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zed nucleomethylation of alkynes
for synthesis of methylated heteroaromatic
compounds†

Xi Yang, Gang Wang and Zhi-Shi Ye *

Herein, we disclosed a novel and efficient palladium-catalyzed nucleomethylation of alkynes for the

simultaneous construction of the heteroaromatic ring and methyl group. The 3-methylindoles, 3-

methylbenzofurans and 4-methylisoquinolines were obtained in moderate to excellent yields. Notably,

this methodology was employed as a key step for synthesis of a pregnane X receptor antagonist,

zindoxifene, bazedoxifene and AFN-1252. The kinetic studies revealed that reductive elimination might

be the rate-determining step.
Introduction

In medicinal chemistry, numerous studies have demonstrated
that installation of a methyl group on an aromatic ring can
signicantly improve the biological activity and pharmacoki-
netic prole, which is described as the “magic methyl” effect.1

For instance, thiophene PTP1B inhibitor II, in which a methyl
group was installed at the 4-position of the thiophene ring,
displayed a 2135-fold boost in potency compared with its
precursor I (Fig. 1A).2 Additionally, the methylated aromatic
ring as a ubiquitous structural unit is widely present in phar-
maceuticals, natural products and biological molecules
(Fig. 1B).3 Bazedoxifene is a selective estrogen receptor modu-
lator in clinical development for the prevention of post-
menopausal osteoporosis.3b AFN-1252 is a potent inhibitor of
enoyl-acyl carrier protein reductase (FabI).3f Dehydrocorydalin,
which is an alkaloid isolated from traditional Chinese herb
Corydalis yanhusuo, regulates protein expression of Bax and Bcl-
2.3h As a result, development of an efficient and general strategy
for the rapid construction of methylated aromatic compounds
would substantially motivate medicinal chemists to explore the
“magic methyl” effect in drugs and accelerate the discovery of
new drugs.

Transition-metal-catalyzed methylation of (hetero)aromatic
compounds is undoubtedly a straightforward and powerful
strategy for the construction of methylated (hetero)aromatic
compounds, and has received considerable attention from the
synthetic community in the past few decades.4 Various aromatic
compounds assembled with leaving groups, including magne-
sium,5 zinc,6 tin,7 boron,8 halides,9 and so on,10 have
iversity of Technology, Dalian 116024, P.

mation (ESI) available. See

the Royal Society of Chemistry
successfully achieved methylation through a transmetalation
and oxidative addition process (Scheme 1A). Additionally, in
view of the atom-economic and eco-friendly process, transition-
metal-catalyzed C–H methylation of (hetero)aromatic
compounds has witnessed explosive development (Scheme
1A).4,11 Despite these impressive advances, they have mainly
focused on the direct introduction of the methyl group into
aromatic rings, while the transformation for simultaneous
construction of the (hetero)aromatic ring and methyl group
remains unknown.

The transition-metal-catalyzed intramolecular nucleophilic
cyclization of alkynes has emerged as an attractive and powerful
tool for the construction of heteroaromatic rings including
indoles, benzofurans and isoquinolines.12 Consequently, we
envisioned that simultaneous construction of the hetero-
aromatic ring and methyl group could be achieved through
nucleometalation/methylation of alkynes (Scheme 1B). To
realize this proposal, we had to overcome the following
Fig. 1 Importance of methylated aromatic compounds.
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Scheme 1 Construction of the methylated aromatic ring via transi-
tion-metal-catalyzed methylation.

Table 1 Optimization of the reaction conditionsa
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challenges: (1) the transition-metal catalyst promoted the
successive nucleophilic cyclization and methylation; (2)
competitive protonolysis for the nucleometalation intermediate
of alkynes would impede the methylation.13 Herein, we describe
a palladium-catalyzed nucleomethylation of alkynes for the
simultaneous construction of a heteroaromatic ring and methyl
group. The present protocol features mild reaction conditions,
broad substrate scope and scalability. Moreover, the method
has been used in the synthesis of a pregnane X receptor
antagonist, zindoxifene, bazedoxifene and AFN-1252.
Entry Pd cat. L Solvent Base 3a/4a
3a
yield (%)

1 Pd(OAc)2 L1 THF DMAP 0 : 1 0
2 Pd(OAc)2 L1 THF K2CO3 1 : 0.05 81
3 Pd(OAc)2 L1 THF K3PO4 1 : 0.12 84
4 Pd(OAc)2 L1 THF KOAc 1 : 0.66 60
5 Pd(OAc)2 L1 PhMe K3PO4 1 : 4.6 18
6 Pd(OAc)2 L1 DCM K3PO4 N. D. <5
7 Pd(OAc)2 L1 DMSO K3PO4 N. D. <5
8 Pd(OAc)2 L1 1,4-Dioxane K3PO4 1 : 0.27 78
9 PdCl2 L1 THF K3PO4 1 : 0.03 33
10 Pd(TFA)2 L1 THF K3PO4 1 : 0.03 97/95b

11 Pd(TFA)2 L2 THF K3PO4 1 : 1.1 20
12 Pd(TFA)2 L3 THF K3PO4 1 : 19.0 4
13 Pd(TFA)2 L4 THF K3PO4 1 : 0.37 46
14 Pd(TFA)2 L5 THF K3PO4 1 : 0.08 92
15c Pd(TFA)2 L1 THF K3PO4 1 : 0.08 56
16d Pd(TFA)2 L1 THF K3PO4 1 : 0.04 60
17e Pd(TFA)2 L1 THF K3PO4 — —
18f Pd(TFA)2 L1 THF K3PO4 1 : 0.05 95b

a 1a (0.10 mmol), 2a (0.30 mmol), Pd cat. (10 mol%), L (11 mol%), K3PO4

(1.5 eq.), solvent (2.0 mL), 4 Å MS (100 mg), O2 balloon, 50 �C, 10 h.
Yields of 3a and ratios of 3a : 4a were determined by 1H NMR (with
1,3,5-trimethoxybenzene as internal standard). b Isolated yield.
c MeB(OH)2 was replaced by MeBF3K.

d MeB(OH)2 was replaced by
trimethylboroxine. e MeB(OH)2 was replaced by MeB(pin). f Pd(TFA)2
(5 mol%), L1 (5.5 mol%).
Results and discussion

Initially, 2-alkynylanilide 1a and methylboronic acid 2a were
chosen as the model substrates to evaluate the feasibility of our
hypothesis. Various bases were rst examined using Pd(OAc)2
and xantphos (L1) as the catalyst combo (entries 1–4, Table 1).
The results showed that the base played a crucial role in the
reaction. Using 4-dimethylaminopyridine (DMAP) as base, the
competitive protonolysis completely suppressed the methyla-
tion (entry 1, Table 1). Delightfully, K2CO3 and K3PO4 success-
fully promoted the aminopalladation/methylation, affording
the desired product 3-methylindole 3a in 81% and 84% yield,
respectively (entries 2 and 3, Table 1). Replacement of THF with
toluene as solvent resulted in poor reactivity (entry 5, Table 1).
The transformation failed when DCM and DMSO were
employed as the reaction medium. The further assessment of
palladium precursors revealed that Pd(TFA)2 is the best choice
and the desired product 3a was isolated in 95% yield (entry 10,
Table 1). Additionally, although PdCl2 showed an excellent ratio
of 3a/4a, the yield was disappointing (entry 9, Table 1).14 It is
worth noting that a signicant ligand effect was observed.
When Ph-davephos (L3) was employed for this transformation,
only 4% yield of the desired product 3a was obtained (entry 12,
Table 1). dpephos (L5) also exhibited excellent reactivity with
92% yield (entry 14, Table 1). Moreover, the other methylating
reagents, including MeBF3K, trimethylboroxine and MeB(pin),
10096 | Chem. Sci., 2022, 13, 10095–10102
did not show better reactivity than methylboronic acid 2a
(entries 15–17, Table 1). Remarkably, the reactivity was main-
tained very well when the amount of catalyst was reduced to
5 mol% (entry 18, Table 1).

Having identied the optimum conditions, the substrate
scope for construction of 3-methylindoles via
aminopalladation/methylation of 2-alkynylanilides was evalu-
ated. As illustrated in Table 2, various 2-alkynylanilides 1 reac-
ted smoothly with methylboronic acid 2a to provide the desired
3-methylindoles 3 in moderate to excellent yields. Within the
aryl unit of substrate 1, the electronic properties of the
substituent at the 4-position had a dramatic effect on the
reactivity. For example, the 5-methoxy-3-methylindole 3c was
delivered in 96% yield, whereas only 50% yield of 5-chloro-3-
methylindole 3d was observed. It is noted that substrate 1
possessing the chloro group at the 6-position of the phenyl ring
displayed high reactivity, giving product 3k in 92% yield. When
R1 was an aryl group, the 2-alkynylanilides containing methoxy
(1l and 1u), methyl (1m and 1s), uoro (1o and 1v), chloro (1p
and 1t), acetyl (1q), and nitro (1r) functional groups were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope for synthesis of 3-methylindolesa,b

a 1 (0.10 mmol), 2a (0.30 mmol), Pd(TFA)2 (5 mol%), xantphos (5.5 mol%), K3PO4 (1.5 eq.), THF (2.0 mL), 4 Å MS (100 mg), O2 balloon, 50 �C, 10 h,
isolated yield. b Pd(TFA)2 (10 mol%), xantphos (11 mol%).

Table 3 Scope for synthesis of 3-methylbenzofuransa

a 5 (0.1 mmol), 2a (0.3 mmol), Pd(TFA)2 (10 mol%), xantphos (11 mol%),
K3PO4 (1.5 eq.), 1,4-dioxane (2.0 mL), 4 Å MS (100mg), O2 balloon, 50 �C,
10 h, isolated yields.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 8

:0
9:

48
 A

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

.
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perfectly compatible with the standard conditions, furnishing
the desired 3-methylindoles 3l–3v in 60–94% yields. Notably,
the effect of steric hindrance had only a marginal inuence on
the reactivity. For example, the hindered 2-(2-methoxyphenyl)-3-
Table 4 Synthesis of 4-methylisoquinolinesa

a 7 (0.1 mmol), 2a (0.3 mmol), Pd(TFA)2 (10 mol%), xantphos (11 mol%),
K3PO4 (1.5 eq.), 1,4-dioxane (2.0 mL), 4 Å MS (100mg), O2 balloon, 50 �C,
10 h, isolated yields.

Chem. Sci., 2022, 13, 10095–10102 | 10097
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Scheme 2 Scale-up experiment and synthetic transformations.

Scheme 3 Synthesis of bioactive molecules and drugs.
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methylindole 3u was afforded in 94% yield. Additionally, when
R1 was an alkyl group, the transformation still proceeded
smoothly to afford the corresponding products 3w–3ac in
satisfactory yield. It is remarkable that the 3-methyl-2-
trimethylsilylindole 3ad was achieved in quantitative yield.

Encouraged by the above results, we further applied this
aminopalladation/methylation to late-stage modication of
medicinal agents. The 2-alkynylanilides obtained from
probenecid, naproxen, ibuprofen and lithocholic acid pro-
ceeded smoothly to construct the desired products 3ae–3ah in
satisfactory yield.15

Subsequently, synthesis of the 3-methylbenzofurans through
oxypalladation/methylation was explored, and the results are
summarized in Table 3. As expected, numerous 2-alkynylphe-
nols 5 successfully underwent oxypalladation/methylation,
affording the 3-methylbenzofurans 6 in moderate to good
yields. Probably due to the electron effects, introducing the
uoro (6b) and methoxy (6e) groups at the 4-position of the
phenyl ring resulted in a diminished yield. Meanwhile, the
oxypalladation/methylation of compounds 5h and 5i smoothly
occurred to deliver target 3-methylbenzofurans 6h and 6i in 71
and 71% yields, respectively. When R1 was an aryl group, the
electron-donating group could improve the reactivity. For
instance, 3-methylbenzofuran 6m was furnished in 67% yield.
Moreover, substrate 5o bearing the trimethylsilyl group could
be successfully converted to the desired product 6o with 78%
yield.

Furthermore, aminopalladation/methylation was conducted
to construct 4-methylisoquinolines (Table 4), which are preva-
lent structural motifs in numerous bioactive molecules and
natural products.3g,h,16 Subjecting substrate 7a and methylbor-
onic acid 2a to the standard conditions furnished the desired
product 8a in 55% yield. It is noteworthy that halides including
F and Cl remained intact under this protocol. Moreover, pentyl-
substituted substrate 7f showed good reactivity and 70% yield
was achieved. The substrate containing the OTBS group was
also a good reaction partner.

To verify the practical utility of the current protocol, a scale-
up experiment and synthetic transformations were carried out
10098 | Chem. Sci., 2022, 13, 10095–10102
(Scheme 2). The aminopalladation/methylation of 2-alkynyla-
nilide 1ad proceeded smoothly to deliver the target 3-methyl-
indole 3ad in 98% yield, demonstrating that the reactivity was
perfectly maintained in the scale-up reaction. Besides, titanium
promoted the cross-coupling reaction of 3ad with benzoyl
chloride affording ketone 9 in 57% yield. Treatment of 3ad with
NBS furnished 2-bromoindole 10 in 67% yield. The TMS group
of 3ad was removed in the presence of TBAF. Compound 12 was
constructed through Ts group deprotection/N-methylation and
removal of the TMS group.

Next, we were keen to perform the synthesis of bioactive
molecules and pharmaceutical molecules to further broaden
the application of our protocol (Scheme 3). The
aminopalladation/methylation of 2-alkynylanilide 1ai and
methylboronic acid 2a provided the desired 3-methylindole 3ai
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Mechanism study.

Scheme 5 Proposed catalytic cycle.
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in 83% yield, and subsequent deprotection of the Ts group and
demethylation of the methoxy group gave compound 14, which
is a potent pregnane X receptor antagonist.17 The subjection of
1aj and methylboronic acid to the standard conditions fur-
nished the corresponding product 3aj in 91% yield. The
deprotection of the Ts group and N-alkylation with substituted
benzyl chloride 16 afforded compound 17. Treatment of
compound 17 with BBr3 generated bazedoxifene 18. Addition-
ally, the anti-oestrogen zindoxifene 20, which was identied as
a drug for the treatment of hormone-dependent mammary
carcinomas,18 could be conveniently constructed from inter-
mediate 15 through N-ethylation, demethylation of the methoxy
group and esterication. Besides, the TMS group removal of 6o
was followed by formylation and reductive amination to
generate compound 22, which was the key intermediate for the
construction of AFN-1252 reported in the literature.19

To unveil the mechanistic details of palladium-catalyzed
nucleomethylation of alkynes, several control experiments
were performed. Treatment of indole 4a with methylboronic
acid 2a under the standard conditions failed to achieve 3-
methylindole 3a, suggesting that the possibility of palladium-
catalyzed C–H methylation of indoles should be ruled out
(Scheme 4A). In order to identify the active catalyst, the complex
Pd(xantphos)(TFA)2 was synthesized and characterized by NMR
and HRMS.20 The palladium complex 24 was found to catalyze
the aminopalladation/methylation of 2-alkynylanilide as
© 2022 The Author(s). Published by the Royal Society of Chemistry
efficiently as under the standard conditions (Scheme 4B). The
subjection of 2-alkynylanilide 1a to the standard conditions
without methylboronic acid afforded 4a in only 6% yield, which
indicated that the aminopalladation rate of the Pd(TFA)2/xant-
phos complex might be slow (Scheme 4C). Based on the above
results and previous reports,21 we speculated that trans-
metallation of the Pd(TFA)2/xantphos catalyst and methylbor-
onic acid might take precedence over aminopalladation of 2-
alkynylanilide. To further document the above speculation, the
Chem. Sci., 2022, 13, 10095–10102 | 10099
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Me–Pd complex 25was synthesized via amethod reported in the
literature and used for this transformation.22 When the 2-alky-
nylanilide 1a was treated with 1.50 and 0.15 equivalents of Me–
Pd complex 25, 82% and 14% yield of the desired product 3a
was obtained, respectively (Scheme 4D).

Kinetic studies were conducted to investigate the rate-
determining step (Scheme 4E). The experimental results
showed that the reaction order of 2-alkynylanilide 1a and
methylboronic acid 2a is zero, indicating that the rate-
determining step occurs aer the transmetallation of methyl-
boronic acid and aminopalladation of 2-alkynylanilides.
According to literature reports, oxidation of Pd(0) to Pd(II) is
a kinetically fast process.23 Therefore, the rst-order depen-
dence on the catalyst evidenced that reductive elimination
might be the rate-determining step. Additionally, the resting-
state intermediate 26 was detected by HRMS (Scheme 4F),
which further conrmed the above speculation.

Based on these results, the catalytic cycle was proposed in
Scheme 5. Transmetallation of the Pd(TFA)2/xantphos catalyst
and methylboronic acid gave Me–Pd complex A. Coordination
of Me–Pd complex A with the triple bond of the substrate was
followed by nucleopalladation to deliver intermediate C, which
underwent reductive elimination to deliver the desired product.
The palladium(II) catalyst was regenerated by oxidation with O2.
Although the transmetallation of the Pd(TFA)2/xantphos cata-
lyst and methylboronic acid as the initial step seems more
reasonable, the pathway of nucleopalladation followed by
transmetallation should not be entirely dismissed.24

Conclusions

In conclusion, we have successfully developed a palladium-
catalyzed nucleomethylation of alkynes, affording a general
and facile approach for the construction of 3-methylindoles, 3-
methylbenzofurans and 4-methylisoquinolines in moderate to
excellent yields. The late-stage modication of bioactive mole-
cules, scaled up reaction and divergent derivatization have been
performed to demonstrate the potentially broad applicability of
this protocol. It is worth noting that this methodology was
employed for synthesis of a pregnane X receptor antagonist,
zindoxifene, bazedoxifene and AFN-1252. Preliminary mecha-
nistic studies suggested that reductive elimination might be the
rate-determining step. The reaction represents a new strategy
for efficient construction of methylated heteroaromatic
compounds, which might be potentially useful for organic
synthesis and medicinal chemistry.
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C. A. M. Fraga, Chem. Rev., 2011, 111, 5215–5246.

2 D. P. Wilson, Z.-K. Wan, W.-X. Xu, S. J. Kinincich,
B. C. Follows, D. Joseph-McCarthy, K. Foreman, A. Moretto,
J. Wu, M. Zhu, E. Binnun, Y.-L. Zhang, M. Tam, D. V. Erbe,
J. Tobin, X. Xu, L. Leung, A. Shilling, S. Y. Tam,
T. S. Mansour and J. Lee, J. Med. Chem., 2007, 50, 4681–4698.

3 (a) Y.-J. Wu, in Heterocyclic scaffolds II: Reactions and
applications of indoles, ed. G. W. Gribble, Springer-Verlag
Berlin Heidelberg, Berlin, 2010, pp. 1–29; (b) C. P. Miller,
M. D. Collini, B. D. Tran, H. A. Harris, Y. P. Kharode,
J. T. Marzolf, R. A. Moran, R. A. Henderson,
R. H. W. Bender, R. J. Unwalla, L. M. Greenberger,
J. P. Yardley, M. A. Abou-Gharbia, C. R. Lyttle and
B. S. Komm, J. Med. Chem., 2001, 44, 1654–1657; (c) E. von
Angerer, Cancer Treat. Rev., 1984, 11, 147–153; (d)
H. K. Shamsuzzaman, Eur. J. Med. Chem., 2015, 97, 483–
504; (e) R. J. Nevagi, S. N. Dighe and S. N. Dighe, Eur. J.
Med. Chem., 2015, 97, 561–581; (f) J. A. Karlowsky,
N. Kaplan, B. Hain, D. J. Hoban and G. G. Zhanel,
Antimicrob. Agents Chemother., 2009, 53, 3544–3548; (g)
K. W. Bentley, in The Isoquinoline Alkaloids, Hardwood
Academic, Amsterdam, 1998; (h) J. Lee, E. J. Sohn,
S. W. Yoon, C. G. Kim, S. Lee, J. Y. Kim, N. Baek and
S. H. Kim, Phytother. Res., 2017, 31, 441–448; (i) S. Lal and
T. J. Snap, Curr. Med. Chem., 2012, 19, 4828–4837; (j)
E. Stempel and T. Gaich, Acc. Chem. Res., 2016, 49, 2390–
2402; (k) J. Mao, Z. Wang, X. Xu, G. Liu, R. Jiang, H. Guan,
Z. Zheng and P. J. Walsh, Angew. Chem., Int. Ed., 2019, 58,
11033–11038; (l) X. Xu, M. Ou, Y.-E. Wang, T. Lin,
D. Xiong, F. Xue, P. J. Walsh and J. Mao, Org. Chem. Front.,
2022, 9, 2541–2548.

4 (a) D. Aynetdinova, M. C. Callens, H. B. Hicks, C. Y. X. Poh,
B. D. A. Shennan, A. M. Boyd, Z. H. Lim, J. A. Leitch and
D. J. Dixon, Chem. Soc. Rev., 2021, 50, 5517–5563; (b)
N.-D. Mao, Y. Ye, X.-T. Zhuo, X.-Y. Ye and T. Xie,
Tetrahedron, 2021, 96, 132402; (c) J. Huang, Z. Chen and
J. Wu, ACS Catal., 2021, 11, 10713–10732; (d) G. Yan,
© 2022 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/d2sc03294e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 8

:0
9:

48
 A

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
A. J. Borah, L. Wang and M. Yang, Adv. Synth. Catal., 2015,
357, 1333–1350; (e) Y. Chen, Chem. - Eur. J., 2019, 25, 3405–
3439; (f) L. Hu, Y. A. Liu and X. Liao, Synlett, 2018, 29, 375–
382.

5 (a) T. Hayashi, M. Konishi, Y. Kobori, M. Kumada, T. Higuchi
and K. Hirotsu, J. Am. Chem. Soc., 1984, 106, 158–163; (b)
P. L. Castle and D. A. Widdowson, Tetrahedron Lett., 1986,
27, 6013–6016.

6 K. M. Hossain and K. Takagi, Chem. Lett., 1999, 28, 1241–
1242.

7 (a) Y. Andersson, A. P. Cheng and B. Långström, Acta Chem.
Scand., 1995, 49, 683–688; (b) M. Suzuki, H. Doi,
M. Bjorkman, Y. Andersson, B. Långström, Y. Watanabe
and R. Noyori, Chem.–Eur. J., 1997, 3, 2039–2042.

8 (a) L. J. Goossen, Appl. Organomet. Chem., 2004, 18, 602–604;
(b) S. Nakajima, H. Takaya and M. Nakamura, Chem. Lett.,
2017, 46, 711–714; (c) Z.-T. He, H. Li, A. M. Haydl,
G. T. Whiteker and J. F. Hartwig, J. Am. Chem. Soc., 2018,
140, 17197–17202; (d) A. M. Haydl and J. F. Hartwig, Org.
Lett., 2019, 21, 1337–1341.

9 (a) J. Blum, D. Gelman, W. Baidossi, E. Shakh, A. Rosenfeld,
Z. Aizenshtat, B. C. Wassermann, M. Frick, B. Heymer,
S. Schutte, S. Wernik and H. Schumann, J. Org. Chem.,
1997, 62, 8681–8686; (b) D. Gelman, H. Schumann and
J. Blum, Tetrahedron Lett., 2000, 41, 7555–7558; (c) M. Gray,
I. P. Andrews, D. F. Hook, J. Kitteringham and M. Voyle,
Tetrahedron Lett., 2000, 41, 6237–6240; (d) T. Wang,
B. J. Alfonso and J. A. Love, Org. Lett., 2007, 9, 5629–5631;
(e) Y. Nakamura, N. Yoshikai, L. Ilies and E. Nakamura,
Org. Lett., 2012, 14, 3316–3319; (f) L. Hu, X. Liu and
X. Liao, Angew. Chem., Int. Ed., 2016, 55, 9743–9747; (g)
Q. Wu, S. Han, X. Ren, H. Lu, J. Li, D. Zou, Y. Wu and
Y. Wu, Org. Lett., 2018, 20, 6345–6348; (h) N. R. Lee,
R. T. H. Linstadt, D. J. Gloisten, F. Gallou and
B. H. Lipshutz, Org. Lett., 2018, 20, 2902–2905; (i)
S. K. Kariollis, B. J. Shields, M. A. Tekle-Smith,
M. J. Zacuto and A. G. Doyle, J. Am. Chem. Soc., 2020, 142,
7683–7689; (j) S. K. Kariollis, S. Jiang, A. M. Żurański,
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