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Asymmetric Coupling of Carbon-Centered Radical Adjacent to

Nitrogen:
Enamides

Copper-Catalyzed Cyanation and Etherification of

Guoyu Zhang,* Song Zhou,’" Liang Fu,® Pinhong Chen,® Yibiao Li,*" Jianping Zou,** and Guosheng

Liu*®

Dedication to the celebration of 70th anniversary of SIOC

Abstract: The first copper-catalyzed asymmetric cyanation and
etherification of enamides have been established, where a carbon-
centered radical adjacent to a nitrogen atom (CRAN) is
enantioselectively trapped by a chiral copper (ll) species. Moreover,
the asymmetric cyanation of vinyl esters was disclosed as well.
These reactions featuring very mild reaction conditions and high
functional group tolerance give a series of chiral a-cyano amides, a-
cyano esters and a-hemiaminals in good yields with excellent
enantioselectivities, in which chiral a-cyano amides can be easily
converted into enantio-enriched 1,2-diamines and amino acids.

Optically pure amines and amides represent not only one of most
privileged moieties frequently found in natural products and drugs, but
also act as useful synthons in organic synthesis.! Therefore, much
effort has been devoted to their synthesis and many well-established
methods have been documented,”® such as asymmetric
hydrogenation,™ hydroboration,” Michael addition,™ and so on.
Owing to highly reactive radical species, difunctionalization of alkenes
via radical pathways recently serves as a powerful tool in organic
synthesis.’ Among them, reactions of enamides present an attractive
method for the concise and efficient synthesis of amides, where a
carbon radical adjacent to a nitrogen atom (CRAN) is considered as a
key intermediate.” To survey the possible asymmetric reaction, the
enantioseletive capture of CRAN becomes an inevitable problem.®
Recently, Phipps developed the first CPA-catalyzed asymmetric
decarboxylative Minisci-type reaction, where a chiral phosphoric acid
(CPA) catalyst could promote highly enenatioselective radical addition
of CRAN to pyridines via a hydrogen-bonding process.” Later on,
Studer and coworkers untilized this strategy to disclose the elegant
asymmetric radical difunctionation of enamides (Scheme 1a).”

As our ongoing research interest in asymmetric radical
transformations (ATRs),™ our group has developed a series of copper-
catalyzed asymmetric difunctionalizations of styrenes, such as
cyanation, arylation and alkynylation reactions, where a benzylic
radical intermedaite generated by radical addition across styrenes could
be efficiently and enantioselectively trapped by the corresponding
chiral (Box)Cu(ll) species (Box = bisoxazoline), leading to the
formation of a chiral C-C bond (Scheme 1b, i).** ' However, when
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a) CPA-catalyzed asymmetric Minisci-type reaction of enamides.
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b) Copper-catalyzed asymmetric radical reaction of alkenes.
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Scheme 1. Asymmetric radical difunctionalization of enamides.

aliphatic alkenes were employed as substrate, these reactions involving
a non-benzylic radical intermediate furnished the correspondin
products with low enantioselectivities. Although benzylic, 2%
allylic™ and propargylic radicals™ could be efficiently and
enantioselectively trapped by chiral (Box)Cu(CN). species to deliver
enantioenriched organonitriles, the asymmetric cyanation of alkyl-
substituted carbon-centered radicals yielding the dialkyl-substituted
organonitriles with low levels of enantioselective induction still
remains a big challenging issue, presumably due to the less stabilities
of the transiently generated alkyl-substituted carbon-centered radical. It
is well known that a carbon-centered radical can be stablized by
heteroatoms adjacent to the radical such as nitrogen,™® thus promoting
us to survey the enantioselective enantioselective cyanation of CRAN
generated by radical addition to enamides; in addition, a coordination
of the carbonyl group in the enamide to a copper center woud be
highly beneficial to the enantioselective induction (Scheme 1b, ii).
Moreover, Stahl and coworkers recently reported a copper-catalyzed
etherification of benzylic C-H bonds.*” However, employing chiral
Box ligand failed to achieve an enantioselective reaction, yielding
racemic oxygenation products. The significantly different properties
between CRAN and benzylic radicals also intrigued us to investigate
the asymmetric coupling of CRAN to alcohols (Scheme 1b, iii).
However, it is noteworthy that CRAN can be easily over oxidized to
an iminium cation,*® making the enantioselective coupling reaction
more challenging. Herein, we communicate the first copper-catalyzed
asymmetric cyanation of enamides, involving highly enantioselective
capture of CRAN by chiral L*Cu(CN), species. Moreover, the
enantioselective coupling of enamides to alcohols is also realized by
the same strategy (Scheme 1b). In addition, our method features
excellent functional group compatibility and provides an easy and
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efficient access to a wide array of enantiomerically enriched CFs-
containing amides.

To test the above hypothesis, we initially focused on the
asymmetric cyanation of enamides as the mode reaction. First, the
reaction of N-vinyl benzamide 1a with Togni-1 reagent was surveyed,
using 5 mol% Cu(CH3;CN)4PFg and 6 mol% privileged Box ligand in
our previous reports.'?! As shown in Table 1, the Box ligand L1 with
the indane moiety yielded the desired product 2a in 53% yield with
poor enantioselectivity (19% ee, entry 1). To our delight, the
enantioselectivity of 2a could be significantly improved by introducing
substituents into the Box ligands at the gem-carbon position (L2-L3),
but a yield of 2a was dramatically decreased (entries 2-3); for instance,
the reaction with ligand L3 provided 2a in 18% yield with 76% ee. The
Box ligands L4-L6 with benzyl groups on the oxazoline rings were
also investigated, and L4 exhibited a slightly lower enantioselectivity;
using L6 led to similar results as using L3 (entries 4-6). In the presence
of L3, copper catalyst screening revealed that CuUOAc exhibited the
best reactivity to provide 2a in 64% vyield, albelt with 69% ee (entry 7,
for details, see SI). Moreover, solvents also played a key role in the
reaction, and methyl tert-butyl ether (MTBE) proved to be the best to
afford 2a in 98% vyield with 87% ee (entry 9). Notably, 1,2,4,5-
tetrafluorobenzene gave 2a with a better enantioselectivity but in a
moderate yield (entry 8). Decreasing the reaction temperature resulted
in better enantioselectivities without loss of the reaction efficiency. The
reaction performed at -20 °C and using L3 as ligand in MTBE provided
2a in 98% yield with 96% ee as the best results (entries 10-12). Again,
L6 and L3 exhibited similar reactivities under the optimized reaction
conditions (entries 12-13).

Table 1. Condition Screening

o cat. Cu(l)/L*

TMSCN (2.0 equiv) o CN
Ph)ku/\ Togni | CF3* (2.0 equiv) Ph)kHJ\/CFS
1a Solvent, rt, N, 2a

Entry Ligand Cu catalyst Solvent 2a yield (ee)!
1 L1 Cu(CH3CN)4PFg CH,Cl, 53% (19%)
2 L2 Cu(CH3CN),4PFg CH,Cl, 20% (35%)
3 L3 Cu(CH3CN),4PFq CH,Cl, 18% (76%)
4 L4 Cu(CH3CN),PFg CH,Cl, 35% (62%)
5 L5 Cu(CH3CN),4PFq CH,Cl, 13% (70%)
6 L6 Cu(CH3CN),4PFg CH,Cl, 18% (74%)
7 L3 CuOAc CH,Cl, 64% (69%)
8 L3 CuOAc CeHaF 4 58% (94%)
9 L3 CuOAc MTBE 98% (87%)
10 L3 CuOAc MTBE 98% (92%)
11 L3 CuOAc MTBE 98% (95%)M!
12 L3 CuOAc MTBE 98% (96%)
13 L6 CuOAc MTBE 98% (92%)1°

R R R' R?
E VSN Yean
8’ L1R=H S/N N~ L4r=Et
L2R=Me BN BN s R=Bn
L3R=Et

L6 R= 2-Np-CH,

[a] Reaction condtions: 1a (0.1 mmol), Cu salt (5 mol%), ligand (6
mol%), Togni-1 (0.2 mmol) and TMSCN (0.2 mmol) in solvent (1 mL)
under a nitrogen atmosphere at room temperature; [b] Yields were
determined by crude 'H NMR with CH,Br, as an internal standard, and
enantiomeric excess (ee) value was determined by HPLC on a chiral
stationary phase; [c] At 0 °C.[d] At-10 °C. [e] At -20 °C.

With the optimized reaction conditions in hand, the substrate scope
with respect to enamides was then explored, and these results were
summarized in Table 2A. N-Vinyl benzamides with various
substituents on the aromatic ring were suitable for the reaction to
provide the corresponding products 2a-2h in excellent yields (85%-
98%) with excellent enantioselectivities (92%-98% ee). In addition,
reactions of N-vinyl-amides with 1- or 2-naphthalenyl groups also
proceeded very well to give products 2i in 90% yield (93% ee) and 2j
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in 93% yield (92% ee), respectively. Moreover, substrates derived from
alkyl carboxylic acids were also suitable, and the reactions provided 2k
and 21 in 92-97% yields with 93-94% ee. Interestingly, reactions of N-
vinyl Boc-amides also worked nicely to furnish 2m in 72% yield with
98% ee, which is considered as a valuable synthon in organic synthesis.
Notably, N-vinyl benzamides, in which the N-H bond was protected by
phenyl or Boc groups, also proved amenable to the reaction, yielding
products 2n-20 in good yields with excellent enantioselectivities (86-
93% ee). N-vinyl phthalimde and N-vinly lactams could also be
employed as substrate to afford the corresponding products 2p-2r in
excellent yields with 87-90% ee. More importantly, the compatiblity of
various heteroarenes (furan, thiophene and pyridine) was examined
under the current reaction conditions, and the corresponding products
2s-2u were furnished in 70-94% yields with 93-96% ee. Unfortunately,
Ssubstitued N-vinyl amides as substrate failed to deliver tetra-
substituted product (2v). Notably, the reaction of la could be
performed on a 10 mmol scale without loss of reaction efficiency and
enantioselectivity. The absolute structure of (S)-2a was unambiguously
determined by the X-ray crystallography.™.

A carbon-centered radical adjacent to oxygen has been extensively
studied, and its properties were similar to CRAN. We then turned our
attention to testing the asymmetric cyanation of the carbon-centered
radicals adjacent to an oxygen atom. To our delight, the asymmetric
trifluoromethylcyanation reaction of 3a indeed worked, in the presence
of L6 (Table 2B, for the optimization of the reaction conditions, see Sl),
giving the product 4a with excellent enantioselectivity (90% ee), and a
series of enantioenriched a-cyano esters were successfully synthesized.
Both vinyl aryl esters and vinyl alkyl esters yielded the corresponding
products 4a-4e in good to excellent yields (70-99%) with excellent
enantioselectivities (87-91% ee). Notably, the reaction displays high
functional group tolerance, such as methoxyl, chloro and
trifluoromethyl moieties were compatible with the current reaction
conditions. More importantly, substrates bearing heterocycles such as
indole and thiophene, were suitable for the reaction to delivere the
desired product 4f-4g in good to excellent yields (70-90%) with
excellent enantioselectivities (89-90% ee). When chiral vinyl amino
acid ester 3h was employed as substrate, to our delight, the desired
product 4h was obtained in good vyields with excellent
diastereoselectivities (d.r. = 10:1). Lastly, other various vinyl esters as
substrate were tested, vinyl phosphinate 3i gave product 4i in 86%
yield with 92% ee, while the reaction of vinyl-OTs 3j just afforded 4j
in 65% yield with moderate enantioselectivity (60% ee).

Above results demonstrated that the generated CRAN could be
enantioselectively trapped by chiral copper(ll) cyanide. Inspired by
these results, then we turned our attention to testing the asymmetric
coupling of CRAN with alcohols. Under the cyanation reaction
conditions, (MeO),Si instead of TMSCN was initially employed as a
methoxide source, the reaction of enamide 1la with (MeO),Si afforded
the desired trifluoromethoxylation product 6a in 37% yield with 53%
ee, in the presence of 10 mol% Cu(CHsCN)4PF¢/12 mol% L3, and 51%
yield and 67% ee were obtained when 10 mol% Cu(CH3CN)4PF¢/12
mol% L6 were used. After systematic screening, 10 mol%
Cu(CHs)4PFe/12 mol% L7 as catalyst provided a better performance to
give 6a in 59% yield with 89% ee. Gratifyingly, simple MeOH could
be directly applied to the reaction, providing 6a in 84% yield with 94%
ee as the best results (for details, see Sl).

After having established the optimal reaction conditions, the
substrate scope of the oxygenation of enamides was also explored
under the optimized reaction conditions, and the results were
summarized in Table 3. The reaction showed excellent functional
group tolerance, N-vinyl benzamides with various substituents on the
aromatic ring such as electron-donating groups (methyl, methoxyl) and
electron-deficient groups (halogen, phenyl, cyano, trifluoromethyl)
were suitable for the reaction to provide the corresponding products
6a-6j in moderate to excellent yield (55-91%) with excellent enantio-
selectivities (84%-96% ee). Notably, the ortho-substituted substrate
exhibited slightly lower enantioselectivity (6i, 86% ee). In addition, N-
vinyl-amides bearing 1- or 2-naphthalenyl groups could also give
products 6k in 65% yield (98% ee) and 6l in 74% vyield (84% ee),
respectively. Enamide substrates derived from alkyl carboxylic acids
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Table 2. Scope of enamides and vinyl esters.?"!

CuOAG ( 5 mol%)

o L3 (6 mol%) j’L j:/
i F
RN TMSCN (2.0 equiv) RN CF3
R! Togni | CF3* (2.0 equiv) R!
1 MTBE,-20 °C, N, 2
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o

CN
o
H
R

2b R = OMe 92%(96% ee)
2c R = CF; 93% (96% ee)
2d R = Ph 85% (96% ee)

CF;
/ HJ\/

2k n =1, 92% (93% ee)
2In =2 97% (94% ee)

S @ <

24! 96% (87% ee) 78% (87% ee)

O CN
h)LN)\/CF:‘
H

@A L,

2e 2f R = Me 97% (98% ee)
93% (92% ee) 2g R=Br95% (97% ee)

X-ray of 2a

2a 98% (96% ee)
98% (98% ee)l°!

O CN O CN
CF. CF.
NJ\/ 3 '\\‘/'\/ 3
Ph Boc

2n 75% (86% ee)

(0] CN
s NJ\/CF3
\ | H

2t 94% (93% ee)

o N cN
Ar)L”)\/CFa Boc\” I _cF;

2i Ar = 2-Np 90% (93% ee)

o (989
2j Ar = 1-Np 93% (92%ee) 2m 72% (98% ee)

0] CN
o N)\/ch
\ | H

2s 92% (96% ee)

20 75% (93% ee)

m* e

2u 70% (93% ee)

O CN
O)\/CFs

4d 97% (89% ee)

o N
Ph\)ko)\/ca -

4c 99% (90% ee)

i o ':
Ph)Lo/\ia | @ /‘\/ch ﬁ /K/CF3
i L6 as ligand i

4a 98% (90% ee) 4b 96% (91% ee)

o CN
FsC CF
4 HJ\/ s

CFs 2h
92% (93% ee)

o
CN
N‘&
CF,
o
2plT 98% (90% ee)

O ph CN

s

CF
Ph 3

O)\/CF3

4e 98% (87% ee)

4f 90% (90% ee)

CFs O CN

O CN
CN /'\/CFs Ph—p CF
O/'\/CFs o Ph/P\O 3
NHBoc

49 70% (89% ee) 4h 82% (dr > 10:1)

Q@ o
Jo it

4i 86% (92% ee) 4j 60% (65% ee)

[a] All reactions were run on a 0.2 mmol scale in MTBE (2 mL) under a nitrogen atmosphere. [b] Isolated yields, and enantiomeric excess (ee)
values were determined by HPLC on a chiral stationary phase. [c] On a 10 mmol scale. [d] Using L6.

Table 3. Scope of enamides and alcohols."!

Cu(CH3CN);PFg (10 mol%) R? R
)OL L7 (12 mol%) 0 OR o o
R u/k Tognil CF*/ ROH )LN)\/ca ‘ ‘\)
DMAc (1 mL), N, H NN .,
-10°C, 60 h B L7 Bn
1 6or7
/5 or R?= p-CeHsMe
OMe OMe O OMe O OMe O OMe

/©)L )\/CFs

6aR = H, 84% (94% ee)
6bR = OMe, 80% (94% ee)
6c R = Ph, 65% (93% ee)

6d R = CO,Me, 90% (95% ee)
6e R = Cl, 85% (95% ee)

6f R = CN, 78% (96% ee)

6g R = CF3, 80% (94% ee)

6h R = SCFj, 90% (95% ee)

.

CiL )\/ch

6i 91% (84% ee)

O  OMe
\©)LH/'\/CF3 Ar)ku/'\/c':z pn L A ers NS MJ\/CFs
H al =

6k Ar = 2-Np 65% (98% ee)

6] 66% (94
) 66% (94% ee) 61 Ar = 1-Np 74% (84% ee)

6m 55% (86% ee) 6n 87% (95% ee)

OMe O OEt o oPr" o

OCsHy4 O OBn
& )\/CFz Ph)kN)\/CFa Ph)kN)\/ca Ph)kN/'\/CFS )kN/'\/CFg
\ ! H H H H

60 80% (95% ee) 6pl°l 85% (90% ee) 6q'° 84% (92% ee) 6rl°l 82% (95% ee)
o\
T™S Me,N o

[e]
0sy-Me —
I g H Y
[e] o O [e] O O O O O O

6sl° 65% (93% ee)

o o o
)LNJ\/CFg )LNJ\/CFa )LNJ\/CFa Ph)LNJ\/CFs Ph)LNJ\/crs )LNJ\/CFa )LNJ\/crs
H H H H H H H
186% (95% ee) 185% (80% ee) 6vidl 73% (97%ee) 6wlcl 60% (91% ee) 170% (92% ee) 6y!° 82% (91% ee) 621 76% (94% ee)
0
° OBu!
>L M, o 04/
o o 07.
ENgZ L Nge] o H
T ! o )0\// o OI
e O O
o o o o o o CFy
N
L X er, I X e, e, N o M A e s Ay A oFs
N AR N FiCS \J H \ I H

7al°l 72% (92% ee) 7019 55% (60% ee) 7¢l°1 65% (95% de) 7d[ 80% (97% de) 7el°l 55% (94% de)

7f 90% (95%ee)

[a] All reactions were run on 0.2 mmol scale in DMAc (1 mL) under a nitrogen atmosphere. [b] Isolated yields, and enantiomeric excess (ee)

values determined by HPLC on a chiral stationary phase. [c] Reaction at -20 €.
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were also suitable for reaction to give 6m in 55% yield with 86% ee.
Moreover, enamides bearing heterocycles, such as pyrridine and
furan, were also compatible with the reaction conditions to deliver
products 6n and 60 in good yields (80-87%) with excellent
enantioselectivities (95% ee).

Lastly, a series of alcohols as coupling partners were
investigated. Reactions of simple alcohols, such as ethanol,
propanol, pentanol and benzyl alcohol, proceeded smoothyl to
yield corresponding products 6p-6s with excellent results. Notably,
the oxygenation reaction of CRAN also featured high functional
group tolerance, a series of alcohols containing various functional
groups such as cyclopropanyl (6t), diol (6u), sulfonyl (6v), alkynyl
(6w), aniline (6x) and methylenedioxybenzene (6y) were subjected
to the reaction conditions, giving the desired products in 60-86%
yields with 80-97% ee. Moreover, reactions of alcohols bearing
heteroarenes including furan and thiophene also proceeded very
well to afford 6z-7a in good vyields with excellent
enantioselectivities, except that the reaction of alcohol with
benzoxazoline gave product 7b with moderate enantioselectivity
(60% ee). In addition, reactions of enamides with chiral alcohols
also furnished the products 7c-7e in good yields with high levels of
diastereoselective induction (94-97% de). Alcohols with a long
chain (7f) also proved amenable to the asymmetric etherification.

In order to showcase the synthetic utility of the method, further
transformations of the trifluoromethylcyanation products were
investigated (Scheme 2). Optically pure 1,2-diamine 8 could be
readily prepared through the hydrogenation of 2a using Raney
nickel catalyst in 90% yield with 99% ee. Moreover, 2q could be
transformed into amide 9 in 86% yield with 86% ee, the core
structure of which is similar to that of antiepileptic drug
Levetiracetam;®! Interestingly, further recrystallization of product
9 in isopropanol yielded a small amount of precipitate only, and we
were delighted to find that the enantioselectivity of 9 in solution
was accumulated to 95% ee in 75% yield.

o CN
N/bca
H
2a

Raney Ni, H, (40 bar )
(Boc), (2.0 equiv.)
PRl i

dixoane, 50 °C

98% ee
by
O oN Na,COs I/NHz 1 |
H,0 ;
( N/k/cl:3 — 2 < CFs3 /Q(NHz :
2q Acetone/H,0 i
87% ee 86% 86% ee) !

Levetlracetam

recystallation E75% (95% ee)

Scheme 2. Synthetic applications.

Some control experiments revealed that the reactions involves
a radical pathway (for details, see SI). In addition, compared to
vinyl enolate 3a, the reaction of vinyl benzyl ethers yielded the
desired product with low enantioselectivity (10, 16% ee, Scheme 3,
i), indicating that the carbonyl groups in vinyl substrates were
essential for the asymmetric coupling. There are two possible roles
for the carbonyls: (1) decreasing the electron density of a carbon-
centered radical and thus avoiding its overoxidation to a
carbocation; and (2) acting as a coordinating site for chiral
copper(ll) species to facilitate the asymmetric coupling of the
chiral copper(ll) species with carbon-centered radicals. For vinyl
phosphite (3i) and sulfonate (3j) bearing a stronger electron-
withdrawing group than the carbonyl group in 3a, the reaction of 3i
led to slightly higher enantioselectivity than 3a, while the reaction
of 3j gave product 4j with much lower ee value (Scheme 3, i). We
reasoned that these outcomes might be attributed to the order of the

chelating ability of groups: phosphinyl > acyl > sulfonyl. Moreover,
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compared to the CRAN generated from substrate 1p (90% ee),
when two more carbon atoms were added to the carbon-centered
radical connecting to a nitrogen atom, the cyanation product 11
was produced with lower enantioselectivity (70% ee), and
increasing the carbon atoms resulted in even worse
enantioselectivity (<5% ee, 12) (Scheme 3b, ii). Based on these
studies, we concluded that the carbonyl group coordinating to
chiral Cu(ll) species played an essential role in the asymmetric
radical coupling step.

| L*Cu(CN), |
3 7~ o () E Roles of carbonyl group:
3 Ph)k X CF3 E electronic effect or coordinating effect ?
X=N,0
————————————————————— CN
Y CF
Ph/\OJ\/ 3
4
vs 10
O CN d 70% (16% ee)
P o CFs3
4a vs

08% 0% ee) X\ Phf ) QL
(] o ee -~ \
Po cF
o~ o)V s <VS> Tol/S\o/'VCFg
4i 4
86% (92% ee) 60% (65% ee)

2p 1" 12
98% (90% ee) 98% (70% ee) 98% (< 5% ee)

Scheme 3. Preliminary mechanistic studies.

In conclusion, we have developed the first copper-catalyzed
asymmetric cyanation and oxygenation of enamides proceeding
through a highly enantioselective capture of CRAN by a chiral
copper complex; and the asymmetric cyanation of vinyl esters was
illustrated as well. These methods allow for the straightforward and
efficient synthesis of various a-cyano amides, a-cyano ethers and
hemiaminals in good yields with excellent enantioselectivities
under very mild conditions. Preliminary mechanistic studies reveal
that the carbonyl group in the enamides plays a crucial role in
achieving high levels of enantioselectivities in the asymmetric
cyanation and etherification of the carbon-centered radicals
adjacent to a heteroatom.

Acknowledgements

We are grateful for financial support from the National Nature
Science Foundation of China (Nos. 21532009, 21728201,
21790330 and 21821002), the Science and Technology
Commission of Shanghai Municipality (Nos. 17XD1404500,
17QA1405200 and 17JC1401200), and the strategic Priority
Research Program (No. XDB20000000) and the Key Research
Program of Frontier Science (QYZDJSSWSLHO055) of the Chinese
Academy of Sciences.

Keywords: asymmetric radical reaction ¢ copper catalysis *
cyanation ¢ etherification ¢ enamides

Reference

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

10.
11.

12.

13.

14.

15.

16.

17.

18.

a) S. A. Lawrence, Amines: synthesis, properties and applications.
Britain: Cambridge University Press; 2004. b) H. U. Blaser, F.
Spindler, M. Studer, Appl. Catal. A Gen. 2001, 211, 119; c) M.
Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Kepeler, R. Stvrmer, T.
Zelinski, Angew. Chem. Int. Ed. 2004, 43, 788.

K. Gopalaiah, H. B. Kagan, Chem. Rev. 2011, 111, 4599.

For selected examples, see: a) W. Tang, X. Zhang, Angew. Chem. Int.
Ed. 2002, 41, 1612; b) Y. Liu, K. Ding, J. Am. Chem. Soc. 2005, 127,
10488; c) C. Molinaro, J. P. Scott, M. Shevlin, C. Wise, A. Menard,
A. Gibb, E. M. Junker, D. Lieberman, J. Am. Chem. Soc. 2015, 137,
999; d) D. Fan J. Zhang, Y. Hu, Z. Zhang, I. D. Gridnev, W. Zhang,
ACS Catal. 2020, 10, 3232; e) J.-H. Xie, S.-F. Zhu, Q.-L. Zhou,
Chem. Soc. Rev. 2012, 41, 4126.

For selected examples, see: a) S.-S. Zhang, Y .-S. Zhao, P. Tian, G.-Q.
Lin, Synlett. 2013, 24, 437; b) N. Hu, G. Zhao, Y. Zhang, X. Liu, G.
Li, W. Tang, J. Am. Chem. Soc. 2015, 137, 6746; c) A. Lopez, T. B.
Clark, A. Parra, M. Tortosa, Org. Lett. 2017, 19, 6272; d) L. Chen,
J.-J. Shen, Q. Gao, S. Xu, Chem. Sci. 2018, 9, 5855.

a) H. Liu, G. Dagousset, G. Masson, P. Retailleau, J. Zhu, J. Am.
Chem. Soc. 2009, 131, 4598; b) Y.-X. Jia, J. Zhong, S.-F. Zhu, C.-M.
Zhang, Q.-L. Zhou, Angew. Chem., Int. Ed. 2007, 46, 5565; c) X.-Y.
Bai, W.-W. Zhang, Q. Li, B.-J. Li, J. Am. Chem. Soc. 2018, 140, 506.
For reviews, see: a) J. C. Siu, N. Fu, S. Lin, Acc. Chem. Res. 2020,
53, 547; b) Z.-L. Li, G.-C. Fang, Q.-S. Gu, X.-Y. Liu, Chem. Soc.
Rev. 2020, 49, 32; ¢) G. S. Sauer, S. Lin, ACS Catal. 2018, 8, 5175; d)
X.-W. Lan, N.-X. Wang, Y. Xing. Eur. J. Org. Chem. 2017, 5821.
For some recent examples, see: e) X. Tang, A. Studer, Angew. Chem.
Int. Ed. 2018, 57, 814; f) J.-S. Lin, T.-T. Li, J.-R. Liu, G.-Y. Jiao, Q.-
S. Gu, J.-T. Cheng, Y.-L. Guo, X. Hong, X.-Y. Liu, J. Am. Chem.
Soc. 2019, 141, 1074; g) R. Wei, H. Xiong, C. Ye, Y. Li, H. Bao,
Org. Lett. 2020, 22, 3195-3199; h) H.-Y. Tu, F. Wang, L.-P. Huo,
Y.-B. Li, S.-Q. Zhu, X. Zhao, H. Li, F.-L. Qing, L. Chu, J. Am.
Chem. Soc. 2020, 142, 9604; i) N. Fu, L. Song, J. Liu, J. Y. Shen, J.
C. Siu, S. Lin, J. Am. Chem. Soc. 2019, 141, 14480; j) J. Liu, S. Wu,
J. Yu, C. Lu, Z. Wu, X. Wu, X. - S. Xue, C. Zhu, Angew. Chem. Int.
Ed. 2020, 59, 8195; k) J. Chen, B.-Q. He, P.-Z. Wang, X.-Y. Yu, Q.-
Q. Zhao, J.-R. Chen, W.-J. Xiao, Org. Lett. 2019, 21, 4359; |) K. M.
Nakafuku, S. C. Fosu, D. A. Nagib. J. Am. Chem. Soc. 2018, 140,
11202; m) Y.-X. Zhang, R.-X. Jin, H. Yin, Y. Li, X.-S. Wang, Org.
Lett. 2018, 20, 7283.

a) P. Kramer, M. Halaczkiewicz, Y. Sun, H. Kelm, G. Manolikakes.
J. Org. Chem. 2020, 85, 3617. b) A. Carboni, G. Dagousset, E.
Magnier, G. Masson, Org. Lett. 2014, 16, 1240.

There are only one case of asymmetric coupling CRAN by using Ni
catalyst. For details, see: Z. Zuo, H. Cong, W. Li, J. Choi, G. C. Fu,
D. W. C. MacMillan, J. Am. Chem. Soc. 2016, 138, 1832.

a) R. S. J. Proctor, H. J. Davis, R. J. Phipps, Science 2018, 360, 419;
b) M.-C. Fu, R. Shang, B. Zhao, B. Wang, Y. Fu, Science 2019, 363,
1429; c) X. Liu, Y. Liu, G. Chai, B. Qiao, X. Zhao, Z. Jiang, Org.
Lett. 2018, 20, 6298.

D. Zheng, A. Studer, Angew. Chem. Int. Ed. 2019, 58, 15803.

a) F. Wang, P. Chen, P.; G. Liu. Acc. Chem. Res. 2018, 51, 2036; b)
W. Zhang, F. Wang, S. D. McCann, D, Wang, P, Chen, S. S. Stahl, G.
Liu, Science 2016, 353, 1014.

For selected examples, see: a) F. Wang, D. Wang, X. Wan, L. Wu, P.
Chen, G. Liu, J. Am. Chem. Soc. 2016, 138, 15547; b) D, Wang, F.
Wang, P. Chen, Z. Lin, G. Liu, Angew. Chem. Int. Ed. 2017, 56,
2054; c¢) L. Wu, F. Wang, D. Wang, X. Wan, P. Chen, G. Liu, J. Am.
Chem. Soc. 2017, 139, 2904; d) D. Wang, L. Wu, F. Wang, X. Wang,
P. Chen, Z. Lin, G. Liu, J. Am. Chem. Soc. 2017, 139, 6811; ) L. Fu,
S. Zhou, X. Wan, P. Chen, G. Liu. J. Am. Chem. Soc. 2018, 140,
10965; f) Z. Cheng, P. Chen, G. Liu, Acta Chim. Sinica 2019, 77,
856.

N. Fu, L. Song, J. Liu, Y. Shen, J. C. Siu, S. Lin, J. Am. Chem. Soc.
2019, 141, 14480.

J. Li, Z. Zhang, L. Wu, W. Zhang, P. Chen, G. Liu, Nature, 2019,
574, 516.

F.-D. Lu, D. Liu, L. Zhu, L,-Q, Lu, Q. Yang, Q.; Q.-Q. Zhou, Y. Wei,
Y. Lan, W.-J. Xiao, J. Am. Chem. Soc. 2019, 141, 6167.

For selected examples, see: a) E. A. Mitchell, A. Peschiulli, N.
Lefevre, L. Meerpoel, B. U. W. Maes, Chem. Eur. J. 2012, 18,
10092; b) K. R. Campos, Chem. Soc. Rev. 2007, 36, 1069.

H. Hu, S.-J. Chen, M. Mandal, S. M. Pratik, J. A. Buss, S. W. Krska,
C. J. Cramer, S. S. Stahl, Nat. Catal. 2020, 3, 358.

For selected examples, see: a) Y. Pan, S. Wang, C. W. Kee, E.
Dubuisson, Y. Yang, K. P. Loha, C.-H. Tan, Green Chem. 2011, 13,
3341; b) S.-I. Murahashi, N. Komiya, H. Terai, T. Nakae, J. Am.

19.

20.

10.1002/anie.202008338

WILEY-VCH

Chem. Soc. 2003, 125, 15312; c) S. Kamijo, T. Hoshikawa, M.
Inoue, Org. Lett. 2011, 13, 5928; d) A. Carboni, G. gousset, E.
Magnier, G. Masson, Org. Lett. 2014, 16, 1240; e) Z. Li, C.-J. Li, J.
Am. Chem. Soc. 2004, 126, 11810. f) P. Yu, J.-S. Lin, L. Li, S.-C.
Zheng, Y.-P. Xiong, L.-J. Zhao, B. Tan, X.-Y. Liu, Angew. Chem.
Int. Ed. 2014, 53, 11890.

CCDC (2a) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

E. Viayna, I. Sola, O. I. Pietro, D. Munoz-Torrero, Cur. Med. Chem.
2013, 13, 1623.

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tang%2C+Xinjun
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Studer%2C+Armido
https://pubs.acs.org/doi/10.1021/jacs.8b07436
https://pubs.acs.org/doi/10.1021/jacs.8b07436

Angewandte Chemie International Edition 10.1002/anie.202008338

WILEY-VCH
Entry for the Table of Contents (Please choose one layout)
Layout 1:
communicaTlON
Text for Table of Contents Author(s), Corresponding Author(s)*

Page No. — Page No.
Title

((Insert TOC Graphic here))

Layout 2:
COMMUNICATION

G. Zhang, S. Zhou, L. Fu, P. Chen, Y. Li,

Excellent enantioselectivity (up to 98% ee)

J. Zou,* G. Liu*
O U U WP page No. - Page N
N - CF; or CF age No. — Page No.
RN TMSCNorR'OH R N R HJ\/ 3
P . Asymmetric Coupling of Carbon-
' ~°N ; -catalyzed asymmetric coulping of a-amino Centered Radical Adjacent to
: N‘\(L,u”(FG) ' (and a-oxy) carbon radcials Nitrogen: Copper-Catalyzed
: o N ; Cyanation and Etherification of
' /H\ ji ' Asymmetric cyanation & etherification Enamides
T RTON :

The first copper-catalyzed asymmetric cyanation and etherification of enamides have
been established, where a carbon-centered radical adjacent to a nitrogen atom
(CRAN) is enantioselectively trapped by a chiral copper (Il) species. The asymmetric
cyanation of vinyl esters was illustrated as well. The reactions featuring very mild
reaction conditions and high functional group tolerance give a series of chiral a-cyano
amides, a-cyano esters and hemiaminals in good yields with excellent
enantioselectivities.

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.



