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2-Fluoro-5-nitrophenyldiazonium: A Novel Sanger-Type Reagent
for the Versatile Functionalization of Alcohols

Oliver Fischer and Markus R. Heinrich*®

Abstract: As a novel Sanger-type reagent, 2-fluoro-5-nitro-
phenyldiazonium tetrafluoroborate enabled the versatile
functionalization of primary and secondary aliphatic alco-
hols. Based on a mild nucleophilic aromatic substitution
of the fluorine atom under unprecedented, base-free con-
ditions, the diazonium unit on the aromatic core of the re-
sulting aryl-alkyl ether could be employed for such diverse
transformations as radical C—H activation and cyclization,
as well as palladium catalyzed cross-coupling reactions.

Sanger-type reagents have a long history in organic chemis-
try,"’ and it is now 75 years ago that Frederick Sanger intro-
duced 1-fluoro-2,4-dinitrobenzene (1) for the labeling of termi-
nal amino groups in peptides (Scheme 1A)." Since then, the
dinitro-benzenes 1 and 2—representing key derivatives—have
been widely used,”” with recent applications in such diverse
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Scheme 1. Functionalization strategies based on Sanger-type reagents bear-
ing a free or protected diazonium unit.
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fields as water analysis,*” photosensitization,” and medicinal
chemistry.”? Given this vast potential, it was interesting to
note that among the Sanger reagents, the free diazonium de-
rivative 3 has not yet been studied (Scheme 1D). While the in-
creased reactivity of 3 compared to 1 and 2 could enable sub-
stitutions with even weakly nucleophilic reagents like aliphatic
alcohols under mild conditions, such substitution on the aro-
matic core of 3 would have to proceed under acidic or at most
neutral conditions due to the reactivity of the diazonium
unit.”! Generally, nucleophilic aromatic substitutions on diazo-
nium salts are yet rare in literature with few synthetic applica-
tions,” whereas drawbacks arise from the necessity to use the
nucleophile as solvent (Scheme 1B)“" or the requirement to
protect the diazonium unit as a triazene (Scheme 1C).**' On
the other hand, the presence of a diazonium group on an aryl-
alkyl ether such as 4 would enable a broad range of further
functionalizations,™® which cannot be achieved with the tradi-
tional dinitro substitution pattern.

Among these diazonium-based functionalizations, a particu-
larly valuable group are radical translocation reactions,” which
have recently been studied by Baran and co-workers,”® Ra-
gains and co-workers,”® and Studer and co-workers.”® Upon
aryl radical generation from the diazonium unit, hydrogen
atom transfer was observed from the 7-position in an alkyl
side chain, thereby enabling remote functionalization. The re-
lated aryl radical induced hydrogen atom transfer from 5-posi-
tions (1,5-HAT), which was one of our research objectives
(Scheme 1D), has earlier been investigated by Murphy et al.”®
as well as Curran and Xu.’? This approach, however, yet re-
quires multistep syntheses for the precursors, whereas the
strategy via 3 could directly provide the desired reactants 4.

In the present work, we show that the exceptional reactivity
of the Sanger-type reagent 3 enables a single step access to a
broad range of aryl-alkyl ethers 4 under so far unknown, base-
free conditions.” The diazonium and the nitro group present
in 4 can be employed for manifold further transformations in-
cluding radical translocations to allyl ethers as well as various
further intra and intermolecular C—C bond formations.

Based on an established protocol® for the preparation of di-
azonium tetrafluoroborates under water-free conditions, facile
access to decagram quantities of 3 in high yield and purity
was obtained without the need for costly and time-consuming
purification methods. Subsequently, a series of experiments
was conducted to identify optimized conditions for the nucleo-
philic substitution (Scheme 2).

Owing to the above-mentioned sensitivity of aromatic diazo-
nium salts to even weakly basic conditions,">'” we were
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Scheme 2. Preparation of diazonium salt 3 and optimized conditions for nu-
cleophilic substitution.

pleased to find that the desired substitution of 3 with cyclo-
hexylmethanol (6a) to give 4a can be achieved in a neutral to
weakly acidic environment, which is undoubtedly enabled by
the exceptional reactivity of 3 at the ring position bearing the
fluorine atom."?

In this context, it should be noted that diazonium tetrafluo-
roborates are known to be far less dangerous than their analo-
gous chloride or bromide salts and can be safely isolated even
at kilogram scale."! However, they may be explosive if they
have excessive nitrogen content."” To unambiguously show
that diazonium salt 3 exhibits sufficient stability, a small quanti-
ty of this compound was heated to 100°C for 30 min and the
resulting material was analyzed by LC/MS and 'H NMR spec-
troscopy. Both analytical methods did not point to major de-
composition (< 10%) of the compound. During optimization,
the addition of a small amount of dry dimethylsulfoxide
(5 vol%) to dry acetonitrile turned out as beneficial to achieve
high yields of ether 4a using 2.5 equivalents of the—perspec-
tively—more readily available reactant 3.

With optimized conditions available, an evaluation of scope
and limitations was carried out. Selected results from a large
series of experiments conducted on 0.1 mmol scale are sum-
marized in Scheme 3 (see also Supporting Information). Due to
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the sensitivity of the diazonium unit, the reactions were per-
formed in deuterated solvent followed by direct analysis of the
reaction mixture by 'HNMR spectroscopy using an internal
standard.

As shown by the broad range of examples, primary and sec-
ondary aliphatic alcohols with side chains bearing alkenes, al-
kynes, aromatics, alcohols, ethers, fluoro, chloro, and bromo
substituents, nitro, ester as well as urethane groups are well
tolerated. For protonated amines, a sufficiently large distance
between the positive charge and the hydroxyl group is re-
quired (compare 4r vs. 4aq), thereby showing that amino al-
cohols can be selectively functionalized at the alcohol unit,
while the otherwise more nucleophilic amine is protected by
simple protonation. An attempt with a N-Boc (tert-butyloxycar-
bonyl) protected amino alcohol led to insitu deprotection,
most probably due to the liberated hydrofluoric acid, to give
4s. To underline synthetic applicability, 4a was also synthe-
sized on gram scale (6.10 mmol, 2.13 g, 94% yield, >95%
purity). Generally, washing the diazonium intermediate 4 with
diisopropyl ether, followed by filtration or careful decantation
provided the diazonium salt in sufficiently high purity for sub-
sequent reactions in the same vessel. Concerning the stability
of the diazonium compounds, 3 and 4a could be stored in a
desiccator at room temperature for several months without
noticeable decomposition.

Limitations of the reaction scope, which also give insights
into the characteristics of the novel Sanger type reagent, are
as follows. While steric demand in the B-positions of secondary
alcohols 6 is largely acceptable (e.g., 4al), tertiary alcohols
such as tert-butanol do not undergo the substitution reaction
with 3. This is also true for deactivated, less nucleophilic alco-
hols such as 2,2,2-trifluoroethanol. Allylic alcohols and activat-
ed benzylic alcohols (e.g., benzhydrol, furfuryl alcohol), in con-
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Scheme 3. Scope of primary and secondary alcohols suitable for nucleophilic substitution of 3. Yields determined using dimethyl sulfone as internal standard.
[a] Reaction performed at 0°C. [b] N-Boc protected amino alcohol used as reactant 6s. [c] 1 equiv. of 3 used. [d] CDCl, added to the reaction.
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trast, provided complex product mixtures, thereby pointing to
the leaving group properties of the diazonium-substituted 4-
nitrophenolate.

Regarding phenols, which are reliable substrates for diaryl
ether synthesis when combined with the classical Sanger re-
agents 1 and 2 (Scheme 1),*'? such starting materials either
led to no reaction with 3 (if acceptor-substituted; e.g., 4-nitro-
phenol) or to complex product mixtures (if donor-substituted;
e.g., 4-methoxyphenol). The latter case can be rationalized by
competing azo coupling between 3 and the phenol, as well as
aryl radical formation due to the reductive properties of the
phenol.

While primary and secondary aliphatic amines mainly
showed triazene formation resulting from nucleophilic attack
on the diazonium unit,"® the outcomes with anilines depend
(as those for phenols) on the actual substitution pattern.
Donor-substituted anilines (e.g., N,N-diethyl-1,4-phenylenedi-
amine) again act as reductants and partners for azo coupling
to yield complex mixtures. Interestingly, acceptor-substituted
anilines provided benzotriazoles via substitution of the fluorine
atom and cyclization involving the diazonium unit (see
Scheme 1C and the Supporting Information)."*”’

Based on the straightforward accessibility of aryl-alkyl ethers
4 from various primary and secondary alcohols 6, we then
turned to the first field of application. To evaluate the feasibili-
ty of radical translocation reactions, nine aryl-alkyl ethers
(4a,bfqz and 4aj-am) were prepared on a 0.5 mmol scale,
purified by washing with diisopropyl ether, and subsequently
submitted to a reaction with (2,2,6,6-tetramethylpiperidin-1-
yhoxyl (TEMPO) (1.0 equiv.) to induce aryl radical generation.
Via hydrogen atom transfer a new double bond is introduced
in the side chain (Scheme 4). Within the optimization of the
radical translocation step, it turned out that the conditions
originally reported by Baran and co-workers”? cannot be di-
rectly applied, but that a parallel addition of aryl-alkyl ether 4
and TEMPO to the reaction mixture is necessary to reach
useful yields for the alkenes 7 (see the Supporting Information
for details and mechanism). Notably, this transformation is the
first example of an olefination by C—H activation to yield acti-
vated aryl-allyl ethers.

BF
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Scheme 4. Two-step synthesis of activated allylic alcohols 7 from 3 and 6 in-
volving a radical translocation reaction.
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A control experiment with the n-butyl substituted aryl ether
(4, R'=R?*=H, R*=Et, Scheme 4) revealed that, if no particular
position in the alkyl chain is activated by alkyl substitution,
then hydrogen atom transfer will preferably occur from the 3
(1,5-HAT) and to a lesser extent from the o position (1,4-HAT)
with a ratio of 2.2:1 (28 and 13% yield). The fact that 1,5-hy-
drogen atom transfer step is reasonably fast, can be estimated
from an experiment in which the cyclohexylmethyl substituted
ether 4a (Scheme 3) was treated with three equivalents of
iodide instead of TEMPO. Although trapping of aryl radicals by
iodide is known to proceed with high rate constants around
105759 only 27% of the Sandmeyer product (the aryl
iodide) were obtained, whereas 37% of the reaction products
could be directly related to hydrogen atom transfer (see the
Supporting Information for details).

As outlined in Scheme 4, the sequence combining nucleo-
philic aromatic substitution of diazonium salt 3 with radical
translocation is a so far unique strategy to convert aliphatic al-
cohols 6 into activated allylic ethers 7 in only two reaction
steps. Perspectively, the corresponding alcohols may be ob-
tained under mild conditions and with high yields via metha-
nolytical cleavage of the 4-nitrophenyl unit as described by Ta-
kahashi and Ogasawara.” Compounds structurally related to 7
have further been reported to be useful for numerous applica-
tions, including allylic alkylation," Claisen rearrangement,"®
and carbonyl olefination."” As illustrative examples, the previ-
ously prepared allylic ethers 7a and 7 aj were further convert-
ed under Tsuji-Trost conditions!"® to transform 8a and 8b into
the highly functionalized 1,3-diketones 9a and 9aj in yields of
62 and 88 %, respectively (Scheme 5).

O,N O,N
0 0
o O Ph
7a 7aj

— | ST =
- d— =
Pd(PPh3), K,CO3 RM Pd(PPh3), K,CO3
DMF, 70 °C, Ar H DMF, 70 °C, Ar
9a, 62% R=CHj 8a: R=Me R=Ph 9aj, 88%
8b: R=Ph

Scheme 5. Tsuji-Trost reactions using activated allylic ethers 7a and 7 aj.

Remarkably, Tsuji-Trost reactions have so far not been con-
ducted with 4-nitrophenol as a leaving group. As a second
field of application, and again exploiting the presence of the
diazonium unit in the aryl-alkyl ethers 4, we turned to radical
reactions proceeding under carbon-carbon bond formation
(Scheme 6). Within this study, the tricylic dibenzoxepanes 10n
and 10p as well the spirocyclic derivate 111 became accessible
in only two steps from the alcohols 6n, 6p, and 61. As shown,
the novel type of Pschorr cyclization to the spirocyclic dihy-
drobenzofuran 111 requires a shorter chain length (n=0) and
an additional nitro group (R*=4-NO,) in the aryl-alkyl ether
4109

The further synthetic options arising from the presence of
the nitro substituent on the aromatic core of the diazonium
salt were exemplified by three transformations using dibenzox-
epane 10n as starting material (Scheme 6). In palladium-cata-

© 2021 The Authors. Published by Wiley-VCH GmbH
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Scheme 6. Aryl-alkyl ethers 4 in Pschorr cyclizations and further transforma-
tions of the nitro group.

lyzed reactions employing BrettPhos as key ligand,*" reduction

to 12n, aryl-aryl coupling to 13n as well as amination to give
14n were achieved in good to high yields. As a result, the
overall strategy gives facile access to the diverse dibenzoxe-
panes requiring only 2 to 3 reaction steps, which is an ideal
starting point for the elucidation of structure-activity relation-
ships. Known applications of dibenzoxepanes comprise differ-
ent fields of medicinal chemistry,?**< natural product synthe-
sis,?24¢! and mechanistic studies,?"?' whereas the reported syn-
thetic studies further underline the general interest in this
compound class.””™ This is also the case for the spirocyclic
compound 111, which constitutes the key structural element
of several natural products of the kadsuralignan and interiorin
type, which are known for their antioxidant and anti-HIV prop-
erties.”

With the aim to further exploit the diazonium unit present
in the aryl-alkyl ethers 4, we also evaluated the applicability in
palladium-catalyzed transformations. As shown by representa-
tive examples in the Supporting Information, transformation of
4a under Suzuki® and Heck-Matsuda™® conditions gave bi-

synthetic options are nicely complemented by additional func-
tionalization via the nitro aromatic group, which overall ren-
ders the novel Sanger-type reagent 3 a broadly applicable tool
in organic synthesis.

Acknowledgements

O.F. thanks the GRK1910 and the Graduate School Molecular
Science for support of this work. O.F. thanks Lamis Herrera for
experimental assistance in the laboratory. Open access funding
enabled and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: C—C bond formation - C—H activation - diazonium -
nucleophilic aromatic substitution - Sanger reagent

[11 a) F. Sanger, Biochem. J. 1945, 39, 507; b) F. Sanger, Annu. Rev. Biochem.
1988, 57, 1; o) F. Sacher, S. Lenz, H.-J. Brauch, J. Chromatogr. A 1997,
764, 85; d) J. D. Mottishaw, A.R. Erck, J. H. Kramer, H. Sun, M. Koppang,
J. Chem. Educ. 2015, 92, 1846.

a) K. Zhong, S. Zhou, X. Yan, X. Li, S. Hou, L. Cheng, X. Gao, Y. Li, L. Tang,

Dyes Pigm. 2020, 174, 108049; b) T. Wei, S. Lu, J. Sun, Z. Xu, X. Yang, F.

Wang, Y. Ma, Y.S. Shi, X. Chen, J. Am. Chem. Soc. 2020, 142, 3806; c) L.

Chappel, L. C. Wong, C.-O. Leong, C.-W. Mai, I. T. Meikle, S. P. Stanforth,

T.V. Truong, Bioorg. Med. Chem. Lett. 2020, 30, 126910; d) D. Crich, I.

Sharma, Angew. Chem. Int. Ed. 2009, 48, 2355; Angew. Chem. 2009, 121,

2391; e)H. Wang, Y. Wang, B. Shen, X. Liu, M. Lee, J. Am. Chem. Soc.

2019, 141, 4182.

a) B. B. Dey, T. R. Govindachari, S. C. Rajagopalan, Curr. Sci. 1946, 15, 161;

b) J. F. Bunnett, R. E. Zahler, Chem. Rev. 1951, 49, 308; c)F. Terrier, S.

Lakhdar, T. Boubaker, R. Goumont, J. Org. Chem. 2005, 70, 6242; d)H

Mayr, A. R. Ofial, J. Phys. Org. Chem. 2008, 21, 584.

[4] a)R. Khan, S. Boonseng, P. D. Kemmitt, R. Felix, S.J. Coles, G. J. Tizzard,
G. Williams, O. Simmonds, J.-L. Harvey, J. Atack, H. Cox, J. Spencer, Adv.
Synth. Catal. 2017, 359, 3261; b) M. E. Lormann, C.H. Walker, M. Es-
Sayed, S. Brase, Chem. Commun. 2002, 1296.

[2

i

phenyl and cinnamic acid derivatives in high yields of 88 and [5] For general reviews on diazonium chemistry, see: a) C. Galli, Chem. Rev.
78% respectively. Two Subsequent aryl—aryl coupling reac- 1988, 88, 765; b) S. Mahouche-Chergui, S. Gam-Derouich, C. Mangeney,
o ] g . . . . R M. M. Chehimi, Chem. Soc. Rev. 2011, 40, 4143; c)F. Mo, G. Dong, Y.
tions, now involving the diazonium and the nitro unit, provid- Zhang, J. Wang, Org. Biomol. Chem. 2013, 11, 1582; d) N. Oger, M. d’Hal-
ed a m-terphenyl derivative.’'™?* Regarding a future analytical luin, E. Le Grognec, F-X. Felpin, Org. Process Res. Dev. 2014, 18, 1786;
labeling of aliphatic alcohols with the novel Sanger-type re- e)F. Mo, D. Qiu, Y. Zhang, J. Wang, Acc. Chem. Res. 2018, 51, 496.
agent 3. a valuable option also arises from the conversion of [6] For recent contributions from our group, see: a) S. Kindt, K. Wicht, M. R.
9 ' . P . . Heinrich, Angew. Chem. Int. Ed. 2016, 55, 8744; Angew. Chem. 2016, 128,
the adducts 4 into azobenzene derivatives, which can enable 8886; b)N. Hegmann, L. Prusko, M.R. Heinrich, Org. Lett. 2017, 19,
much easier colorimetric detection than yet achievable with 2222; c) M. C. D. Fiirst, E. Gans, M. J. Bock, M. R. Heinrich, Chem. Eur. J.
traditional Sanger reagents (see the Supporting Information). 2017, 23, 15312; d) L-M. Altmann, V. Zantop, P. Wenisch, N. Diesendorf,
. . M. R. Heinrich, Chem. Eur. J. 2020, 27, 2452; e) L.-M. Altmann, M. C. D.
In conclusion, it h.as been Sh?wn t.hat th(_e nove_l sanger-type Furst, E. I. Gans, V. Zantop, G. Pratsch, M. R. Heinrich, Org. Lett. 2020, 22,
reagent 2-fluoro-5-nitrophenyldiazonium 3 is particularly useful 479.
for the functionalization of a broad range of primary and sec- [7]1 a) A-F. Voica, A. Mendoza, W. R. Gutekunst, J. O. Fraga, P.S. Baran, Nat.
ondary aliphatic alcohols. While the exceptionally strong elec- Chem. 2012, 4, 629; b)K. A. Hollister, E.S. Conner, M. L. Spell, K. De-
. . . . veaux, L. Maneval, M. W. Beal, J. R. Ragains, Angew. Chem. Int. Ed. 2015,
tron W|jchdraW|r19 .charac.ter of the dlaZOhIUIjT? group enabled 54, 7837; Angew. Chem. 2015, 127, 7948; ¢) S. Dy, E. A. Kimball, J. R. Ra-
aromatic substitutions with weakly nucleophilic alcohols under gains, Org. Lett. 2017, 19, 5553; d) F. W. Friese, C. Miick-Lichtenfeld, A.
yet unknown neutral and acidic conditions, the presence of Studer, Nat. Commun. 2018, 9, 2808; e) J. A. Murphy, F. Rasheed, S.J.
the diazonium unit can be exploited in various further transfor- Roome, N. Lewis, Chem. Commun. 1996, 737; f) D. P. Curran, J. Xu, J. Am.
mations. Besides C—H activation combined with radical translo- Chem. Soc. 1996, ”8’. 3142; g)W. Zhang, G. Pugh, Tetrahedron 2003, 59,
. . . . 3009; h) B. S. Bhakuni, A. Yadav, S. Kumar, S. Patel, S. Sharma, S. Kumar,
cation, diverse radical as well as palladium-catalyzed carbon- J. Org. Chem. 2014, 79, 2944; i) M. Parasram, P. Chuentragool, D. Sarkar,
carbon bond formations could be carried out. These manifold V. Gevorgyan, J. Am. Chem. Soc. 2016, 138, 6340.
Chem. Eur. J. 2021, 27, 5417 - 5421 www.chemeurj.org 5420 © 2021 The Authors. Published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1042/bj0390507
https://doi.org/10.1146/annurev.bi.57.070188.000245
https://doi.org/10.1146/annurev.bi.57.070188.000245
https://doi.org/10.1016/S0021-9673(96)00868-0
https://doi.org/10.1016/S0021-9673(96)00868-0
https://doi.org/10.1021/ed5006344
https://doi.org/10.1016/j.dyepig.2019.108049
https://doi.org/10.1021/jacs.9b11357
https://doi.org/10.1016/j.bmcl.2019.126910
https://doi.org/10.1002/anie.200805782
https://doi.org/10.1002/ange.200805782
https://doi.org/10.1002/ange.200805782
https://doi.org/10.1021/jacs.8b12777
https://doi.org/10.1021/jacs.8b12777
https://doi.org/10.1021/jo0505526
https://doi.org/10.1002/poc.1325
https://doi.org/10.1002/adsc.201700626
https://doi.org/10.1002/adsc.201700626
https://doi.org/10.1039/b201489k
https://doi.org/10.1021/cr00087a004
https://doi.org/10.1021/cr00087a004
https://doi.org/10.1039/c0cs00179a
https://doi.org/10.1039/c3ob27366k
https://doi.org/10.1021/op500299t
https://doi.org/10.1021/acs.accounts.7b00566
https://doi.org/10.1002/anie.201601656
https://doi.org/10.1002/ange.201601656
https://doi.org/10.1002/ange.201601656
https://doi.org/10.1021/acs.orglett.7b00676
https://doi.org/10.1021/acs.orglett.7b00676
https://doi.org/10.1002/chem.201703954
https://doi.org/10.1002/chem.201703954
https://doi.org/10.1021/acs.orglett.9b04237
https://doi.org/10.1021/acs.orglett.9b04237
https://doi.org/10.1038/nchem.1385
https://doi.org/10.1038/nchem.1385
https://doi.org/10.1002/anie.201500880
https://doi.org/10.1002/anie.201500880
https://doi.org/10.1002/ange.201500880
https://doi.org/10.1021/acs.orglett.7b02650
https://doi.org/10.1039/cc9960000737
https://doi.org/10.1021/ja954150z
https://doi.org/10.1021/ja954150z
https://doi.org/10.1016/S0040-4020(03)00381-8
https://doi.org/10.1016/S0040-4020(03)00381-8
https://doi.org/10.1021/jo402776u
https://doi.org/10.1021/jacs.6b01628
http://www.chemeurj.org

Chemistry—A European Journal

Communication

doi.org/10.1002/chem.202100187

Chemistry

Europe

(8]

s

[10]
(1]

[12]

[13]

[14]
[15]
[16]
[171
[18]

[19]

[20]
[21]

Chem. Eur. J. 2021, 27, 5417 - 5421

a) C. Adamson, R.J. Pengelly, S. Shamsi Kazem Abadi, S. Chakladar, J.
Draper, R. Britton, T. M. Gloster, A. J. Bennet, Angew. Chem. Int. Ed. 2016,
55, 14978; Angew. Chem. 2016, 128, 15202; b) R. R. Hawker, R. S. Haines,
J. B. Harper, Org. Biomol. Chem. 2018, 16, 3453; c) M. Yevglevskis, G. L.
Lee, A. Nathubhai, Y. D. Petrova, T. D. James, M. D. Threadgill, T. J. Wood-
man, M. D. Lloyd, Chem. Commun. 2017, 53, 5087.

M. P. Doyle, W. J. Bryker, J. Org. Chem. 1979, 44, 1572.

J. D. Firth, I. J. S. Fairlamb, Org. Lett. 2020, 22, 7057.

a)F. Ek, O. Axelsson, L.-G. Wistrand, T. Frejd, J. Org. Chem. 2002, 67,
6376; b) C. Molinaro, J. Mowat, F. Gosselin, P. D. O'Shea, J.-F. Marcoux, R.
Angelaud, I. W. Davies, J. Org. Chem. 2007, 72, 1856; ¢) Z. Yu, Y. Lv, C. Yu,
Org. Process Res. Dev. 2012, 16, 1669.

L. Yang, Y. Liu, Y. Li, H. Wang, H. Zhang, J. Xu, L. Ji, Q. Wang, G. He, Tetra-
hedron 2019, 75, 130538.

D. B. Kimball, M. M. Haley, Angew. Chem. Int. Ed. 2002, 41, 3338; Angew.
Chem. 2002, 114, 3484.

M. Takahashi, K. Ogasawara, Synthesis 1996, 954.

B. M. Trost, Tetrahedron 2015, 71, 5708.

A. M. Martin Castro, Chem. Rev. 2004, 104, 2939.

N. Charrier, B. Quiclet-Sire, S. Z. Zard, J. Am. Chem. Soc. 2008, 130, 8898.
For reviews and recent applications see: a) N. A. Butt, W. Zhang, Chem.
Soc. Rev. 2015, 44, 7929; b) K. Balaraman, C. Wolf, Angew. Chem. Int. Ed.
2017, 56, 1390; Angew. Chem. 2017, 129, 1411; c) J. Braun, M. I. Ariéns,
B.T. Matsuo, S. de Vries, E.D.H. van Wordragen, B.D. Ellenbroek,
C. M. L. Vande Velde, R.V.A. Orru, E. Ruijter, Org. Lett. 2018, 20, 6611;
d) J. K. Matsui, A. Gutiérrez-Bonet, M. Rotella, R. Alam, O. Gutierrez, G. A.
Molander, Angew. Chem. Int. Ed. 2018, 57, 15847; Angew. Chem. 2018,
130, 16073.

a) G. Pratsch, M. R. Heinrich in Radicals in Synthesis lll, Springer, 2011,
pp. 33-59; b)J. Hofmann, M.R. Heinrich, Tetrahedron Lett. 2016, 57,
4334.

S. Green, D. Whiting, J. Chem. Soc. Perkin Trans. 1 1998, 193.

a) M. Kashihara, M. R. Yaday, Y. Nakao, Org. Lett. 2018, 20, 1655; b) M. R.
Yadav, M. Nagaoka, M. Kashihara, R.-L. Zhong, T. Miyazaki, S. Sakaki, Y.
Nakao, J. Am. Chem. Soc. 2017, 139, 9423; c)F. Inoue, M. Kashihara,

[22]

[23]

[24]

[25]

M.R. Yadav, Y. Nakao, Angew. Chem. Int. Ed. 2017, 56, 13307; Angew.
Chem. 2017, 129, 13492.

a) B. R. Kusuma, L. B. Peterson, H. Zhao, G. Vielhauer, J. Holzbeierlein,
B.S.J. Blagg, J. Med. Chem. 2011, 54, 6234; b)B.S.J. Blagg, B.R.
Kusuma, US9056104B2, 2015; c) J. Y. Lee, J. A. Lee, A. H. Jaeseung, J. H.
Ryu, M.-Y. Han, T. Yoo, J.H. Sa, J.-S. Kim, J. Seo, EP2963027A1, 2017;
d) M. C. de La Fuente, L. Castedo, D. Dominguez, J. Org. Chem. 1996, 61,
5818; e) J. Liu, X. Zhou, C. Wang, W. Fu, W. Chu, Z. Sun, Chem. Commun.
2016, 52, 5152; f) S. Kumar, H. lla, H. Junjappa, Tetrahedron 2007, 63,
10067; g) V. K. Tandon, H. K. Maurya, B. Kumar, B. Kumar, V. J. Ram, Syn-
lett 2009, 2992; h) L.-C. Campeau, M. Parisien, M. Leblanc, K. Fagnou, J.
Am. Chem. Soc. 2004, 126, 9186; i) D. Whitaker, M. Batuecas, P. Ricci, I.
Larrosa, Chem. Eur. J. 2017, 23, 12763.

a) L. Li, H.-Y. Ren, X.-D. Yang, J.-F. Zhao, G.-P. Li, H.-B. Zhang, Helv. Chim.
Acta HCA 2004, 87, 2943; b) J.-X. Pu, L-M. Yang, W.-L. Xiao, R.-T. Li, C.
Lei, X-M. Gao, S.-X. Huang, S.-H. Li, Y-T. Zheng, H. Huang, H.-D. Sun,
Phytochemistry 2008, 69, 1266; c) N. Shehla, B. Li, J. Zhao, L. Cao, Y. Jian,
I. A. Khan, D. Liao, A. Rahman, M. I. Choudhary, W. Wang, Nat. Prod. Res.
2020, 1.

For reviews and recent applications see: a) F-X. Felpin, E. Fouquet, C.
Zakri, Adv. Synth. Catal. 2009, 351, 649; b)F-S. Han, Chem. Soc. Rev.
2013, 42, 5270; c) L. Rocard, P. Hudhomme, Catalysts 2019, 9, 213; d) S.
Lu, Y. Hu, S. Wan, R. McCaffrey, Y. Jin, H. Gu, W. Zhang, J. Am. Chem. Soc.
2017, 139, 17082; e) M. P. Crockett, A. S. Wong, B. Li, J. A. Byers, Angew.
Chem. Int. Ed. 2020, 59, 5392; Angew. Chem. 2020, 132, 5430.

For reviews and recent applications see: a) J. C. Pastre, C. R. D. Correia,
Adv. Synth. Catal. 2009, 351, 1217; b) M. Oestreich, Angew. Chem. Int. Ed.
2014, 53, 2282; Angew. Chem. 2014, 126, 2314; c) D. Kurandina, M. Para-
sram, V. Gevorgyan, Angew. Chem. Int. Ed. 2017, 56, 14212; Angew.
Chem. 2017, 129, 14400; d) Q. Yuan, M.S. Sigman, J. Am. Chem. Soc.
2018, 140, 6527.

Manuscript received: January 18, 2021

Accepted manuscript online: January 22, 2021

Version of record online: February 24, 2021

www.chemeurj.org

5421

© 2021 The Authors. Published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1002/anie.201607431
https://doi.org/10.1002/anie.201607431
https://doi.org/10.1002/ange.201607431
https://doi.org/10.1039/C8OB00651B
https://doi.org/10.1039/C7CC00476A
https://doi.org/10.1021/jo01323a048
https://doi.org/10.1021/acs.orglett.0c02685
https://doi.org/10.1021/jo0258103
https://doi.org/10.1021/jo0258103
https://doi.org/10.1021/jo062483g
https://doi.org/10.1021/op300127x
https://doi.org/10.1016/j.tet.2019.130538
https://doi.org/10.1016/j.tet.2019.130538
https://doi.org/10.1002/1521-3773(20020916)41:18%3C3338::AID-ANIE3338%3E3.0.CO;2-7
https://doi.org/10.1002/1521-3757(20020916)114:18%3C3484::AID-ANGE3484%3E3.0.CO;2-B
https://doi.org/10.1002/1521-3757(20020916)114:18%3C3484::AID-ANGE3484%3E3.0.CO;2-B
https://doi.org/10.1055/s-1996-4328
https://doi.org/10.1016/j.tet.2015.06.044
https://doi.org/10.1021/cr020703u
https://doi.org/10.1021/ja802899m
https://doi.org/10.1039/C5CS00144G
https://doi.org/10.1039/C5CS00144G
https://doi.org/10.1002/anie.201608752
https://doi.org/10.1002/anie.201608752
https://doi.org/10.1002/ange.201608752
https://doi.org/10.1021/acs.orglett.8b02232
https://doi.org/10.1002/anie.201809919
https://doi.org/10.1002/ange.201809919
https://doi.org/10.1002/ange.201809919
https://doi.org/10.1016/j.tetlet.2016.08.034
https://doi.org/10.1016/j.tetlet.2016.08.034
https://doi.org/10.1039/a706589b
https://doi.org/10.1021/acs.orglett.8b00430
https://doi.org/10.1021/jacs.7b03159
https://doi.org/10.1002/anie.201706982
https://doi.org/10.1002/ange.201706982
https://doi.org/10.1002/ange.201706982
https://doi.org/10.1021/jm200553w
https://doi.org/10.1021/jo960291n
https://doi.org/10.1021/jo960291n
https://doi.org/10.1039/C6CC01149G
https://doi.org/10.1039/C6CC01149G
https://doi.org/10.1016/j.tet.2007.07.045
https://doi.org/10.1016/j.tet.2007.07.045
https://doi.org/10.1055/s-0029-1218006
https://doi.org/10.1055/s-0029-1218006
https://doi.org/10.1021/ja049017y
https://doi.org/10.1021/ja049017y
https://doi.org/10.1002/chem.201703527
https://doi.org/10.1002/hlca.200490265
https://doi.org/10.1002/hlca.200490265
https://doi.org/10.1016/j.phytochem.2007.11.019
https://doi.org/10.1080/14786419.2020.1758378
https://doi.org/10.1080/14786419.2020.1758378
https://doi.org/10.1002/adsc.200800783
https://doi.org/10.1039/c3cs35521g
https://doi.org/10.1039/c3cs35521g
https://doi.org/10.3390/catal9030213
https://doi.org/10.1021/jacs.7b07918
https://doi.org/10.1021/jacs.7b07918
https://doi.org/10.1002/anie.201914315
https://doi.org/10.1002/anie.201914315
https://doi.org/10.1002/ange.201914315
https://doi.org/10.1002/adsc.200900032
https://doi.org/10.1002/anie.201310585
https://doi.org/10.1002/anie.201310585
https://doi.org/10.1002/ange.201310585
https://doi.org/10.1002/anie.201706554
https://doi.org/10.1002/ange.201706554
https://doi.org/10.1002/ange.201706554
https://doi.org/10.1021/jacs.8b02752
https://doi.org/10.1021/jacs.8b02752
http://www.chemeurj.org

