C, after which insertion of the CN moiety into the C�RhIII

bond generates D. Rearrangement of D affords the desired
cyanated product along with the reactive rhodium species E.
lastly, ligand exchange will furnish the active rhodium species
A to complete the catalytic cycle.

In summary, we have addressed a new strategy based on
the dialkyl phosphoryl directing group to achieve the ortho
C�H functionalization of arylphosphonate and related com-
pounds. This tactic was used for the highly selective ortho C�H
cyanation of easily available arylphosphonates to prepare
2-cyanated arylphosphonate and related compounds. This pro-
tocol offers several advantages including avoidance of biscya-
nated arylphosphonates, complete ortho selectivity, and rela-
tively broad functional group tolerance. We believe that this
protocol represents a practical route to 2-cyanated arylphosph-
onate and related compounds.

Experimental Section

Rh-catalyzed ortho-cyanation of arylphosphates with NCTS : General
procedure: A 10 mL oven-dried Schlenk tube was charged with
1 (0.3 mmol), NCTS (0.6 mmol), [RhCp*Cl2]2 (5 mol %), AgSbF6

(15 mol %), DCE (2 mL), Then the tube was charged with argon,
and was stirred at 110 8C for about 24 h. After the reaction was fin-
ished, the reaction mixture was diluted in 3 mL dichloromethane.
The solution was filtered through a celite pad and washed with
10–20 mL of dichloromethane. The filtrate was concentrated and
the residue was purified by silica gel column chromatography
(hexane/ethyl acetate) to provide the desired products 3.

Table 3. Scope of other directing groups.[a]

Entry Arylphosphonates Product Yield [%][b]

1 76

2 62

3 54

[a] Reaction conditions: 1 (0.3 mmol), 2 (0.6 mmol), catalyst (5 mol %), ad-
ditive (15 mol %), DCE (2 mL), 24 h, 110 8C under argon atmosphere.
[b] Isolated yield.

Scheme 3. Deuteration experiment.

Scheme 4. Plausible mechanism.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 2014, 6, 1225 – 1228 1227

CHEMCATCHEM
COMMUNICATIONS www.chemcatchem.org

www.chemcatchem.org


Acknowledgements

We are grateful for the financial support from The Educational
Bureau of Yunnan Province (2010Y431), the State Ethnic Affairs
Commission (12YNZ05), and Undergraduate Innovative Experi-
ment (2013HXSRT09).

Keywords: arylphosphonate · C-H activation · directing
groups · rhodium · synthetic methods

[1] a) P. Anbarasan, T. Schareina, M. Beller, Chem. Soc. Rev. 2011, 40, 5049 –
5067; b) J. Kim, H. J. Kim, S. Chang, Angew. Chem. Int. Ed. 2012, 51,
11948 – 11959; Angew. Chem. 2012, 124, 12114 – 12125; c) S. Ding, N.
Jiao, Angew. Chem. Int. Ed. 2012, 51, 9226 – 9237; Angew. Chem. 2012,
124, 9360 – 9371.

[2] a) K. Ishihara, Y. Furuya, H. Yamamoto, Angew. Chem. Int. Ed. 2002, 41,
2983 – 2986; Angew. Chem. 2002, 114, 3109 – 3112; b) C. W. Kuo, J. L.
Zhu, J. D. Wu, C. M. Chu, C. F. Yao, K. S. Shia, Chem. Commun. 2007,
301 – 303; c) W. Zhou, L. Zhang, N. Jiao, Angew. Chem. Int. Ed. 2009, 48,
7094 – 7097; Angew. Chem. 2009, 121, 7228 – 7231.

[3] a) C. Qin, N. Jiao, J. Am. Chem. Soc. 2010, 132, 15893 – 15895; b) S.
Sasson, S. Rozen, Org. Lett. 2005, 7, 2177 – 2179; c) J. L. He, K. Yamagu-
chi, N. Mizuno, J. Org. Chem. 2011, 76, 4606 – 4610; d) P. Y. Yeung, C. M.
So, C. P. Lau, F. Y. Kwong, Angew. Chem. Int. Ed. 2010, 49, 8918 – 8922;
Angew. Chem. 2010, 122, 9102 – 9106.

[4] a) C. W. Liskey, X. Liao, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132, 11389 –
11391; b) Z. Zhao, Z. Li, Eur. J. Org. Chem. 2010, 5460 – 5463; c) M. Shev-
lin, Tetrahedron Lett. 2010, 51, 4833 – 4836; d) P. Y. Yeung, C. M. So, C. P.
Lau, F. Y. Kwong, Org. Lett. 2011, 13, 648 – 651; e) O. Y. Yuen, P. Y. Choy,
W. K. Chow, W. T. Wong, F. Y. Kwong, J. Org. Chem. 2013, 78, 3374 –
3378; f) C. Pan, H. Jin, P. Xu, X. Liu, Y. Cheng, C. Zhu, J. Org. Chem. 2013,
78, 9494 – 9498; g) J. Kim, H. Kim, S. Chang, Org. Lett. 2012, 14, 3924 –
3927.

[5] a) M. Lamani, K. R. Prabhu, Angew. Chem. Int. Ed. 2010, 49, 6622 – 6625;
Angew. Chem. 2010, 122, 6772 – 6775; b) Z. Zhang, Z. Wang, R. Zhang, K.
Ding, Angew. Chem. Int. Ed. 2010, 49, 6746 – 6750; Angew. Chem. 2010,
122, 6898 – 6902; c) X. Jia, D. Yang, W. Wang, F. Luo, J. Cheng, J. Org.
Chem. 2009, 74, 9470 – 9474; d) X. Jia, D. Yang, S. Zhang, J. Cheng, Org.
Lett. 2009, 11, 4716 – 4719.

[6] a) I. P. Beletskaya, A. S. Sigeev, A. S. Peregudov, P. V. Petrovskii, J. Organo-
met. Chem. 2004, 689, 3810 – 3812; b) G. P. Ellis, T. M. Romney-Alexander,
Chem. Rev. 1987, 87, 779 – 794; c) M. Sundermeier, A. Zapf, M. Beller, Eur.
J. Inorg. Chem. 2003, 3513 – 3526.

[7] T. Schareina, A. Zapf, M. Beller, Chem. Commun. 2004, 1388 – 1389.
[8] a) E. Choi, C. Lee, Y. Na, S. Chang, Org. Lett. 2002, 4, 2369 – 2371; b) K.

Yamaguchi, H. Fujiwara, Y. Ogasawara, M. Kotani, N. Mizuno, Angew.
Chem. Int. Ed. 2007, 46, 3922 – 3925; Angew. Chem. 2007, 119, 3996 –
3999.

[9] S. Iida, H. Togo, Tetrahedron 2007, 63, 8274 – 8281.
[10] T. Oishi, K. Yamaguchi, N. Mizuno, Angew. Chem. Int. Ed. 2009, 48, 6286 –

6288; Angew. Chem. 2009, 121, 6404 – 6406.
[11] a) X. Chen, X. S. Hao, C. E. Goodhue, J. Q. Yu, J. Am. Chem. Soc. 2006,

128, 6790 – 6791; b) J. Kim, S. Chang, J. Am. Chem. Soc. 2010, 132,

10272 – 10274; c) S. Ding, N. Jiao, J. Am. Chem. Soc. 2011, 133, 12374 –
12377.

[12] T. J. Gong, X. Xiao, W. M. Chen, W. Su, J. Xu, Z. J. Liu, L. Liu, Y. Fu, J. Am.
Chem. Soc. 2013, 135, 10630 – 10633.

[13] M. Chaitanya, D. Yadagiri, P. Anbarasan, Org. Lett. 2013, 15, 4960 – 4963.
[14] T. Shen, T. Wang, C. Qin, N. Jiao, Angew. Chem. Int. Ed. 2013, 52, 6677 –

6680; Angew. Chem. 2013, 125, 6809 – 6812.
[15] a) E. A. Wydysh, S. M. Medghalchi, A. Vadlamudi, A. Townsend, J. Med.

Chem. 2009, 52, 3317 – 3319; b) S. Sivendran, V. Jones, D. Q. Sun, Y.
Wang, A. E. Grzegorzewicz, M. S. Scherman, A. D. Napper, J. A. McCam-
mon, R. E. Lee, S. L. Diamond, M. McNeil, Bioorg. Med. Chem. 2010, 18,
896 – 908; c) V. Spampinato, N. Tuccitto, S. Quici, V. Calabrese, G. Marlet-
ta, A. Torrisi, A. Licciardello, Langmuir 2010, 26, 8400 – 8406; d) S. Kiru-
makki, J. Huang, A. Subbiah, J. Y. Yao, A. Rowland, B. Smith, A. Mukher-
jee, S. Samarajeewa, A. Clearfield, J. Mater. Chem. 2009, 19, 2593 – 2603;
e) L. Gu, C. Jin, Org. Biomol. Chem. 2012, 10, 7098 – 7102; f) L. Gu, R.
Wang, X. Huang, C. Jin, Chin. J. Chem. 2012, 30, 2483 – 2486; g) W. Han,
P. Mayer, A. R. Ofial, Adv. Synth. Catal. 2010, 352, 1667 – 1676; h) A.
Mucha, P. Kafarski, Ł. Berlicki, J. Med. Chem. 2011, 54, 5955 – 5980; i) H.
Fang, X. L. Xie, B. H. Hong, Y. F. Zhao, M. J. Fang, Phosphorus Sulfur Sili-
con Relat. Elem. 2011, 186, 2145 – 2155; j) X. J. Wang, J. G. Qi, Y. L. Tian,
D. L. Yin, Chin. Chem. Lett. 2013, 24, 817 – 820.

[16] For selected examples, see: a) S. Park, B. Seo, S. Shin, J. Y. Son, P. H. Lee,
Chem. Commun. 2013, 49, 8671 – 8673; b) J. Mo, S. Lim, S. Park, T. Ryu,
S. Kim, P. H. Lee, RSC Adv. 2013, 3, 18296 – 18299; c) L. Y. Chan, S. Kim, T.
Ryu, P. H. Lee, Chem. Commun. 2013, 49, 4682 – 4684; d) X. Meng, S.
Kim, Org. Lett. 2013, 15, 1910 – 1913; e) B. C. Chary, S. Kim, Org. Biomol.
Chem. 2013, 11, 6879 – 6882; f) L. Y. Chan, L. Cheong, S. Kim, Org. Lett.
2013, 15, 2186 – 2189; g) X. Meng, S. Kim, J. Org. Chem. 2013, 78,
11247 – 11254; h) D. Zhao, C. Nimphius, M. Lindale, F. Glorius, Org. Lett.
2013, 15, 4504 – 4507.

[17] K. M. Engle, T.-S. Mei, M. Wasa, J. Q. Yu, Acc. Chem. Res. 2012, 45, 788 –
802.

[18] a) L. Gu, X. Li, J. Heterocycl. Chem. 2013, 50, 408 – 412; b) L. Gu, X. Li, J.
Braz. Chem. Soc. 2011, 22, 2036 – 2039; c) L. Gu, C. Jin, J. Guo, L. Zhang,
W. Wang, Chem. Commun. 2013, 49, 10968 – 10970; d) L. Gu, J. Liu, L.
Zhang, Y. Xiong, R. Wang, Chin. Chem. Lett. 2014, 25, 90 – 92.

[19] For selected examples on Rh-catalyzed reactions, see: a) Y. Dong, G. Liu,
Chem. Commun. 2013, 49, 8066 – 8068; b) K. H. Ng, Z. Zhou, W. Y. Yu,
Chem. Commun. 2013, 49, 7031 – 7033; c) L. Xu, N. Li, H. Peng, P. Wu,
ChemCatChem 2013, 5, 2462 – 2470; d) C. Tang, Y. Yuan, Y. Cui, N. Jiao,
Eur. J. Org. Chem. 2013, 7480 – 7483; e) J. Ternel, J. L. Dubois, J. L. Coutu-
rier, E. Monflier, J. F. Carpentier, ChemCatChem 2013, 5, 1562 – 1569; f) Y.
Yang, E. G. Moschetta, R. M. Rioux, ChemCatChem 2013, 5, 3005 – 3013;
g) D. Yu, M. Suri, F. Glorius, J. Am. Chem. Soc. 2013, 135, 8802 – 8805;
h) Z. Shi, D. C. Koester, M. Boultadakis-Arapinis, F. Glorius, J. Am. Chem.
Soc. 2013, 135, 12204 – 12207; i) W. H. Chiou, C. L. Kao, J. C. Tsai, Y. M.
Chang, Chem. Commun. 2013, 49, 8232 – 8234; j) B. Zhao, Z. Han, K.
Ding, Angew. Chem. Int. Ed. 2013, 52, 4744 – 4788; Angew. Chem. 2013,
125, 4844 – 4889.

Received: December 16, 2013

Published online on February 12, 2014

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 2014, 6, 1225 – 1228 1228

CHEMCATCHEM
COMMUNICATIONS www.chemcatchem.org

http://dx.doi.org/10.1039/c1cs15004a
http://dx.doi.org/10.1039/c1cs15004a
http://dx.doi.org/10.1039/c1cs15004a
http://dx.doi.org/10.1002/anie.201206168
http://dx.doi.org/10.1002/anie.201206168
http://dx.doi.org/10.1002/anie.201206168
http://dx.doi.org/10.1002/anie.201206168
http://dx.doi.org/10.1002/ange.201206168
http://dx.doi.org/10.1002/ange.201206168
http://dx.doi.org/10.1002/ange.201206168
http://dx.doi.org/10.1002/anie.201200859
http://dx.doi.org/10.1002/anie.201200859
http://dx.doi.org/10.1002/anie.201200859
http://dx.doi.org/10.1002/ange.201200859
http://dx.doi.org/10.1002/ange.201200859
http://dx.doi.org/10.1002/ange.201200859
http://dx.doi.org/10.1002/ange.201200859
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2983::AID-ANIE2983%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2983::AID-ANIE2983%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2983::AID-ANIE2983%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2983::AID-ANIE2983%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3109::AID-ANGE3109%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3109::AID-ANGE3109%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3109::AID-ANGE3109%3E3.0.CO;2-K
http://dx.doi.org/10.1039/b614061k
http://dx.doi.org/10.1039/b614061k
http://dx.doi.org/10.1039/b614061k
http://dx.doi.org/10.1039/b614061k
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/anie.200903838
http://dx.doi.org/10.1002/ange.200903838
http://dx.doi.org/10.1002/ange.200903838
http://dx.doi.org/10.1002/ange.200903838
http://dx.doi.org/10.1021/ja1070202
http://dx.doi.org/10.1021/ja1070202
http://dx.doi.org/10.1021/ja1070202
http://dx.doi.org/10.1021/ol050523h
http://dx.doi.org/10.1021/ol050523h
http://dx.doi.org/10.1021/ol050523h
http://dx.doi.org/10.1021/jo2004956
http://dx.doi.org/10.1021/jo2004956
http://dx.doi.org/10.1021/jo2004956
http://dx.doi.org/10.1002/anie.201005121
http://dx.doi.org/10.1002/anie.201005121
http://dx.doi.org/10.1002/anie.201005121
http://dx.doi.org/10.1002/ange.201005121
http://dx.doi.org/10.1002/ange.201005121
http://dx.doi.org/10.1002/ange.201005121
http://dx.doi.org/10.1021/ja104442v
http://dx.doi.org/10.1021/ja104442v
http://dx.doi.org/10.1021/ja104442v
http://dx.doi.org/10.1002/ejoc.201000848
http://dx.doi.org/10.1002/ejoc.201000848
http://dx.doi.org/10.1002/ejoc.201000848
http://dx.doi.org/10.1016/j.tetlet.2010.07.045
http://dx.doi.org/10.1016/j.tetlet.2010.07.045
http://dx.doi.org/10.1016/j.tetlet.2010.07.045
http://dx.doi.org/10.1021/ol1028892
http://dx.doi.org/10.1021/ol1028892
http://dx.doi.org/10.1021/ol1028892
http://dx.doi.org/10.1021/jo3028278
http://dx.doi.org/10.1021/jo3028278
http://dx.doi.org/10.1021/jo3028278
http://dx.doi.org/10.1021/jo4014904
http://dx.doi.org/10.1021/jo4014904
http://dx.doi.org/10.1021/jo4014904
http://dx.doi.org/10.1021/jo4014904
http://dx.doi.org/10.1021/ol301674m
http://dx.doi.org/10.1021/ol301674m
http://dx.doi.org/10.1021/ol301674m
http://dx.doi.org/10.1002/anie.201002635
http://dx.doi.org/10.1002/anie.201002635
http://dx.doi.org/10.1002/anie.201002635
http://dx.doi.org/10.1002/ange.201002635
http://dx.doi.org/10.1002/ange.201002635
http://dx.doi.org/10.1002/ange.201002635
http://dx.doi.org/10.1002/anie.201002127
http://dx.doi.org/10.1002/anie.201002127
http://dx.doi.org/10.1002/anie.201002127
http://dx.doi.org/10.1002/ange.201002127
http://dx.doi.org/10.1002/ange.201002127
http://dx.doi.org/10.1002/ange.201002127
http://dx.doi.org/10.1002/ange.201002127
http://dx.doi.org/10.1021/jo902185c
http://dx.doi.org/10.1021/jo902185c
http://dx.doi.org/10.1021/jo902185c
http://dx.doi.org/10.1021/jo902185c
http://dx.doi.org/10.1021/ol9017529
http://dx.doi.org/10.1021/ol9017529
http://dx.doi.org/10.1021/ol9017529
http://dx.doi.org/10.1021/ol9017529
http://dx.doi.org/10.1016/j.jorganchem.2004.07.019
http://dx.doi.org/10.1016/j.jorganchem.2004.07.019
http://dx.doi.org/10.1016/j.jorganchem.2004.07.019
http://dx.doi.org/10.1016/j.jorganchem.2004.07.019
http://dx.doi.org/10.1021/cr00080a006
http://dx.doi.org/10.1021/cr00080a006
http://dx.doi.org/10.1021/cr00080a006
http://dx.doi.org/10.1002/ejic.200300162
http://dx.doi.org/10.1002/ejic.200300162
http://dx.doi.org/10.1002/ejic.200300162
http://dx.doi.org/10.1002/ejic.200300162
http://dx.doi.org/10.1039/b400562g
http://dx.doi.org/10.1039/b400562g
http://dx.doi.org/10.1039/b400562g
http://dx.doi.org/10.1021/ol0260977
http://dx.doi.org/10.1021/ol0260977
http://dx.doi.org/10.1021/ol0260977
http://dx.doi.org/10.1002/anie.200605004
http://dx.doi.org/10.1002/anie.200605004
http://dx.doi.org/10.1002/anie.200605004
http://dx.doi.org/10.1002/anie.200605004
http://dx.doi.org/10.1002/ange.200605004
http://dx.doi.org/10.1002/ange.200605004
http://dx.doi.org/10.1002/ange.200605004
http://dx.doi.org/10.1016/j.tet.2007.05.106
http://dx.doi.org/10.1016/j.tet.2007.05.106
http://dx.doi.org/10.1016/j.tet.2007.05.106
http://dx.doi.org/10.1002/anie.200900418
http://dx.doi.org/10.1002/anie.200900418
http://dx.doi.org/10.1002/anie.200900418
http://dx.doi.org/10.1002/ange.200900418
http://dx.doi.org/10.1002/ange.200900418
http://dx.doi.org/10.1002/ange.200900418
http://dx.doi.org/10.1021/ja061715q
http://dx.doi.org/10.1021/ja061715q
http://dx.doi.org/10.1021/ja061715q
http://dx.doi.org/10.1021/ja061715q
http://dx.doi.org/10.1021/ja104917t
http://dx.doi.org/10.1021/ja104917t
http://dx.doi.org/10.1021/ja104917t
http://dx.doi.org/10.1021/ja104917t
http://dx.doi.org/10.1021/ja204063z
http://dx.doi.org/10.1021/ja204063z
http://dx.doi.org/10.1021/ja204063z
http://dx.doi.org/10.1021/ja405742y
http://dx.doi.org/10.1021/ja405742y
http://dx.doi.org/10.1021/ja405742y
http://dx.doi.org/10.1021/ja405742y
http://dx.doi.org/10.1021/ol402201c
http://dx.doi.org/10.1021/ol402201c
http://dx.doi.org/10.1021/ol402201c
http://dx.doi.org/10.1002/anie.201300193
http://dx.doi.org/10.1002/anie.201300193
http://dx.doi.org/10.1002/anie.201300193
http://dx.doi.org/10.1002/ange.201300193
http://dx.doi.org/10.1002/ange.201300193
http://dx.doi.org/10.1002/ange.201300193
http://dx.doi.org/10.1021/jm900251a
http://dx.doi.org/10.1021/jm900251a
http://dx.doi.org/10.1021/jm900251a
http://dx.doi.org/10.1021/jm900251a
http://dx.doi.org/10.1016/j.bmc.2009.11.033
http://dx.doi.org/10.1016/j.bmc.2009.11.033
http://dx.doi.org/10.1016/j.bmc.2009.11.033
http://dx.doi.org/10.1016/j.bmc.2009.11.033
http://dx.doi.org/10.1021/la9048314
http://dx.doi.org/10.1021/la9048314
http://dx.doi.org/10.1021/la9048314
http://dx.doi.org/10.1039/b818618a
http://dx.doi.org/10.1039/b818618a
http://dx.doi.org/10.1039/b818618a
http://dx.doi.org/10.1039/c2ob25875g
http://dx.doi.org/10.1039/c2ob25875g
http://dx.doi.org/10.1039/c2ob25875g
http://dx.doi.org/10.1002/cjoc.201200831
http://dx.doi.org/10.1002/cjoc.201200831
http://dx.doi.org/10.1002/cjoc.201200831
http://dx.doi.org/10.1002/adsc.201000092
http://dx.doi.org/10.1002/adsc.201000092
http://dx.doi.org/10.1002/adsc.201000092
http://dx.doi.org/10.1021/jm200587f
http://dx.doi.org/10.1021/jm200587f
http://dx.doi.org/10.1021/jm200587f
http://dx.doi.org/10.1080/10426507.2011.590561
http://dx.doi.org/10.1080/10426507.2011.590561
http://dx.doi.org/10.1080/10426507.2011.590561
http://dx.doi.org/10.1080/10426507.2011.590561
http://dx.doi.org/10.1016/j.cclet.2013.05.016
http://dx.doi.org/10.1016/j.cclet.2013.05.016
http://dx.doi.org/10.1016/j.cclet.2013.05.016
http://dx.doi.org/10.1039/c3cc44995e
http://dx.doi.org/10.1039/c3cc44995e
http://dx.doi.org/10.1039/c3cc44995e
http://dx.doi.org/10.1039/c3ra43764g
http://dx.doi.org/10.1039/c3ra43764g
http://dx.doi.org/10.1039/c3ra43764g
http://dx.doi.org/10.1039/c3cc41107a
http://dx.doi.org/10.1039/c3cc41107a
http://dx.doi.org/10.1039/c3cc41107a
http://dx.doi.org/10.1021/ol400565r
http://dx.doi.org/10.1021/ol400565r
http://dx.doi.org/10.1021/ol400565r
http://dx.doi.org/10.1039/c3ob41548a
http://dx.doi.org/10.1039/c3ob41548a
http://dx.doi.org/10.1039/c3ob41548a
http://dx.doi.org/10.1039/c3ob41548a
http://dx.doi.org/10.1021/ol400732q
http://dx.doi.org/10.1021/ol400732q
http://dx.doi.org/10.1021/ol400732q
http://dx.doi.org/10.1021/ol400732q
http://dx.doi.org/10.1021/jo401716p
http://dx.doi.org/10.1021/jo401716p
http://dx.doi.org/10.1021/jo401716p
http://dx.doi.org/10.1021/jo401716p
http://dx.doi.org/10.1021/ol402053n
http://dx.doi.org/10.1021/ol402053n
http://dx.doi.org/10.1021/ol402053n
http://dx.doi.org/10.1021/ol402053n
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1002/jhet.1115
http://dx.doi.org/10.1002/jhet.1115
http://dx.doi.org/10.1002/jhet.1115
http://dx.doi.org/10.1590/S0103-50532011001100003
http://dx.doi.org/10.1590/S0103-50532011001100003
http://dx.doi.org/10.1590/S0103-50532011001100003
http://dx.doi.org/10.1590/S0103-50532011001100003
http://dx.doi.org/10.1039/c3cc46375c
http://dx.doi.org/10.1039/c3cc46375c
http://dx.doi.org/10.1039/c3cc46375c
http://dx.doi.org/10.1016/j.cclet.2013.10.004
http://dx.doi.org/10.1016/j.cclet.2013.10.004
http://dx.doi.org/10.1016/j.cclet.2013.10.004
http://dx.doi.org/10.1039/c3cc44690e
http://dx.doi.org/10.1039/c3cc44690e
http://dx.doi.org/10.1039/c3cc44690e
http://dx.doi.org/10.1039/c3cc42937g
http://dx.doi.org/10.1039/c3cc42937g
http://dx.doi.org/10.1039/c3cc42937g
http://dx.doi.org/10.1002/cctc.201300126
http://dx.doi.org/10.1002/cctc.201300126
http://dx.doi.org/10.1002/cctc.201300126
http://dx.doi.org/10.1002/ejoc.201301430
http://dx.doi.org/10.1002/ejoc.201301430
http://dx.doi.org/10.1002/ejoc.201301430
http://dx.doi.org/10.1002/cctc.201200630
http://dx.doi.org/10.1002/cctc.201200630
http://dx.doi.org/10.1002/cctc.201200630
http://dx.doi.org/10.1002/cctc.201300228
http://dx.doi.org/10.1002/cctc.201300228
http://dx.doi.org/10.1002/cctc.201300228
http://dx.doi.org/10.1021/ja4033555
http://dx.doi.org/10.1021/ja4033555
http://dx.doi.org/10.1021/ja4033555
http://dx.doi.org/10.1021/ja406338r
http://dx.doi.org/10.1021/ja406338r
http://dx.doi.org/10.1021/ja406338r
http://dx.doi.org/10.1021/ja406338r
http://dx.doi.org/10.1039/c3cc43257b
http://dx.doi.org/10.1039/c3cc43257b
http://dx.doi.org/10.1039/c3cc43257b
http://dx.doi.org/10.1002/anie.201204921
http://dx.doi.org/10.1002/anie.201204921
http://dx.doi.org/10.1002/anie.201204921
http://dx.doi.org/10.1002/ange.201204921
http://dx.doi.org/10.1002/ange.201204921
http://dx.doi.org/10.1002/ange.201204921
http://dx.doi.org/10.1002/ange.201204921
www.chemcatchem.org

