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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Azetidines, four-membered N-heterocyclic compounds, are valuable targets for synthesis

- The first [3 + 1] cyclization approach is enabled by visible-light-induced copper catalysis

- This atom economic synthesis is characterized by double C-H activation

- This technology features operational simplicity, cheap catalyst, and broad substrate scope
ll www.cell.com/the-innovation

mailto:xuexs@nankai.edu.cn
mailto:ykuiliu@zjut.edu.cn
mailto:guozhuzhang@sioc.ac.cn
https://doi.org/10.1016/j.xinn.2022.100244
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2022.100244&domain=pdf
http://www.thennovation.org
http://www.thennovation.org


Report
Azetidine synthesis enabled by photo-induced copper
catalysis via [3+1] radical cascade cyclization
Jianye Li,1 Lu Yu,2 Yun Peng,3 Bin Chen,4 Rui Guo,4 Xiaodong Ma,4 Xiao-Song Xue,2,* Yunkui Liu,3,* and Guozhu Zhang1,4,*
1CCNU-uOttawa Joint Research Centre, Key Laboratory of Pesticides & Chemical Biology Ministry of Education, International Joint Research Center for Intelligent Biosensing

Technology and Health, College of Chemistry, Central China Normal University (CCNU), 152 Luoyu Road, Wuhan, Hubei 430079, China
2State Key Laboratory of Elemento-Organic Chemistry, Nankai University, Tianjin 300071, China
3State Key Laboratory Breeding Base of Green Chemistry-Synthesis Technology, College of Chemical Engineering, Zhejiang University of Technology, Hangzhou 310014, China
4State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, Center for Excellence in Molecular Synthesis, University of Chinese Academy of Sciences,

Chinese Academy of Sciences, 345 Lingling Road, Shanghai 200032, China

*Correspondence: xuexs@nankai.edu.cn (X.-S.X.); ykuiliu@zjut.edu.cn (Y.L.); guozhuzhang@sioc.ac.cn (G.Z.)

Received: January 4, 2022; Accepted: April 12, 2022; Published Online: April 18, 2022; https://doi.org/10.1016/j.xinn.2022.100244

ª 2022 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Citation: Li J., Yu L., Peng Y., et al., (2022). Azetidine synthesis enabled by photo-induced copper catalysis via [3+1] radical cascade cyclization. The Innovation 3(3), 100244.
Azetidines are an important type of saturated, highly strained, four-
membered, nitrogen-containing heterocyclic compound. These compounds
serve as important rawmaterials, intermediates, and catalysts in organic syn-
thesis, as well as important active units in amino acids, alkaloids, and phar-
maceutically active compounds. Thus, the development of an efficient and
concise method to construct azetidines is of great significance in multiple
disciplines. In this work, we reported on the photo-induced copper-catalyzed
radical annulation of aliphatic amines with alkynes to produce azetidines.
This reaction occurred in a two- or three-component manner. The alkynes
efficiently captured photogenerated a-aminoalkyl radicals, forming vinyl rad-
icals, which initiated tandem 1,5-hydrogen atom transfer and 4-exo-trig cycli-
zation. Density functional theory calculations indicated that the tertiary
radical intermediate was critical for the success of cyclization. In addition,
the resulting saturated azetidine scaffolds possessed vicinal tertiary-quater-
nary and even quaternary-quaternary centers.
INTRODUCTION
Azetidines are four-membered saturated nitrogen heterocycles that are widely

used in medicinal chemistry, as they offer rigidification and novel chemical
space1–6 (Figure 1A). Specifically, the incorporation of azetidine blocks has
been shown to enable scaffold hopping,5,6 which can result in improved pharma-
cokinetic properties andmetabolic stability.6 Thus, the incorporation of rigid scaf-
folds into drug design may lead to more compounds as drug candidates in the
pharmaceutical industry. In addition, azetidines can be used as synthetic building
blocks.7–10 Although the introduction of azetidines into complex molecules is
highly desirable, this process is often encumbered by the limited number of effi-
cient, robust methods for the generation of highly strained four-membered rings.
Traditional azetidine synthesismethods include the cyclization of a linear precur-
sor through 4-exo-tet substitution. However, compared to other ring systems
(three-, five-, and six-membered rings), the formation of four-membered rings is
the most energetically unfavorable.8,10–12 The photo-induced [2 + 2] aza-Pater-
nò-B€uchi reaction was advanced by Schindler,13 Maruoka,14 and Sivaguru
et al.15 in intra- and intermolecular manners, where a range of complex azetidine
scaffolds was readily constructed with slight restrictions in the substrate
requirements. In addition, [3 + 1] formal ring expansion reactions were
developed to construct azetidine upon strain release of the azacyclopropanes
(Figure 1B).16–22 Despite these developments, the intrinsic ring strain and its ste-
rically congested nature rendered atom-economical access to the highly
substituted, densely functionalized azetidines a challenging task from simple
starting materials. Thus, a new synthetic approach to access azetidine scaffolds
with varied substitutions and stereochemistry is needed.

The [3 + 1] cyclization of simple alkyl amines with alkynes would offer
another efficient and direct atom economic strategy for azetidines. However,
this transformation development has faced challenges associated with the
activation of the two C-H bonds. Photoredox catalysis has emerged as an
important and popular research area, and its notable features include the abil-
ity to form reactive radical species under mild reaction conditions to elucidate
useful transformations, including radical-involved C-H functionalization23–29

and versatile cycloadditions.30–35 Numerous carbon-carbon single-bond for-
mations at the a-C of aliphatic amines have been achieved through the inter-
mediates of imino cations36,37 or a-aminoalkyl radicals38–44 via oxidation to
ll
the radical cation with subsequent proton loss. We envisioned that the radical
addition of a-aminoalkyl radicals to alkynes to form vinyl radicals could initiate
the 1,5-hydrogen atom transfer (HAT)/intramolecular cyclization process,45–49

while few studies have reported on 5-endo-trig cyclization leading to five-
membered rings,45 and studies on alternative 4-exo-trig cyclization leading to
4-membered-rings are very limited. We were motivated by the potential utility
of the intermolecular [3 + 1] cascade cyclization reaction, which could greatly
broaden the substrate scope and substitution patterns of currently available
protocols for azetidine synthesis. Thus, in this work, we decided to explore
feasible photocatalysts and aliphatic amines.
Photoactive copper (Cu) complexes have advanced beyond their role as a

cheap complement to noble metal photosensitizers and have shown unique cat-
alytic properties inmany important photochemical reactions.50–56 Notably, Cu ex-
hibits a persistent radical effect due to multiple accessible oxidation states with
highly tunable redox properties. Liu recently reported on the efficient synthesis of
allylarenes by the photo-induced, Cu-catalyzed cross-coupling of tertiary amines
with aromatic alkynes (Figure 1C),57 and heteroleptic Cu (I)(Xantphos)(2,9-
diisopropyl-1,10-phenanthroline)PF4 was used as the photosensitizer. Themech-
anism study showed that the intermediate of the a-aminoalkyl radical58 was
added to the alkyne, followed by vinyl radical 1,5-HAT. The product split out
through downstream C-N bond homolytic cleavage. Although efficient, this
method was limited to aryl alkynes and linear alkyl amines with an unproductive
loss of more valuable amine functionality. We hypothesized that the cleavage of
the C1-N3 bond could be the result of favorable two-center-three-electron (2c-3e)
interactions between the radicals and adjacent nitrogen lone pair, which strength-
ened the C1-N2 bond but weakened the C1-N3 bond. The introduction of steric
hindrance around C2 possibly broke the 2c-3e interactions and suppressed the
C-N bond cleavage pathway, thus offering an opportunity to access novel reac-
tivity.45 As a result, the intramolecular ring-closing reaction could occur, resulting
in formal [3 + 1] cyclized products (e.g., azetidine).
In line with our continuing interest in photoredox copper catalysis,59,60 in this

work, we reported on the successful implementation of this hypothesis. Under
blue-light irradiation, Cu catalyzed the selective annulation of tertiary amines
with a large variety of alkynes, which were involved in the functionalization of
bothC(sp3)-H bonds at the a-position of the nitrogen atom (Figure 1D). This strat-
egy could be successfully extended to the three-component radical tandem cycli-
zation reaction, and the use of different aldehydes could greatly improve the sub-
strate scope of this method. This method constituted a new atom-economical
intermolecular cycloaddition strategy for the production of densely substituted
but saturated small N-heterocycle azetidines, which have shown potential as
saturated polar molecules for drug discovery.61,62 The use of visible light and a
cheap photocatalyst would also make this transformation substantially more
general and applicable to the pharmaceutical industry. In addition, it could also
serve as a novel example for challenging double sp3 C-H activation.63–66

RESULTS
Investigations of the reaction conditions were carried out using 4-ethynyl-

1,10-biphenyl (1a) and DIPEA as the sole test substrates for the proof of concept
(e.g., cyclization before over-reduction), and the desired radical cascade
cyclization product azetidine 4a was formed. After extensive condition optimiza-
tion, azetidinewas isolatedwith 93% yield, with a negligible quantity of other prod-
ucts (entry 1, Figure 2).
The Innovation 3(3): 100244, May 10, 2022 1

mailto:xuexs@nankai.edu.cn
mailto:ykuiliu@zjut.edu.cn
mailto:guozhuzhang@sioc.ac.cn
https://doi.org/10.1016/j.xinn.2022.100244
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2022.100244&domain=pdf


A

B

C

D

Figure 1. Previous research and work from this study
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Notably, the most effective Cu (I) photosensitizer was [(DPEphos)(bcp)Cu]PF6,
PS4.55,59 The product yields of the reactions by other Cu-based photosensitizers,
such as dipyridine L1+CuI, tripyridine L2+CuI, homoleptic N/NCu (I)PS3,48,67 and
heteroleptic P/N Cu (I) photosensitizers (PS5, PS6, and PS7)51,68 were generally
lower than PS4 (entries 2–7, Figure 2). In addition, the steric hindrance derived
from isopropyl substitution on PS5 could weaken the potential interactions of
copper with the alkynes through p-acid activation. Azetidine formation was due
to the formation of a tertiary alpha-amino carbon-centered radical, which under-
went favored 4-exo-trig cyclization rather than C-N bond cleavage. Common pho-
tocatalysts, such as Ru (bpy) 3Cl2 $ 6H2O (entry 8), were inert in this reaction, while
for the organic photosensitizers, rose bengal had no catalytic activity in this reac-
tion (entry 9, Figure 2). When Et3N (2 equiv) was used as the reducing and react-
2 The Innovation 3(3): 100244, May 10, 2022
ing agent, we obtained allylbenzene 3a as the major product (75%) (entry 12,
Figure 2).57,56 Through systematic screening, we found that when acetonitrile
was used as the solvent, the amine to alkyne ratio was crucial for obtaining 3a
(entries 10 and 11, Figure 2). Control experiments showed that the photosensi-
tizer and light were essential for double functionalization (entry 14, Figure 2). Of
note, the dr ratio of 4a was always greater than 20/1, which was not affected
by the noted parameters.

Scope and limitation of the reaction
With the optimized conditions identified (entry 1, Figure 2), we subsequently

evaluated the generality of a wide range of alkynes for this radical cascade
cyclization reaction (Figure 3)69,70 Various arylalkynes could react under the
www.cell.com/the-innovation
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Figure 2. Evaluation of the photocatalysts and other reaction parametersa
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optimal conditions, giving fully substituted azetidineswith good to excellent yields
(4b�4n), depending on whether they were electron deficient, with substitutions
such as CF3, CN, sulfonamide, and amide (4c�4g), or electron rich, with substi-
tutions such as Me, t-Bu, and OMe (4h�4j).

Of note, the electronic properties and steric hindrance had little effect on the
reaction. In addition, the halogen atoms (e.g., Br, Cl, F) were also compatible
(4k�4n), thus providing potential opportunities for further functionalization.
Furthermore, 2-ethynylpyridine also reactedwith DIPEA, allowing for the introduc-
tion of heteroaromatics into this system (4o). Trimethylsilylacetylene and ethyl
propionate could also react, in addition to arylacetylene, which greatly broadened
the functional group scopeof thismethodology (4p, 4q).When inner alkyneswere
ll
used, such as arylalkyl alkynes, the [3 + 1] radical cascade cyclization reaction
also proceeded well, providing a highly functionalized azetidine ring that con-
tained two adjacent quaternary carbon centers (4r, 4s). Ethyl butyrate was a
competent substrate, which further increased the diversity of the products (4t).
We further used more complex alkynes, such as cholesterol and estrone deriva-
tives, and the reactions furnished the desired products 4u and 4v in moderate to
good yields, providing the possibility of late-stage modification of complex mole-
cules. Moreover, the anticancer drugmolecule erlotinib could be easily converted
into an azetidine derivative (4w), showcasing the potential of this method for
pharmaceutical agent exploration. We subsequently explored the scope of the
amines by varying three substituents of potential tertiary amines (Figure 3). Initial
The Innovation 3(3): 100244, May 10, 2022 3
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a-aminoalkyl radical formation required an unsubstituted linear alkane moiety,
and in this regard, ethyl, methyl (6a), and benzyl (6b, 6c) were allowed. Further
scope studies revealed that one of the other two substituents of amine required
a secondary carbon, such as isopropyl or cyclic alkane (6d, 6e). A spiro-structure
could also be generated in the system, potentially offering a promising drug archi-
tecture.1 Because of ring strain, no [3 + 1] ring-closing reaction could take place in
the cyclic tertiary amines. Notably, only alkylamines were feasible substrates un-
der the current conditions, as we did not observe radical initiation in the aryl
amines or amides (see supplemental information for more details).

We further assessed the feasibility of a multicomponent reaction with
acetylenes, aldehydes, and amines, offering the potential for the uniquely
4 The Innovation 3(3): 100244, May 10, 2022
efficient synthesis of azetidines from easily available starting materials
(Figure 3). By slightly changing the conditions, the corresponding product
7a could be isolated with an acceptable yield using the Hantzsch ester
as the reducing agent. Next, we investigated the scope of the aldehydes,
and the results are shown in Figure 3. A range of linear (n-Pen) or branched
(i-Pr, c-Hex) aldehydes was compatible with the optimal reaction conditions
(7b–7e), and the functional group (e.g., Cl-, MeOOC-, and phenyl- or hetero-
aryl-)-tethered linear aldehydes reacted equally well (7f–7i). Citronellal was
also a viable substrate under the current reaction conditions (7j), and the
alkynes and amines could be readily varied, resulting in diversified products
(7k, 7l).
www.cell.com/the-innovation
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Figure 4. Deuterium labeling experiments and radical probe
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Mechanistic observations
To further understand the reaction mechanism, we carried out several mech-

anistic experiments (Figure 4). First, the reaction was carried out in the presence
of 2 equiv of TEMPO, and the reaction was completely inhibited (Figure 4A). In
addition, we did not observe the TEMPO-trapped adduct. Next, when the reaction
was carried out under standard conditions in the presence of 2 equiv of D2O,
deuterated 4a with a D enrichment rate of 30% at the benzylic position was iso-
lated with 70% yield (Figure 4B), suggesting that the proton source promoted the
ll
final protonation of the active intermediate. Deuterium enrichment of 35% at the
3-position of azetidine was possibly due to copper-assisted deuteration of acet-
ylene-hydrogen under basic conditions.56 This was further supported by the con-
trol experiment. In the presence of 2 equiv of D2O, substrate 8was isolated with a
D enrichment rate of 94% (Figure 4C). Next, when the reaction was carried out
under standard conditions in the presence of d-8, the substrate 4a was isolated
with 63% deuterium enrichment at the 3-position of azetidine and 24% deuterium
enrichment at the benzylic position, possibly from d-8 (Figure 4D). Accordingly,
The Innovation 3(3): 100244, May 10, 2022 5
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Figure 5. DFT calculation studies (A) Computed free energy surfaces of the cyclization and C-N bond cleavage pathways for the tertiary D radical and secondary D0 radical, and
(B) optimized geometries and orbitals of the singly occupied molecular and p antibonding orbitals.
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using alkene as the substrate instead of alkyne in the three-component reaction,
the formation of tertiary amine 9 supported the generation of the a-amino radical,
from the secondary amine andaldehyde (Figure 4E).With propargyl amine10, the
potential cross-dehydrogenative-coupling (CDC) product was subjected to the
standard condition, and 4a was not observed, suggesting that the CDC pathway
was less likely (Figure 4F).71–73

DFT calculations
To better understand how the different substituents resulted in the distinct re-

action pathways, we carried out density functional theory (DFT) calculations. The
calculations that used the tertiary radical D revealed that cyclization was kineti-
cally preferred over C-N bond cleavage by 2.4 kcal/mol (Figure 5A), which agreed
well with the experimentally observed chemoselectivity. The chemoselectivity
was almost completely reversed (cyclization versus C-N bond cleavage), chang-
ing from the tertiary D radical to the secondary D0 radical. Thus, C-N bond cleav-
age was favored over cyclization by 2.8 kcal/mol. This reversal in chemoselectiv-
ity was largely attributed to the more favorable orbital interactions between the
singly occupied molecular orbital (SOMO) and the olefin p orbital in the tertiary
radical D, compared to the secondary radical D0. This was likely due to the steric
effect, where the tertiary radical was distorted out of the plane of N1C2C3C4, and
6 The Innovation 3(3): 100244, May 10, 2022
the SOMO pointed toward the olefin p orbital. Consequently, the tertiary radical
was already in the near-attack conformation for cyclization. In sharp contrast,
the SOMO pointed away from the olefin p orbital in the secondary radical D0 ,
and the secondary radical was in the plane of N1C2C3C4; thus, favorable 2c-
3e interactions developed between the radical and adjacent nitrogen lone pair,
which strengthened the C1-N2 bond but weakened the C1-N3 bond. Accordingly,
the C1-N3 bond cleavage pathway dominated.

DISCUSSION
Based on experimentation and the studies found in the

literature,38,40,43,45–51,69,74 we proposed a mechanism for the cycloaddition
reaction in this study (Figure 6). First, for the two-component reaction, the
excited state of PS4 Cu (I)* [E1/2(Cu

I*/Cu0) = +0.63 V versus SCE] was
reduced by diisopropyl ethylamine (0.68 V versus SCE in MeCN), forming
amino radical cation species A through a single-electron oxidation pro-
cess.57 Second, an a-aminoalkyl radical B was generated through deproto-
nation. The addition of a-aminoalkyl radicals to alkynes yielded vinyl radical
species C, which further underwent a key 1,5-HAT process that produced a
new tertiary radical D. The tertiary carbon radicals underwent 4-exo-trig
type cyclization. In addition, azetidine formation occurred with high dr,
www.cell.com/the-innovation
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Figure 6. Proposed reaction mechanism
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thus, favoring the anti-diastereomer. This configuration was rationalized us-
ing a steric-based model through the less-strained transition state from D
to E. Third, the radical E was reduced by the Cu(0) complex (E1/2(Cu

I/Cu0) =
�1.63 V versus SCE) and protonated to yield the final product 3a. The re-
action of the three components proceeded along a similar pathway with
slight adjustments. The condensation of different aldehydes and secondary
amines led to iminium ions. In the absence of DIPEA, photoexcited [(DPE-
phos)(bcp)Cu]* was quenched by the Hantzsch ester (0.79 V versus SCE
in MeCN), resulting in the Cu(0) complex, which underwent SET with the
above iminium ions, leading to the key a-aminoalkyl radical B.58 Subse-
quently, a similar process occurred, which finally resulted in the product.

To our knowledge, this was the first study to develop the intermolecular [3 + 1]
radical cascade cyclization of tertiary alkylamines with alkynes, involving two
a-aminoC(sp3)-H bonds thatwere functionalized by photoredox copper catalysis,
thereby giving highly functionalized but saturated azetidines. The success of the
three-component reaction could further expand the scope of the substrates. This
methodology introduced the medicinally relevant N-heterocyclic ring system into
the complexmolecular environment, thus allowing for the late-stagemodification
of drugs and natural product derivatives. This methodology could be applied to
synthetic and medicinal chemistry.

MATERIALS AND METHODS
Resource availability

Lead contact. Further information and requests for resources should be directed to and

will be fulfilled by the lead contact.
Materials availability. All materials generated in this study are available from the lead

contact without restriction.
ll
General procedure for the synthesis of azetidines via visible-light-
mediated intermolecular radical cascade cyclization

In a glove box, a 3-mL sealed vial was equipped with a magnetic stirring bar and was

charged with [(DPEphos)(bcp)Cu]PF6 (0.010 mmol, 5 mol%), DIPEA (0.4 mmol, 2.0 equiv),

and terminal alkyne (0.2 mmol, 1 equiv). Then, 1 mL of anhydrous CH3CN (1.0 mL) was

added, and the vial was sealed with screw caps and removed from the glovebox. The reac-

tionmixture was stirred under a nitrogen atmosphere at room temperature under a blue LED

for 24 h, where the vial distance from the lampwas about 1–3 cm. The resultingmixturewas

passed through a silica gel pad and concentrated under reduced pressure. Then, the residue

oil was purified by column chromatography and rinsed with hexane/EtOAc to afford the

products.
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