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A copper-catalyzed intermolecular asymmetric propargylic dearo-
matization of phenol derivatives has been realized. Under the
catalysis of Cu(OTf)-1/2C¢H¢ decorated with a chiral tridentate
ketimine P,N,N-ligand, the dearomatization reaction proceeded
smoothly with excellent control of chemo-, regio-, and enantio-
selectivities, thus providing a variety of optically active cyclohexa-
dienone derivatives with up to >99% ee.

Catalytic asymmetric dearomatization of phenol derivatives has
been recognized as a powerful transformation for the generation
of cyclohexadienones that are popular structure motifs in various
complex molecules and natural products.” In the past several
years, significant efforts have been devoted to the development of
various strategies for catalytic asymmetric dearomatization of
phenol derivatives."™ In spite of many impressive advances in
this area, asymmetric dearomatization of phenol derivatives
under non-oxidative conditions, especially in an intermolecular
pathway, has remained underdeveloped.” The successful exam-
ples are limited to halogenation,*® allylation,*>*™ alkylation,"®
amination,¥* and spiroannulation.*® Therefore, further explora-
tion of new types of intermolecular catalytic asymmetric dearo-
matization of phenol derivatives is still a highly desirable and
challenging task.

In the past decade, copper-catalyzed asymmetric propargylic
transformation has attracted increasing attention due to its
high potential in the stereoselective construction of C-C and
C-heteroatom bonds.>” In particular, Liu and You® have recently
demonstrated the compatibility of this methodology with the
dearomatization process by a tandem propargylic dearomatiza-
tion/cyclization of indoles (Scheme 1a). It is then envisioned that
this methodology should also be suitable for the intermolecular
propargylic dearomatization of phenol derivatives. However,
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Scheme 1 Intermolecular asymmetric propargylic dearomatization of
phenols: possibility and challenge.

the challenge for the realization of such a process is obvious,
as phenols are known to undergo a propargylic O-alkylation
(Scheme 1b),” as well as a sequential Friedel-Crafts alkylation/
intramolecular hydroalkoxylation process (Scheme 1¢)'® in
the presence of a copper catalyst. Consequently, no example
of propargylic dearomatization of phenol derivatives has been
reported thus far. Herein we wish to report the first copper-
catalyzed intermolecular asymmetric propargylic dearomatization
of phenol derivatives with excellent control of chemo-, regio- and
enantioselectivities.

The success of this dearomatization relies on the discovery of
a system that could efficiently inhibit the propargylic O-alkylation
and facilitate the dearomatization over the competitive
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Friedel-Crafts-type reaction. For this purpose, 3,4,5-trimethoxy-
phenol 2a was initially selected as the standard substrate to
examine the possibility of the propargylic dearomatization with
1-phenyl-2-propynyl acetate 1a, as we have reported recently
that electron-rich phenols preferentially underwent Friedel-
Crafts-type reaction rather than propargylic O-alkylation."® Not
surprisingly, initial attempts of the reaction led to the complex
mixture. Pd(PPh;), and AuCl didn’t catalyze the reaction at all.
To our delight, however, when Cu(OAc),-H,O combined with
(S,S)-Me-pybox (L;) was used in the reaction, the dearomatization
product 3aa was detected and successfully separated from the
reaction mixture after a careful column chromatography, accom-
panied by Friedel-Crafts-type cycloadduct 3aa” but without any
O-alkylation product 3aa’ (Table 1, entry 1). Although the result
was still far from satisfactory, it indicated the feasibility of the
intermolecular propargylic dearomatization of phenols. We then
set out to improve the dearomatization outcome by optimizing
the reaction conditions. Firstly, different chiral ligands were
tested. As shown in Table 1, the ligand structure showed signi-
ficant influence on the reactivity and enantioselectivity, and
chiral tridentate ketimine P,N,N-ligand (R)-L; was identified as
the most promising ligand in terms of yield and enantioselec-
tivity (entries 1-3). Base additives proved to be crucial for the
reaction since no dearomatization product was detected in its
absence (entry 4). The best base additive was Et;N, with which
59% yield and 95% ee were obtained (entry 6). Subsequent
screening of Cu salts identified Cu(OTf)-1/2C¢H, as the best
choice (entry 9). The solvent screening disclosed that the protic
solvent was favourable to the reaction, and MeOH proved to be the
best one, presumably facilitating the formation of Cu-allenylidene
intermediates (entries 11 and 12).°* Lowering the reaction tem-
perature could significantly inhibit various competitive reactions,
therefore dramatically improving the yield and enantioselectivity
of dearomatization products (entries 13 and 14). When the reac-
tion was performed at —20 °C, Friedel-Crafts-type reaction was
completely suppressed, and the dearomatization product was
exclusively obtained in 91% yield and with >99% ee (entry 14).
Replacing the OAc group of 1a with OCOCF; (1a’) or TMS (1a”)
didn’t result in the dearomatization product (entries 15 and 16).
Both methoxy groups in 3- and 5-positions proved to be necessary
for the dearomatization since no dearomatization product
3aa-1 was detected with 3,4-dimethoxyphenol (2a’) as the sub-
strate (entry 17).

With the optimized reaction conditions in hand, we examined
the applicability of propargylic acetates 1 in the propargylic
dearomatization of 3,4,5-trimethoxyphenol 2a, and the results
are summarized in Table 2. In all cases, only dearomatization
products were observed. The reaction was sensitive to the sub-
stitution pattern on the phenyl ring. Thus, reactions with pro-
pargylic acetates containing the 3-Cl or the 4-Cl group (1c and 1d)
proceeded smoothly to give the desired products (3ca and 3da) in
high yields and with excellent enantioselectivity (>99% ee), while
substrate 1b with a 2-Cl substituent led to an obvious decrease
in the yield although high enantioselectivity was maintained
(entries 1-3). The electronic properties of the substituent at the
para-position of the phenyl ring showed little influence on the
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Table 1 Optimization of the reaction?

OH
)LG\ [Cu] (6 mol%)
L* (5.5 mol%)
Ph — T,
X+ Meo R base (1.2 equiv)
1a: LG = OAc OMe MeOH, 12 h
1a" LG =0COCF;  2a:R=OMe
1a": LG =TMS 2a~R=H
Ph
o)\ o}
X
Ph
+ +
MeO R MeO R
OMe OMe
3aa" R=0OMe 3aa": R=0OMe
3aa-1:R=H 3aa"-1:R=H
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0] 2 Pz
|\> PPh, N | ~x
- N /
B PPh,

(S,5)-Me-pybox (L4) (S)-BINAP (Ly) (R)-L3

Entry [Cu] L 2 Base T (°C) Yield” (%) ee’ (%)
14 Cu(OAc),H,0 L1 2a 'Pr,NEt rt 38 -71
2 cu(OAc)Z H,0 L2 2a 'Pr,NEt rt <10 —

3 Cu(OAc),-H,0 L3 2a 'Pr,NEt rt 58 92
4 Cu(OAc)yH,0 13 2a — rt — —

5 cu(OAc)2 H,0 L3 2a K;PO, rt 53 88
6 Cu(OAc),H,0 L3 2a NEt; rt 59 95
7 Cu(MeCN),BF, L3 2a NEt; rt 55 96
8 Cul L3 2a NEt; rt 50 93
9 Cu(OTf) 1/2C¢Hg L3 2a NEt; rt 64 97
10  Cu(OTf), L3 2a NEt; rt 63 9%
11°  Cu(OTf)1/2C¢He L3 2a NEt; 1t — —
12 Cu(OTf)1/2CeHe L3 2a NEt; rt 27 93
13 Cu(OTf)-1/2C¢Hs L3 2a NEt, 0 79 98
14 Cu(OTf)-1/2C¢Hs L3 2a NEt; —20 91 >99
158 Cu(OTf)1/2C¢Hs L3 2a NEts -20 — —
16"  Cu(OTf)}1/2C¢Hg L3 2a NEt; 20 — —
17' Cu(OTf)-1/2C¢Hs L3 2a’ NEt, -20 — —

¢ Reaction conditions: 1 (0.3 mmol), 2 (0.36 mmol), [Cu] (0.015 mmol,

5 mol%), L* (0.0165 mmol, 5.5 mol%), and base (0.36 mmol, 1 2 equlv)
in 3 mL of MeOH at 1nd1cated reaction temperature for 12 h Yield of
the isolated product of 3aa ee of 3aa determined by HPLC using a
chiral stationary phase. ¢ The reaction resulted in 3aa (38% yield) and
3aa” (8% yield) but without any O-alkylation product 3aa’. ¢ Using CH,Cl,
as the solvent. Using EtOH as the solvent. ¢ 1a’ was used instead of 1a,
in which the corresponding propargylic alcohol was recovered. " 1a”
was used instead of 1a, resulting in the complex mixture. * 2a’ was used
instead of 2a, exclusively generating cycloadduct 3aa”-1 in 41% yield
and with 92% ee.

reactivity and enantioselectivity, and all substrates 1d-i gave
rise to the corresponding dearomatization products in good
yields (85-93% yield) and with excellent enantioselectivities
(97->99% ee) (entries 3-8). 2-Naphthyl-substituted substrate
1j was a suitable reaction partner, giving 3ja in 92% yield and
with >99% ee (entry 9). Heterocyclic substrate 1k served well for the
reaction, producing 3ka in 88% yield and with 97% ee (entry 10).
Aliphatic substrate 11 also worked in the reaction, giving rise to
the dearomatization product 3la in a high enantioselectivity
of 95% ee although a reduced yield was observed (entry 11).
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Table 2 Scope with respect to propargylic acetates?
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Table 3 Scope with respect to phenol derivatives?

OH

Cu(OTH)",CeHg MeO. o
OAc (5 mol%)
(R-Ls (5.5 mol%) MO
+ —_— =
R Xy "Meo OMe  NEt, (1.2 equiv) ER
1 OMe MeOH, -20 °C, 12 h R
2a 3ba-ma
(S)-3fa

Entry  Substrate (R) Product (3) Yield® (%) ee’ (%)
1 1b: R = 2-CIC¢H, 3ba 72 98
2 1c: R = 3-CICH, 3ca 90 >99
3 1d: R = 4-CIC¢H, 3da 93 >99
4 le: R = 4-FCH, 3ea 87 99
5 1f: R = 4-BrCgH, 3fa 87 >99
6 1g: R = 4-MeCgH, 3ga 85 99
7 1h: R = 4-MeOC¢H,  3ha 89 97
8 1i: R = 4-CF;C4H, 3ia 90 >99
9 1j: R = 2-naphthyl 3ja 92 >99
10 1k: R = 2-furyl 3ka 88 97
114 1l: R = Me 3la 54 95
12¢ 1m: R=H 3ma — —

“ Reaction conditions: 1 (0.3 mmol), 2a (0.36 mmol), Cu(OTf)-1/2C¢Hg
(0.015 mmol, 5 mol%), (R)-L; (0.0165 mmol, 5.5 mol%), and NEt;
(0.36 mmol, 1.2 equiv) in 3 mL of MeOH at —20 °C for 12 h. ? Yield
of the 1solated product. ¢ Determined by HPLC usmg a chiral stationary
phase. ¢ The reaction was performed at 0 °C with 'Pr,NEt instead of
Et;N as the base additive.

However, propynyl acetate 1m didn’t lead to the formation
of the dearomatization product 3ma (entry 12). The absolute
configuration of the dearomatization product was unambiguously
established to be S by X-ray crystallographic analysis of 3fa.'*
The scope with regard to phenol derivatives was next inves-
tigated, and the results are listed in Table 3. In all cases, only
dearomatization products were observed. Alkoxy groups on the
4-position such as ethoxy and benzyloxy groups, as well as aliphatic
groups on the 4-position such as methyl, ethyl, and benzyl groups
were well tolerated, and the corresponding dearomatization
products (3ab-af) were obtained in good yields (81-88%) and
with excellent enantioselectivity (96->99% ee). In addition,
3,5-diethoxy-4-methylphenol 2g was also a suitable substrate,
affording the dearomatization product 3ag in 85% yield and
with 98% ee. It was noteworthy that substrate 2h bearing different
substituents on the 3,5-position, which would lead to the genera-
tion of a new quaternary carbon stereocenter in the cyclohexadie-
none framework, also underwent the asymmetric dearomatization
reaction well, giving the corresponding product 3ah in 89% yield
and 80/20 dr with a major diastereomer in 99% ee. However,
the introduction of electron-withdrawing groups at the 4-position
such as a formyl or a cyano group completely inhibited the
dearomatization process, not giving any dearomatization product

8194 | Chem. Commun., 2017, 53, 8192-8195

OH
Cu(OTH)1/,CgHg
OAc (5 mol%}
)\ _(RMLs (55 mol%) _
Ph \\ * R?O OR® " NEt, (12 equiv) NEt; (1.2 equiv) H s
1a R MeOH, -20 °C, 12 h pn OR
2 3ab-ak
0 MeO o)
o
=
:h OMe h OMe E’h OMe
3ab 3ad

88% yield,” 99% ee®  81% yleld >99% ee 85% yield, 99% ee

negcer-d

Bh OMe Ph OMe

3ae 3af 3ag
85% vyield, 98% ee

86% yield, 99% ee

MeO OMeo

81% vyield, 96% ee

P OBn B OMe Ph  OMe
3ah 3ai: R' = CHO 3ak
89% vyield, 80:20 dr no product 77% yield, 77% ee
99% ee for major-3ah L Rl=
98% ee for minor-3ah 3aj:RT=CN
no product

“ Reaction conditions: 1a (0.3 mmol), 2 (0.36 mmol), Cu(OTf)-1/2CsHe
(0.015 mmol, 5 mol%), (R)-L; (0.0165 mmol, 5.5 mol%), and NEt;
(0.36 mmol, 1.2 equiv.) in 3 mL of MeOH at —20 °C for 12 h. ? Yield
of the isolated product.  Determined by HPLC using a chiral stationary
phase.

R, face
favorable

= (S)-3aa

v,
“ S; face
disfavorable

Scheme 2 Proposed mechanistic pathway for observed stereochemistry.

3ai or 3aj. When 3,5-dimethoxyphenol 2k was used as the
substrate, a Friedel-Crafts alkylation product 3ak was obtained
in moderate enantioselectivity. 2,4,6-Trimethoxyphenol didn’t
serve as the suitable substrate, not leading to the dearomatiza-
tion product.

Based on the previous reports®” and the experimental
results, a transition state of the Cu-allenylidene complex with
(R)-Ls is proposed to account for the observed stereochemistry
as shown in Scheme 2.

In conclusion, we have developed a copper-catalyzed inter-
molecular propargylic dearomatization of phenol derivatives.
With the support of a sterically hindered ketimine P,N,N-ligand,
an array of electron-rich 4-substituted 3,5-dialkoxyphenols could

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7cc03034g

Published on 29 June 2017. Downloaded by Dalian Institute of Chemical Physics, CAS on 04/08/2017 07:23:12.

Communication

be dearomatized in highly chemo-, regio- and enantioselective

forms, therefore leading to optically active cyclohexadienone
derivatives with up to >99% ee. Further extension of the reaction
scope and synthetic application are currently underway.
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Foundation of China (21572226) is gratefully acknowledged.

Notes and references

1

w

IS

For selected recent reviews, see: (a) S. P. Roche and J. A. Porco ]Jr.,
Angew. Chem., Int. Ed., 2011, 50, 4068; (b) C.-X. Zhuo, W. Zhang and
S.-L. You, Angew. Chem., Int. Ed., 2012, 51, 12662; (¢) Q. Ding, X. Zhou
and R. Fan, Org. Biomol. Chem., 2014, 12, 4807; (d) C.-X. Zhuo,
C. Zheng and S.-L. You, Acc. Chem. Res., 2014, 47, 2558; (¢) W. Sun,
G. Li, L. Hong and R. Wang, Org. Biomol. Chem., 2016, 14, 2164;
(f) W.-T. Wu, L. Zhang and S.-L. You, Chem. Soc. Rev., 2016,
45, 1570; (g) Asymmetric Dearomatization Reactions, ed. S.-L. You,
Wiley-VCH, Weinheim, 2016.

Asymmetric dearomatization of phenols under oxidative conditions,
for a review with hypervalent iodine reagents, see: (a) A. M. Harned,
Tetrahedron Lett., 2014, 55, 4681. For selected examples, see:;
(b) A. Rudolph, P. H. Bos, A. Meetsma, A. J. Minnaard and B. L.
Feringa, Angew. Chem., Int. Ed., 2011, 50, 5834; (¢) T. Oguma and
T. Katsuki, J. Am. Chem. Soc., 2012, 134, 20017; (d) T. Oguma and
T. Katsuki, Chem. Commun., 2014, 50, 5053; (¢) C. Bosset, R. Coffinier,
P. A. Peixoto, M. E. Assal, K. Miqueu, J.-M. Sotiropoulos, L. Pouységu
and S. Quideau, Angew. Chem., Int. Ed., 2014, 53, 9860; (f) S. J. Murray
and H. Ibrahim, Chem. Commun., 2015, 51, 2376; (g) D.-Y. Zhang, L. Xu,
H. Wu and L.-Z. Gong, Chem. — Eur. J., 2015, 21, 10314; (k) X. Su,
W. Zhou, Y. Li and J. Zhang, Angew. Chem., Int. Ed., 2015, 54, 6874;
(9) G. Zhu, G. Bao, Y. Li, J. Yang, W. Sun, J. Li, L. Hong and R. Wang,
Org. Lett., 2016, 18, 5288; (j) R. R. Reddy, S. S. Gudup and P. Ghorai,
Angew. Chem., Int. Ed., 2016, 55, 15115.

For examples of intramolecular asymmetric dearomatization of
phenols, see: (a) J. Zhu, N. P. Grigoriadis, J. P. Lee and J. A. Porco, Jr.,
J. Am. Chem. Soc., 2005, 127, 9342; (b) S. Dong, J. Zhu and J. A. Porco, Jr.,
J. Am. Chem. Soc., 2008, 130, 2738; (c) S. Dong, E. Hamel, R. Bai,
D. G. Covell, J. A. Beutler and J. A. Porco, Jr., Angew. Chem., Int. Ed.,
2009, 48, 1494; (d) S. Rousseaux, J. Garcia-Fortanet, M. A. Del Aguila
Sanchez and S. L. Buchwald, J. Am. Chem. Soc., 2011, 133, 9282;
(e) Q.-F. Wu, W.-B. Liu, C.-X. Zhuo, Z.-Q. Rong, K.-Y. Ye and S.-L. You,
Angew. Chem., Int. Ed., 2011, 50, 4455; (f) R-Q. Xu, Q. Gu, W.-T. Wu,
Z.-A. Zhao and S.-L. You, J. Am. Chem. Soc., 2014, 136, 15469; (g) K. Du,
P. Guo, Y. Chen, Z. Cao, Z. Wang and W. Tang, Angew. Chem., Int. Ed.,
2015, 54, 3033; (k) Q. Cheng, Y. Wang and S.-L. You, Angew. Chem., Int.
Ed., 2016, 55, 3496.

For examples of intermolecular asymmetric dearomatization of
phenols, see: (@) R. J. Phipps and F. D. Toste, J. Am. Chem. Soc.,
2013, 135, 1268; (b) C.-X. Zhuo and S.-L. You, Angew. Chem., Int. Ed.,
2013, 52, 10056; (¢) Q. Yin, S.-G. Wang, X.-W. Liang, D.-W. Gao,
J. Zheng and S.-L. You, Chem. Sci., 2015, 6, 4179; (d) S. Huang,
L. Kotzner, C. K. De and B. List, J. Am. Chem. Soc., 2015, 137, 3446;
(e) S.-G. Wang, X.-J. Liu, Q.-C. Zhao, C. Zheng, S.-B. Wang and S.-L.
You, Angew. Chem., Int. Ed., 2015, 54, 14929; (f) D. Yang, L. Wang,

This journal is © The Royal Society of Chemistry 2017

[42]

10

11

View Article Online

ChemComm

F. Han, D. Li, D. Zhao and R. Wang, Angew. Chem., Int. Ed., 2015,
54, 2185; (g) D. Yang, L. Wang, M. Kai, D. Li, X. Yao and R. Wang,
Angew. Chem., Int. Ed., 2015, 54, 9523; (k) L. Yang, H. Zheng, L. Luo,
J. Nan, J. Liu, Y. Wang and X. Luan, J. Am. Chem. Soc., 2015,
137, 4876; (i) J. Zheng, S.-B. Wang, C. Zheng and S.-L. You, J. Am.
Chem. Soc., 2015, 137, 4880; (j) S.-G. Wang, Q. Yin, C.-X. Zhuo and
S.-L. You, Angew. Chem., Int. Ed., 2015, 54, 647; (k) J. Nan, J. Liu,
H. Zheng, Z. Zuo, L. Hou, H. Hu, Y. Wang and X. Luan, Angew. Chem.,
Int. Ed., 2015, 54, 2356; (/) H-F. Tu, C. Zheng, R.-Q. Xu, X.-J. Liu and
S.-L. You, Angew. Chem., Int. Ed., 2017, 56, 3237; (m) D. Shen, Q. Chen,
P. Yan, X. Zeng and G. Zhong, Angew. Chem., Int. Ed., 2017, 56, 3242.
For reviews, see: (@) N. Ljungdahl and N. Kann, Angew. Chem., Int.
Ed., 2009, 48, 642; (b) Y. Miyake, S. Uemura and Y. Nishibayashi,
ChemCatChem, 2009, 1, 342; (¢) R. J. Detz, H. Hiemstra and J. H. van
Maarseveen, Eur. J. Org. Chem., 2009, 6263; (d) C.-H. Ding and
X.-L. Hou, Chem. Rev., 2011, 111, 1914; (e) Y. Nishibayashi, Synthesis,
2012, 489; (f) E. B. Bauer, Synthesis, 2012, 1131; (g) D.-Y. Zhang and
X.-P. Hu, Tetrahedron Lett., 2015, 56, 283.

For Cu-catalyzed asymmetric propargylic substitution, see: (a) R. J.
Detz, M. M. E. Delville, H. Hiemstra and J. H. van Maarseveen,
Angew. Chem., Int. Ed., 2008, 47, 3777; (b) G. Hattori, H. Matsuzawa,
Y. Miyake and Y. Nishibayashi, Angew. Chem., Int. Ed., 2008,
47, 3781; (¢) P. Fang and X.-L. Hou, Org. Lett., 2009, 11, 4612;
(d) G. Hattori, A. Yoshida, Y. Miyake and Y. Nishibayashi, J. Org.
Chem., 2009, 74, 7603; (e) G. Hattori, K. Sakata, H. Matsuzawa,
Y. Tanabe, Y. Miyake and Y. Nishibayashi, J. Am. Chem. Soc., 2010,
132, 10592; (f) R. J. Detz, Z. Abiri, R. le Griel, H. Hiemstra and
J. H. van Maarseveen, Chem. - Eur. J., 2011, 17, 5921; (g) A. Yoshida,
G. Hattori, Y. Miyake and Y. Nishibayashi, Org. Lett., 2011, 13, 2460;
(k) F.-L. Zhu, Y. Zou, D.-Y. Zhang, Y.-H. Wang, X.-H. Hu, S. Chen,
J. Xu and X.-P. Hu, Angew. Chem., Int. Ed., 2014, 53, 1410;
(/) M. Shibata, K. Nakajima and Y. Nishibayashi, Chem. Commun.,
2014, 50, 7874; (j) L. Zhao, G.-X. Huang, B.-B. Guo, L.-J. Xu, J. Chen,
W.-G. Cao, G. Zhao and X.-Y. Wu, Org. Lett.,, 2014, 16, 5584;
(k) F.-L. Zhu, Y.-H. Wang, D.-Y. Zhang, X.-H. Hu, S. Chen, C.-J.
Hou, J. Xu and X.-P. Hu, Adv. Synth. Catal, 2014, 356, 3231;
(/) G. Huang, C. Cheng, L. Ge, B. Guo, L. Zhao and X. Wu, Org. Lett.,
2015, 17, 4894; (m) Q. Wang, T.-R. Li, L.-Q. Lu, M.-M. Li, K. Zhang and
W.-J. Xiao, J. Am. Chem. Soc., 2016, 138, 8360; (1) K. Tsuchida, Y. Senda,
K. Nakajima and Y. Nishibayashi, Angew. Chem., Int. Ed., 2016, 55,
9728; (0) T.-R. Li, B.-Y. Cheng, Y.-N. Wang, M.-M. Zhang, L.-Q. Lu and
W.J. Xiao, Angew. Chem., Int. Ed., 2016, 55, 12422.

For Cu-catalyzed asymmetric propargylic cyclization, see: (@) G. Hattori,
Y. Miyake and Y. Nishibayashi, ChemCatChem, 2010, 2, 155; (b) C. Zhang,
X.-H. Hu, Y.-H. Wang, Z. Zheng, J. Xu and X.-P. Hu, J. Am. Chem. Soc.,
2012, 134, 9585; (c) F.-L. Zhu, Y.-H. Wang, D.-Y. Zhang, J. Xu and X.-P. Hu,
Angew. Chem., Int. Ed., 2014, 53, 10223.

W. Shao, H. Li, C. Liu, C.-J. Liu and S.-L. You, Angew. Chem., Int. Ed.,
2015, 54, 7684.

(@) K. Nakajima, M. Shibata and Y. Nishibayashi, J. Am. Chem. Soc.,
2015, 137, 2472; (b) L. Shao, D.-Y. Zhang, Y.-H. Wang and X.-P. Hu,
Adv. Synth. Catal., 2016, 358, 2558.

L. Shao, Y.-H. Wang, D.-Y. Zhang, J. Xu and X.-P. Hu, Angew. Chem.,
Int. Ed., 2016, 55, 5014.

CCDC 1537514 [(S)-3fa] contains the supplementary crystallographic
data for this paperf.

Chem. Commun., 2017, 53, 8192-8195 | 8195


http://dx.doi.org/10.1039/c7cc03034g



