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bled stereoselective synthesis of
functionalized cyclohexylamine derivatives via [4 +
2] cycloadditions†

Yi-Nan Lu,a Chao Che, a Guangjin Zhen,a Xin Chang,a Xiu-Qin Dong *a

and Chun-Jiang Wang *ab

An unprecedented intermolecular [4 + 2] cycloaddition of benzocyclobutylamines with a-substituted

vinylketones, enabled by photoredox catalysis, has been developed. The current method enables facile

access to highly functionalized cyclohexylamine derivatives that were otherwise inaccessible, in

moderate to good yields with excellent diastereoselectivities. This protocol has some excellent features,

such as full atom economy, good functional-group compatibility, mild reaction conditions, and an

overall redox-neutral process. Additionally, an asymmetric version of this cycloaddition was preliminarily

investigated via the incorporation of a chiral phosphoric acid (CPA), and moderate to good

enantioselectivity could be effectively realized with excellent diastereoselectivity. Synthetic applications

were demonstrated via a scale-up experiment and elaborations to access amino alcohol and

cyclobutene derivatives. Based on the results of control experiments, a reasonable reaction mechanism

was proposed to elucidate the reaction pathway.
Introduction

Cyclohexylamine and its derivatives are prevalent units in
plenty of natural products, pharmaceuticals, agrochemicals,
and biological molecules (Scheme 1a).1 For example, Rotigotine
has been used for the treatment of Parkinson’s disease.1d

Tametraline works as a norepinephrine–dopamine reuptake
inhibitor.1a Terutroban is an important selective thromboxane
prostanoid (TP) antagonist in medicinal chemistry.1e Owing to
the great importance of these valuable structural motifs, it is
necessary to establish efficient and elegant methods to access
cyclohexylamine derivatives. The [4 + 2] cycloaddition is
appreciated as a powerful synthetic tool to prepare valuable
cycloalkane derivatives.2 The inherent ring-strain release of
small-ring compounds serving as 1,n-synthons has been
exploited as a powerful driving strategy through the cleavage of
typically unreactive bonds, which has resulted in the wide use of
these versatile molecules in organic synthesis.3 Among such
small-ring compounds, the ring opening of cyclobutanes is
generally less studied than that of cyclopropanes because of
ences, Engineering Research Center of
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their smaller ring tensile force and slower ring-opening rate,4

but they could work as four-carbon synthons to prepare
a diverse array of organic compounds to greatly broaden their
use in organic synthesis.5

Transformations mediated by single-electron transfer (SET)
have become a topic of intense study in the eld of organic
chemistry in recent decades, and have enabled the great
application of easily available substrates with a wide tolerance
of functional groups.6 We envisioned that such a powerful
synthetic strategy could be utilized to prepare biologically
important cyclohexylamine derivatives starting from readily
accessible benzocyclobutylamines. As shown in Scheme 1b,
a benzocyclobutylamine is expected to undergo one-electron
oxidation for the formation of benzyl radical iminium ion int-
I through an intramolecular ring-opening process. The subse-
quent radical addition of int-I to an alkene furnishes alkyl
radical int-II, which undergoes a ring-closing step via the
intramolecular addition of the alkyl radical to the iminium ion.
Finally, the resulting amino radical cation int-III is reduced to
achieve the nal benzocyclohexylamine. The amine oxidation
step can be mediated by enzymatic,7 chemical,8 electro-
chemical,9 and photochemical10 systems. Recently, photoredox
catalysis has emerged as a powerful strategy to manipulate the
redox chemistry of organic compounds, and features a strong
ability to be merged with other catalysis types, high atom
economy, mild reaction conditions, broad functional-group
compatibility, and an overall redox-neutral process.11 Ring-
opening-promoted cycloaddition reactions enabled by visible-
light photoredox catalysis have been mainly focused on [3 + 2]
Chem. Sci., 2024, 15, 6507–6514 | 6507
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Scheme 1 The proposal of photocatalyzed [4 + 2] cycloadditions for the synthesis of functionalized cyclohexylamine derivatives.
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cycloaddition reactions involving cyclopropylamines,3h,12 while
cyclobutylamines, especially benzocyclobutylamines, as four-
carbon synthons in [4 + 2] cycloaddition reactions have been
rarely investigated.5 In 2017, Zheng and Wang developed an
elegant visible-light-photocatalyzed intermolecular [4 + 2]
annulation of benzocyclobutylanilines with alkynes, and the
resulting intermediate 1,4-dihydronaphthalenes underwent
a spontaneous elimination of anilines to generate naph-
thalenes.5d We envisioned that, using a-substituted vinyl
ketones as the reaction partner, the cycloaddition reaction
could be interrupted without the ensuing elimination.

With the design concept in Scheme 1b and the superiority of
photoredox catalysis in mind, we envisaged that photoredox
catalysis could be introduced in the [4 + 2] cycloaddition of
benzocyclobutylamines with a-substituted vinyl ketones to
construct functionalized synthetically valuable cyclohexylamine
derivatives incorporating a unique all-carbon quaternary ster-
eocenter.13 Two signicant challenges need to be solved in the
implementation of this protocol: (a) the ring opening of the
benzocyclobutylamines would face three competitive C–C
cleavage processes, resulting in different regioselectivities; (b)
the highly stereoselective construction of cyclohexylamine
derivatives containing adjacent tertiary and all-carbon quater-
nary stereocenters is always a formidable challenge and is
6508 | Chem. Sci., 2024, 15, 6507–6514
disfavored in radical chemistry. Herein, we successfully realized
a [4 + 2]-cycloaddition reaction of benzocyclobutylamines with
unsaturated enones, enabled by photoredox catalysis, which
would allow the forging of two contiguous stereogenic centers
via C–C bond formation to access complex molecules with high
regioselectivities and diastereoselectivities (Scheme 1c). In
addition, a chiral phosphoric acid catalyst was introduced to
provide a chiral environment for the generation of stereocenters
by radical conjugate addition, and the asymmetric catalytic
version of this cycloaddition could be realized via cooperative
photoredox and chiral phosphoric acid catalysis.

Results and discussion
Optimization of reaction conditions

We began to examine the feasibility of our reaction design by
using N-cyclobutyl aniline 1a and a-benzyl-substituted vinyl-
ketone 2a as the model substrates, promoting the reaction
using a photosensitizer under irradiation with light. To our
delight, the desired product 3a could be acquired in 75% yield
with >20 : 1 dr when the transformation was performed with
2 mol% of Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (PC-1) as a photosensi-
tizer and NH4PF6 as an additive in a mixed solvent of THF/
MeOH (10 : 1 volume ratio), under irradiation with a 7 W blue
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditionsa

Entry Variation from standard conditions Yieldb (%) drc (%)

1 None 75 >20 : 1
2 PC-2 instead of PC-1 59 >20 : 1
3 PC-3 instead of PC-1 Trace NA
4 PC-4 instead of PC-1 Trace NA
5 Na2HPO4 instead of NH4PF6 68 >20 : 1
6 K3PO4 instead of NH4PF6 63 3 : 1
7 THF only 68 >20 : 1
8 MeOH only 77 8 : 1
9 65 °C instead of 45 °C 55 >20 : 1
10 25 °C instead of 45 °C 46 >20 : 1
11 Without PC-1 Trace NA
12 Without light irradiation NR NA
13 Without NH4PF6 44 5 : 1

a Conditions: 1a (0.2 mmol), 2a (0.3 mmol), PC-1 (2 mol%), NH4PF6 (0.6
equiv.) in 2 mL of THF/MeOH (10 : 1) at 45 °C under irradiation with
a 7 W blue LED for 24 h. b Isolated yield. c Dr was determined via
crude 1H NMR analysis.
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LED at 45 °C for 24 h (Table 1, entry 1, and see the ESI† for the
comprehensive survey of reaction conditions). The preliminary
condition survey of photosensitizers showed that they have
a great effect on the reaction results and no further improve-
ment was obtained (Table 1, entries 2–4). Then, we put
emphasis on the base screening, and found that this [4 + 2]
cycloaddition went smoothly in the presence of Na2HPO4 and
K3PO4. Na2HPO4 provided a similar result to NH4PF6, affording
product 3a in moderate yield with excellent diastereoselectivity
(68% yield, >20 : 1 dr, Table 1, entry 5). Unsatisfactory diaster-
eoselectivity was obtained when using K3PO4 as the base (63%
yield, 3 : 1 dr, Table 1, entry 6). The subsequent solvent effect
investigation revealed that pure MeOH and THF did not offer
better results (Table 1, entries 7 and 8). Based on the reaction
results of the bases and solvents, reaction temperature was also
inspected to obtain better results (Table 1, entries 9 and 10).
When the reaction temperature was increased from 45 °C to 65 °
C, a decreased yield was obtained due to the decomposition of
N-cyclobutyl aniline 1a. Poor reactivity was observed, with 46%
yield, when this transformation was carried out at 25 °C (Table
1, entry 10). In addition, the photosensitizer, light and base are
indispensable for this [4 + 2] cycloaddition process; no desired
product 3a or poor reaction results were generated in the
absence of any one of them (Table 1, entries 11–13; see ESI† for
© 2024 The Author(s). Published by the Royal Society of Chemistry
the details). In view of all reaction parameters, the optimal
reaction conditions were established with good yield and
excellent diastereoselectivity as displayed in entry 1.
Substrate scope study

With the optimal reaction conditions in hand, the substrate
scope of the photocatalyzed [4 + 2] cycloaddition between N-
cyclobutyl anilines and a-substituted vinylketones was
explored. These reaction results are summarized in Table 2. We
found that N-cyclobutyl aniline substrates without a methoxy
group (1b), or bearing benzyloxy (1c), dimethoxy (1d) groups on
the benzo ring also worked as suitable reaction partners to
deliver the desired annulation products 3b–3d in moderate
yields (31–60%) with 13 : 1–>20 : 1 dr. A variety of N-cyclobutyl
anilines were well tolerated; the substituent groups on the aryl
ring have negligible effect on the reactivity and stereoselectivity.
These substrates, bearing electron-withdrawing (CF3, CO2Et,
Cl), electron-neutral (H) and electron-donating (MeO) groups on
the phenyl ring, reacted smoothly to give the expected benzo-
cyclohexylamine products 3a–3k in moderate yields with >20 : 1
dr. In addition, a wide range of a-benzyl substituted a,b-
unsaturated ketones were applied to further investigate the
substrate generality. It was found that the electronic properties
and position of the substituted groups on the aromatic ring did
not affect the reaction results; the corresponding benzocyclo-
hexylamine products 3l–3q could be obtained in moderate to
good yields (37–76%) with excellent diastereoselectivities (all
>20 : 1 dr). Remarkably, a heteroaromatic 2-thienyl-substituted
ketone was a viable substrate, affording the desired product
3r in good yield with moderate diastereoselectivity (65% yield,
4 : 1 dr). Moreover, alkyl ketones, namely cyclohexyl and phe-
nylethyl substrates, worked efficiently, giving the expected
products 3s and 3t in moderate yields with good diaster-
eoselectivities (51% yield, 7 : 1 dr and 57% yield, 8 : 1 dr,
respectively).

Having examined the substrate scope of a-benzyl-substituted
vinylketones, we turned our attention to investigating vinyl-
ketones with various substituents on the benzyl aromatic ring. A
diverse range of vinylketones with different substituent groups
on the benzyl aromatic ring performed efficiently in this cyclo-
addition reaction, delivering the corresponding benzocyclo-
hexylamine products 3u–3z in moderate yields (50–64% yields)
with excellent diastereoselectivity (all >20 : 1 dr). It is worth
noting that an a-thienyl-substituted vinylketone also reacted
well in this catalytic system to obtain the corresponding product
3aa in 66% yield with >20 : 1 dr. a-Naphthyl-substituted vinyl-
ketones with steric hindrance also underwent this trans-
formation smoothly, generating the desired products 3bb and
3cc in moderate yields with excellent diastereoselectivities (55%
yield, >20 : 1 dr and 63% yield, >20 : 1 dr, respectively). When the
benzyl group in the vinylketone was replaced with other
substituent groups, namely an a-neopentyl group, a-phenyl-
propyl group, chlorine atom, or phenyl group, this cycloaddi-
tion proceeded smoothly to furnish the corresponding products
3dd–3gg with moderate to excellent results (35–70% yields, 3 :
1–>20 : 1 dr). The above successes encouraged us to explore the
Chem. Sci., 2024, 15, 6507–6514 | 6509
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Table 2 Substrate scope study of photocatalyzed [4 + 2] cycloadditiona

a Reaction conditions: PC-1 (2 mol%), 1 (0.2 mmol), 2 (1.5 equiv.), NH4PF6 (0.6 equiv.), THF/MeOH (10 : 1, 2 mL), 7 W blue LEDs, 24 h, isolated yield.
Dr was determined via crude 1H NMR analysis.
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viability of this catalytic platform for a challenging cyclic-
ketone-derived terminal olen. To our delight, an a,b-
unsaturated-ketone-containing seven-membered ring also
6510 | Chem. Sci., 2024, 15, 6507–6514
reacted with the N-cyclobutyl aniline substrate 1a smoothly, and
the fascinating spirocyclic product 3hh could be obtained with
moderate results (46% yield, 3 : 1 dr). In addition, N-cyclobutyl-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4-(triuoromethyl)aniline was investigated, and no reaction was
observed. 1-Phenylprop-2-en-1-one was also examined; due to
its instability and easy self-polymerization, the corresponding
annulation product was obtained in less than 10% yield and
without elimination of an amine byproduct. The relative
conguration of product rac-3a was unambiguously determined
via X-ray diffraction analysis (CCDC 2326949†),14 and those of
the other cycloadducts were deduced on the basis of these
results.

It is well-known that chiral amines and derivatives not only
work as useful building blocks and chiral auxiliaries in asym-
metric synthesis, but also frequently appear in a number of
natural products and bioactive molecules.15 Among these
versatile molecules, chiral cyclohexylamines and derivatives as
important structural units are oen found in diverse biologi-
cally active molecules.16 Therefore, developing reliable and
facile synthetic approaches to access these useful scaffolds has
remained a signicant topic of interest. Motivated by the
importance of chiral cyclohexylamines and derivatives, we
intend to introduce chiral elements into the reaction system for
the construction of chiral cyclohexylamine backbones. Owing to
the extremely short lifetime of radicals and strong racemic
background transformation, it is very challenging and remark-
ably difficult to realize sufficient enantiofacial differentiation
with excellent control.17 We envisioned that good enantiocon-
trol may be achieved via hydrogen-bonding interactions
between a chiral phosphoric acid catalyst and the substrates.
Therefore, a series of chiral phosphoric acids (CPAs)18 were
Table 3 Preliminary study of asymmetric photocatalyzed [4 + 2] cycloa

Entry R1 R2 R3

1 p-CF3-C6H4 Bn C6H5

2 p-EtO2C-C6H4 Bn C6H5

3 p-Cl-C6H4 Bn C6H5

4 p-CF3-C6H4 Bn m-Me-C
5 p-CF3-C6H4 Bn o-Me-C6

6 p-CF3-C6H4 Bn p-Cl-C6H
7 p-CF3-C6H4 Bn m-Cl-C6

8 p-CF3-C6H4 Bn o-Cl-C6H
9 p-CF3-C6H4 p-MeO-C6H4CH2 C6H5

10 p-CF3-C6H4 m-MeO-C6H4CH2 C6H5

11 p-CF3-C6H4 o-MeO-C6H4CH2 C6H5

12 p-CF3-C6H4 p-Cl-C6H4CH2 C6H5

13 p-CF3-C6H4 m-Cl-C6H4CH2 C6H5

14 p-CF3-C6H4 2-Thienyl C6H5

a Reaction conditions: PC-1 (2 mol%), (R)-C7 (10 mol%), 1 (0.2 mmol), 2 (1.5
yield. c The er values were determined via HPLC analysis. The er values w

© 2024 The Author(s). Published by the Royal Society of Chemistry
employed to promote the photocatalyzed [4 + 2] cycloaddition
reaction between 1a and 2a (see the ESI† for the details). Aer
systematic reaction-condition screening, chiral annulation
product (1S,2S)-3a could be obtained in good yield with excel-
lent diastereoselectivity and good enantioselectivity (60% yield,
>20 : 1 dr, 85 : 15 er) promoted by the CPA (R)-C7 containing
a 4-tBu-phenyl group on the 3-position of the naphthol skeleton.

With the optimal reaction conditions in hand, we turned our
attention to the investigation of the substrate scope of this
asymmetric [4 + 2] cycloaddition promoted by photo-redox/CPA
synergistic catalysis. As summarized in Table 3, the compati-
bility of different N-cyclobutyl aniline substrates with a tri-
uoromethyl group, ethyl group or chlorine atom on the phenyl
ring was rstly examined. The corresponding products (1S,2S)-
3a, (1S,2S)-3f and (1S,2S)-3g could be obtained in moderate
yields with high stereoselectivities and good enantioselectivities
(47–60% yields, >20 : 1 dr, 75 : 25–85 : 15 er). Then, a number of
a-benzyl-substituted vinylketones bearing electron-rich (meta-
Me or ortho-Me), or electron-decient (para-, meta- or ortho-Cl)
groups on the aromatic ring performed well to afford the
desired benzocyclohexylamine products ((1S,2S)-3m–(1S,2S)-3q)
in moderate yields (36–56% yields), moderate to good enan-
tioselectivities (80 : 20 to 95 : 5 er) and excellent diaster-
eoselectivities (all >20 : 1 dr). In addition, a wide range of
vinylketones bearing different substituent groups on the benzyl
aromatic rings are suitable for this asymmetric cycloaddition
protocol, delivering the benzocyclohexylamine ((1S,2S)-
3u–(1S,2S)-3y) in 43–61% yields, 78 : 22 to 84 : 16 er, and >20 : 1
dditiona

3 Yieldb (%) erc

(1S,2S)-3a 60 85 : 15 (99.5 : 0.5)
(1S,2S)-3f 47 77.5 : 22.5 (96 : 4)
(1S,2S)-3g 50 75 : 25 (98 : 2)

6H4 (1S,2S)-3m 48 80 : 20 (98.5 : 1.5)
H4 (1S,2S)-3n 54 95 : 5 (97 : 3)
4 (1S,2S)-3o 56 84 : 16 (99 : 1)

H4 (1S,2S)-3p 53 80 : 20 (98 : 2)
4 (1S,2S)-3q 36 94 : 6 (96 : 4)

(1S,2S)-3u 54 82.5 : 17.5 (99 : 1)
(1S,2S)-3v 43 83 : 17 (98.5 : 1.5)
(1S,2S)-3w 43 78 : 22 (98.5 : 1.5)
(1S,2S)-3x 61 84 : 16 (99 : 1)
(1S,2S)-3y 58 83 : 17 (99 : 1)
(1S,2S)-3aa 60 84 : 16 (99.5 : 0.5)

equiv.), NH4PF6 (0.6 equiv.), THF (2mL), 7W blue LEDs, 24 h. b Isolated
ithin parentheses were determined aer recrystallization.

Chem. Sci., 2024, 15, 6507–6514 | 6511
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Scheme 3 Control experiments and proposed reaction mechanism.
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dr. Moreover, an a-thienyl-substituted vinylketone was well-
tolerated, giving the corresponding cycloaddition product
(1S,2S)-3aa with 60% yield, 84 : 16 er, and >20 : 1 dr. It is worth
noting that the ee values of these products could be easily
improved to excellent levels of 96 : 4 to 99.5 : 0.5 er aer simple
recrystallization. The absolute conguration of (1S,2S)-3a was
unambiguously determined via X-ray diffraction analysis (CCDC
2321837†).14

Scale-up experiments and synthetic application

To further reveal the synthetic utility of this protocol, the pho-
tocatalyzed [4 + 2] cycloaddition of model substrates N-cyclo-
butyl aniline 1a and a-substituted vinylketone 2a was carried
out on a 1.0 mmol scale under standard conditions. The desired
annulation product 3a could be readily obtained while main-
taining the yield and diastereoselectivity (69% yield, >20 : 1 dr,
Scheme 2a). In addition, the enantioselective version also per-
formed well, giving the chiral product (1S,2S)-3a while main-
taining the previous results (59% yield, >20 : 1 dr, 85 : 15 er), and
a high ee value can be obtained aer simple recrystallization.
Moreover, synthetic transformations of this highly functional-
ized annulation product 3a could be carried out to access other
molecules that are inaccessible with known methods (Scheme
2b). For example, the ketone moiety in 3a was easily reduced by
treatment with LiAlH4, resulting in amino alcohol product 4 in
71% yield with >20 : 1 dr. In addition, the fascinating cyclo-
butene product 5 could be formed in 92% yield in the presence
of a Wittig reagent. The structure of rac-5 was unambiguously
determined via X-ray diffraction analysis (CCDC 2321838†).14

Mechanistic studies

To gain mechanistic insights into this photocatalyzed [4 + 2]
cycloaddition, several control experiments were performed. As
Scheme 2 Scale-up experiments and synthetic elaborations.

6512 | Chem. Sci., 2024, 15, 6507–6514
shown in Scheme 3a, 2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO) was added to the reaction system under standard
conditions as a radical scavenger. It was found that the trans-
formation was completely inhibited and product 3a was not
detected. This reaction result provides strong evidence to
support the involvement of radical intermediates in the reaction
process. Next, Stern–Volmer quenching experiments were per-
formed using model substrates 1a and 2a. Strong quenching
reaction results of photoexcited [IrIII*]
ðEIrIII*=IrII

1=2 ¼ þ1:21 V vs: SCEÞ19 by substrate 1a (Eox1/
2 = +1.13 V vs. SCE)5d favored a reductive quenching cycle
(Scheme 3b). In contrast, substrate 2a did not quench the
excited catalyst (Scheme 3c). Based on the control-experiment
results, a possible mechanism for this cycloaddition is
proposed in Scheme 3d. It begins with the one-electron oxida-
tion of benzocyclobutylamine 1 by the excited-state photo-
catalyst [IrIII*] via a SET process to afford the reduced [IrII] and
the amino radical cation int I, which goes through ring opening
at the distal C–C bond and results in the formation of benzyl
radical cation int II. Subsequently, the addition of int II to a-
substituted vinylketone 2 furnished alkyl radical int III. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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subsequent ring-closing process was achieved via intra-
molecular addition of the alkyl radical to the iminium ion to
provide amino radical cation int IV. This was then reduced by
the [IrII] species to give the desired product, benzocyclohexyl-
amine 3. According to the absolute conguration of chiral
annulation product 3a, a possible chiral phosphoric acid cata-
lytic model is proposed in Scheme 3e. The non-covalent
hydrogen bonding interactions between intermediate int III
and the (R)-CPA catalyst were conducive to achieving good
control of enantioselectivity in the intramolecular addition step
of the alkyl radical to the imine.
Conclusions

In summary, the rst photocatalyzed intermolecular [4 + 2]
cycloaddition of benzocyclobutylamines with a-substituted
vinylketones was successfully developed, and a wide range of
benzocyclohexylamines could be readily accessed in moderate
to good yields with excellent diastereoselectivities. This protocol
features broad substrate scope, good functional-group tolerance
andmild reaction conditions. Additionally, the incorporation of
a CPA in this photoredox catalysis ensures excellent diaster-
eocontrol with moderate to good enantiocontrol over the newly
formed C–C bond and the asymmetric version of this [4 + 2]
cycloaddition was preliminarily realized. A reasonable reaction
mechanism was proposed for this transformation, with the
reaction pathway being elucidated on the basis of control-
experiment results. A scale-up experiment and synthetic trans-
formations to access amino alcohol and cyclobutene derivatives
give this protocol potential applications in organic synthesis.
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