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Abstract: The first heterogeneously catalyzed oxidative dehy-
drogenative cross-coupling of aryl amines is reported herein. 2-
Naphthylamine analogues were reacted with various electron-
rich arenes using a heterogeneous Rh/C catalyst under mild
aerobic conditions, thus affording nonsymmetrical biaryl
amines in excellent yields with high selectivities. This reaction
provides a mild, operationally simple, and efficient approach
for the synthesis of biaryls which are important to pharma-
ceutical and materials chemistry.

H eterogeneous metal catalysts are critical to the synthesis
of fine chemicals and functional materials owing to their
advantages such as high efficiency, robustness, and facile
recyclability and reusability.""?! Biaryls are privileged struc-
tures found in many natural products, pharmaceuticals, and
liquid crystals. The direct arylation through C—H bond
activation has become one of the most attractive synthetic
strategies to produce symmetrical and nonsymmetrical biar-
yls, because the reactants do not have to be prefunctionalized,
and because of the atom and step economy.** However, only
few examples of direct arylation using heterogeneous cata-
lysts have been reported. In 2013, Glorius and co-workers
reported the first heterogeneously catalyzed direct arylation
with aryl chlorides and aryliodonium salts.?! There still
remains ample room to develop heterogeneous metal-cata-
lyzed C—H bond activation strategies.

Among direct arylation methods, oxidative C—H/C—H
cross-coupling between two distinct arenes, also known as
cross-dehydrogenative coupling (CDC), is an efficient and
promising strategy to synthesize a variety of biaryls.!) How-
ever, the oxidative cross-coupling between two arenes with
similar chemical and physical properties, such as phenol-
phenol or aniline-aniline coupling, are still difficult because
of the concomitant formation of homocoupling products and
thus only limited success has been reported until recently.”]
In particular, oxidative cross-coupling of aryl amines remains
largely unexplored because aryl amines are easily oxidized,
and thus generate many side products. Recently Kita and co-
workers have reported the metal-free oxidative cross-cou-
pling of N-Ms-protected aryl amines using organoiodine
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Scheme 1. Aryl-aryl bond formation by cross-coupling of aryl amines.
BDD = boron-doped diamond, HFIP=1,1,1,3,3,3-hexafluoro-2-propa-
nol, mCPBA =m-chloroperbenzoic acid, TFA=trifluoroacetic acid,
TFE =2,2,2-trifluoroethanol.

catalysts in combination with mCPBA (Scheme 1a).*! Wald-
vogel and co-workers have developed electrochemical oxida-
tive phenol-aniline cross-coupling with high selectivity
(Scheme 1b).”*! Despite these advances, there remains no
general method for aniline-aniline cross-coupling."” Further-
more, replacement of the stoichiometric oxidant with molec-
ular oxygen represents an important advance and thus direct
catalytic cross-coupling using molecular oxygen as the only
oxidant is highly desirable."!! Herein, we demonstrate the first
heterogeneously catalyzed aerobic oxidative dehydrogena-
tive cross-coupling of aryl amines (Scheme 1c¢). Our method-
ology enables a concise and convenient preparation of
nonsymmetrical biaryls using air or oxygen at room temper-
ature.

Recently, we found that rhodium on carbon functions as
an excellent catalyst for the oxidative homocoupling of the
aryl amine 1 under mild reaction conditions to provide the
dehydrodimer 2 in a high yield (Scheme 2)."”! Notably, this
reaction can be carried out with low catalyst loading using air
as a terminal oxidant, which is especially advantageous

5% Rh/C OO
NHMe (5 mol %) NHMe
—_—
NHMe
CF3CO,H (TFA)
1 RT, air

77%
° 2

Scheme 2. Heterogeneous Rh/C-catalyzed homocoupling of aryl
amines.
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because previous methods usually require a stoichiometric
amount of metal salts or oxidants.”® Thus, we envisioned
extending the homocoupling to a heterogeneously catalyzed
CDC reaction. Based on our previous results, the aryl amines
3 can be oxidized by a rhodium catalyst to afford the radical
cation 4, which reacts with 3 to give the dehydrodimer 5
(Scheme 3). Thus, we hypothesized that the homocoupling
could be suppressed if 3 had sterically hindered substituents
on the amino group, thus the resulting radical cations 4 would
preferentially react with sterically less hindered arenes (6) to
provide the cross-coupled biaryls 7.

X X
NR; Rh NRy [~ i 6 I
e ey
H* R = bulky
3 groups
radical cation (4) 7

Scheme 3. Working hypothesis for cross-coupling of aryl amines.

If the nucleophilicity of 3 toward radical cations can be
controlled by electronic and steric effects, the cross-coupling
of 3 should be enabled. Thus, we selected N,N-dimethyl-
amino-2-naphthalene (3a) as a substrate with a bulky amino
group and examined the effects of various catalysts in the
cross-coupling of 3a with 3 equivalents of 6a in trifluoroacetic
acid (TFA) under oxygen (Table 1). In the presence of 5%
Rh/C (5mol % of rhodium),™ the desired cross-coupled
product 7aa was obtained in 85 % along with a small amount
of the dehydrodimer of 3a (entry2). No reaction was
observed in the absence of catalysts (entry 1). With Rh/
Al,O;, the yield of 7aa was dramatically decreased because of
the slow conversion (entry 3). While other heterogeneous
catalysts resulted in low yields and poor selectivities
(entries 4-11), Pt/C afforded a superior yield of 7aa
(entry 8).®1  Under aerobic conditions, cross-coupling
between 3a and 6a resulted in a decreased yield of 7aa
because of the slow conversion (entry 12). When the reaction
temperature was elevated to 60°C (entry 13) or 5 equivalents
of 6a were employed (entry 14), the cross-coupling proceeded
more efficiently to give 7aa in 84 % and 78 %, respectively.
We also assessed several solvents (entries 15 and 16) and
found that TFA was the most effective, probably because of its
ability to stabilize radical cation intermediates."!

With the optimized reaction conditions in hand, we
investigated the cross-coupling using various 2-naphthyl-
amines (Table 2). When the N,N-diethylamino analogue 3b
and piperidino analogue 3¢ were employed, their homocou-
pling products were not observed and the desired products
7ba (84%) and 7ca (93%), respectively, were obtained.
Furthermore, even using a small amount of 6 a, the reaction of
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Table 1: Optimization for dehydrogenative cross-coupling of the aryl
amine 3a.

NMe,
NMe, catalyst O
NMe, (5 mol %)
R
solvent OO
3a 6a RT
3.0 equiv 7aa
Entry  Catalyst Solvent  air/ t Yield  7aa/dehydro
0, [h] [%]®  dimerof3a
1 - TFA 0, 80 n.r. -
2 5% Rh/C TFA 0O, 16 85 10.9:1
3 5% Rh/Al,O;  TFA o, 42 9 2.0:1
4 5% Ru/C TFA 0, 46 23 10.0:1
5 5% Ru/ALO;  TFA 0O, 42 4 2.6:1
6 10% Pd/C TFA o, 42 6 6.3:1
7 5% Pd/Al,O; TFA 0, 17 36 1.4:1
8 5% Pt/C TFA 0, 12 90 >20:1
9 5% Pt/AlLO;  TFA 0, 20 55 6.3:1
10 PtO, TFA 0, 80 9 2.6:1
1 3% Cu/C TFA 0O, 40 12 16.7:1
12 5% Rh/C TFA air 33 59 14.3:1
131 5% Rh/C TFA air 5 84  18.7:1
149 5% Rh/C TFA air 26 78 16.7:1

AcOH air 24 <10 0.5:1
CH,Cl,  air 24 n.r. -

159 5% Rh/C
16 5% Rh/C

[a] Yield of isolated product. [b] 60°C. [c] 5.0 equiv of 6a was used.
[d] 1.5 equiv of 6a was used. n.r.=no reaction.

Table 2: Dehydrogenative cross-coupling of various aryl amines.?!
NMe,

NR NMe;
TFA, RT, O, OO
3 6a 7
3a 3b 3c 3d 3e 3f
(o

NR, NMe,  NEt, O N(\ NiPr, D

7 7aa 7ba 7ca 7da 7fa
Yield [96] 85 84 93 (92)® 79 trace 19
crossfhomo  10.9:1  >20:1 >20:1 11.2:1 - 1:1.3

t [h] 16 43 22 50 45 4

[a] Reaction conditions: 3, 6a (3.0 equiv), 5% Rh/C (5 mol %), TFA, RT,
O,. Yield is that of the isolated product. [b] The yield given within
parentheses was obtained using 1.5 equiv of 6a at 50°C.

3¢ provided an excellent yield of 7ca. The morpholino
analogue 3d also afforded 7da in good yield but the
selectivity was not better than that with 3¢. In contrast, the
reaction of the N,N-diisopropylamino analogue 3e was very
sluggish owing to the steric hindrance of the bulky amino
group and the pyrrolidino analogue 3f resulted in a sharp
decrease in the yield of 7 fa. Probably, since pyrrolidine is less
sterically hindered than diethylamino and piperidino groups,
the homocoupling of 3f proceeded faster."”! These results
revealed the effect of amino substituents on the selectivity of
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Table 3: The cross-coupling of aryl amines with aromatic nucleophiles.”!
X
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Table 4: Scope of dehydrogenative cross-coupling of aryl amines.!
Ar

NR,
H OO 20 : 1
—_— 20 -
TFA :

7

Eadee

NMez

NMez

5274

7
NMe, (3a) Piperidino (3a) O O HO O
6 7 yieldd  cross/ yieldd  cross/
[%] homo [%] homo
7cg
OH 9% 7% 97%
\©/ 7ab 97 >201 89 >20:1 OMe
MeO. OMe
: g
o HO MeO
[ ] N N
N
7ac 42 2.1:1 95 >20:1 OO OO . O
7ch Tci Tcj
89% 71% 91%
o
OMe NMe2
\© 7ad 26 0.78:] 7ed 92 >2000
6d

[a] Reaction conditions: 3, 6 (3.0 equiv), 5% Rh/C (5 mol %), TFA, 60°C,
air. [b] Conducted at RT under O,. [c] Yield of isolated product.

the reaction. Consequently, 3b and 3¢ afforded the most
efficient and selective cross-coupling.

Next, we examined the cross-coupling of 3a and 3¢ with
several electron-rich arenes (6; Table 3). Phenols were also
good coupling partners. The coupling between 3a and 3¢ with
phenol 6b afforded 7ab and 7c¢b, respectively, in excellent
yields. However, the coupling between 3a and either N-
phenylmorpholine (6¢) or 2-methylanisole (6d) were less
selective and resulted in decreased yields of 7ac and 7ad,
respectively. In contrast, the cross-coupling of 3¢ with either
6¢ or 6d proceeded selectively to give 7ee (95%) and 7ed
(92%), respectively. Probably, since 6¢ and 6d were less
nucleophilic than 6a and 6b, the difference in nucleophilicity
between 3a and 6¢ (or 6d) became smaller and thus the
relative amount of homocoupling of 3a increased.'®!”! Since
3¢ is less nucleophilic than 3a as a result of the large
piperidino group, even 6¢ and 6d function as more powerful
nucleophiles toward 3¢ and the high selectivity is obtained
when using 3c¢. These insights support our hypothesis shown
in Scheme 1.”"! The steric hindrance of the aryl amines and
the nucleophilicity of coupling partners are important to
obtain the cross-coupled product rather than the homocou-
pling product.

Since excellent selectivity was observed with 3¢, we
investigated the scope of the CDC (Table4). Various
substituted anilines and phenols were reacted with 3¢ to
give the cross-coupled biaryls 7ce, 7cf, 7¢g, and 7ch in
excellent yields and selectivities. Several anisoles also
afforded good yields of 7c¢i, 7¢j, and 7ck. N,N-Dibenzyl-
amino-2-naphthalene (3g) and 3b reacted with anilines to
give the corresponding 7ga and 7bc efficiently. The reaction
of 3g on a large scale also proceeded in excellent yield, and
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MeO Q
NBn,
! l NEt,
7ga 7bc

64% 99% (94%, 1.0 g) (77%)®] 65%

[a] Reaction conditions: 3, Ar-H (3.0 equiv), 5% Rh/C (5 mol %), TFA,
60°C. Yield is that of the isolated product. [b] 5% Rh/C (0.27 mol % of
rhodium).

was comparable to that on a small scale. Furthermore, even
using 0.27 mol % of 5% Rh/C, 7ga was obtained in good yield
and the turnover number (TON) reached up to 280.P!

To demonstrate the potential applications of the present
cross-coupling, the preparation of versatile 1,1’-binaphthyl-
based ligands was examined (Scheme 4). Cross-coupling of 3a
with an excess of 2-naphthol proceeded to give the NOBIN
analogue 8 in 62%.%? The N,N-dibenzyl group of 7ga was
easily removed by Pd/C-catalyzed hydrogenolysis to give 9 in
97 % . Since the resulting primary amino group can be used for

oo™ R S
+
OH TFA, 60 °C OO NMe,
air
3a

62% 8

NMe; NMe,

O 10% PdIC O
BT
OO N.gn  MeOH,RT,2h OO NH,

97%
7g9a 9

Scheme 4. Synthetic utility of the developed cross-coupling reactions.
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further transformations, our methodology provides efficient
access to a variety of biaryls.[*!

In conclusion, we developed the first heterogeneous,
catalytic, aerobic cross dehydrogenative coupling of amino-
naphthalenes with electron-rich arenes to provide nonsym-
metrical biaryls in high yields and selectivities. This reaction
provides a mild and operationally simple approach for the
synthesis of biaryl amines. Further studies regarding the
synthetic applications and mechanistic details are underway
in our laboratory.

Acknowledgments

We thank Kozue Kodama (Kyushu University) for assistance
with spectral data measurements. This work was partially
supported by a Grant-in-Aid for Exploratory Research
(N0.22659023 and No.26670003), for Scientific Research (B)
(N0.26293004) from MEXT, Science and Technology
Research Promotion Program for Agriculture, forestry, fish-
eries and food industry (M.S.), and the Asahi Glass Founda-
tion (K.M.).

Keywords: biaryls - cross-coupling - green chemistry -
heterogeneous catalysis - rhodium

How to cite: Angew. Chem. Int. Ed. 2016, 55, 5272-5276
Angew. Chem. 2016, 128, 53585362

[1] a) R. A. Sheldon, I. Arends, U. Hanefeld, Green Chemistry and
Catalysis, Wiley-VCH, Weinheim, 2007; b) G. V. Smith, F.
Notheisz, Heterogeneous Catalysis in Organic Chemistry, Aca-
demic Press, San Diego, 1999.

[2] For reviews on heterogeneous palladium-catalyzed couplings,

see: a) L. Yin, J. Liebscher, Chem. Rev. 2007, 107, 133-173;

b) M. Seki, Synthesis 2006, 2975—2992.

For selected reviews on C—H activation, see: a) N. Kuhl, M. N.

Hopkinson, J. Wencel-Delord, F. Glorius, Angew. Chem. Int. Ed.

2012, 51, 10236 -10254; Angew. Chem. 2012, 124, 10382—10401;

b) M. Zhang, Y. Zhang, X. Jie, H. Zhao, G. Li, W. Su, Org. Chem.

Front. 2014, 1, 843-895.

[4] For reviews on the synthesis of biaryls by direct arylation, see:

a) L. Ackermann, R. Vicente, A. R. Kapdi, Angew. Chem. Int.

Ed. 2009, 48,9792 -9826; Angew. Chem. 2009, 121,9976-10011;

b) G. P. McGlacken, L. Bateman, Chem. Soc. Rev. 2009, 38,

2447-2464; c) J. A. Ashenhurst, Chem. Soc. Rev. 2010, 39, 540 —

548.

a) D.-T. D. Tang, K. D. Collins, F. Glorius, J. Am. Chem. Soc.

2013, 7135,7450-7453;b) D.-T. D. Tang, K. D. Collins, J. B. Ernst,

F. Glorius, Angew. Chem. Int. Ed. 2014, 53, 1809 -1813; Angew.

Chem. 2014, 126, 1840-1844; c) K. D. Collins, R. Honeker, S.

Vasquez-Céspedes, D.-T. D. Tang, F. Glorius, Chem. Sci. 2015, 6,

1816-1824.

For selected papers on CDC reactions, see: a) D. R. Stuart, K.

Fagnou, Science 2007, 316, 1172-1175; b) M. Kitahara, N.

Umeda, K. Hirano, T. Satoh, M. Miura, J. Am. Chem. Soc.

2011, 7133, 2160-2162; c) J. Wencel-Delord, C. Nimphius, F. W.

Patureau, F. Glorius, Angew. Chem. Int. Ed. 2012, 51, 2247 -

2251; Angew. Chem. 2012, 124, 2290-2294; d) I. A. Sanhueza,

A. M. Wagner, M. S. Sanford, F. Schoenebeck, Chem. Sci. 2013,

4,2767-2775, and references therein.

For phenol-phenol cross-coupling, see: a) Y. E. Lee, T. Cao, C.

Torruellas, M. C. Kozlowski, J. Am. Chem. Soc. 2014, 136, 6782 —

[3

—_—

5

—_

[6

[

[7

—

Angew. Chem. Int. Ed. 2016, 55, 52725276

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

6785;b) A. Libman, H. Shalit, Y. Vainer, S. Narute, S. Kozuch, D.
Pappo, J. Am. Chem. Soc. 2015, 137, 11453 -11460; c) E. Gaster,
Y. Vainer, A. Regev, S. Narute, K. Sudheendran, A. Werbeloff,
H. Shalit, D. Pappo, Angew. Chem. Int. Ed. 2015, 54, 4198 —4202;
Angew. Chem. 2015, 127, 4272-4276; d)N.Y. More, M.
Jeganmohan, Org. Lett. 2015, 17, 3042—3045.

[8] For organoiodine-mediated cross-coupling, see: a) A. Jean, J.

Cantat, D. Berard, D. Brochu, S. Canesi, Org. Lett. 2007, 9,

2553 -2556; b) T. Dohi, M. Ito, K. Morimoto, M. Iwata, Y. Kita,

Angew. Chem. Int. Ed. 2008, 47, 1301-1304; Angew. Chem.

2008, 720, 1321-1324; c) Y. Kita, K. Morimoto, M. Ito, C.

Ogawa, A. Goto, T. Dohi, J. Am. Chem. Soc. 2009, 131, 1668 -

1669; d) K. Morimoto, K. Sakamoto, Y. Ohnishi, T. Miyamoto,

M. Ito, T. Dohi, Y. Kita, Chem. Eur. J. 2013, 19,8726 -8731; ¢) M.

Ito, H. Kubo, I. Itani, K. Morimoto, T. Dohi, Y. Kita, J. Am.

Chem. Soc. 2013, 135, 14078-14081; f) K. Morimoto, K.

Sakamoto, T. Ohshika, T. Dohi, Y. Kita, Angew. Chem. Int.

Ed. 2016, 55, 3652-3656; Angew. Chem. 2016, 128, 3716-3720.

For electrochemical cross-coupling, see: a) A. Kirste, G. Schna-

kenburg, F. Stecker, A. Fischer, S. R. Waldvogel, Angew. Chem.

Int. Ed. 2010, 49, 971-975; Angew. Chem. 2010, 122, 983 -987;

b) A. Kirste, B. Elsler, G. Schnakenburg, S. R. Waldvogel, J. Am.

Chem. Soc. 2012, 134, 3571 -3576; ¢) T. Morofuji, A. Shimizu, J.

Yoshida, Angew. Chem. Int. Ed. 2012, 51, 7259-7262; Angew.

Chem. 2012, 124,7371-7374; d) B. Elsler, D. Schollmeyer, K. M.

Dyballa, R. Franke, S. R. Waldvogel, Angew. Chem. Int. Ed.

2014, 53,5210-5213; Angew. Chem. 2014, 126,5311-5314;¢) B.

Elsler, A. Wiebe, D. Schollmeyer, K. M. Dyballa, R. Franke,

S. R. Waldvogel, Chem. Eur. J. 2015, 21, 12321 -12325.

[10] M. Smr¢ina, S. Vyskocil, B. Méca, M. Polasek, T. A. Claxton,
A. P. Abbott, P. Kocovsky, J. Org. Chem. 1994, 59, 2156 —-2163.

[11] a) T. A. Dwight, N. R. Rue, D. Charyk, R. Josselyn, B. DeBoef,
Org. Lett. 2007, 9,3137-3139; b) D. Wang, Y. Izawa, S. S. Stahl,
J. Am. Chem. Soc. 2014, 136, 9914-9917.

[12] K. Matsumoto, K. Dougomori, S. Tachikawa, T. Ishii, M. Shindo,
Org. Lett. 2014, 16, 4754 -4757.

[13] a) S. Vyskotil, M. Smréina, M. Lorenc, I. Tislerovd, R.D.
Brooks, J. J. Kulagowski, V. Langer, L. J. Farrugia, P. Kocovsky, J.
Org. Chem. 2001, 66, 1359 -1365;b) X.-L. Li, J.-H. Huang, L.-M.
Yang, Org. Lett. 2011, 13, 4950-4953.

[14] The 5% Rb/C is commercially available from Sigma—Aldrich
(No. 206164).

[15] Pt/C afforded a slightly increased amount of dimers derived
from 6a, and thus Rh/C was used for further optimization.

[16] a) A. Ronlan, O. Hammerich, V. D. Parker, J. Am. Chem. Soc.
1973, 95,7132 -7138; b) fluorinated solvents are also expected to
accelerate oxidation because of the high solubility of oxygen,
see: J.-P. Bégué, D. Bonnet-Delpon, B. Crousse, Synlett 2004, 18 —
29.

[17] We think that not only the steric effect but also the pronounced
electron-donating ability of the pyrrolidino group is one reason
for low selectivity of 3f. For the donor ability of dialkylamino
groups, see: F. Effenberger, P. Fischer, W. W. Schoeller, W.-D.
Stohrer, Tetrahedron 1978, 34, 2409 -2417.

[18] A. Hassner, L. R. Krepski, V. Alexanian, Tetrahedron 1978, 34,
2069 -2076.

[19] The theoretical method to predict the nucleophilicity of arenes
have been reported, see: a) H. Mayr, B. Kempf, A. R. Ofial, Acc.
Chem. Res. 2003, 36, 66—77; b) S. Pratihar, S. Roy, J. Org. Chem.
2010, 75, 4957 -4963.

[20] We do not have sufficient insight to the reaction mechanism.
However, in the previous report, ESR experiments indicated the
generation of radical species in the reaction mixture. Therefore,
the mechanism involving the radical cation 4 may be plausible.

[21] The preliminary recycling experiment for the cross-coupling of
3g with 6ain the presence of recovered 5 % Rh/C at 50°C under

[9

—

www.angewandte.org

An dte

Chemie

5275


http://dx.doi.org/10.1021/cr0505674
http://dx.doi.org/10.1055/s-2006-950197
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/ange.201203269
http://dx.doi.org/10.1039/C4QO00068D
http://dx.doi.org/10.1039/C4QO00068D
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1039/b805701j
http://dx.doi.org/10.1039/b805701j
http://dx.doi.org/10.1039/B907809F
http://dx.doi.org/10.1039/B907809F
http://dx.doi.org/10.1021/ja403130g
http://dx.doi.org/10.1021/ja403130g
http://dx.doi.org/10.1002/anie.201309305
http://dx.doi.org/10.1002/ange.201309305
http://dx.doi.org/10.1002/ange.201309305
http://dx.doi.org/10.1039/C4SC03051F
http://dx.doi.org/10.1039/C4SC03051F
http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1021/ja111401h
http://dx.doi.org/10.1021/ja111401h
http://dx.doi.org/10.1002/anie.201107842
http://dx.doi.org/10.1002/anie.201107842
http://dx.doi.org/10.1002/ange.201107842
http://dx.doi.org/10.1039/c3sc00017f
http://dx.doi.org/10.1039/c3sc00017f
http://dx.doi.org/10.1021/ja500183z
http://dx.doi.org/10.1021/ja500183z
http://dx.doi.org/10.1021/jacs.5b06494
http://dx.doi.org/10.1002/anie.201409694
http://dx.doi.org/10.1002/ange.201409694
http://dx.doi.org/10.1021/acs.orglett.5b01324
http://dx.doi.org/10.1021/ol070941h
http://dx.doi.org/10.1021/ol070941h
http://dx.doi.org/10.1002/anie.200704495
http://dx.doi.org/10.1002/ange.200704495
http://dx.doi.org/10.1002/ange.200704495
http://dx.doi.org/10.1021/ja808940n
http://dx.doi.org/10.1021/ja808940n
http://dx.doi.org/10.1002/chem.201301028
http://dx.doi.org/10.1021/ja407944p
http://dx.doi.org/10.1021/ja407944p
http://dx.doi.org/10.1002/anie.201511007
http://dx.doi.org/10.1002/anie.201511007
http://dx.doi.org/10.1002/ange.201511007
http://dx.doi.org/10.1002/anie.200904763
http://dx.doi.org/10.1002/anie.200904763
http://dx.doi.org/10.1002/ange.200904763
http://dx.doi.org/10.1021/ja211005g
http://dx.doi.org/10.1021/ja211005g
http://dx.doi.org/10.1002/anie.201202788
http://dx.doi.org/10.1002/ange.201202788
http://dx.doi.org/10.1002/ange.201202788
http://dx.doi.org/10.1002/ange.201400627
http://dx.doi.org/10.1002/chem.201501604
http://dx.doi.org/10.1021/jo00087a036
http://dx.doi.org/10.1021/ol071308z
http://dx.doi.org/10.1021/ja505405u
http://dx.doi.org/10.1021/ol502197p
http://dx.doi.org/10.1021/ol202058r
http://dx.doi.org/10.1021/ja00802a038
http://dx.doi.org/10.1021/ja00802a038
http://dx.doi.org/10.1016/0040-4020(78)89060-7
http://dx.doi.org/10.1016/0040-4020(78)89005-X
http://dx.doi.org/10.1016/0040-4020(78)89005-X
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/jo100425a
http://dx.doi.org/10.1021/jo100425a
http://www.angewandte.org

GDCh Communications Angewandte

Kakiuchi, J. Am. Chem. Soc. 2009, 131,7238-7239; d) L.-G. Xie,
Z.-X. Wang, Angew. Chem. Int. Ed. 2011, 50, 4901-4904;
Angew. Chem. 2011, 123, 5003 —5006.

oxygen (1 atm) provided 93 % of 7ga. This result revealed that
Rh/C can be reused in the present reaction.

[22] 2-Amino-2"-hydroxy-1,1"-binaphthyl (NOBIN) is used not only
in asymmetric catalysis, but is also used as a source of various
ligands, see: K. Ding, X. Li, B. Ji, H. Guo, M. Kitamura, Curr.
Org. Synth. 2005, 2, 499 —545.

[23] a) S. B. Blakey, D. W. C. MacMillan, J. Am. Chem. Soc. 2003,  Received: January 15, 2016
125, 6046-6047; b) S. Ueno, N. Chatani, F. Kakiuchi, J. Am. Revised: February 28, 2016
Chem. Soc. 2007, 129, 6098—-6099; c) T. Koreeda, T. Kochi, F. Published online: March 21, 2016

5276 www.angewandte.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 52725276


http://dx.doi.org/10.1021/ja034908b
http://dx.doi.org/10.1021/ja034908b
http://dx.doi.org/10.1021/ja0713431
http://dx.doi.org/10.1021/ja0713431
http://dx.doi.org/10.1021/ja902829p
http://dx.doi.org/10.1002/anie.201100683
http://dx.doi.org/10.1002/ange.201100683
http://www.angewandte.org

