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multisubstituted allylation of the
chelation-assisted C–H bond of (hetero)arenes
with cyclopropenes†

Kuppan Ramachandran and Pazhamalai Anbarasan *

Cyclopropenes are highly strained three-membered carbocycles, which offer unique reactivity in organic

synthesis. Herein, Cp*CoIII-catalyzed ring-opening isomerization of cyclopropenes to cobalt

vinylcarbene has been utilized for the synthesis of multisubstituted allylarenes via directing group-

assisted functionalization of C–H bonds of arenes and heteroarenes. Employing this methodology,

various substituents can be introduced at all three carbons of the allyl moiety with high selectivity. The

important highlights are excellent functional group tolerance, multisubstituted allylation, high selectivity,

gram scale synthesis, removable directing group, and synthesis of cyclopenta[b]indoles. In addition,

a potential cobaltocycle intermediate was identified and a plausible mechanism is also proposed.
Introduction

Allylated arenes and heteroarenes are prevalent structural
motifs found in various natural products and biologically
important molecules.1 Synthetically, substituted allyl groups
serve as an excellent handle to increase the complexity of
a molecule with simple synthetic operations. These allyl groups
are traditionally introduced into arenes via either the Friedel–
Cras allylation of electron rich arenes2 or reaction of pre-
functionalized organometallic reagents with allyl electrophiles.3

These methods have only limited substrate scope and require
sensitive organometallic reagents. In contemporary organic
synthesis, traditional methods are wisely replaced with the
transition metal catalyzed direct allylation of directing group-
assisted C–H bonds of (hetero)arenes.4 In the past few
decades, precious transition metals such as Pd,5 Ru,6 Rh,7 Ir,8

etc.9 were efficiently utilized for the allylation of various C–H
bonds. Recently, Cp*CoIII based catalysts have emerged as
efficient alternatives to the precious metal catalysts in allyla-
tion10 and other C–H bond functionalization reactions.11 In
addition, due to the small size and hard nature of cobalt cata-
lysts, complementary reactivity was observed in a number of
other transformations. All these allylation methods utilize
either allylic alcohol derivatives or vinyl-epoxides, -cyclic
carbonates and -cyclopropanes, allenes and others (Scheme 1a).
Most of these transformations offer access to simple allylated
and mono-substituted allylated arenes. Nevertheless, methods
f Technology Madras, Chennai, 600036,

b: https://home.iitm.ac.in/anbarasansp/

ESI) available. CCDC 2091505. For ESI
other electronic format see DOI:

3449
for introduction of allyl group containing substitution at allylic
and alkene carbons are rather limited because most of these
reactions involve an initial 1,2-migratory insertion of a C–metal
bond into the alkene of the allylating reagent, which is highly
controlled by the steric factor. Hence, it is highly desirable to
develop a complementary approach for the multisubstituted
allylation of C–H bonds utilizing a unique allylating reagent,
which would involve an unconventional mode of allylation.

Substituted cyclopropenes constitute an important class of
building blocks in organic synthesis.12 Due to their high ring
strain energy, cyclopropenes demonstrated versatile and
exceptional reactivity, which are efficiently exploited in various
transformations. In general, the reactivity of cyclopropenes
can be classied into two types: (1) reaction of alkenes without
ring-opening such as 1,2-addition and carbometallation, and
(2) reaction accompanied by ring opening13 such as cyclo-
isomerization, metathesis and reaction of vinyl carbenes
(Scheme 1b). On the other hand, application of cyclopropenes
in transition metal-catalyzed C–H bond functionalization of
(hetero)arenes is in its infancy.14 The known transformations
involve cyclopropanation of arenes via addition to alkene15 or
cycloisomerization to heterocycles employing Rh(III)-based
catalysts16 (Scheme 1c). However, transition metal-catalyzed
ring-opening of cyclopropenes to vinylcarbenes17 and its
application in C–H bond functionalization is yet to be
explored.

We have been extensively involved in the in situ generation
of metalcarbenes from various precursors18 and its application
in the construction of various complex carbo- and heterocycles
through C–H bond functionalization.19 In continuation of our
work on metalcarbenes and encouraged by the unique reac-
tivity of cyclopropenes, we envisioned the utilization of
cyclopropenes as a non-diazo precursor of vinylcarbenes in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Transition metal-catalyzed C–H bond allylation and reaction of cyclopropenes.
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transition metal-catalyzed C–H bond functionalization for the
synthesis of allylated (hetero)arenes. Due to the high reactivity
of cyclopropenes, we intended to introduce substituents at all
three carbons of the allyl moiety, which is otherwise difficult to
achieve. We herein report the Cp*CoIII-catalyzed multi-
substituted allylation of directing group-assisted C–H bonds
of (hetero)arenes, such as indoles and pyrroles, exploiting
substituted cyclopropenes as the allylating reagent.20 This
method represents the rst example of multisubstituted ally-
lation of (hetero)arenes, where substituents are introduced at
all three carbons of the allyl group with high selectivity
control.
Table 1 Cp*CoIII catalysed allylation of the C–H bond of 1a with cyclop

Entry Conditions

1 Standard conditions
2 Absence of Cp*CoI2CO or AgSbF6
3 Without NaOAc
4 KOAc instead of NaOAc
5 NaOPiv instead of NaOAc
6 AgOAc instead of NaOAc
7 DMF, DMSO and CH3CN instead of
8 Toluene instead of DCE
9 With [Cp*Co(CH3CN)3](SbF6)2 inste

a Reaction conditions: 1a (1.0 equiv.), 2a (2 equiv.), [Cp*CoI2CO] (10 m
[Cp*CoI2CO].

© 2021 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

N-Heterocycles, particularly indoles, are of great synthetic
interest due to their relevance in biological systems. Hence, we
started our investigation with allylation of indole derivatives.
First, we examined the reaction of N-pyridylindole 1a and 3,3-
diphenylcyclopropene 2a as the model reaction in the presence
of [Cp*CoI2CO] catalyst. Based on the initial optimization (see
the ESI† for more details), reaction of 1a and 2a in the presence
of 10 mol% of [Cp*CoI2CO], 20 mol% of AgSbF6 and 10 mol% of
NaOAc in DCE at 100 �C for 1.5 h afforded the expected allylated
product 3a in 91% yield (Table 1, entry 1). In the absence of
ropene 2aa

Yieldb (%)

91 (69)c

NR
5
60
56
51

DCE NR
28

ad of the catalyst and AgSbF6 47

ol%), DCE, 100 �C, 1–2 h. b All are isolated yields. c With 5 mol% of
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either [Cp*CoI2CO] or AgSbF6, allylation was not observed.
Although 1a was recovered from the reaction mixture, 2a
underwent intramolecular rearrangement to the indene deriv-
ative and was isolated in high yields (Table 1, entry 2). A similar
result was observed when NaOAc was removed (Table 1, entry 3).
These observations suggest that the reaction is catalyzed by
Cp*CoIII, and AgSbF6 and NaOAc are essential for the observed
activity of the catalyst. Replacement of NaOAc with other bases
such as KOAc, NaOPiv and AgOAc gave product 3a in lower yield,
Scheme 2 Cp*Co(III)-catalysed multisubstituted allylation of chelation-a
ether. †Ratio of stereoisomers.

13444 | Chem. Sci., 2021, 12, 13442–13449
reiterating the importance of NaOAc (Table 1, entries 4–6).
Screening of solvents revealed that polar solvents, such as DMF,
DMSO, and CH3CN that can chelate with metals, are not suit-
able for the present transformation (Table 1, entry 7). Also use
of non-polar aromatic solvents such as toluene was not bene-
cial (Table 1, entry 8). Reducing the catalyst loading to 5 mol%
or use of the Lewis acidic catalyst [Cp*Co(CH3CN)3](SbF6)2 in
the absence of AgSbF6 gave the product 3a in reduced yield
(Table 1, entries 1 and 9). Thus, 10 mol% of [Cp*CoI2CO],
ssisted C–H bonds with cyclopropenes. ‡From the corresponding allyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Reaction of 2a with N-pyridylpyrrole 4 and N-arylpyrazole
5.
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20 mol% of AgSbF6 and 10 mol% of NaOAc in DCE at 100 �C
were chosen as optimal conditions for the allylation of C–H
bonds of indole 1 with cyclopropenes 2.

Aer successfully establishing the allylation of the C–H bond
with cyclopropene, the scope and limitation of the strategy were
investigated. To begin with, various substituted indole deriva-
tives were examined under the optimized conditions with
cyclopropene 2a (Scheme 2). 5-Alkyl, aryl and halo substituted
indole derivatives were readily allylated under the optimized
conditions to furnish products 3a–3g in excellent yields.
Electron-donating (methoxy) group was well tolerated under the
reaction conditions to afford the allylated product 3h in 82%
yield in 2 h. On the other hand, electron-withdrawing (cyano)
group also showed reasonable compatibility and gave the
vinylated product 3j in relatively lower yield aer 4 h as
a mixture of E : Z isomers in 2 : 1 ratio. But the allyloxy group
underwent deprotection under the reaction conditions and the
corresponding hydroxy product 3i was isolated.

Similar results were observed with indole substituted at the
4-position, and synthesis of allyated products 3k–3m was ach-
ieved in good yield. Importantly, sterically congested 7-ethyl-
indole and 3-methyl indole derivatives underwent a smooth
reaction to give the allylated products 3n and 3p in relatively low
yields (66 and 52% yields, respectively), and the latter was iso-
lated as a 2 : 1 mixture of allylated and vinylated products.
Furthermore, a 7-azaindole derivative having an additional
coordination site also furnished the allylated product 3o in 81%
yield. Subsequently, the effect of substituents on the pyridine
directing group was examined. The 4-methylpyridine derivative
effectively directed the allylation to provide the product 3q in
64% yield. But the electron decient 5-nitropyridine derivative
showed poor directing ability and the formation of product 3r
was observed in 30% yield. Interestingly, replacement of pyri-
dine with pyrimidine as the directing group, which can be
readily removed aer the reaction, furnished the product 3s in
excellent yield.

Successively, the scope and limitations of cyclopropenes
were explored. Symmetrically 3,3-disubstituted cyclopropenes
on reaction with 1a under the optimized conditions afforded
the products 3t and 3u in excellent yields. Use of unsymmetrical
3,3-diaryl, 3-aryl-3-heteroaryl and 3-alkyl-3-aryl cyclopropenes
also afforded the corresponding allylated products 3v–3y in
excellent yields as a mixture of E/Z isomers with variable ratio.
Interestingly, symmetrical cyclopropenes derived from dialkyl
ketones, such as dicyclohexyl ketone, cyclododecanone and 4-
phenylcyclohexanone, also showed high level of compatibility
under the optimized conditions to deliver allylated products 3z,
3aa and 3ab in good yields. Replacement of symmetrical
disubstituted cyclopropene with unsymmetrical 1,3-diphe-
nylcyclopropene furnished the product 3ac in 92% yield with
complete E-selectivity. Consequently, trisubstituted cyclo-
propenes were examined. Formation of allylated product 3ad
having substituents at allylic and alkene carbons in moderate
yield from 1,3-dimethyl-3-phenylcyclopropenes was observed.
Similar observations were noted with 1,2,3-triarylcyclopropenes
containing substituents at the alkene carbon, where allylated
products 3ae–3ah were obtained in moderate yields. This
© 2021 The Author(s). Published by the Royal Society of Chemistry
observation suggests that the steric factor in cyclopropene
signicantly affects the outcome of the reaction.

Subsequently, studies were directed to understand the
importance of the directing group. Thus, bisindole having
different substituents at nitrogen, methyl and pyridyl, respec-
tively, selectively afforded the allylation at pyridyl substituted
indole (3ai), which supported the importance of the directing
group. It is important to note that formation of C7-allylated
product 3aj was observed in 33% yield when N-pyridylindoline
was treated with 2a under the optimized conditions. This result
further expands the scope of allylation to the C7–H bond of the
indole derivative.

Having successfully studied the allylation of indole deriva-
tives, we next focused on the allylation of pyrroles and arenes
using pyridine and pyrazole as the directing group, respectively.
The reaction of N-pyridylpyrrole 4a with 2a in the presence of
[Cp*CoIII] under the optimized conditions furnished the ally-
lated product 6a in 82% yield (Scheme 3). Similarly, other
substituted allylpyrroles 6b–6d were obtained in moderate to
good yields. Next, N-phenylpyrazole reacted efficiently with 3a
under the optimized conditions and afforded vinylated product
7a in 67% yield as the sole product, instead of the corre-
sponding allylated product. Similar results were obtained with
other substituted N-arylpyrazole derivatives and gave vinylated
products 7b–7e in good yields.

Aer having shown the wide substrate scope, the synthetic
application of the developed strategy was investigated. Gram
scale synthesis of 2a and 1a furnished the allylated product 3a
in comparable yield, suggesting that the reaction can be readily
scaled up and the methodology is applicable to the large-scale
preparation of allylated derivatives (Scheme 4a). Reaction of
3s with NaOEt furnished 2-allylated indole 9 in good yield,
revealing that the employed directing group could be readily
removed, and the method can be used for further synthetic
manipulations (Scheme 4b).
Chem. Sci., 2021, 12, 13442–13449 | 13445
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Scheme 4 Synthetic utility. (a) Gram scale reaction. (b) Removal of directing group. (c) Synthesis of cyclopenta[b]indoles. (d) One-pot synthesis
of cyclopenta[b]indole.
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Cyclopenta[b]indoles are important structural motifs widely
found in bioactive natural products and pharmaceutically
interesting compounds.21 We next envisioned the conversion of
allylated products 3 to the corresponding cyclopenta[b]indoles
10. Thus, reaction of 3a with 30 mol% of BF3$OEt2 in DCE
afforded the product 10a in 81% yield (Scheme 4c). Subse-
quently, various substituted cyclopenta[b]indoles 10b–j were
achieved in moderate to good yields in the presence of BF3-
$OEt2. Importantly, Cp*CoIII-catalyzed allylation and Lewis acid
mediated cyclization were successfully integrated to afford
cyclopenta[b]indole 3a in 68% yield in one-pot (Scheme 4d).

We also performed preliminary investigation to understand
the possible mechanism of the developed transformation. The
Scheme 5 Preliminary mechanistic investigation. (a) Competitive experim

13446 | Chem. Sci., 2021, 12, 13442–13449
initial competitive experiment with electronically different
indoles revealed preference to electron-rich indole derivatives
(Scheme 5a). This suggests the possible electrophilic metalation
pathway for C–H bond functionalization with Cp*CoIII. On the
other hand, electronically different cyclopropenes showed only
very slight preference to electron-rich cyclopropenes, which
might be due to the high reactivity of cyclopropenes. Next,
a deuterium exchange experiment was performed to support the
formation of the Co–C bond through C–H bond functionaliza-
tion. Treatment of 1a with CD3OD under the optimized condi-
tions, in the absence of cyclopropene, led to the recovery of 1a
with a signicant amount of deuteration at C2- and C7-position
ent. (b) Deuterium exchange experiment. (c) Stoichiometric reaction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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suggesting the potential reversible formation of the Co–C bond
(Scheme 5b).

Next, we focused our attention on isolating the possible
transition state of C–H metalated species. Thus, equimolar
ratios of 1a and Cp*CoI2CO were treated in the presence of 2
equiv. of AgSbF6 and 1 equiv. of NaOAc in DCE at 100 �C for 6 h.
We noticed a clear change in the color of the reaction mixture
and the formation of a solid. Isolation and characterization of
the formed solid through 1H NMR showed that all ve methyl
groups of Cp* are not equal and one of them appeared as
a doublet. Consequently, single crystal X-ray analysis of the
isolated solid conrmed the formation of pyridinium salt 11 in
59% yield as a single diastereomer (Scheme 5c).22 The formation
of 11 can be explained through the initial insertion, reductive
elimination followed by protonation of the resultant allyl Co-
species.

To isolate the potential intermediate, the stoichiometric
reaction was performed at a reduced temperature (65 �C).
Various attempts to isolate the complex formed was unsuc-
cessful. Hence, the formed intermediate was analyzed by ESI-
HRMS, which showed the presence of only complex 12. The
mass spectrum was in complete agreement with the simulated
spectra of complex 12 (see the ESI† for more details). Succes-
sively, treatment of the reaction mixture with cyclopropene 2a
furnished the allylated product 3a in good yield. Interestingly,
heating of complex 12 to 100 �C afforded the pyridinium salt 11
in 42% yield. These observations suggest complex 12 as
a potential intermediate of the present allylation and formation
of pyridinium salt 11.

Based on the preliminary mechanistic investigation, the
plausible mechanism for the multisubstituted allylation is
proposed (Scheme 6). The catalytic reaction starts with the
formation of A from the pre-catalyst Cp*CoI2CO and AgSbF6/
NaOAc through exchange of ligands. Reaction of active species
A with indole derivative 1 would furnish the cyclometallated
species B via base-assisted electrophilic C–H bond
Scheme 6 Plausible mechanism.

© 2021 The Author(s). Published by the Royal Society of Chemistry
functionalization. Formation of vinylcarbene D could be
explained through the initial coordination of cyclopropene 2 to
B followed by rearrangement. Subsequently, 1,1-migratory
insertion would give intermediate E, which on proto-
demetallation would give the product 3 and regenerate the
active catalyst A. On the other hand, based on the substrate,
intermediate E could exist as allyl-Co species E0, which on
protonation would give the vinylated product. As seen in the
substrate scope, a C3-allylated product could be formed via the
intermolecular reaction of vinylcarbene with cyclometallated
species B, which makes the C3-position more nucleophilic.

Conclusions

In conclusion, we have developed an efficient and general
multisubstituted allylation of chelation-assisted C–H bond of
(hetero)arenes in the presence of Cp*CoIII catalyst and
substituted cyclopropenes as an efficient allylating reagent. The
allylation occurs through ring-opening isomerization of cyclo-
propenes to vinylcarbenes followed by migratory insertion,
which allows introduction of substituents in all three carbons of
the allyl moiety. Various functional groups were well tolerated
to afford diversely substituted allyated indoles, pyrroles and
arenes in good yields and selectivity. Importantly, gram scale
synthesis, removal of the directing group and synthetic mani-
festation to cyclopenta[b]indoles demonstrated the synthetic
applicability of the present methodology. Furthermore,
a potential metalated intermediate was identied through
a stoichiometric reaction, which paved way to the plausible
mechanism.
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and F. Glorius, Org. Lett., 2015, 17, 3714–3717; (c) D. Zell,
Q. Bu, M. Feldt and L. Ackermann, Angew. Chem., Int. Ed.,
2016, 55, 7408–7412; (d) Y. Suzuki, B. Sun, K. Sakata,
T. Yoshino, S. Matsunaga and M. Kanai, Angew. Chem., Int.
Ed., 2015, 54, 9944–9947; (e) Y. Bunno, N. Murakami,
Y. Suzuki, M. Kanai, T. Yoshino and S. Matsunaga, Org.
Lett., 2016, 18, 2216–2219; (f) D. Kalsi, R. A. Laskar,
N. Barsu, J. R. Premkumar and B. Sundararaju, Org. Lett.,
2016, 18, 4198–4201; (g) K. Ramachandran and
P. Anbarasan, Eur. J. Org. Chem., 2017, 2017, 3965–3968;
(h) H. Wang, M. M. Lorion and L. Ackermann, ACS Catal.,
2017, 7, 3430–3433; (i) L. Kong, S. Yu, G. Tang, H. Wang,
X. Zhou and X. Li, Org. Lett., 2016, 18, 3802–3805; (j)
D. Zell, V. Müller, U. Dhawa, M. Bursch, R. R. Presa,
S. Grimme and L. Ackermann, Chem.–Eur. J., 2017, 23,
12145–12148; (k) S. Y. Choi, H. D. Kim, J.-U. Park,
S.-a. Park and J. H. Kim, Org. Lett., 2019, 21, 10038–10042;
(l) R. Tanaka, I. Tanimoto, M. Kojima, T. Yoshino and
S. Matsunaga, J. Org. Chem., 2019, 84, 13203–13210; (m)
U. Dhawa, C. Tian, W. Li and L. Ackermann, ACS Catal.,
2020, 10, 6457–6462.

11 (a) T. Yoshino and S. Matsunaga, Adv. Synth. Catal., 2017,
359, 1245–1262; (b) Z.-H. Guan, M. Usman, Z.-H. Ren and
Y.-Y. Wang, Synthesis, 2017, 49, 1419–1443; (c)
M. Moselage, J. Li and L. Ackermann, ACS Catal., 2015,
498–525; (d) J. Ghorai and P. Anbarasan, Asian J. Org.
Chem., 2019, 8, 430–455; (e) S. Wang, S.-Y. Chen and
X.-Q. Yu, Chem. Commun., 2017, 53, 3165–3180.

12 (a) M. Rubin, M. Rubina and V. Gevorgyan, Chem. Rev., 2007,
107, 3117–3179; (b) Z.-B. Zhu, Y. Wei and M. Shi, Chem. Soc.
Rev., 2011, 40, 5534–5563; (c) M. R. Wilson and R. E. Taylor,
Angew. Chem., Int. Ed., 2013, 52, 4078–4087; (d) L. Dian and
I. Marek, Chem. Rev., 2018, 118, 8415–8434; (e)
A. Archambeau, F. Miege, C. Meyer and J. Cossy, Acc.
Chem. Res., 2015, 48, 1021–1031.

13 (a) T. Nakano, K. Endo and Y. Ukaji, Chem.–Asian J., 2016, 11,
713–721; (b) D. T. H. Phan and V. M. Dong, Tetrahedron,
2013, 69, 5726–5731; (c) S. Ma and J. Zhang, J. Am. Chem.
Soc., 2003, 125, 12386–12387; (d) H. Zhang, B. Wang,
K. Wang, G. Xie, C. Li, Y. Zhang and J. Wang, Chem.
Commun., 2014, 50, 8050–8052; (e) F. Miege, C. Meyer and
J. Cossy, Angew. Chem., Int. Ed., 2011, 50, 5932–5937; (f)
A. Archambeau, F. Miege, C. Meyer and J. Cossy, Angew.
Chem., Int. Ed., 2012, 51, 11540–11544; (g) D. Zhang,
Z. Kang, J. Liu and W. Hu, iScience, 2019, 14, 292–300; (h)
P. C. Young, M. S. Hadeld, L. Arrowsmith, K. M. Macleod,
R. J. Mudd, J. A. Jordan-Hore and A.-L. Lee, Org. Lett., 2012,
14, 898–901; (i) L. H. Phun, J. Aponte-Guzman and
S. France, Angew. Chem., Int. Ed., 2012, 51, 3198–3202.

14 T. A. Shah, P. B. De, S. Pradhan, S. Banerjee and
T. Punniyamurthy, Chem.–Asian J., 2019, 14, 4520–4533.

15 (a) N. Semakul, K. E. Jackson, R. S. Paton and T. Rovis, Chem.
Sci., 2017, 8, 1015–1020; (b) Y. Luo, H.-L. Teng, M. Nishiura
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03476f


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/3
0/

20
26

 7
:4

8:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and Z. Hou, Angew. Chem., Int. Ed., 2017, 56, 9207–9210; (c)
T. K. Hyster and T. Rovis, Synlett, 2013, 24, 1842–1844.

16 (a) H. Zhang, K. Wang, B. Wang, H. Yi, F. Hu, C. Li, Y. Zhang
and J. Wang, Angew. Chem., Int. Ed., 2014, 53, 13234–13238;
(b) X. Wang, A. Lerchen, C. G. Daniliuc and F. Glorius, Angew.
Chem., Int. Ed., 2018, 57, 1712–1716.

17 (a) H. Zhang, B. Wang, H. Yi, Y. Zhang and J. Wang, Org.
Lett., 2015, 17, 3322–3325; (b) M. J. González, J. González,
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