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e C–H carbonylative annulation
of aliphatic amines: a rapid route to functionalized
g-lactams†

Zhuang Mao Png, Jaime R. Cabrera-Pardo, Jorge Peiró Cadah́ıa
and Matthew J. Gaunt *

A palladium(II)-catalysed C(sp3)–H carbonylation of free(NH) secondary aliphatic amines to 2-

pyrrolidinones is described. A correlation between the nature of the carboxylate ligand and the

diastereoselectivity and yield of the process was observed. As such, under these optimal conditions

a range of aliphatic amines were converted to the corresponding trans-4,5-disubstituted 2-pyrrolidines

with good d.r. and yield.
Five-membered ring saturated nitrogen-containing heterocycles
are ubiquitous structural features in alkaloid natural products,
small-molecule biological probes and pharmaceutical agents
(Fig. 1a).1 Among these scaffolds, 2-pyrrolidinones represent
a synthetically versatile class of heterocycle due to the diverse
reactivity imparted by the amide functional group. The majority
of transformations that generate the 2-pyrrolidinone scaffold
can be mainly divided into two reaction classications: cycli-
zation of bifunctional substrates2–5 and transformations of
appropriately functionalized 5-membered ring core.6 Of partic-
ular importance to the successful realization of these processes
is the need for reactive functional groups resident within the
framework of the precursors to the nitrogen heterocycle. Given
the relevance of these saturated nitrogen heterocycles, the
development of new streamlined catalytic methods for their
construction from simple precursors remains a continual
challenge in chemical synthesis.

As part of an ongoing research program in our laboratory
towards establishing secondary alkylamines as viable feed-
stocks for catalytic C–H activation-based synthesis strategies,7

we reasoned that a single step process capable of forging 2-
pyrrolidinones from carbon monoxide (CO) and unfunctional-
ized secondary alkylamines would represent a useful synthetic
transformation.8,9 Formally, such a process to form 2-pyrroli-
dinones would require the insertion of CO into the C–H and
N–H bonds of an unactivated secondary alkyl amine via
a dehydrogenative ‘4 + 1 cycloaddition-type’ process. While
important independent work by Carretero,10 Wang11 and Zhao12
bridge, Lenseld Road, Cambridge, UK.

SI) available: Experimental procedures,
CCDC 1850700–1850701. For ESI and
ther electronic format see DOI:
on Pd-catalyzed C–H carbonylation of auxiliary-derived alkyl-
amines has enabled the synthesis of some 2-pyrrolidinone-
derived scaffolds (Fig. 1b), the use of more tractable unpro-
tected secondary alkylamines is unknown and has presented
Fig. 1 Overview of g-C–H carbonylation of aliphatic amines.
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Table 1 Selected optimizationa

Entry Catalyst Oxidantb T, �C Acidc Ligandc Yield % (d.r.)

1 Pd(OAc)2 AgOAc 100 — — 30 (7 : 1)
2 Pd(OAc)2 Cu(OAc)2 100 — — 30 (11 : 1)
3 Pd(OPiv)2 Cu(OAc)2 100 — — 30 (15 : 1)
4 Pd(OPiv)2 Cu(OAc)2 110 — — 35 (17 : 1)
5 Pd(OPiv)2 Cu(OAc)2 110 — 3a 37 (11 : 1)
6 Pd(OPiv)2 Cu(OAc)2 110 PhCO2H — 40 (13 : 1)
7 Pd(OPiv)2 Cu(OAc)2 110 PhCO2H 3a 50 (11 : 1)
8 Pd(OPiv)2 Cu(OAc)2 110 2a 3a 70 (10 : 1)
9 Pd(OPiv)2 Cu(OAc)2 110 2b 3a 81 (5 : 1)
10 Pd(OPiv)2 Cu(OAc)2 110 2a — 39 (11 : 1)
11 Pd(OAc)2 Cu(OAc)2 110 2a 3a 48 (8 : 1)

a Yields were determined by 1H NMR analysis with 1,1,2,2–
tetrachloroethane as internal standard. Diasteromeric ratios (d.r.)
were determined by GC-MS. b 10 mol%, except entry 1, 200 mol%. 2a
¼ 2,4,6-triisopropylbenzoic acid. 2b ¼ 2-methyl-6-nitrobenzoic acid. 3a
¼ quinuclidine. c 30 mol%.
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a number of signicant hurdles to the development of an
effective process. This methodological gap is mainly due to the
strong binding of unprotected secondary amines to electro-
philic Pd(II) salts, forming thermodynamically stable and off-
cycle bis-amine Pd(II) complexes that ultimately preclude
catalysis.13 Despite this, the streamlining advantages and late-
stage functionalization opportunities offered by C–H methods
that directly utilize unprotected secondary alkylamines means
that the development of appropriate catalytic transformations is
an important synthetic goal. In light of these challenges, our
group developed a C–H carbonylation strategy wherein the
rapidly formed bis-amine Pd(II) complexes were destabilized by
intense steric interactions imparted by ligated hindered amine
substrates and led to higher concentrations of the putative
mono-amine Pd(II) complexes empirically required for C–H
bond cleavage.14 Furthermore, we identied that a hydrogen
bond between the NH group of the ligated amine and the
carbonyl group of the acetate ligand played a crucial role in
orienting the amine such that C–H activation is facilitated.14c

While we have developed a number of distinct transformations
based on this sterically-controlled C–H activation pathway,
a notable limitation of these methods has been the reliance on
using substrates that display fully substituted carbon centers
around the carbon–nitrogen bond of the amine.14 We ques-
tioned whether a g-C–H carbonylation process to form 2-pyr-
rolidinones could be developed for less substituted secondary
alkylamines by using ligands on the palladium catalyst to
minimize the formation of the off-cycle bis-amine Pd(II) inter-
mediates and the deleterious amine degradation that oen
plagues oxidative transformation of secondary alkylamines
displaying a-C–H bonds.15 Furthermore, we saw the opportunity
to deliver a diastereoselective C–H carbonylation process, which
would provide a direct route to substituted variants of the
synthetically important 5-membered ring lactams; previous
examples of auxiliary-controlled C–H carbonylation to 2-pyrro-
lidinones generally display low diastereoselectivity, which limits
their synthetic utility.10–12 Herein, we detail the successful real-
ization of these ideals through the development of a diaster-
eoselective palladium-catalyzed C–H carbonylation of
unprotected secondary alkylamine to form trans-4,5-disubsti-
tuted 2-pyrrolidinones (Fig. 1c). We identied that a carefully
balanced mixture of sterically hindered carboxylate and ligands
afforded a diasteroselective C–H activation step and syntheti-
cally practical carbonylation process. Interestingly, the ligand
cocktail is also capable of inuencing the mechanism of the
reaction by subtly controlling the position of carbonylation at
either the b- or g-C–H bond with respect to the directing amine
motif.

At the outset of our studies, we selected amine 1a as
a representative substrate which would probe both the viability
of a catalytic C–H carbonylation as well as the diaster-
eoselectivity of the process. Guided by conditions previously
developed for C–H carbonylation with sterically engineered
alkylamines,14d we found that treatment of 1a with 10 mol%
Pd(OAc)2, 200 mol% AgOAc in toluene at 100 �C and under a 2
bar atmosphere of CO (100 �C, 16 h) delivered trans-4,5-disub-
stituted g-lactam 4a in 30% yield and 7 : 1 d.r. (Table 1, entry 1).
This journal is © The Royal Society of Chemistry 2018
We were surprised to nd that changing the oxidant from
AgOAc to 10 mol% Cu(OAc)2 increased the observed diaster-
eoselectivity of the reaction, although the yield remained
modest (Table 1, entry 2). Further improvements to the dia-
stereoselectivity could be realised by changing the catalyst to
Pd(OPiv)2 and increasing the reaction temperature to 110 �C;
despite the improvements in selectivity the yield of the reaction
remained low (Table 1, entry 4). Next, we studied the impact of
introducing external ligands and carboxylic acids additives to
the Pd(OPiv)2/Cu(OAc)2 catalyst system. Previous work in our
group has shown that ligands and carboxylic acids additives
enhance C–H carbonylation of aliphatic amines.16a

Although addition of quinuclidine 3a or benzoic acid to the
reaction mixture showed little effect on the outcome (entry 5–6),
a positive synergistic effect was observed by adding these
reagents together with the yield increasing to 50% and the d.r.
remaining at 11 : 1 (trans : cis) across the 2-pyrrolidinone core
(entry 7). Further screening of different carboxylic acid addi-
tives17 showed that the sterically encumbered 2,4,6-triisopro-
pylbenzoic acid 2a (TRIP-OH) was the best additive, delivering
the g-lactams in both high yield and good diastereoselectivity
(entry 8). Electron decient 2-methyl-6-nitrobenzoic acid (2b)
was also notable for delivering the desired product in the
highest yield of 81%, although the diastereoselectivity was lower
(entry 9). When TRIP-OH was used in the absence of quinucli-
dine, the yield dropped signicantly (entry 10). Another control
experiment, using palladium acetate instead of palladium piv-
alate, also decreased the yield to 48% (entry 11). While we found
that no further increases to the diastereoselectivity were
observed, we were able to signicantly improve the yield of the
reaction, accompanied by a minimum reduction in selectivity.
Chem. Sci., 2018, 9, 7628–7633 | 7629
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At this point, despite our best efforts, we remain uncertain of
the precise role the different additives and ligands play in
inuencing the yield and diastereoselectivity of the reaction.18

However, Zhao have previously shown that electron decient
benzoic acid additives improve the yield of the reaction by
stabilizing Pd(0) in the catalytic cycle and our results reinforce
these observations.12 In the end, we compromised between
diastereoselectivity and reaction yield, opting for optimal
conditions which involved treatment of amine 1a with 10 mol%
Pd(OPiv)2, 10 mol% Cu(OAc)2, 30 mol% quinuclidine, 30 mol%
2,4,6-triisopropylbenzoic acid under a CO/air atmosphere at
110 �C in toluene for 16 h, which yielded trans-substituted
lactam 4a in 70% yield and a 10 : 1 diastereoselectivity. The
reaction was also successful on a 5 mmol scale (1.05 g of 1a),
producing lactam 4a in 69% yield.

With the optimal conditions in hand, we next examined the
scope of the new g-C–H carbonylation process. We found that
a range of structurally and functionally diverse amines under-
went efficient C–H carbonylation to access 4,5-disubstituted
g-lactams in synthetically useful yields and good diaster-
oselectivities (Scheme 1). First, we assessed the effect of
substituents on the non-reacting side of the free (NH) motif.
Branching at the a-position on the non-reacting side of the
amine was well tolerated and provided the corresponding
g-lactams in good yields and d.r. (Scheme 1, 4b–l). These
substituents included different sized carbocycles, tetrahy-
dropyran, protected piperidine and uorocycloalkanes, all of
which could be tolerated in the reaction to deliver the desired
lactams efficiently (4d–f). Acid sensitive ketal-protected ketones
and 1,3-diols were also accommodated in the g-C–H
Scheme 1 Scope of g-lactams via C–H carbonylation. (a) Functional gro

7630 | Chem. Sci., 2018, 9, 7628–7633
carbonylation process without any deleterious hydrolysis (4g,h).
A pharmaceutically-relevant heterocyclic derivative was also
converted to the corresponding g-lactam product 4i in
moderate, but still synthetically useful yields to access to amino-
azetidine cores. Replacing the branched (non-reacting)
substituent with linear functionalized alkyl groups also
enabled an effective reaction, with the corresponding g-lactams
produced in reasonable yield and good diastereoselectivity
(4j–l). A notable feature of this C–H carbonylation process is its
capacity to accommodate the presence of Lewis basic hetero-
arenes, which frequently interfere in related C–H trans-
formations due to competitive coordination to the palladium
catalyst.

A range of functional groups can also be incorporated on
the reacting side of the amine, providing a means to introduce
different functionalities on the g-lactam scaffolds (Scheme 1,
4m–s). For example, amines containing 5- and 6-membered
ring cycloalkanes, tetrahydropyrans and protected piperidine
motifs adjacent to the nitrogen atom delivered the g-lactams
in reasonable yields and diasteroselectivities (4m–p).
Surprisingly, an acetal substituent imparted no diaster-
eoselectivity in the C–H carbonylation reaction, whereas the
corresponding orthoester derivative gave a 5 : 1 mixture of
diastereomers under the same reaction conditions suggesting
a subtle steric inuence of the substituents in this position on
the stereoselectivty (4q–s). A derivative of isoleucine pre-
sented a competition between g-methyl and g-methylene C–H
bonds; C–H carbonylation was only observed at the g-methyl
group and formed lactam 4s in good yield as a single
stereoisomer.
up tolerance. (b) Lactam substitution patterns.

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Selective carbonylation between b and g C–H bonds.
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Previous work from our group has shown that under a set of
highly optimized reaction conditions a variety of alkyl
substituted secondary amines can be converted into b-lactams
through a Pd(II)-catalyzed methyl or methylene b-C–H carbon-
ylation process involving a putative Pd(II)-carboxamide inter-
mediate even when more commonly activated g-C–H bonds
were available.16 For example, when amine 1t was treated with
10 mol% Pd(OAc)2, 10 mol% xantphos, AgOAc, benzoquinone
and CO at 80 �C in a toluene solution (conditions previously
shown to proceed via methylene b-C–H activation) only the
corresponding b-lactam 5t was observed in an unoptimized
40% yield (Table 2). Under the standard conditions for g-C–H
carbonylation (vide supra), we observed the appearance of the g-
lactam product 4t but as the minor product to the corre-
sponding b-lactam 5t (0.4 : 1), Table 2, entry 1. Interestingly, by
simply changing the acid additive from TRIP-OH to nitro-
benzoic acid derivative 2b, we found a reversal of the selectivity
with the reaction now producing the g-lactam (Table 2, entry 2).
A similar result was also observed when the concentration of CO
in the reaction was lowered through the use of a commercial
6.25% CO/air mix, wherein a 1.6 : 1 mixture of g : b-lactams was
observed (Table 2, entry 3). However, we were pleased to nd
that the amount of b-lactam could be reduced to almost
trace amounts under reaction with the same low CO
concentration and by using nitrobenzoic 2b as additive;
under these conditions a 29 : 1 mixture of lactam isomers
(Table 2, entry 4) was obtained highlighting that manipulation
of the reaction conditions results in a change in the mechanism
of the C–H activation pathway. We also demonstrated the
selective C–H carbonylation could be applied to other amine
substrates selectively forming the g-lactam products with only
trace amounts of the b-lactams observed by GC-MS assay
(Scheme 2).
Table 2 Controlling regioselectivity in C–H carbonylation

Entry Acid CO source 4t, % 5t, % 4t/5t

1 2a 100% CO 11 26 0.4
2 2b 100% CO 41 25 1.6
3 2a 6.25% CO/Air 36 23 1.6
4 2b 6.25% CO/Air 50 1.7 29

This journal is © The Royal Society of Chemistry 2018
Yields were determined by 1H NMR analysis with 1,1,2,2–
tetrachloroethane as internal standard.

To demonstrate that the g-carbonylation proceeds via
a ‘classical’ cyclopalladation/carbonylation pathway rather than
g-C–H activation through a Pd(II)-carboxamide-type species, we
showed that reaction of amine 1f with 1.5 equivalents of
Pd(OAc)2 gave g-C–H activation to form the ‘classical’ ve-
membered ring palladacycle int-I as a 10 : 1 mixture of diaste-
reomers (Scheme 3a). The structure of this complex was
conrmed by analysis of the X-ray diffraction pattern of a single
crystal.17 To rationalize the diastereoselectivity of the reaction,
we propose that selection of the two diastereotopic methyl
groups is controlled by a destabilizing interaction between the
non-reacting methyl group and vicinal isopropyl substituent,
Scheme 3 Initial experiments to probe the mechanism of reaction.

Chem. Sci., 2018, 9, 7628–7633 | 7631

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc02855a


Scheme 4 Derivatization of lactam scaffolds.
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which therefore, favours reaction through int-IIb that lacks
the steric clash between the two groups (int-IIa, int-IIb.
Scheme 3b).19

In turn, subjecting int-I to an atmosphere of CO gave the
g-lactam, again as a 10 : 1 mixture of diastereomers. Conserva-
tion of the diastereomeric ratio is important because it suggests
that the C–H activation is not reversible under a carbon
monoxide atmosphere, as has been observed for the C–H
carbonylation of some hindered alkylamines.16a To rule out that
the reaction was proceeding via a Pd(II)-carboxamide interme-
diate, previously identied in our C–H activation reactions to b-
lactams,16 we prepared the carbamoyl chloride 6 and found that
its treatment with a Pd(0) source did not result in any lactam
products, which suggested that the reaction to g-lactam does not
proceed via such a Pd(II)-carboxamide intermediate (Scheme 3c).

Finally, we demonstrated that the g-lactam products could
be transformed into further useful building blocks (Scheme 4).
Reduction of 4a delivers the corresponding trans-2,3-disubsti-
tuted pyrrolidine (7), a scaffold that is not trivial to access
conveniently by other methods. Enolate alkylation can also be
used to functionalize the 3-position in diasteroselective fashion,
leading to 3,4,5-trisubstituted 2-pyrrolidinones 8. Fluorination
with NSFI produced the corresponding 3,3-diuoro-2-
pyrrolidine 9, a compound whose structure is related to
a component of a Pzer compound able to inhibit kinases
(IRAK4) at nanomolar potency in cell-based assays.20

In summary, we have developed a diastereoselective C–H
carbonylation process converting unprotected secondary
aliphatic amines to g-lactams. We believe this reaction proceeds
via a classical ve-membered cyclopalladation, with the yield
and diastereoselectivity strongly inuenced by a cocktail of
carboxylate and amine ligands. In addition, these additives are
capable of inuencing themechanism of the C–H carbonylation
process. The reaction can accommodate a range of functional-
ities and substitution patterns in the amine appendages that we
believe will be of signicant interest to synthetic and medicinal
chemists.
Conflicts of interest

There are no conicts to declare.
7632 | Chem. Sci., 2018, 9, 7628–7633
Acknowledgements

We thank Dr Manuel Nappi for use discussion at the outset of
the project. We are grateful to EPSRC (EP/N031792/1) and the
Royal Society (Wolfson Award) for supporting this research (M.
J. G.). We thank the Agency for Science Technology and
Research (A*STAR, Singapore) for a PhD scholarship (P. Z. M.)
and the H2020-MSCA for an International Incoming Fellowship
(J. C. P.). Mass spectrometry data were acquired at the EPSRC
UK National Mass Spectrometry Facility at Swansea University.
We are grateful to Dr Andrew Bond for X-ray crystallographic
analysis. We also acknowledge Dr Darren Willcox for advice on
optimization studies.

References

1 (a) D. O'Hagan, Nat. Prod. Rep., 2000, 17, 435–446; (b)
E. Vitaku, D. T. Smith and J. T. Njardarson, J. Med. Chem.,
2014, 57, 10257–10274.

2 For reviews on synthetic strategies to access pyrrolidines and
related heterocycles, see: (a) J. Caruano, G. G. Muccioli and
R. Robiette, Org. Biomol. Chem., 2016, 14, 10134–10156; (b)
W. R. Bowman, M. O. Cloonan and S. L. Krintel, J. Chem.
Soc., Perkin Trans. 1, 2001, 2885–2902; (c) D. M. Schultz and
J. P. Wolfe, Synthesis, 2012, 44, 351–361; (d) S. Soleimani-
Amiri, E. Vessally, M. Babazadeh, A. Hosseinian and
L. Edjlali, RSC Adv., 2017, 7, 28407–28418.

3 For methods to synthesize pyrrolidines via metal catalyzed
C–N bond formation, see: (a) Palladium carboamination:
J. R. Boothe, Y. Shen and J. P. Wolfe, J. Org. Chem., 2017,
82, 2777–2786; (b) Radical cyclisation: Z. Li, L. Song and
C. Li, J. Am. Chem. Soc., 2013, 135, 4640–4643;
K. C. Nicolaou, Y. L. Zhong and P. S. Baran, Angew. Chem.,
Int. Ed., 2000, 39, 625–628. (c) Hydroamination: X. Y. Liu,
C. H. Li and C. M. Che, Org. Lett., 2006, 8, 2707–2710;
B. Schlummer and J. F. Hartwig, Org. Lett., 2002, 4, 1471–
1474. (d) Lewis acid catalyzed cyclization: J. Qi, C. Sun,
Y. Tian, X. Wang, G. Li, Q. Xiao and D. Yin, Org. Lett.,
2014, 16, 190–192; E. J. Corey and F.-Y. Zhang, Org. Lett.,
2000, 2, 4257–4259. (e) Nitrene insertion: S. Y. Hong,
Y. Park, Y. Hwang, Y. B. Kim, M. Baik and S. Chang,
Science, 2018, 359, 1016–1021.

4 For methods to synthesize pyrrolidines via metal catalyzed
C–C bond formation, see: (a) Addition of 1,3-dicarbonyls to
alkenes: C. Y. Zhou and C. M. Che, J. Am. Chem. Soc., 2007,
129, 5828–5829; (b) Radical cyclisation: H. Nagashima,
H. Wakamatsu, N. Ozaki, T. Ishii, M. Watanabe, T. Tajima
and K. Itoh, J. Org. Chem., 1992, 57, 1682–1689; (c) Radical
cyclisation: F. Ghel and A. F. Parsons, J. Org. Chem., 2000,
65, 6249–6253; (d) Ene cylisation: Q. Xia and B. Ganem,
Org. Lett., 2001, 3, 485–487.

5 For methods to synthesize pyrrolidines involving two or
more component reactions, see: (a) S. Comesse,
M. Sanselme and A. Daich, J. Org. Chem., 2008, 73, 5566–
5569; (b) A. Lepikhina, O. Bakulina, D. Dar’In and
M. Krasavin, RSC Adv., 2016, 6, 83808–83813; (c) D. Dar’In,
O. Bakulina, S. Nikolskaya, I. Gluzdikov and M. Krasavin,
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc02855a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

la
i 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

9/
10

/2
02

5 
01

:0
8:

55
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
RSC Adv., 2016, 6, 49411–49415; (d) S. Dong, M. Frings,
D. Zhang, Q. Guo, C. G. Daniliuc, H. Cheng and C. Bolm,
Chem.–Eur. J., 2017, 23, 13888–13892; (e) W. Jingqiang and
J. T. Shaw, Org. Lett., 2007, 9, 4077–4080.

6 (a) M. Pohmakotr, N. Yotapan, P. Tuchinda, C. Kuhakarn
and V. Reutrakul, J. Org. Chem., 2007, 72, 5016–5019; (b)
L. Planas, J. Pérard-Viret, J. Royer, M. Selkti and
A. Thomas, Synlett, 2002, 10, 1629–1632; (c) M. Fiorenza,
G. Reginato, A. Ricci, M. Taddei and P. Dembech, J. Org.
Chem., 1984, 49, 551–553; (d) T. J. Donohoe, P. M. Guyo,
R. R. Harji, M. Helliwell and R. P. C. Cousins, Tetrahedron
Lett., 1998, 39, 3075–3078; (e) T. J. Donohoe and
R. E. Thomas, Chem. Rec., 2007, 7, 180–190; (f)
T. J. Donohoe and R. E. Thomas, Nat. Protoc., 2007, 2,
1888–1895.

7 For reviews on C–H activation, see: (a) J. A. Labinger and
J. E. Bercaw, Nature, 2002, 417, 507–514; (b) J. He,
M. Wasa, K. S. L. Chan, Q. Shao and J. Q. Yu, Chem. Rev.,
2017, 117, 8754–8786.

8 For reviews on C–H carbonylation, see: (a) S. T. Gadge and
B. M. Bhanage, RSC Adv., 2014, 4, 10367–10389; (b) G. Kiss,
Chem. Rev., 2001, 101, 3435–3456.

9 For papers on C–H activation of amines, see: (a) V. G. Zaitsev,
D. Shabashov and O. Daugulis, J. Am. Chem. Soc., 2005, 127,
13154–13155; (b) T. Cernak, K. D. Dykstra, S. Tyagarajan,
P. Vachal and S. W. Krska, Chem. Soc. Rev., 2016, 45, 546–
576; (c) S.-Y. Zhang, G. He, W. A. Nack, Y. Zhao, Q. Li and
G. Chen, J. Am. Chem. Soc., 2013, 135, 2124–2127; (d)
Y. Wu, Y. Q. Chen, T. Liu, M. D. Eastgate and J. Q. Yu, J.
Am. Chem. Soc., 2016, 138, 14554–14557; (e)
J. J. Topczewski, P. J. Cabrera, N. I. Saper and
M. S. Sanford, Nature, 2016, 531, 220–224; (f) T. J. Osberger
and M. C. White, J. Am. Chem. Soc., 2014, 136, 11176–
11181; (g) See ref. 16 and references therein.
This journal is © The Royal Society of Chemistry 2018
10 E. Hernando, J. Villalva, Á. M. Mart́ınez, I. Alonso,
N. Rodŕıguez, R. Gómez Arrayás and J. C. Carretero, ACS
Catal., 2016, 6, 6868–6882.

11 P.-L. Wang, Y. Li, Y. Wu, C. Li, Q. Lan and X.-S. Wang, Org.
Lett., 2015, 17, 3698–3701.

12 C. Wang, L. Zhang, C. Chen, J. Han, Y. Yao and Y. Zhao,
Chem. Sci., 2015, 6, 4610–4614.

13 A. D. Ryabov, Chem. Rev., 1990, 90, 403–424.
14 (a) A. McNally, B. Haffemayer, B. S. L. Collins and

M. J. Gaunt, Nature, 2014, 510, 129–133; (b) A. P. Smalley,
J. D. Cuthbertson and M. J. Gaunt, J. Am. Chem. Soc., 2017,
139, 1412–1415; (c) A. P. Smalley and M. J. Gaunt, J. Am.
Chem. Soc., 2015, 137, 10632–10641; (d) J. Calleja, D. Pla,
T. W. Gorman, V. Domingo, B. Haffemayer and
M. J. Gaunt, Nat. Chem., 2015, 7, 1009–1016; (e) C. He and
M. J. Gaunt, Angew. Chem., Int. Ed., 2015, 54, 15840–15844;
(f) C. He and M. J. Gaunt, Chem. Sci., 2017, 8, 3586–3592;
(g) M. Nappi, C. He, W. G. Whitehurst, B. G. N. Chappell
and M. J. Gaunt, Angew. Chem., Int. Ed., 2018, 57, 3178–3182.

15 (a) J. F. Hartwig, S. Richards, D. Barañano and F. Paul, J. Am.
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