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lation of alkenes with alkyl iodides
and TEMPONa through SET- and XAT-processes†

Anirban Maity and Armido Studer *

1,2-Aminoxyalkylation of alkeneswith alkyl iodides and TEMPONa in combination with an aryldiazonium salt

as an XAT mediator is reported. Various primary, secondary and tertiary alkyl iodides engage as C-radical

precursors in the 1,2-aminoxyalkylation with electrophilic alkenes as radical acceptors. The product

alkoxyamines are readily transformed to the corresponding alcohols or ketones upon reduction or

oxidation, respectively. Mechanistic investigations reveal that aryl radicals, generated through SET-

reduction of the aryl diazonium salt with TEMPONa, engage in XAT from unactivated alkyl halides to give

alkyl radicals that can add to alkenes. Trapping of the adduct radicals with TEMPO provides the 1,2-

aminoxyalkylation products. Transition metals are not required for these transformations that are

conducted under mild conditions. Perfluoroalkyl halides directly react with TEMPONa and an

aryldiazonium salt as XAT-mediator is not required for alkene 1,2-aminoxyperfluoroalkylation.
Introduction

The generation of alkyl radicals from various precursors has
been intensively explored in the past.1 It is well established that
unactivated alkyl halides serve as efficient C-radical precursors
in classical tin hydride mediated radical transformations.2

Considering the toxicity of tin hydrides,3 transition metal
catalysis4 and photoredox catalysis5 have been successfully
implemented for tin free C-radical generation from reactive
alkyl halides. Despite signicant advances, generation of C-
radicals from unactivated alkyl halides is still challenging and
in particular transition metal free processes are underdevel-
oped. This is mainly due to the fact that unactivated alkyl
halides have highly negative reduction potentials6 (Ered <−2.0 V
vs. SCE, for alkyl iodides) which render their direct SET-
reduction challenging. However, it is known that the SET-
reduction of aryl diazonium salts to give aryl radicals and N2

occurs at less negative cathodic peak potential (peak potential:
Ep = −0.16 V/SCE for PhN2BF4)7 and consequently can easily be
achieved with various mild reductants. Further, aryl radicals are
known to efficiently react with alkyl iodides through iodine
atom transfer (XAT), due to the thermodynamic driving force of
such XATs ((BDE) of C(sp3)–I (BDE of primary alkyl iodide is
57 kcal mol−1) and C(sp2)–I (BDE of iodobenzene is
67 kcal mol−1)8). Therefore, aryl diazonium salts could be used
as mediators for indirect C-radical generation through SET
reduction and subsequent XAT in systems where the direct SET
Wilhelms-Universität, Corrensstraße 40,

ni-muenster.de

tion (ESI) available. See DOI:

the Royal Society of Chemistry
reduction of an alkyl halide is difficult or impossible to achieve.
Along these lines, Gevorgyan and co-workers disclosed in 2019
transition metal free remote C–H amination of iodomethyl silyl
ethers, with aryl diazonium salts involved for the generation of
primary alkyl radicals through XAT (Scheme 1).9 Very recently,
transition metal free C–N bond formation from alkyl iodides
and diazonium salts was developed byWang, Guo, Lu, Shao and
co-workers using a similar strategy.10 An analogous Fe-catalyzed
process was introduced by the Leonori group and was
successfully applied for indole synthesis.11 In these cases, the
aryl diazonium salt acts as an XAT-mediator as well as a C-
radical trapping reagent and accordingly a minimum 2 fold
excess of the salt is required. Liu and co-workers reported
elegant copper catalyzed diuoromethylation of alkyl iodides
via aryl radical mediated generation of alkyl radicals through
XAT.12 Liang and Liu13a as well as the Leonori group13b inde-
pendently reported copper catalysed Sonogashira-type coupling
and C(sp3)–N/O/C bond formation following such an approach.
In these transformations, aryl radicals acting as XAT-mediators
are generated through SET-reduction of aryl diazonium salts by
a Cu-catalyst.

In 2012, our group showed that aryl radicals can be cleanly
formed by sodium 2,2,6,6-tetramethylpiperidin-1-olate (TEM-
PONa) mediated reduction of aryl diazonium salts, a reaction
that was successfully used for transition metal free oxyarylation
of alkenes.14 However, alkyl radical generation from alkyl
iodides through reduction with TEMPONa was not possible, as
the TEMPO sodium salt is a weak reductant.15 We wondered
whether alkyl radicals can be indirectly generated from alkyl
iodides and TEMPONa by using aryl diazonium salts as XAT-
mediators. According to the reaction design, the intermedi-
ately generated aryl radicals should engage in iodine atom
Chem. Sci., 2023, 14, 7675–7680 | 7675
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Scheme 1 Aryldiazonium salts as XAT-mediators.
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abstraction from unactivated alkyl iodides to form alkyl radicals
which can then undergo Giese-type addition to electron de-
cient alkenes (primary k = 105 M−1 s−1, secondary k = 106 M−1

s−1, tertiary k= 106–108 M−1 s−1)16 followed by cross coupling of
the transient adduct C-radicals with the concomitantly formed
persistent 2,2,6,6-tetramethylpiperidine N-oxy radical
(TEMPO),17 steered by the persistent radical effect.18 Overall, the
cascade would represent a transition metal free alkene 1,2-
aminoxyalkylation.

However, there are problems associated with such a reaction
design. First, the direct trapping of an alkyl radical generated
from an alkyl iodide with the persistent TEMPO (k = 108–109

M−1 s−1)19 must be circumvented. As TEMPO is generated in situ
from TEMPONa, its concentration should be very low
throughout the reaction, so that alkyl radical addition to the
alkene should become kinetically competitive. Second, direct
7676 | Chem. Sci., 2023, 14, 7675–7680
addition of the alkyl radical to the unreacted aryl diazonium salt
(for primary C-radical k = 106 M−1 s−1 and tertiary C-radical k$
108 M−1 s−1),20 which is a key step of the transformations
depicted in Scheme 1a and b, must be slower than the Giese-
type addition. This problem may be addressed by carefully
adjusting the concentration of the reaction components and/or
by varying the structure of the diazonium salt. Third, it is
known21 that aryl radicals add efficiently to activated alkenes (k
= 108 M−1 s−1). Although fast, such a competing aryl radical
addition should be suppressed in the presence of alkyl iodides,
as iodine atom abstraction is known to be around one order of
magnitude faster (k = 109 M−1 s−1).22 Furthermore, the bulki-
ness of the aryl radical might inuence the C–C bond formation
to a larger extent than the I-abstraction reaction. Based on these
analyses, we were condent that such cascades are feasible and
report herein our results on transition metal free 1,2-amino-
xyalkylation of alkenes with alkyl iodides by using aryl diazo-
nium salts as stoichiometric XAT-mediators.

Results and discussion

For reaction optimization, we selected 1-iodoadamantane (1a)
as the alkyl radical precursor and methyl acrylate (2a, 5 equiv.)
as the acceptor. Freshly prepared TEMPONa (0.85 M in THF, 2.5
equiv.) was added via syringe pump over 3 h and the aryldia-
zonium salt as well as the solvent were varied. Initial experi-
ments were conducted in PhCF3. We were pleased to nd that
the cascade worked as designed and by using 2,4,6-trime-
thylbenzene diazonium salt 3a (2.5 equiv.), the targeted ami-
noxyalkylation product 4a was obtained in very good 80% yield
(Table 1, entry 1). It is important to note that the aryl diazonium
salts (3a–d) are not fully soluble in PhCF3, thereby keeping the
concentration of soluble 3a–d low in the reaction mixture.
Consequently, unwanted direct addition of the reactive 1-ada-
mantyl radical to 3a is suppressed. Other XAT-mediators such
as benzene diazonium tetrauoroborate (3b, 70%), 4-methox-
ybenzene diazonium tetrauoroborate (3c, 68%) and 4-(tri-
uoromethyl)benzene diazonium tetrauoroborate (3d, 76%)
delivered slightly lower yields of 4a under otherwise identical
conditions (Table 1, entry 2–4). With CH3CN or THF in place of
triuorotoluene as the solvent, yield for 4a dropped to 41% and
75%, respectively (Table 1, entries 5 and 6). The slight reduction
of the yield in THFmight be caused by competitive HAT (k= 106

M−1 s−1)21 from the solvent by the aryl radical, while the
decreased yield in CH3CN is caused by increased solubility of 3a
in CH3CN and accordingly alkyl azo compound by product
formation (22%) through direct trapping of the 1-adamantyl
radical with the aryl diazonium salt 3a.20 Lowering the
concentration of the aryl diazonium salt and TEMPONa to 2
equiv. each or the alkene concentration to 3 equiv. led to slightly
reduced yields (69% and 71%) (Table 1, entries 7 and 8). If
TEMPONa was added over a period of 2 h, a signicantly lower
yield was noted (57%, Table 1, entry 9).

With the optimized condition in hand, studies were
continued by addressing the substrate scope. First, the alkene
component was varied, keeping 1-iodoadamantane (1a) as the
alkyl radical precursor (Scheme 2). Electron decient alkenes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction optimizationa

#
2a
(equiv.) ArN2BF4 Solvent TEMPONa (equiv.) Time (h) Yieldb (%)

1 5 3a PhCF3 2.5 3 80
2 5 3b PhCF3 2.5 3 70
3 5 3c PhCF3 2.5 3 68
4 5 3d PhCF3 2.5 3 76
5 5 3a CH3CN 2.5 3 41
6 5 3a THF 2.5 3 75
7 5 3a PhCF3 2 3 69
8 3 3a PhCF3 2.5 3 71
9 5 3a PhCF3 2.5 2 57

a Reaction condition: 1a (0.2 mmol), 2a, (3a–d) and solvent (0.4 mL) under Ar, TEMPONa solution in THF was added via syringe pump for t h at rt.
b NMR yield using 1,3,5-trimethoxy benzene as internal standard.
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like methyl acrylate, tert-butyl acrylate, benzyl acrylate and 2,2,2-
triuoroethyl acrylate all successfully reacted with 1a to give the
alkoxyamines 4a–d in good yields (73–82%). Alkoxyamine 4a
was successfully prepared on larger scale without compro-
mising the yield (1 mmol, 77% yield, see the ESI†). Heterocyclic
ring containing alkenes like 3-furylmethyl acrylate and 3-thie-
nylmethyl acrylate afforded 4e and 4f in 79% and 78% yield,
respectively. Other alkenes such as 1-phenylprop-2-en-1-one,
acrylonitrile, N,N-dimethylacrylamide and phenyl acrylate
engaged in the cascade to give products 4g–j in moderate to
good yields (58–83%). As expected, acceptor 2k bearing an
electron-poor as well as an electron-rich alkene moiety reacted
chemoselectively with the nucleophilic23 1-adamantyl radical at
the electrophilic double bond to afford 4k in 58% yield. A 1,2-
disubstituted alkene, but-2-enenitrile, afforded the product 4l
in 39% yield with high regioselectivity but low diaster-
eoselectivity. However, styrene and but-3-en-1-ylbenzene did not
react with the C-radical generated from 1a under the standard
reaction condition.

Next, the alkyl iodide component was varied using methyl
acrylate (2a) as the alkyl radical acceptor. Tertiary alkyl iodides
like 2-iodo-2-methylpropane and 1-iodo-1-methylcyclohexane
afforded the targeted products 4m and 4n in 55% and 64%
yield, respectively. Notably, TEMPONa is not basic and
competing HI elimination from these tertiary alkyl iodides was
not observed, documenting the mildness of the applied condi-
tion. Other tertiary alkyl iodides such as (2-(1-iodocyclobutyl)
ethyl)benzene, 3a-iodo-1-tosyloctahydro-1H-indole and 3-iodo-
© 2023 The Author(s). Published by the Royal Society of Chemistry
3-methylbutyl benzoate were eligible C-radical precursors to
provide the desired products 4o–q in 31–57% yields. Secondary
alkyl iodides can also be used as C-radical precursors in the 1,2-
aminoxyalkylation. As examples, cyclohexyl iodide, 1-(1-
iodoethyl)adamantane and tert-butyl 4-iodopiperidine-1-
carboxylate reacted with 2a to the corresponding alkoxy-
amines 4r–t. However, as compared to the reactions with tert-
alkyl iodides, lower yields were noted in these cases (35–42%).
Cholesterol- and menthol-derived alkyl iodides afforded the
desired products 4u and 4v in 34% and 51% yield. We also
tested the even more challenging reaction with primary alkyl
iodides as C-radical precursors. For these halides, both the XAT
to the aryl radical and also the C-radical addition to the acrylate
are less efficient. Nevertheless, we were able to realise such
transformations and 1-iodooctane, 1-iodo-3-methylbutane as
well as (2-iodoethyl)benzene afforded the targeted products 4w–
y in moderate yields (27–41%).

Aer having successfully employed the diazonium salt 3a as
an XAT-mediator, we wondered whether stronger oxidizing alkyl
iodides directly engage in the 1,2-aminoxyalkylation of alkenes
upon reaction with TEMPONa in the absence of salt 3a. We
considered electron decient polyuoroalkyl iodides and
bromides as promising C-radical precursors, as they have
signicantly less negative cathodic peak potential (peak
potentials: Ep = −1.32 V/SCE for C6F13I)24 than the alkyl iodides
addressed above and accordingly might be directly reduced by
TEMPONa.
Chem. Sci., 2023, 14, 7675–7680 | 7677
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Scheme 2 Substrate scope. Variation of alkenes: 1a (0.2 mmol) and
2a–l (5 equiv., 1 mmol). Variation of alkyl iodide: 1a–o (0.2 mmol) and
2a (10 equiv., 2 mmol).

Scheme 3 Substrate scope. Variation of alkenes: C4F9I (0.2 mmol) and
styrenes (5 equiv., 1 mmol) or non-activated alkene (10 equiv., 2mmol).
Variation of perfluoroalkyl iodide: Rf-I (0.2 mmol) and styrene (5 equiv.,
1 mmol). aRf-Br (0.2 mmol) and styrene (5 equiv., 1 mmol) for 18 h.
bWhen 10 equiv. styrene was used.
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It is well known that peruoroalkyl radicals react efficiently
with styrenes, non-activated alkenes and even electron decient
Michael acceptors.25 Pleasingly, we found that 1,2-amino-
xyperuoroalkylation of styrene can be achieved in the absence
of any XAT-mediator (Scheme 3). Thus, stirring TEMPONa (0.36
mmol), C4F9I (0.2 mmol) and styrene (1 mmol) in PhCF3 (0.4
mL) for 30 minutes afforded the desired alkoxyamine 6a in 85%
yield (for details on reaction optimization, see ESI†). Other
styrene derivatives such as 2-vinylnaphthalene, 1-methoxy-4-
vinylbenzene and 1,2-dihydronaphthalene also reacted well
with C4F9I, and 6b–d were obtained in moderate to good yields
(50–84%). Of note, 1,2-dihydronaphthalene reacted with
complete regio- and diastereoselectivity (see 6d). Various non-
activated aliphatic alkenes like but-3-en-1-ylbenzene, oct-1-
ene, vinylcyclohexane, (vinyloxy)cyclohexane and allyldime-
thyl(phenyl)silane engaged in this transition metal free alkene
7678 | Chem. Sci., 2023, 14, 7675–7680
1,2-difunctionalization to give the alkoxyamines 6e–i in good
yields (65–72%). A free hydroxy group, a primary alkyl bromide
functionality, and an epoxide are all tolerated, as documented
by the successful preparation of 6j (56%), 6k (61%) and 6l (68%).
2-Methylpent-1-ene reacted with C4F9I and TEMPONa in good
yield to the tertiary alkoxyamine 6m (85%).

A low yield was noted for the reaction with the electron poor
methyl acrylate as radical acceptor (6n, 17%). With but-3-en-1-
yn-1-ylbenzene as the C4F9-radical acceptor, the 1,2-addition
product 6owas formed with complete regiocontrol in 81% yield.
Internal alkenes such as cyclohexene and (Z)-prop-1-en-1-
ylbenzene afforded the desired product 6p and 6q in 27% and
41% yield, respectively. Notably, compound 6p was obtained in
complete diastereoselectivity and also a good selectivity was
noted for 6q. The relative conguration was assigned in analogy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Follow-up chemistry, mechanistic studies and suggested
mechanisms.
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to a previous report.26 To document the practicality of our
method, compound 6a was successfully prepared on a 3 mmol
scale in 82% yield (1.184 g). We then tested various per-
uoroalkyl iodides and bromides by using styrene as the Rf-
radical acceptor. With C3F7I and C6F13I the products 6r and 6s
were obtained in good yields (78%, 86%). Peruoroalkyl
bromides can also be used as C-radical precursors, as shown by
the successful transformations of C6F13Br and C8F17Br to give 6s
and 6t in 90% and 81% yield. Reaction with the bromides were
signicantly slower and 18 h were required to get full conver-
sion. 1,1,1,2-Tetrauoro-2-iodo-2-(triuoromethoxy)ethane and
1,1,2,2,3,3,4,4,5,5,6-undecauoro-6-iodocyclohexane reacted
well with styrene and TEMPONa to afford 6u (67%) and 6v
(72%). 4-Bromo-3,3,4,4-tetrauorobut-1-ene also engaged in the
styrene 1,2-difunctionalization, although the desired product
6w was obtained in only 28% yield. Of note, Q. Li et al.27 and Q.
Sun et al.28 demonstrated cobalt/tertiary-amine-mediated
hydroxy-peruoroalkylation of alkenes using polyuoroalkyl
bromides. In 2022, Yajima and co-workers29 also demonstrated
light-mediated hydroxy-peruoroalkylation of styrenes and
electron decient alkenes using enamine and DIPEA (photo-
organocatalyst), while no example of a non-activated alkene as
acceptor was presented in this report. Compared to previous
reports, our method can be conducted under transition metal
free conditions and no external reagents like enamine and
DIPEA is needed to realize the alkene 1,2-amino-
xyperuoroalkylation. Thus, our method provides a valuable
alternative to existing methodology to access similar b-hydroxy-
peruoroalkyl scaffolds. The synthetic value of our product
alkoxyamines was documented by two follow-up reactions. The
alkoxyamine function in 4a was easily converted to a ketone
moiety through m-chloroperbenzoic acid (m-CPBA) oxidation
and the a-keto ester 7 was isolated in 59% yield (Scheme 4a).
Such a-keto esters have been used as valuable precursors for
a variety of asymmetric transformations30 and for the synthesis
of heterocycles.31 Reduction of the N–O bond in alkoxamine 6a
with zinc in aqueous acetic acid provided the alcohol 8 in 60%
yield. To support the radical nature of these 1,2-difunctionali-
zations, typical probe experiments were conducted. First, in
order to show that alkyl radicals are generated from alkyl
iodides via TEMPONa-mediated SET-reduction of 3a followed
by XAT, (2-(iodomethyl)cyclopropyl)benzene 9 was subjected to
the optimized conditions in the absence of any C-radical
acceptor. The cyclopropane ring opening direct TEMPO-
trapping product 10 derived from the corresponding cyclo-
propylmethyl radical was formed in 98% yield (Scheme 4b).
Second, C4F9I was reacted with N,N-diallylaniline (11) with
TEMPONa to afford the peruoroalkyl radical addition/5-exo
trig cyclization/TEMPO-trapping product 12 in 48% yield as
a mixture of diastereoisomers (Scheme 4c). Both reactions
clearly indicate the occurrence of radical intermediates. For
reactions conducted with the XAT-mediator 3a, the following
mechanism is suggested (Scheme 4d). TEMPONa rst reduces
the diazonium salt 3a through SET to generate TEMPO along
with the mesityl radical A that reacts with the alkyl iodide in an
XAT to give the alkyl radical B and Mes–I (detected in HRMS). C-
Radical B in turn will add to the alkene acceptor to form the
© 2023 The Author(s). Published by the Royal Society of Chemistry
adduct radical C, which is eventually trapped by TEMPO to
afford the nal product 4. Importantly, TEMPO is present only
in very small amounts as it is continuously generated and also
consumed, so that radical B can add to the alkene and its direct
trapping by TEMPO is not occurring. However, the adduct
radical C cannot add to the alkene due to polarity mismatch and
consequently selective cross coupling with TEMPO steered by
the persistent radical effect18 is occurring. Considering the
second process, the peruoroalkyl iodide gets directly reduced
by TEMPONa to give TEMPO and the corresponding per-
uoroalkyl radical (Scheme 4e). The latter then adds to the
alkene and the adduct radical D is nally trapped by TEMPO to
give a compound of type 6.
Conclusions

In summary, we have developed transition metal free 1,2-ami-
noxyalkylation of various electron-poor alkenes with primary,
secondary and tertiary alkyl iodides applying a diazonium salt
as a stoichiometric XAT-mediator. TEMPONa is used as mild
SET-reductant able to reduce the diazonium salt but not an
unactivated alkyl iodide. Interestingly, in the diazonium salt
reduction the organic reductant (TEMPONa) is converted into
an organic oxidant (TEMPO). 1,2-Aminoxyalkylations with
Chem. Sci., 2023, 14, 7675–7680 | 7679
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peruoroalkyl iodides and bromides proceed in the absence of
any XAT-mediator, as these electrophilic halides are efficiently
SET-reduced with TEMPONa. Both processes can be conducted
under mild conditions and show good functional group toler-
ance. The alkoxyamine functional group present in the products
can be easily oxidized or reduced to the corresponding ketone
and alcohol functionalities.
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2244; (b) F. Juliá, T. Constantin and D. Leonori, Chem. Rev.,
2022, 122, 2292; (c) E. Tatunashvili and C. S. P. McErlean,
Org. Biomol. Chem., 2020, 18, 7818.
7680 | Chem. Sci., 2023, 14, 7675–7680
9 D. Kurandina, D. Yadagiri, M. Rivas, A. Kavun,
P. Chuentragool, K. Hayama and V. Gevorgyan, J. Am.
Chem. Soc., 2019, 141, 8104.

10 J. Zhang, M. Jiang, C.-S. Wang, K. Guo, Q.-X. Li, C. Ma,
S.-F. Ni, G.-Q. Chen, Y. Zong, H. Lu, L.-W. Xu and X. Shao,
Nat. Commun., 2022, 13, 7961.

11 S. Govaerts, K. Nakamura, T. Constantin and D. Leonori,
Org. Lett., 2022, 24, 7883.

12 A. Cai, W. Yan, C. Wang and W. Liu, Angew. Chem., Int. Ed.,
2021, 60, 27070.

13 (a) X. Zeng, C. Wang, W. Yan, J. Rong, Y. Song, Z. Xiao, A. Cai,
S. H. Liang and W. Liu, ACS Catal., 2023, 13, 2761; (b)
L. Caiger, H. Zhao, T. Constantin, J. J. Douglas and
D. Leonori, ACS Catal., 2023, 13, 4985.

14 M. Hartmann, Y. Li and A. Studer, J. Am. Chem. Soc., 2012,
134, 16516.

15 W. Li, S. Jiang, Y. Xie, X. Yan, F. Zhao, X. Pang, K. Zhang and
Z. Jia, ACS Energy Lett., 2022, 7, 1481.

16 A. L. J. Beckwith and J. S. Poole, J. Am. Chem. Soc., 2002, 124,
9489.

17 L. Tebben and A. Studer, Angew. Chem., Int. Ed., 2011, 50,
5034.

18 For selected reviews see: (a) A. Studer, Chem.–Eur. J., 2001, 7,
1159; (b) H. Fischer, Chem. Rev., 2001, 101, 3581; (c)
A. Studer, Chem. Soc. Rev., 2004, 33, 267; (d) T. Schulte and
A. Studer, Chem. Rec., 2005, 5, 27; (e) D. Leifert and
A. Studer, Angew. Chem., Int. Ed., 2020, 59, 74.

19 V. W. Bowry and K. U. Ingold, J. Am. Chem. Soc., 1992, 114,
4992.

20 A. Citterio and F. Minisci, J. Org. Chem., 1982, 47, 1759.
21 (a) S. J. Garden, D. V. Avila, A. L. J. Beckwith, V. W. Bowry,

K. U. Ingold and J. Lusztyk, J. Org. Chem., 1996, 61, 805; (b)
M. R. Heinrich, A. Wetzel and M. Kirschstein, Org. Lett.,
2007, 9, 3833; (c) K. Liang, Q. Liu, L. Shen, X. Li, D. Wei,
L. Zheng and C. Xia, Chem. Sci., 2020, 11, 6996.

22 C. Galli, Chem. Rev., 1988, 88, 765.
23 F. Parsaee, M. C. Senarathna, P. B. Kannangara,

S. N. Alexander, P. D. E. Arche and E. R. Welin, Nat. Rev.
Chem., 2021, 5, 486.
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