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Axially chiral biaryls were synthesized by an isoquinoline or 2-
pyridine-directed Rh(i)-catalyzed dual C—H cleavage and coupling
with internal alkynes in good to excellent yields. Oxidation of
isoquinoline derivatives with m-CPBA furnished their corres-
ponding N-oxides, which could be utilized as Lewis base catalysts
in asymmetric reactions.

Axially chiral biaryl units are embedded in many important
natural products' and widely applied as chiral auxiliaries,
ligands and catalysts in asymmetric syntheses.”> The rapidly
increasing interest in axially chiral biaryls has led to the
development of a great variety of successful methods for their
atroposelective construction.> However, the vast majority of
these methods are focused on the synthesis of axially chiral
biaryls via Suzuki couplings.* Some other approaches involve the
desymmetrization of prochiral biaryl compounds,” atroposelec-
tive cleavage of the biaryl lactones with chiral nucleophiles,®
asymmetric oxidative coupling of 2-naphthalenol derivatives’
and asymmetric [2+2+2] cycloaddition of an o,m-diyne and
monoalkynes.® As an alternative method for atroposelective
biaryl synthesis, the functionalization of achiral biaryl com-
pounds via C-H bond cleavage is highly efficient,” but less
explored. In this context, Murai and co-workers reported the
atroposelective alkylation of naphthyl pyridines and naphthyl
isoquinolines by a Rh(i)-catalyzed C-H activation reaction.'®
The same group also described a Ru-catalyzed silylation of
2-(1-naphthyl)-3-methylpyridine in 2003."" Later Lassaletta and
co-workers reported Ir(m)-catalyzed nitrogen-directed borylations
of 2-arylpyridines and 1-arylisoquinolines.’” Pd(u)-catalyzed
intermolecular C-H phosphorylation of 1-(naphthalen-1-yl)iso-
quinoline was reported by Yu and co-workers in 2013." In
addition, by taking advantage of a chiral sulfoxide moiety as
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the directing group and chiral auxiliary, the group of Colobert
realized the direct atropodiastereoselective C-H olefination of
biaryl compounds.'* Very recently Yang and co-workers succeeded
in palladium-catalyzed C-H acetoxylation of optically pure
2-diphenylphosphine oxide-1,1"-binaphthyl, which could lead
to the synthesis of (R)-MeO-MOP."” Despite the above elegant
methods for the construction of atroposelective scaffolds, novel
approaches to build axially chiral biaryls are still highly demanded.

Usually, increasing the steric hindrance of axially chiral biaryls
could have an enormous impact on their performance in asym-
metric catalysis.'® However, the introduction of arylated naphtha-
lene and anthracene units to axially chiral biaryl scaffolds is far
from developed. Although numerous methods for construction of
polyarylatedarenes have been developed in the past decades,'”
transition metal-catalyzed C-H bond activation in an aromatic
substrate followed by coupling with alkynes has been considered
as a particularly useful tool.’® In this regard, Miura, Sato and
co-workers reported an effective aromatic homologation by
Rh(u)-catalyzed oxidative annulations of the phenylazoles and
2-phenylpyridine with diarylacetylenes.'® Herein, we report the
synthesis of axially chiral biaryl compounds from 2-arylpyridines
or 1l-arylisoquinolines and internal alkynes through Rh(u)-
catalyzed dual C-H functionalization/cycloaromatization.

Our studies commenced with the reaction between
1-(naphthalen-1-yl)isoquinoline 1a and diphenyl acetylene 2a
using [RhCp*Cl,], as the catalyst and Cu(OAc), as the oxidant
(Table 1). The examination of several silver salts revealed that
AgSbF, is optimal (for detailed studies, see the ESIf). The
desired product 3a was obtained in 99% yield (entry 1). After
acidification of 3a, the structure of protonated 3a was deter-
mined by single crystal X-ray diffraction analysis (see the ESIT
for details). The presence of 1 equiv. of Cu(OAc), was enough
for this reaction, affording 3a in 99% yield (entry 2). Other
oxidants such as benzoquinone or oxygen were ineffective
(entries 3 and 4). The choice of solvent was also crucial for this
reaction. The reaction in tert-amyl alcohol gave the best result,
in which 3a was obtained in almost quantitative yield. Other
solvents such as CICH,CH,ClI, toluene, DMA and tBuOH were

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/C4CC02822H
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC050060

Published on 02 June 2014. Downloaded by Umea University Library on 30/08/2014 18:50:58.

Communication

Table 1 Optimization of reaction conditions for biaryl construction via
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Table 2 Rhodium(m) catalyzed cyclization of 2-arylpyridines and 1-
arylisoquinolines (1) with alkynes (2)°

dual C-H bond cleavage®
A\
A

CC
~-N

[RNCP*Cl,, AgSbFs Ph
+ Ph—=—Ph Ph
conditions, 120 °C, Ar OOO
99 -
1a 2a 3a Ph
Entry Solvent Oxidant Yield? (%)
1° t-AmylOH Cu(OAc), 99
2 t-AmylOH Cu(OAc), 99
3 t-AmylOH BQ Trace
4 t-AmylOH 0, Trace
5 CICH,CH,Cl Cu(OAc), 32
6 Toluene Cu(OAc), 77
7 DMA Cu(OAc), 79
8 +-BuOH Cu(OAc), 84
9° t-AmylOH Cu(OAc), 98
10" t-AmylOH Cu(OAc), 97
11° t-AmylOH Cu(OAc), 23
12 t-AmylOH Cu(OAc), NR

“ Unless otherwise noted, all reactions were carried out under the
following conditions: [RhCp*Cl,], (5 mol%), AgSbFs (25 mol%), 1a/2a/
Cu(OAc), = 1/2.2/1, 0.1 mol L™, and ¢-amyl alcohol (1 mL) in a sealed
tube at 120 °C for 12 h. ® Cu(OAc), (2 equiv.) was used. 3 mol%
[RhCp*Cl], and 15 mol% AgSbF, were used.“ Isolated yield.
¢ 1 mol% [RhCp*Cl,], and 5 mol% AgSbF, were used. / W/O [RhCp*Cl,],.
£ 1 atm O, was used. * 2 mmol 1a and 4.1 mmol 2a were used.

less effective (32-84% yields, entries 5-8). Finally, reducing the
loading of [RhCp*Cl,], from 5 mol% to 3 mol% led to the
isolation of 3a in 98% yield (entry 9). Furthermore, the reaction
on a 2 mmol scale (1a) proceeded smoothly without notable
erosion in yield (97%, entry 10). However, further reducing the
loading of [RhCp*Cl,], to 1 mol% resulted in a dramatically
decreased yield (23% yield, entry 11). As expected, no reaction
occurred in the absence of [RhCp*Cl,], (entry 12). Thus, the
optimal conditions were identified as the following: 3 mol%
[RhCp*Cl,],, 15 mol% AgSbF, 2.2 equiv. of biphenyl acetylene,
1 equiv. of Cu(OAc), in tert-amyl alcohol at 120 °C for 12 h, and
under these conditions product 3a was obtained in 98% yield.

Under the optimal reaction conditions described above,
various substituted symmetrical alkynes (2b-f) were treated with
1-(naphthalen-1-yl)isoquinoline 1a and gave the desired polyary-
lated anthracene products (3b-f) in excellent yields (Table 2).
When 1,2-di-p-tolylethyne (2b) was used, 3b was obtained in 77%
yield. Using 5 mol% of [RhCp*Cl,],, product 3b was obtained
in 93% yield. Unfortunately, when 5-decyne and 1-phenyl-1-
propyne were tested with 1-(naphthalen-1-yl)isoquinoline under
the optimized reaction conditions, only a trace amount of the
desired product was observed in both cases.

On the other hand, various substituted 2-arylpyridines or
1-arylisoquinolines (1b—f) reacted smoothly with diphenyl acety-
lene 2a to give their corresponding polyarylated naphthalene and
anthracene derivatives (3g-1) in good to excellent yields (Table 2).

The development of novel chiral pyridine N-oxides as Lewis
base catalysts has been one active project in asymmetric
synthesis.?® To test the utility of products obtained here, the
oxidation of 3a and 3h with m-CPBA furnished the desired
pyridine N-oxides 4a and 4h, respectively, in good to excellent
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R m [RhCp*Cly, (3 mol%) Rl JJ,/\
 _N AgSbFg (15 mol%) (N _,
+ R3——R? R
Cu(OAc); (1 equiv ) R3
2% ‘ 2a-2f +-AmylOH, 120 °C 2%
x X RS
1a-1f 33l g3
X
N
= | N N
AN N
N X Z" Ph N o
O OO PR veo. Ph Ph
OOO Ph OQ oh 00 o
Ph oh
l " 3g: 90% 3h: 84% 3i:95% Ph
N
X L | N S
3a: X= H, 98% 7" Ph N N
: X= Me, 77% (93%") Ph Cl Ph MeO' Ph
OMe, 99% OOO Ph Ph
Br, 95% Ph
: X=F, 98%  en Ph Ph
3f: X= CFs, 90% 3j: 99% 3k: 99% Ph 31:89% Ph

“ Unless otherwise noted, all reactions were run in 1 (0.2 mmol),
2 (0.44 mmol), [RhCp*Cl,], (3.0 mol%), AgSbF, (15.0 mol%), Cu(OAc),
(0.2 mmol) and ¢t-amyl alcohol (2 mL) in a sealed tube at 120 °C. Isolated
yields are reported. ” Reaction was run on a 0.1 mmol scale with
5 mol% of [RhCp*Cl,],.

yields (Scheme 1). The enantiomers of 4a and 4h were easily
separated by chiral preparative HPLC methods. Fortunately, the
absolute configuration of product (+)-4h was assigned as R by
an X-ray crystallographic analysis of a single crystal of the
enantiopure sample (see the ESIt for details).

The enantiopure N-oxides 4a and 4h were tested in the
asymmetric allylation of benzaldehyde with allyltrichlorosilane,
as shown in Scheme 2. After a preliminary examination, both
N-oxides 4a and 4h could catalyze this reaction but with mode-
rate reactivity and enantioselective control. 1-Phenylbut-3-en-1-ol
was obtained in 29% yield, 62% ee by using (+)-4a and 62% yield,

CH,Cl,, 0 °C

- =

Scheme 1 Oxidation of 3a and 3h.

Cat (10 mol%) OH
CHO ) DIEA (1.25 equiv )
©/ Al & X (eq1)

. MeCN, -40 °C, 48 h
1.2 equiv

3y
Cat = (+)-4a: 29% yield, 62% ee
Cat = S-(-)4h: 62% yield, -28% ee

Cat (10 mol%)
o] (Pr),NEt (1.3 equiv) HO  Ph

M\ — €a2)

PR Ph SICl, (1.3 equiv), CH,Clp, -78°C  PH  Cl

3x
Cat = (+)-4a: 78% yield, 44% ee
Cat = S-(-)-4h: 45% yield, -25% ee

Scheme 2 Application of enantiopure N-oxides 4a and 4h.
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28% ee by using S-(—)-4h (eqn (1)). These chiral N-oxides also
sufficiently catalyzed the ring-opening reaction of cis-stilbene
oxide with SiCl,, affording the corresponding chlorohydrin with
moderate ee values (eqn (2)). These enantiopure N-oxides were
also found to be suitable catalysts for asymmetric addition of
diethylzinc to benzaldehyde and allenylation of aldehydes with
propargyl trichlorosilane, but with only moderate results (see the
ESIt for details).

A plausible mechanism is proposed to account for the
reaction of 1a with alkyne 2a. The catalytic cycle starts with
the removal of chloride in [RhCp*Cl,], by using AgSbFs. The
isoquinoline nitrogen of 1la coordinates to the rhodium
center, and subsequently the ortho C-H bond is cleaved to
form a five-membered rhodacycle I. In the second step,
insertion of alkyne 2a into the rhodium-carbon bond gave
rhodium species II. Then intermediate II undergoes further
concerted-metallation-deprotonation®' to afford intermedi-
ate III. After insertion of alkyne 2a once again and subsequent
reductive elimination, product 3a is obtained and the reduced
rhodium species can be oxidized by Cu(OAc), to form the
active catalyst (Scheme 3).>?

In conclusion, we have demonstrated that the axially chiral
biaryl compounds could be effectively constructed through a
rhodium-catalyzed, chelating-assisted dual C-H functionaliza-
tion/cycloaromatization reaction. In addition, these biaryl com-
pounds could be easily converted to novel N-oxides, which were
demonstrated to be suitable organocatalysts. Further applica-
tions of this method in ligand design, detailed mechanistic
investigation, and the development of asymmetric reactions are
currently underway in our laboratory.

We thank the National Basic Research Program of China
(973 Program 2010CB833300) and the National Natural Science
Foundation of China (21025209, 21121062, and 21332009) for
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Scheme 3 Plausible mechanism for the reaction of 1a with 2a.

8206 | Chem. Commun., 2014, 50, 8204-8207

View Article Online

Communication

Notes and references

1 For a book, see: G. Bringmann, C. Gunther, M. Ochse, O. Schupp
and S. Tasler, in Progress in the Chemistry of Organic Natural Products,
ed. W. Herz, H. Falk, G. W. Kirby and R. E. Moore, Springer, New
York, 2001, vol. 82, pp. 1-293.

2 For reviews, see: (a) C. Rosini, L. Franzini, A. Raffaelli and

P. Salvadori, Synthesis, 1992, 503; (b) L. Pu, Chem. Rev., 1998,

98, 2405; (¢) M. McCarthy and P. J. Guiry, Tetrahedron, 2001,

57, 3809; (d) H. Shimizu, I. Nagasaki and T. Saito, Tetrahedron,

2005, 61, 5405; (e) T. Akiyama, J. Itoh and K. Fuchibe, Adv. Synth.

Catal., 2006, 348, 999; (f) Y.-M. Li, F.-Y. Kwong, W.-Y. Yu and

A. S. C. Chan, Coord. Chem. Rev., 2007, 251, 2119; (g) Y. Canac

and R. Chauvin, Eur. J. Inorg. Chem., 2010, 2325-2335.

For reviews, see: (@) G. Bringmann, A. J. Price Mortimer, P. A. Keller,

M. ]. Gresser, J. Garner and M. Breuning, Angew. Chem., Int. Ed.,

2005, 44, 5384-5427; (b) G. Bringmann, T. Gulder, T. A. M. Gulder

and M. Breuning, Chem. Rev., 2011, 111, 563-639.

For selected reviews, see: (@) N. Miyaura and A. Suzuki, Chem. Rev.,

1995, 95, 2457-2483; (b) K. C. Nicolaou, P. G. Bulger and D. Sarlah,

Angew. Chem., Int. Ed., 2005, 44, 4442-4489; (¢) O. Baudoin, Eur.

J. Org. Chem., 2005, 4223-4229; (d) F. Alonso, I. P. Beletskaya and

M. Yus, Tetrahedron, 2008, 64, 3047-3101.

For selected asymmetric desymmetrization of prochiral biaryl com-

pounds, see: (@) T. Harada, T. M. T. Tuyet and A. Oku, Org. Lett.,

2000, 2, 1319-1322; (b) T. M. T. Tuyet, T. Harada, K. Hashimoto,

M. Hatsuda and A. Oku, J. Org. Chem., 2000, 65, 1335-1343;

(¢) Y. Y. Ku, T. Grieme, P. Raje, P. Sharma, S. A. King and

H. E. Morton, J. Am. Chem. Soc., 2002, 124, 4282-4286;

(d) Y. H. Cho, A. Kina, T. Shimada and T. Hayashi, J. Org. Chem.,

2004, 69, 3811-3823.

6 For reviews, see: (a) G. Bringmann, M. Breuning and S. Tasler,
Synthesis, 1999, 525-558; (b) G. Bringmann and D. Menche, Acc.
Chem. Res., 2001, 34, 615-624.

7 For a review, see: (@) H. Wang, Chirality, 2010, 22, 827-837. For
selected examples of asymmetric oxidative coupling of
2-naphthalenol, see: (b) Z.-B. Luo, Q.-Z. Liu, L.-Z. Gong, X. Cui,
A.-Q. Mi and Y.-Z. Jiang, Angew. Chem., Int. Ed., 2002, 41, 4532-4535;
(6) Q-X. Guo, Z-]. Wu, Z.-B. Luo, Q.-Z. Liu, J.-L. Ye, S.-W. Luo,
L.-F. Cun and L.-Z. Gong, J. Am. Chem. Soc., 2007, 129, 13927-13938.

8 For selected works, see: (a) T. Shibata, T. Fujimoto, K. Yokota and
K. Takagi, J. Am. Chem. Soc., 2004, 126, 8382-8383; (b) T. Suda,
K. Noguchi, M. Hirano and K. Tanaka, Chem. - Eur. J., 2008, 14,
6593-6596; (c) J. Oppenheimer, W. L. Johnson, R. Figueroa,
R. Hayashi and R. P. Hsung, Tetrahedron, 2009, 65, 5001-5012;
(d) A. Mori, T. Araki, Y. Miyauchi, K. Noguchi and K. Tanaka, Eur.
J. Org. Chem., 2013, 6774-6778.

9 For reviews: (a) R. Giri, B.-F. Shi, K. M. Engle, N. Maugel and
J.-Q. Yu, Chem. Soc. Rev., 2009, 38, 3242-3272; (b) H. M. Peng,
L-X. Dai and S.-L. You, Angew. Chem., Int. Ed., 2010, 49,
5826-5828; (¢) T. Newhouse and P. S. Baran, Angew. Chem., Int.
Ed., 2011, 50, 3362-3374; (d) L. Yang and H. Huang, Catal. Sci.
Technol., 2012, 2, 1099-1112; (e) J. Wencel-Delord and F. Colobert,
Chem. - Eur. J., 2013, 19, 14010-14017; (f) C. Zheng and S.-L. You,
RSC Adv., 2014, 4, 6173-6214.

10 F. Kakiuchi, P. Le Gendre, A. Yamada, H. Ohtaki and S. Murai,
Tetrahedron: Asymmetry, 2000, 11, 2647-2651.

11 F. Kakiuchi, M. Matsumoto, K. Tsuchiya, K. Igi, T. Hayamizu,
N. Chatani and S. Murai, J. Organomet. Chem., 2003, 686, 134-144.

12 A. Ros, B. Estepa, R. Lopez-Rodriguez, E. Alvarez, R. Fernandez and
J. M. Lassaletta, Angew. Chem., Int. Ed., 2011, 50, 11724-11728.

13 C.-G. Feng, M. Ye, K.-J. Xiao, S. Li and ]J.-Q. Yu, J. Am. Chem. Soc.,
2013, 135, 9322-9325.

14 T. Wesch, F. R. Leroux and F. Colobert, Adv. Synth. Catal., 2013, 355,
2139-2144.

15 S.-D. Yang, H. Zhang, R.-B. Hu, X.-Y. Zhang and S. Li, Chem.
Commun., 2014, 50, 4686.

16 For selected books: (a) R. Noyori, Asymmetric Catalysis in Organic
Synthesis, Wiley, New York, 1994; () J. Seyden-Penne, Chiral Aux-
iliaries and Ligands in Asymmetric Synthesis, Wiley, New York, 1995.

17 For synthesis of polyarylatedarenes, see: (a) X. Qiao, M. A. Padula,
D. M. Ho, N. J. Vogelaar, C. E. Schutt and R. A. Pascal, Jr., J. Am.
Chem. Soc., 1996, 118, 741; (b) M. Miiller, C. Kiibel and K. Miillen,
Chem. — Eur. J., 1998, 4, 2099-2109; (c) J. Lu, J. Zhang, X. Shen,

w

W~

[42]

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/C4CC02822H

Published on 02 June 2014. Downloaded by Umea University Library on 30/08/2014 18:50:58.

Communication

18

D. M. Ho and R. A. Pascal, Jr., J. Am. Chem. Soc., 2002, 124,
8035-8041; (d) I 1. Schuster, L. Craciun, D. M. Ho and
R. A. Pascal, ]Jr., Tetrahedron, 2002, 58, 8875-8882;
(e) T. Takahashi, Y. Li, P. Stepnicka, M. Kitamura, Y. Liu,
K. Nakajima and M. Kotora, J. Am. Chem. Soc., 2002, 124, 576-582;
(f) T. Yasukawa, T. Satoh, M. Miura and M. Nomura, J. Am. Chem.
Soc., 2002, 124, 12680-12681; (g) B. Stulgies, P. Prinz, J. Magull,
K. Rauch, K. Meind], S. Rithl and A. de Meijere, Chem. — Eur. J., 2005,
11, 308-320; (h) Y. Harada, J. Nakanishi, H. Fujihara, M. Tobisu,
Y. Fukumoto and N. Chatani, /. Am. Chem. Soc., 2007, 129,
5766-5771; (i) J.-C. Hsieh and C.-H. Cheng, Chem. Commun., 2008,
2992-2994; (j) S. Li, J. Xiang, X. Mei and C. Xu, Tetrahedron Lett.,
2008, 49, 1690-1693.

For examples of aromatic annulation: (@) S. Kawasaki, T. Satoh,
M. Miura and M. Nomura, J. Org. Chem., 2003, 68, 6836-6838;
(b) K. Ueura, T. Satoh and M. Miura, J. Org. Chem., 2007, 72,
5362-5367; (¢) T. Uto, M. Shimizu, K. Ueura, H. Tsurugi, T. Satoh
and M. Miura, J. Org. Chem., 2008, 73, 298-300; (d) N. Umeda,
H. Tsurugi, T. Satoh and M. Miura, Angew. Chem., Int. Ed., 2008, 47,
4019-4022; (¢) M. Yamashita, H. Horiguchi, K. Hirano, T. Satoh and
M. Miura, J. Org. Chem., 2009, 74, 7481-7488; (f) J. Wu, X. Cui,
X. Mi, Y. Li and Y. Wu, Chem. Commun., 2010, 46, 6771-6773;
(g) G. Song, X. Gong and X. Li, J. Org. Chem., 2011, 76, 7583-7589;
(k) Z. shi, C. Tang and N. Jiao, Adv. Synth. Catal., 2012, 354,
2695-2700; () L. Adak and N. Yoshikai, Tetrahedron, 2012, 68,
5167-5171; (j) H. Zhang, X. Cui, X. Yao, H. Wang, J. Zhang and
Y. Wu, Org. Lett., 2012, 14, 3012-3015; (k) A. Bej, A. Chakraborty and
A. Sarkar, RSC Adv., 2013, 3, 15812-15819; (/) K. Komeyama,
T. Kashihara and K. Takaki, Tetrahedron Lett., 2013, 54,
5659-5662; (m) M. V. Pham and N. Cramer, Angew. Chem., Int. Ed.,

This journal is © The Royal Society of Chemistry 2014

19

20

21

22

View Article Online

ChemComm

2014, 53, 3484; for an enantioselective study, see: (n) Y.-C. Shi,
R.-F. Yang, D.-W. Gao and S.-L. You, Beilstein J. Org. Chem., 2013, 9,
1891-1896.

N. Umeda, K. Hirano, T. Satoh, N. Shibata, H. Sato and M. Miura,
J. Org. Chem., 2011, 76, 13-24.

For selected reviews on chiral N-oxide catalysts: (@) A. V. Malkov and
P. Kocovsky, Eur. J. Org. Chem., 2007, 29-36; (b) X. Liu, L. Lin and
X. Feng, Acc. Chem. Res., 2011, 44, 574-587.

For a review of metal/base-promoted cleavage of aromatic C-H
bonds, see: (a) D. Lapointe and K. Fagnou, Chem. Lett., 2010, 39,
1119-1126. For selected rhodium involved cleavage of aromatic C-H
bonds through CMD way, see: (b) L. Li, W. W. Brennessel and
W. D. Jones, Organometallics, 2009, 28, 3492-3500; (¢) T. K. Hyster
and T. Rovis, J. Am. Chem. Soc., 2010, 132, 10565-10569;
(d) D. R. Stuart, P. Alsabeh, M. Kuhn and K. Fagnou, J. Am. Chem.
Soc., 2010, 132, 18326-18339; (¢) N. Guimond, S. I. Gorelsky and
K. Fagnou, J. Am. Chem. Soc., 2011, 133, 6449-6457; (f) Q. Zhang,
H.-Z. Yu, Y.-T. Li, L. Liu, Y. Huang and Y. Fu, Dalton Trans., 2013, 42,
4175-4184.

For reviews on Rh(m)-catalyzed oxidative coupling, see:
(@) D. A. Colby, R. G. Bergman and J. A. Ellman, Chem. Rev., 2010,
110, 624-655; (b) T. Satoh and M. Miura, Chem. - Eur. J., 2010, 16,
11212-11222; (c) J. Wencel-Delord, T. Droge, F. Liu and F. Glorius,
Chem. Soc. Rev., 2011, 40, 4740-4761; (d) C. S. Yeung and
V. M. Dong, Chem. Rev., 2011, 111, 1215-1292; (e) D. A. Colby,
A. S. Tsai, R. G. Bergman and J. A. Ellman, Acc. Chem. Res., 2012, 45,
814-825; (f) F. W. Patureau, J. Wencel-Delord and F. Glorius,
Aldrichimica Acta, 2012, 45, 31; (g) G. Song, F. Wang and X. Li,
Chem. Soc. Rev., 2012, 41, 3651-3678.

Chem. Commun., 2014, 50, 8204-8207 | 8207


http://dx.doi.org/10.1039/C4CC02822H

