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apping of spiro radicals to
produce unusual cyclization products from usual
migration substrates†

Jingming Zhang,‡a Chengkou Liu,‡a Yaqi Qiao,a Minghui Wei,a Wenjing Guan,a

Ziren Mao,a Hong Qin,a Zheng Fang *a and Kai Guo *ab

A conceptually newmethodology to give unusual cyclization products from usual migration substrates was

disclosed. The highly complex and structurally important and valuable spirocyclic compounds were

produced through radical addition, intramolecular cyclization and ring opening instead of usual

migration to the di-functionalization products of olefins. Furthermore, a plausible mechanism was

proposed based on a series of mechanistic studies including radical trapping, radical clock, verification

experiments of intermediates, isotope labeling and KIE experiments.
Introduction

The quest for novel synthetic methods to construct highly
complex and unprecedented molecular scaffolds has increas-
ingly attracted attention because of their utmost importance in
both synthetic and medical industry, although only a very small
fraction would be conrmed to be useful clinical candidates.1

The rearrangement reaction has been recognized as a practical
and powerful synthesis methodology to produce unexpected
products through controllable cleavage and reconstruction of
chemical bonds.2 In the past century, many ionic rearrange-
ment reactions have been reported including classical Smiles
rearrangement, which features a key spirocyclic intermediate.3

Recently, radical chemistry has experienced a major resurgence
because of its higher reactivity and better functional-group
compatibility.4 In this context, radical reactions including
radical-mediated rearrangements have attracted wide atten-
tion.5 Nevado and co-workers reported a rst radical-mediated
di-functionalization of alkenes by concomitant the aryl migra-
tion to give the amidyl radical intermediate through radical
addition, aryl migration and desulfonylation, which also
features a spirocyclic intermediate (Scheme 1a).6 The corre-
sponding amides are obtained from hydrogen abstraction. It is
noteworthy that oxindoles are produced through further cycli-
zation. Furthermore, many studies to introduce different
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the Royal Society of Chemistry
radicals including N3,6 phosphonyl,6b alkyl,7 aryl,8 sulfonyl9 and
N-centered10 have been carried out. In addition, further cycli-
zation cascades via N-amidyl radicals to many unexpected and
highly functionalized heterocyclic scaffolds were investigated.11

Moreover, Zhu and co-workers disclosed a rst
Scheme 1 Design of radical-promoted addition/cyclization/ring-
opening of 1,4-enynes. (a) Nevado's work: aryl migration/desulfony-
lation/H abstraction or cyclization; (b) Zhu's work: radical addition/
distal functional group migration; (c) This work: radical addition/
intramolecular cyclization/ring-opening.
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difunctionalization of alkenes based on remote cyano migra-
tion (Scheme 1b).12 Immediately, a series of studies have been
carried out to expand the scope of distal migration to numerous
functional groups, including CN,13 heteroaryl,14 aryl,15 alkynyl,16

alkenyl,17 formyl,18 oximino,19 and alkoxyphosphine20 by Zhu
and many other research groups including us.

Attributed to the formation of a stabler carbonyl group, the
di-functionalization of both activated and un-activated alkenes
can be achieved. Besides, more abundant functional groups can
be introduced into alkenes conveniently via the migration
process, which is usually unreachable under traditional meth-
odologies. Although remote functional group ipso-migration
had been fully researched, the intercepting of the transient
spiro radical intermediate by an intrinsic or extrinsic radical-
trapping reagent to give a spirocyclic or subsequent ring-
opening product has never been proposed (Scheme 1c).

In this context, this hypothesis was tested by a reaction
between 1,4-enynes and activated methylene compounds,
which can be transformed into the corresponding C-centered
radical intermediate and also serves as an efficient radical
acceptor and donor by radical addition and 1,n-HAT respec-
tively. Herein, we report a rst silver-promoted intramolecular
trapping of spiro radicals to produce unusual cyclization
products from usual migration substrates (Scheme 1c). This
reaction involves radical addition, 5-exo-trig cyclization and
nal ring opening.
Results and discussion

The hypothesis was investigated based on a reaction between 3-
(4-(tert-butyl)phenyl)-2-methyl-5-phenylpent-1-en-4-yn-3-ol 1
and 1,3-dimethylbarbituric acid 2 (Table 1). To our delight, 92%
cyclization product 3 was generated using Ag2O as the oxidant
and ACN as the solvent under 110 °C (entry 1). It was noteworthy
that replacing ACN with MeOH led to a comparable yield (89%,
entry 2). However, a dramatic decrease of the yield was obtained
Table 1 Selected optimization resultsa

Entry Variation from “standard conditions

1 None
2 MeOH, DMSO, DCE or toluene inste
3 Cu(OAc)2, Cu(AcAc)2, Fe3O4, MnO2, N
4 AgOAc, Ag2CO3, AgNO3, AgSbF6 inst
5 90, 100 or 120 °C
6 1.2, 1.5 or 1.8 eq. of Ag2O
7 1.1 or 1.3 eq. of 2
8d K2S2O8, PIDA or TBPB

a Reaction conditions: 1 (1 mmol, 304.2 mg), 2 (1.5 mmol, 234.1 mg), A
determined by 1H NMR using dibromomethane as the internal standard
(diacetoxyiodo)benzene, and TBPB: tert-butyl peroxybenzoate.

2462 | Chem. Sci., 2023, 14, 2461–2466
when other solvents including DMSO, DCE or toluene were
involved (entry 2).

No or only trace amounts of the desired product were
detected when Ag2O as replaced by an Fe, Mn or Ni salt (entry 3).
Moreover, further optimization using a Cu salt as the oxidant
showed that the yield of 3 decreased to 17% or 6% (entry 3).
Notably, other Ag salts, such as AgOAc and AgNO3, also showed
poor reactivity (entry 4). Using Ag2CO3 could also ensure effi-
cient product formation (entry 4). Oddly, almost no product was
detected when AgSbF6 was used (entry 4). Further lowering the
reaction temperature to below 110 °C led to the decrease of the
formation of the product (entry 5). The screening of the equiv-
alent of Ag2O and 2 revealed that 2 eq. Ag2O or 1.5 eq. 2 was
optimal (entries 6 and 7). It was found that signicant inhibi-
tion of the product formation was observed when other oxidants
including K2S2O8, PIDA and TBPB were used in the presence of
catalytic amounts of Ag2O (entry 8).

Subsequently, the substrate scope was investigated (Tables 2
and 3). To our delight, this reaction was broadly compatible
with a series of functional groups including H (4), alkyl groups
(3, 5, and 6), Ph (16), halogens (7, 10, and 12–15), CF3 (8), OCF3
(9) and CO2Me (17), which could also be introduced into the
different positions of the phenyl ring. The structure of 13 was
conrmed by X-ray crystallographic analysis (CCDC= 2207175).
The good halogen tolerance made it easy to realize further
derivatization through cross coupling. Moreover, no obvious
electronic and steric effects were observed (8–10). A good yield
was obtained when a peruoro substituted phenyl ring or
naphthalene relative to the tertiary alcohol moiety of substrates
1was involved (10 and 11). Aerwards, the reaction scope of this
unusual construction of spirocyclic compounds was explored by
varying active methylene compounds (Table 3). To our delight,
active methylenes including malonic amide (3–17), malonic
esters (18, 19, and 28), diketones (20–27, 29, and 31), malono-
nitrile (30) and keto esters (32–35) showed good to excellent
reaction compatibility. Moreover, both cyclic and acyclic active
methylene compounds led to the formation of the desired
” Yieldb (%)

92c

ad of ACN 89, 61, 43, 56
iO instead of Ag2O 17, 6, 0, trace, trace

ead of Ag2O 65, 89, 31, trace
58, 78, 94
75, 83, 88
79, 84
18, 14, 15

g2O (2 mmol, 463.5 mg), ACN (3 mL), 110 °C, and 6 h. b Yields were
. c Isolated yield. d Ag2O (0.2 mmol, 46.4 mg), oxidant (2 mmol), PIDA:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of this migration and cyclization reaction
with a substituent at 1,4-enynesa

a Reaction conditions: see Table 1, entry 1, and isolated yield.

Table 3 Substrate scope of this migration and cyclization reaction
with activated methylene compoundsa

a Reaction conditions, see Table 1, entry 1, and isolated yield.

Scheme 2 Radical-trapping and clock experiments. (a) Radical-trap-
ping experiments; (b) clock experiments. BHT: butylated
hydroxytoluene.
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product in good to excellent yields, although acyclic substrates
exhibited slightly poor reactivity. A slightly lower yield (64%, 25)
was obtained when 1,3-cyclopentanedione was involved
compared with 1,3-cyclohexanedione (74%, 23). Interestingly,
the isolated yield could be boosted to 79% through expanding
the conjugate eld of 1,3-cyclopentanedione (26). Furthermore,
no obvious difference in reactivity was observed when
© 2023 The Author(s). Published by the Royal Society of Chemistry
symmetrical or asymmetric substrates were involved (18–36). It
was found that 26% isolated yield was obtained using chiral
amide (36). Moreover, no selectivity for asymmetric construc-
tion of the target product was obtained, which might be
attributed to the fact that the chiral amine moiety was far away
from the reactive site. In addition, N,N-dimethyl-3-
oxobutanamide completely abolished the target product
formation. The results above further revealed that acyclic
substrates especially amides exhibited poor reactivity.

Intrigued by this intramolecular trapping of the spiro radi-
cals to produce unusual spirocyclic products, gram-scale
synthesis and mechanistic studies were performed (see ESI,†
Schemes 2–4). To our delight, no obvious scaling effect was
observed with 89% isolated yield generated when the reaction
was applied on a gram scale. It was found that the formation of
the desired product was completely abolished in the presence of
the radical scavenger 1,1-diphenylethylene or BHT (Scheme 2a).

In addition, the radical addition and cyclization product 37
between 1,1-diphenylethylene and 1,3-dimethylbarbituric acid
was generated in 70% isolated yield (Scheme 2a). Furthermore,
the radical clock experiments in the presence of radical clock
substrate 38 were carried out (Scheme 2b). Interestingly, no
normal radical addition/cyclization/migration product 3 or the
radical addition/ring-opening product between 2 and 38 was
observed. Nevertheless, we also isolated the corresponding
radical addition/cyclization products 39 and 40 between active
methylene compounds and a radical clock substrate (Scheme
2b). Remarkably, the usual ring-opening product between 2-
methylcyclohexane-1,3-dione and radical clock substrate 38 was
obtained in moderate yields (Scheme 2b, 41). These results
implied the existence of the radical process. Besides, it revealed
that active methylene motifs could serve as an efficient trapping
reagent of radicals or in situ generated carbonium, which could
block the usual spiro radical promoted migration process.
Chem. Sci., 2023, 14, 2461–2466 | 2463
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Scheme 3 Verification experiments of intermediates. (a) The moni-
toring of 42 and the desired product 3; (b) verification experiment of
intermediate 43.

Scheme 4 Isotope labeling and KIE experiments. (a) Isotope labeling
experiments; (b) KIE experiments.

Scheme 5 Proposed mechanism for this intramolecular trapping of
the spiro radicals to produce unusual cyclization products from the
usual migration substrates.
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Then, verication experiments of intermediates were per-
formed to investigate whether the normal migration product 42
was formed as a vital intermediate to give the nal product from
the further radical addition (Scheme 3). Firstly, it was found
that no migration product was detected even through the
reaction was proceeded in a relatively short time of 5, 10, 15, 20
or 25 minutes (Scheme 3a). In addition, no migration product
was detected by HRMS at lower temperature including 90, 70
and 50 °C (Table S1†). Besides, the nal product was obtained
smoothly and the yield increased linearly (Scheme 3a-1). No
delayed formation of the nal product was observed, which
ruled out the formation of a stable intermediate. Furthermore,
almost no target product was detected from the radical
addition/H abstraction when the migration product 43 was
involved (Scheme 3b). Herein, 43 was used because 42 was hard
to prepare. Therefore, the nal product was not likely to be
generated from the further radical addition of the in situ
generated migration product.

On the other hand, 90% D-3 was formed when 0.4 mL D2O
was added; meanwhile, using CD3CN as the solvent led to no D-
3 generation, which revealed that the H most likely originated
2464 | Chem. Sci., 2023, 14, 2461–2466
from the H cation not H radical (Scheme 4a). These results also
indicated that no migration product was involved.

Kinetic isotopic effect (KIE) experiments indicated that C–H
bond cleavage of active methylene compounds was likely not
the rate-determining step (Scheme 4b, kH/kD = 1.13).

Based on a series of mechanistic studies and previous
reports,6–12,21 a plausiblemechanismwas proposed (Scheme 5). The
active methylene compound 2 is oxidized by an Ag salt to furnish
a C-centered radical intermediate 2-1, which then undergoes
radical addition with substrate 1 to produce the radical interme-
diate 3-1. The cyclic radical 3-2 is formed from the intramolecular
radical addition, which is further oxidized to cation intermediate 3-
3. Then, 5-exo-trig cyclization leads to the generation of spirocyclic
intermediate 3-4, which is unstable and affords the nal product
by a ring-opening process. It was found that heating was necessary
for this transformation, which might be used to overcome the
energy barrier of the formation of metastable 3-4.

Conclusions

In summary, an unprecedented silver-promoted intramolecular
trapping of spiro radicals to produce unusual cyclization
products from usual migration substrates was developed. A
series of highly complex and structurally important and valu-
able spirocyclic products were produced in good to excellent
yields. This reaction also features good functional group toler-
ance, high conversion efficiency, using easily available starting
materials and good scalable potential, which make it a powerful
synthetic tool. Furthermore, a possible mechanism was
proposed based on a series of mechanistic studies including
radical-trapping, radical clock, verication experiments of
intermediates, isotope labeling and KIE experiments.

Data availability

All experimental and characterization data including NMR
spectra are available in the ESI.† Crystallo-graphic data for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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compound 13 has been deposited in the Cambridge Crystallo-
graphic Data Centre under accession number CCDC 2207175.
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