Visible-light-mediated intermolecular crossed [2+2] cycloadditions using a heterogeneous copper triplet photosensitiser
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Abstract: The photochemical [2+2] cycloaddition of styrenes provides an important and frequently used route for the synthesis of multi-substituted cyclobutanes. Despite the extensive studies in noble-metal- and organo-photocatalysis, developing sustainable cycloaddition methods with copper photosensitizers is still in its infancy, largely owing to their low reactivity and photostability. Herein, we show that the introduction of a binap-ligated heteroleptic copper(I) complex to the linker of a microporous zirconium-based metal−organic framework (MOF) produces a highly stable and reusable heterogeneous photocatalyst with an extended excited-state lifetime. Under visible light irradiation, this robust copper triplet photosensitizer efficiently promotes multiple intermolecular crossed [2+2] cycloadditions, including a previously unreported cycloaddition reaction of simple styrenes with electron-deficient alkenes. Our findings suggest that MOF-based heterogenization strategies have the potential to advance copper photocatalysis and foster a variety of visible-light-mediated energy-transfer processes.










Construction of aryl-substituted cyclobutane rings, the prominent structural features in a vast array of bioactive molecules1,2, is essential for natural product synthesis and drug discovery3,4 (Fig. 1a). Photochemical [2+2] cycloadditions are arguably the most straightforward way to prepare such cyclobutane-containing compounds, which rely primarily on the activation of styrenes via electron or energy transfer with transition-metal or organic photosensitizers5-8 (Fig. 1b). In the homogeneous catalytic systems, an electron-rich styrene, typically bearing a 4-methoxy substituent, can undergo single-electron oxidation with strong oxidizing ruthenium complexes9, triaryloxopyrylium10,11, or thioxanthylium salts12 upon photoexcitation, affording the corresponding radical cation intermediate for subsequent trapping with another styrene. The same type of oxidative intermolecular crossed [2+2] cycloadditions have also been achieved using various polymer-based heterogeneous photocatalysts13,14. While the Yoon group reported the first intramolecular crossed [2+2] cycloadditions of 1,2-disubstituted styrenes through triplet-energy-transfer catalysis in 201215, intermolecular [2+2] cycloadditions between different styrenes involving triplet styrene formation were not realized until very recently16. Moreover, with the help of an iridium triplet photosensitizer, several exocyclic benzylidenes can efficiently participate in the cycloaddition reaction with electron-deficient alkenes to produce spirocycles17. In terms of heterogeneous photocatalytic energy transfer, only quantum dots are capable of promoting styrene [2+2] cycloadditions18; the reactivity is strongly associated with the introduction of a carboxylate substituent on the substrates19. Despite substantial advances in triplet photosensitization over the past decades, developing intermolecular crossed [2+2] cycloadditions of simple styrenes with other alkenes remains a significant challenge in visible light photocatalysis.
[bookmark: _Hlk140937359]Due to their high photochemical tunability and relatively long photoexcited-state lifetimes, heteroleptic copper(I) complexes with bidentate nitrogen and phosphorus donor ligands are gaining importance as photoredox catalysts and photosensitizers for a wide range of light-mediated organic transformations20,21. While it is possible to increase the energy-transfer activity of copper photosensitizers by replacing (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane) (xantphos), one of the most commonly used bisphosphine ligands to construct photoactive copper species, with 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (binap)22, the corresponding cationic copper(I) complexes, such as [Cu(dmp)(binap)]+ (dmp = 2,9-dimethyl-1,10-phenanthroline), become completely unstable under light irradiation conditions23 (Fig. 1c). While it is difficult to improve the photostability of copper–binap complexes by merely adjusting the steric and electronic properties of the chelating ligands, this fundamental issue may be resolved by heterogenizing the labile transition metal species on suitable framework matrices for catalyst-site isolation24-26. Our recent work has shown that a binap-based copper(I) photoredox catalyst stabilized on the surface of a pillar-layered MOF can efficiently promote iminyl radical-mediated reactions27. We hypothesized that incorporating binap-ligated heteroleptic copper(I) species onto the organic linker of a structurally stable MOF support would prevent the photoinduced decomposition of copper triplet photosensitizers and extend their excited-state lifetimes due to MOF-enabled confinement effects28 (Fig. 1c). This would be particularly advantageous for the development of visible-light-driven copper-catalyzed [2+2] cycloadditions through energy transfer.
In this Article we report the first intermolecular crossed [2+2] cycloadditions of simple styrenes with electron-deficient alkenes in visible light photocatalysis utilizing a MOF-supported copper triplet photosensitizer (Fig. 1d). Immobilization of the binap-ligated heteroleptic copper(I) complex in the MOF pore structures is vital for the dramatically improved photostability and photocatalytic activity. This heterogeneous copper photocatalyst significantly outperforms its homogeneous counterparts, with a turnover number (TON) of up to 4750 for the crossed [2+2] cycloadditions between different styrenes.
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Fig. 1 | Photocatalytic intermolecular crossed [2+2] cycloadditions of styrenes under visible light irradiation. a, Several representative examples of biologically active cyclobutanes with aryl substituents. b, Previous homogeneous photocatalytic systems involving electron- or energy-transfer processes. c, Design of robust heterogeneous copper photosensitizers supported by MOFs. d, Demonstrating high catalytic efficiency and broad substrate scope in heterogeneous copper photocatalysis.


Results
[bookmark: _Hlk140955367]Synthesis and characterization of MOF-supported copper photocatalysts. To accommodate a sterically hindered heteroleptic copper–binap complex in crystalline porous frameworks29,30, the highly stable Universitetet i Oslo-69 (UiO-69) MOF31,32, which consists of [Zr6] inorganic nodes and terphenyl dicarboxylate organic linkers, was chosen as a desirable photocatalyst support. Considering that binap-ligated copper(I) complexes are intolerant of the solvothermal conditions for the MOF synthesis, we utilized a post-synthetic metalation method33-35 rather than pre-synthetic modification of MOF linkers36,37 to introduce the targeted copper species onto the UiO-69 MOF (Fig. 2a). To prevent a possible pore blockage during the metalation step, a small portion of the functionalized organic linker bearing a 1,10-phenanthroline (phen) moiety (i.e., 4,4’-(1,10-phenanthroline-3,8-diyl)dibenzoic acid) was mixed with a highly soluble tetramethyl-substituted terphenyl dicarboxylic acid in the synthesis of a phen-functionalized UiO-69 MOF (UiO-69-phen). The crystallinity and stability of UiO-69-phen are significantly superior to those of the one purely synthesized from the phen-containing linker. Its large Brunauer–Emmett–Teller (BET) surface area of 1,990 m2 g–1 (Supplementary Fig. 11), comparable to that of the non-functionalized UiO-69 MOF32, and its pore width distribution centered at 1.6 nm (Supplementary Fig. 12) pave the way for the subsequent metalation with cationic bisphosphine-chelated copper(I) complexes.
[bookmark: _Hlk140955437][bookmark: _Hlk140967866][bookmark: _Hlk140955477][bookmark: _Hlk140955514]Immersing UiO-69-phen in a dichloromethane solution of [Cu(xantphos)(MeCN)2](PF6) or [Cu(binap)(MeCN)2](PF6) at room temperature produced MOF-supported heteroleptic copper photocatalyst UiO-69-phen(xantphos)Cu or UiO-69-phen(binap)Cu. When the same metalation conditions were applied to non-functionalized UiO-69 MOF without a phen-containing linker, no heterogeneous copper catalyst was produced. It is worth noting that the phen-functionalized UiO-67 MOF with a much smaller pore width distribution38 was unable to accommodate the bulky cationic binap-ligated copper(I) complex even at elevated temperatures, despite previous success in the integration of copper species bearing less hindered 1,2-bis(diphenylphosphino)ethane39 (see details in Supplementary Information). Additionally, the attempts to directly encapsulate the desired copper(I) species in conventional porous hosts40, such as UiO-67 and UiO-68 MOFs, failed to produce the corresponding heterogeneous binap-containing copper photosensitizers, presumably due to the low thermal stability of binap-ligated copper(I) complexes upon heating and their poor compatibility with strong Lewis acids. The heterogenized copper(I) species (UiO-69-phenCu) without chelation of bisphosphine ligands was prepared by treating UiO-69-phen with [Cu(MeCN)4](PF6) at 60 °C. According to the inductively coupled plasma atomic emission spectroscopy (ICP-AES) and nuclear magnetic resonance (NMR) analysis, approximately one copper atom per [Zr6] node was successfully loaded onto the MOF support in all three cases. The consistency of copper contents determined by ICP-AES and NMR analysis, along with the absence of other phosphine-containing species in the NMR digestion samples, ruled out the possibility of bisphosphine-chelated copper(I) complexes occluding the MOF pores during post-synthetic metalation. The N2 adsorption isotherms for these copper-loaded MOFs suggested that the microporosity was preserved despite the decrease in the BET surface area (Supplementary Fig. 11). A typical octahedral morphology of UiO-69 MOFs was maintained upon post-synthetic metalation (Fig. 2b). The powder X-ray diffraction (PXRD) patterns revealed that the MOF crystallinity remained unchanged after the metalation processes (Fig. 2c and Supplementary Fig. 13). Energy-dispersive X-ray spectroscopy mapping indicated the uniform incorporation of copper cations throughout the MOF crystallites (Supplementary Figs. 15–17). The Cu2p1/2 and Cu2p3/2 peaks in the X-ray photoelectron spectroscopy (XPS) spectra of the MOF-supported photocatalysts can be ascribed to copper(I) species (Fig. 2d). The minor shifts toward the lower binding energy region originate from the coordination of phenanthroline and bisphosphine ligands to the copper center.
The copper coordination environments in the pores of UiO-69-phen(binap)Cu and UiO-69-phen(xantphos)Cu were further investigated using X-ray absorption spectroscopy at the Cu K-edge (Fig. 2e and Supplementary Fig. 19). To better understand the binding mode of the copper(I) species in the UiO-69 MOFs, the extended X-ray absorption fine structure (EXAFS) data of UiO-69-phen(binap)Cu was fitted to the crystal structure of Cu-1 (Supplementary Fig. 1). The best fitting of the EXAFS regions suggests there are two Cu–N bonds at 1.86 ± 0.01 Å and two Cu–P bonds at 2.15 ± 0.01 Å, respectively (Supplementary Table 6). Each copper(I) center of UiO-69-phen(binap)Cu adopts a distorted tetrahedral geometry. The thermal gravimetric analysis (TGA) and ICP-AES results were used to determine the copper loading in each heterogeneous photosensitizer for exploring visible-light-mediated intermolecular crossed [2+2] cycloadditions (Supplementary Fig. 20).


[image: ]
[bookmark: _Hlk129737147]Fig. 2 | Catalyst preparation and characterization. a, Synthetic scheme of the UiO-69-type copper photocatalysts. Cyan, gray, blue, red and pink balls and sticks represent Cu, C, N, O, and P, respectively. Hexafluorophosphate anions and hydrogen atoms have been omitted for clarity. DMF, N,N-dimethylformamide; DCM, dichloromethane. b, SEM image of UiO-69-phen(binap)Cu crystals. c, Comparing PXRD patterns of UiO-69-phen(binap)Cu, UiO-69-phen(xantphos)Cu, UiO-69-phenCu, and UiO-69-phen with simulations of UiO-69 MOF. d, Cu2p XPS spectra showing the +1 oxidation state of the Cu centers in UiO-69-phen(binap)Cu, UiO-69-phen(xantphos)Cu, and UiO-69-phenCu. e, EXAFS spectrum (solid black line) and fitting data (red dots) in R-space at the Cu K-edge absorption of UiO-69-phen(binap)Cu. χ is the fine structure function. R is the interatomic distance from Cu.
[bookmark: _Hlk140937478]Photocatalytic performances. At the outset of our studies, we envisaged that 1-vinylnaphthalene with a relatively low triplet energy would engage in energy transfer with photoexcited copper catalysts and then undergo an unprecedented [2+2] cycloaddition with methyl acrylate17,41 to afford trans-methyl 2-(naphthalen-1-yl)cyclobutane-1-carboxylate (1). After a systematic survey of various reaction parameters (see details in Supplementary Information), we established a procedure that achieves the desired cycloaddition using 0.2 mol% of UiO-69-phen(binap)Cu, with a TON of 365 and a diastereoselectivity of >10:1 (Table 1, entry 1). Control experiments demonstrated that the reaction did not take place in the absence of light or photocatalysts (Supplementary Table 7). Other MOF-supported copper(I) complexes lacking binap coordination failed to provide any cycloaddition products (entries 2 and 3), which indicates the formation of binap-based copper(I) photosensitizers is critical for promoting the crossed [2+2] cycloaddition. The low reactivity of the homogeneous counterparts (Cu-1 and Cu-2) highlighted the significance of immobilizing the heteroleptic copper(I) complex on the MOF support in order to generate an effective copper photocatalyst (entries 4–7). While a 10-fold increase in Cu-1 or Cu-2 loading gave a 7% yield of 1, the corresponding homogeneous xantphos-based copper(I) photosensitizers were ineffective (entries 8 and 9). Changing the substituents of 1,10-phenanthroline in xantphos-ligated heteroleptic copper(I) complexes42 did not improve their photocatalytic activity in the [2+2] cycloaddition with methyl acrylate (entries 10 and 11). The well-established [Ru(bpy)3](PF6)2 photocatalyst, typically employed in the electron-transfer processes43, was unable to yield the desired product (entry 12). The homogeneous iridium triplet photosensitizers with higher transition energies (entries 13 and 14)44-46, as well as their heterogeneous equivalents (entries 15–18)36,37,47,48, are also incompatible with this reaction system, resulting in dramatic substrate decomposition. Not surprisingly, since the styrene substrate lacks a carboxylate substituent, CdSe quantum dots proved ineffective in the crossed [2+2] cycloaddition (entry 19)18. Furthermore, we investigated a number of heterogeneous framework-based photocatalysts and homogeneous organic photocatalysts that could promote [2+2] dimerization of styrenes mediated by electron transfer; none of them gave any desired products (Supplementary Table 8). The catalyst effect demonstrates conclusively that only binap-based copper triplet photosensitizers are capable of promoting intermolecular crossed [2+2] cycloadditions of styrenes with methyl acrylate, and successful integration of these photosensitizers on suitable MOF supports can significantly boost their photocatalytic activity.


Table 1 | Effect of different catalytic systems on the crossed [2+2] cycloaddition


	Entry
	Catalyst (mol%)
	Yielda (%)
	TONb

	1
	UiO-69-phen(binap)Cu (0.2)
	73 (>10:1 d.r.)c
	365

	2
	UiO-69-phenCu (0.2)
	<5
	–

	3
	UiO-69-phen(xantphos)Cu (0.2)
	<5
	–

	4
	Cu-1 (0.2)
	<5
	–

	5
	Cu-2 (0.2)
	<5
	–

	6
	Cu-1 (2)
	7
	3.5

	7
	Cu-2 (2)
	7
	3.5

	8
	Cu-3 (2)
	<5
	–

	9
	Cu-4 (2)
	<5
	–

	10
	[Cu(dmp)(xantphos)](PF6) (2)
	<5
	–

	11
	[Cu(bcp)(xantphos)](PF6) (2)
	<5
	–

	12
	[Ru(bpy)3](PF6)2 (2)
	<5
	–

	13
	Ir(ppy)3 (2)
	<5d
	–

	14
	[Ir(ppyF)2(dtbbpy)](PF6) (2)
	<5d
	–

	15
	UiO-69-Ir(ppy)2 (2)
	<5d
	–

	16
	UiO-67-Ir(ppy)2 (2)
	<5d
	–

	17
	UiO-69-Ir(ppyF)2 (2)
	<5d
	–

	18
	MOL-Hf-Ir(ppyF)2 (2)
	<5d
	–

	19
	CdSe QDs (2)
	<5
	–


Conditions: 1-vinylnaphthalene (0.2 mmol, 1.0 equiv.), methyl acrylate (5.0 equiv.), photocatalyst (0.2 or 2 mol%), and DMAP (1.2 equiv.) in anhydrous DCE (1 ml) under nitrogen atmosphere at room temperature with blue-LED light irradiation (440 nm) for 48 h. DMAP, 4-dimethylaminopyridine; DCE, 1,2-dichloroethane; dmp, 2,9-dimethyl-1,10-phenanthroline; bcp, bathocuproine; bpy, 2,2’-bipyridine; ppy, 2-(2-pyridyl)phenyl; dtbbpy, 4,4’-di-tert-butyl-2,2’-bipyridine; ppyF, 3,5-difluoro-2-(5-trifluoromethyl-2-pyridyl)phenyl; MOL-Hf-Ir(ppyF)2, a metal−organic layer containing [Hf12]inorganic nodes and iridium-functionalized dicarboxylate organic linkers48. aYield was determined by 1H NMR of the crude product using phenyltrimethylsilane as an internal standard. bTONs shown in Table 1 were calculated based on the crude NMR yield of 1. For other products, TONs were calculated based on isolated yields. cDiastereomeric ratio (d.r.) was determined by 1H NMR analysis of the crude reaction mixture. d1-Vinylnaphthalene was fully decomposed.




After identifying the most effective copper photocatalyst (i.e., UiO-69-phen(binap)Cu), we first examined a variety of electron-deficient alkenes to evaluate the scope of the heterogeneous photocatalytic [2+2] cycloaddition reactions (Fig. 3). A number of α,β-unsaturated carbonyl compounds, such as acrylates, acrylamides, vinyl alkyl ketones, and fumarates, are highly reactive, furnishing the crossed cycloaddition products in yields of up to 87% (Fig. 3, products 1–15). In the crossed cycloadditions of various styrenes, the required amount of dimethyl fumarate can be reduced to 1.2 equivalents (Fig. 3, products 8–15), likely owing to the more electron-deficient nature of its double bond. To further investigate the styrene scope, acrylonitrile was chosen as the reaction partner. It is important to note that simple styrenes with different para-substituents delivered the cyclobutane products in good yields (Fig. 3, products 16–22), despite the use of 1.5 mol% of UiO-69-phen(binap)Cu for the substrates with higher triplet energies49. Other olefins that bear fused aromatic rings, including quinolines and isoquinolines, participated in the crossed [2+2] cycloadditions with high reactivity (Fig. 3, products 23–28). Notably, in addition to the terminal styrenes, α- and β-methyl substituted 2-vinylnaphthalenes (Fig. 3, products 29 and 30), as well as β,β-disubstituted 1-vinylnaphthalenes (Fig. 3, products 31–34), are suitable substrates for the heterogeneous copper photocatalysis. In the synthesis of spiro-cycloadducts, the substrates are not limited to arylidene 4-membered rings: the 5- and 6-membered ring analogues also successfully yielded the desired products with 0.75 mol% of UiO-69-phen(binap)Cu. Moreover, isopropenylboronic acid pinacol ester, a 1,1-disubstituted electron-deficient alkene, gave a trisubstituted cyclobutane with a boryl group that is easily convertible to other useful functionalities50 (Fig. 3, product 35). To demonstrate the practicality of our current method, we successfully prepared cycloadduct 1 on a gram scale (70% yield) using 0.15 mol% of the heterogeneous copper photocatalyst.
[image: ]
Fig. 3 | Substrate Scope. Crossed [2+2] cycloaddition of styrenes with electron-deficient alkenes. Reaction conditions: styrene (0.2 mmol, 1.0 equiv.), electron-deficient alkene (3.0 or 5.0 equiv.), UiO-69-phen(binap)Cu (0.2 mol%), and DMAP (1.2 equiv.) in anhydrous DCE (1 ml) under nitrogen atmosphere at room temperature with blue-LED light irradiation (440 nm) for 48 h. For each entry number (in bold), data are reported as isolated yields. Diastereomeric ratios were determined by 1H NMR analysis of the crude reaction mixture. aWith 0.75 mol% catalyst. bDimethyl fumarate (1.2 equiv.) was used. cWith 1.5 mol% catalyst. For experimental details, see Supplementary Methods. dWith 0.5 mol% catalyst. DMAP, 4-dimethylaminopyridine; DCE, 1,2-dichloroethane; tBu, tert-butyl; Bn, benzyl; Bpin, (pinacolato)boryl.
With respect to the [2+2] cycloadditions between different styrenes, the heterogeneous copper photocatalysis proved to be more efficient (Fig. 4). Only 0.02 mol% of UiO-69-phen(binap)Cu was needed to obtain synthetically useful yields, resulting in high TONs of up to 4750. To exploit the scope of styrene coupling partners, as well as to build a library of potentially bioactive quinoline derivatives, we selected 6-vinylquinoline as the limiting reagent in the copper-catalyzed photocycloaddition. Functional groups with different electronic properties are well tolerated at the ortho-, meta-, or para-positions of styrenes (Fig. 4, products 36–46). Diverse heterocycles (e.g., pyridine, indole, benzofuran, and benzothiophene) can be conveniently incorporated into the final cycloadducts (Fig. 4, products 47–50). The crossed cycloadditions with methyl cinnamate and benzylideneacetone afforded the corresponding trisubstituted cyclobutanes with high regioselectivity (Fig. 4, products 51 and 52).
During the photosensitization of other styrenes, the unsubstituted simple styrene was chosen as the coupling partner to determine the reaction scope. A wide range of substituted aryl groups and heterocyclic moieties were found to be compatible with this visible light photocatalysis (Fig. 4, products 53–65). It is noteworthy that there was a substantial increase in diastereoselectivity (>10:1 d.r.) when a bulky 1-naphthyl, 9-phenanthryl, or 4-isoquinolyl group was introduced to the substrate (Fig. 4, products 58, 59, 61, and 63). To further showcase the utility of this methodology, the substrates derived from bioactive molecules (i.e., (+)-menthol and formononetin) were utilized in the crossed [2+2] cycloadditions, giving the desired products in 64% and 85% yields, respectively (Fig. 4, products 66 and 67).
[image: ]
Fig. 4 | Substrate Scope. [2+2] cycloaddition between different styrenes. Reaction conditions: styrene (2.0 mmol, 1.0 equiv.), the other styrene (5.0 equiv.), UiO-69-phen(binap)Cu (0.02 mol%), and DMAP (1.2 equiv.) in anhydrous DCE (1 ml) under nitrogen atmosphere at room temperature with blue-LED light irradiation (440 nm) for 48 h. For each entry number (in bold), data are reported as isolated yields. Diastereomeric ratios were determined by 1H NMR analysis of the crude reaction mixture. DMAP, 4-dimethylaminopyridine; DCE, 1,2-dichloroethane; Ac, acetyl; iPr, isopropyl.


The exceptional photocatalytic activity of UiO-69-phen(binap)Cu prompted us to revisit the intermolecular crossed [2+2] cycloadditions of exocyclic arylidene 4-membered rings (other than cyclobutanes) with electron-deficient alkenes (Fig. 5), previously explored by Knowles and co-workers using a potent iridium(III) photosensitizer17. Under the same conditions established for the simple styrenes at low catalyst loadings (Fig. 3), various azetidine, thietane, and oxetane substrates reacted smoothly with acrylonitrile to give the corresponding 2-azaspiro[3.3]heptane, 2-thiaspiro[3.3]heptane, 2-oxaspiro[3.3]heptane products in good to excellent yields (Fig. 5, products 68–76), including several challenging substrates in the homogeneous iridium photocatalysis (Fig. 5, products 69 and 71). Similar to the situation in the synthesis of 58, the reaction of 3-(1-naphthylmethylene)oxetane is highly diastereoselective. The scope with regard to the electron-deficient alkenes is also fairly broad (Fig. 5, products 77–85). In addition to the previously reported examples, α-acetamidoacrylate and α-fluoroacrylate can serve as effective coupling partners in the crossed cycloaddition, providing a straightforward method for the preparation of 2-oxaspiro[3.3]heptanes containing α-amino acid moieties and fluorine atoms (Fig. 5, products 81 and 82).
As anticipated, the coupling partner scope in the heterogeneous copper photocatalytic system can be further expanded to include a wide array of styrenes that have yet to be investigated (Fig. 5). Electron-donating or -withdrawing groups at various positions of the aryl ring had no obvious impact on the reaction yield (Fig. 5, products 86–92). All the 2-oxaspiro[3.3]heptane products bearing heteroaryl groups, such as pyridyl (93), indolyl (94), benzofuranyl (95), and benzothienyl (96), can be synthesized efficiently. The cis-isomer of 93 was completely converted into the trans-isomer upon column purification with silica gel, possibly due to the ring-opening isomerization triggered by protonation of the pyridine moiety. Importantly, this reaction protocol also works well with 1,1-diphenylethylene, affording a triaryl substituted 2-oxaspiro[3.3]heptane (97) in 83% yield.
[image: ]
Fig. 5 | Substrate Scope. Crossed [2+2] cycloaddition of exocyclic arylidene azetidines, thietanes, and oxetanes with electron-deficient alkenes and styrenes. Reaction conditions: exocyclic arylidene azetidine, thietane, or oxetane (0.2 mmol, 1.0 equiv.), electron-deficient alkene or styrene (3.0 equiv.), UiO-69-phen(binap)Cu (0.2 mol%), and DMAP (1.2 equiv.) in anhydrous DCE (1 ml) under nitrogen atmosphere at room temperature with blue-LED light irradiation (440 nm) for 48 h. For each entry number (in bold), data are reported as isolated yields. Diastereomeric ratios were determined by 1H NMR analysis of the crude reaction mixture. aWith 0.75 mol% catalyst. bWith 1 mol% catalyst. cWith 0.5 mol% catalyst. dThe diastereomeric ratio was determined after purification by silica gel column chromatography. DMAP, 4-dimethylaminopyridine; DCE, 1,2-dichloroethane; Boc, tert-butoxycarbonyl; Bn, benzyl; Ac, acetyl; Bpin, (pinacolato)boryl.
[bookmark: _Hlk140961167]Stability and recyclability tests. The significance of employing a heterogenization strategy in the design of robust binap-based copper photosensitizers was clearly elucidated by the control experiments comparing the photostability of Cu-2 and UiO-69-phen(binap)Cu under the standard reaction conditions without substrates (Fig. 6a). Upon blue-LED light irradiation for 24 h, the heteroleptic copper(I) complex (Cu-2), which serves as the copper-functionalized linker for the UiO-69 MOF, was completely degraded into insoluble aggregates along with binap dioxide (Supplementary Fig. 22). In sharp contrast, UiO-69-phen(binap)Cu exhibited extraordinarily high stability when exposed to light: Cu-2 was detected by NMR after MOF digestion with deuterated phosphoric acid in a solvent mixture of deuterated water and dimethyl sulfoxide; the ratio between Cu-2 and the normal linker remained constant before and after light irradiation (Supplementary Fig. 23). Due to its heterogeneity nature and high photostability, UiO-69-phen(binap)Cu can be easily recovered by filtration and reused at least six times without any loss of its photocatalytic activity (Fig. 6b). The PXRD patterns, microscopic images, and N2 adsorption isotherms of the recovered copper photocatalysts after six cycles of [2+2] cycloadditions indicated that UiO-69-phen(binap)Cu retained its crystalline structure after photocatalysis (Fig. 6c and Supplementary Figs. 24–26).
[image: ]
Fig. 6 | Using a heterogenized approach to stabilize copper photosensitizers. a, Photostability tests of binap-ligated copper species in Cu-2 and UiO-69-phen(binap)Cu. b, Recycling experiments for crossed [2+2] cycloaddition of 1-vinylnaphthalene with acrylonitrile. c, Comparison of PXRD patterns of the original and recycled UiO-69-phen(binap)Cu.


Mechanistic studies. Upon post-synthetic metalation with the cationic binap-ligated copper(I), the maximum absorption peak at 449 nm, resulting from metal-to-ligand charge transfer transitions, appeared alongside the original peak at 351 nm from the MOF support (UiO-69-phen) in the solid-state absorption spectrum of UiO-69-phen(binap)Cu (Supplementary Fig. 30). Compared to other heterogeneous copper photocatalysts, the absorption profile of UiO-69-phen(binap)Cu showed the highest intensity in the region of blue-LED excitation. Notably, the phosphorescence peak of the heterogenized copper(I) species is blue-shifted by 33 nm from that of its homogeneous counterpart, with an increased excited-state lifetime at room temperature from 1.52 to 4.31 μs (Fig. 7a). In the first triplet excited state (T1) of heteroleptic copper complexes, the copper center tends to adopt square-planar coordination, as opposed to the tetrahedral coordination observed in the ground state (S0). The geometrical restriction imposed by the octahedral UiO-69 MOF raises the energy of the T1 state and impedes the T1 → S0 transition51. The increases in transition energies (from 45.7 to 48.3 kcal mol-1) and excited-state lifetimes (nearly three folds) could greatly facilitate the energy-transfer processes in the intermolecular crossed [2+2] cycloadditions of styrenes. On the other hand, based on the estimated excited-state redox potentials of UiO-69-phen(binap)Cu (see details in Supplementary Information), the single-electron transfer between the copper active site and the styrene substrate is strongly disfavored52 (Fig. 7b). Furthermore, using trans-stilbene as a triplet-energy-transfer inhibitor53, we found that the crossed cycloadditions with acrylonitrile were completely suppressed; no cycloadducts were detected (Fig. 7c).
[bookmark: _Hlk140848656]We established that 1-vinylnaphthalene quenches the luminescence of UiO-69-phen(binap)Cu but not UiO-69-phen(xantphos)Cu (Supplementary Figs. 33 and 35), clearly demonstrating the superior activity of UiO-69-phen(binap)Cu in facilitating triplet energy transfer from photoexcited copper(I) to styrenes. In addition, the rate order of simple styrene was determined to be 4.28 ± 0.40 (Supplementary Fig. 43), indicating that substrate aggregation occurred prior to photoexcitation. Taken together, the following catalytic cycle may be operative (Fig. 7d). The styrene substrate aggregates in the MOF pores to form an exciplex with a much lower transition energy16, which is then sensitized by the excited-state copper(I) photocatalyst via energy transfer. The resulting 1,2-triplet styrene undergoes an intermolecular radical addition with an electron-deficient alkene or a simple styrene to generate a 1,4-triplet diradical. The intersystem crossing (ISC) followed by intramolecular radical recombination yields the [2+2] cycloaddition product.

[image: ]
Fig. 7 | Mechanistic investigation of the title reactions. a, Solid-state emission spectra (excitation wavelength: 420 nm) of UiO-69-phen(binap)Cu and Cu-1 recorded under argon at room temperature. b, Ruling out electron-transfer pathways. PS, copper photosensitizer. c, Triplet excited-state quenching experiments. d, Proposed mechanism for heterogeneous photocatalytic [2+2] cycloaddition.
Conclusions
We describe here the use of well-defined crystalline MOFs to support heteroleptic copper(I) complexes in order to facilitate a series of intermolecular crossed [2+2] cycloadditions via energy transfer under visible light irradiation. The incorporation of binap-containing copper triplet photosensitizers onto the MOF organic linkers substantially improves the photostability and increases the excited-state lifetime, paving the way for the development of unprecedented cycloadditions of simple styrenes with electron-deficient alkenes. This newly developed heterogeneous copper photocatalysis demonstrates an extraordinarily broad substrate scope, excellent catalytic efficiency, and remarkable catalyst recyclability. Our work provides a general approach to designing highly reactive copper photocatalysts for diverse energy-transfer-mediated organic transformations.




Methods
Synthesis of the catalyst support UiO-69-phen. ZrCl4 (179 mg, 0.77 mmol), 4,4’-(1,10-phenanthroline-3,8-diyl)dibenzoic acid (L2) (50 mg, 0.12 mmol), terphenyl dicarboxylic acid (L3) (270 mg, 0.60 mmol), and trifluoroacetic acid (0.4 ml) were ultrasonically dispersed in N,N-dimethylformamide (DMF) (34 ml). The resulting solution was heated to 100 °C in a 50-ml glass tube for 72 hours. After cooling to room temperature, the supernatant was decanted and the solid was washed five times with DMF and acetone. UiO-69-phen was then collected by filtration and dried in air to give a white solid (389 mg, 60% yield based on linkers). The product (2 mg) was digested in a mixture of a saturated K3PO4/D2O solution and DMSO-d6 (0.6 ml, 1:2 v/v) and subjected to 1H NMR analysis. The ratio of L2 and L3 was found to be 1:5. The chemical formula of UiO-69-phen was determined to be Zr6O4(OH)4(L2)(L3)54.0DMF based on NMR digestion data and TGA.

Synthesis of the catalyst UiO-69-phenCu. UiO-69-phen (30.0 mg, 5.6 μmol based on L2) was immersed in a 2-ml dichloromethane solution of Cu(MeCN)4PF6 (10.4 mg, 28 μmol) and stirred under N2 atmosphere at 60 °C for 4 hours. After cooling to room temperature, the supernatant was decanted and the solid was washed five times with DMF and acetone. UiO-69-phenCu was then collected by filtration and dried in air to give a green solid (22.7 mg, 93% yield). ICP-AES analysis indicated a Zr/Cu ratio of 6:1.The chemical formula of UiO-69-phenCu was determined to be {Zr6O4(OH)4(L2)(L3)5[Cu(CH3CN)2PF6]}4.4DMF based on ICP-AES and TGA.

Synthesis of the catalyst UiO-69-phen(Xantphos)Cu. UiO-69-phen (30.0 mg, 5.6 μmol based on L2) was immersed in a 2-ml dichloromethane solution of Cu(Xantphos)(MeCN)2PF6 (24.3 mg, 28 μmol) and stirred under N2 atmosphere at room temperature for 9 hours. After post-synthetic metalation, the supernatant was decanted and the solid was washed five times with DMF and acetone. UiO-69-phen(Xantphos)Cu was then collected by filtration and dried in air to give a yellow solid (30.9 mg, 91% yield). ICP-AES analysis indicated a Zr/Cu ratio of 6:1. The product (2 mg) was digested in a solution of D3PO4/D2O/DMSO-d6 (1:1:5 v/v/v) and subjected to 1H NMR analysis. The ratio of Cu-4 and L3 was found to be 1:5. The chemical formula of UiO-69-phen(Xantphos)Cu was determined to be {Zr6O4(OH)4(L2)(L3)5[Cu(Xantphos)PF6]}4.9DMF based on NMR digestion data and TGA.

Synthesis of the catalyst UiO-69-phen(binap)Cu. UiO-69-phen (300 mg, 56 μmol based on L2) was immersed in a 20-ml dichloromethane solution of Cu(binap)(MeCN)2PF6 (256 mg, 0.28 mmol) and stirred under N2 atmosphere at room temperature for 9 hours. After post-synthetic metalation, the supernatant was decanted and the solid was washed five times with DMF and acetone. UiO-69-phen(binap)Cu was then collected by filtration and dried in air to give a yellow solid (312 mg, 94% yield). ICP-AES analysis indicated a Zr/Cu ratio of 6:1. The product (2 mg) was digested in a solution of D3PO4/D2O/DMSO-d6 (1:1:5 v/v/v) and subjected to 1H NMR analysis. The ratio of Cu-2 and L3 was found to be 1:5. The chemical formula of UiO-69-phen(binap)Cu was determined to be {Zr6O4(OH)4(L2)(L3)5[Cu(binap)PF6]}6.0DMF based on NMR digestion data and TGA.

General procedure for the photoinduced crossed [2+2] cycloaddition of styrenes with electron-deficient alkenes. To a 25-ml flame-dried Schlenk tube cooled under N2 atmosphere were added UiO-69-phen(binap)Cu (2.4 mg, 0.4 μmol based on Cu, 0.2 mol%), 4-dimethylaminopyridine (29 mg, 0.24 mmol, 1.2 equiv.), 1,2-dichloroethane (1.0 ml), styrene (0.2 mmol, 1.0 equiv.), and electron-deficient alkene (0.6 or 1.0 mmol, 3.0 or 5.0 equiv.) sequentially. After three freeze-pump-thaw cycles, the reaction mixture was irradiated by three 40-watt Kessil PR160L-440 blue-LED lamps at room temperature (with three fans) for 48 hours. After irradiation, ethyl acetate (10 ml) was added into the crude mixture; the resulting solution was filtered through a pad of silica gel and washed four times with ethyl acetate (4 × 10 ml). The combined filtrates were concentrated under vacuum and the diastereomeric ratio was determined by 1H NMR analysis. The residue was purified by flash column chromatography on silica gel to afford the corresponding product.

General procedure for the photoinduced crossed [2+2] cycloaddition between different styrenes. To a 25-ml flame-dried Schlenk tube cooled under N2 atmosphere were added UiO-69-phen(binap)Cu (2.4 mg, 0.4 μmol based on Cu, 0.02 mol%), 4-dimethylaminopyridine (293 mg, 2.4 mmol, 1.2 equiv.), 1,2-dichloroethane (1.0 ml), styrene (2.0 mmol, 1.0 equiv.), and the other coupling styrene (10 mmol, 5.0 equiv.) sequentially. After three freeze-pump-thaw cycles, the reaction mixture was irradiated by three 40-watt Kessil PR160L-440 blue-LED lamps at room temperature (with three fans) for 48 hours. After irradiation, ethyl acetate (10 ml) was added into the crude mixture; the resulting solution was filtered through a pad of silica gel and washed four times with ethyl acetate (4 × 10 ml). The combined filtrates were concentrated under vacuum and the diastereomeric ratio was determined by 1H NMR analysis. The residue was purified by flash column chromatography on silica gel to afford the corresponding product.

General procedure for the photoinduced crossed [2+2] cycloaddition of exocyclic arylidene azetidines, thietanes, and oxetanes with electron-deficient alkenes and styrenes. To a 25-ml flame-dried Schlenk tube cooled under N2 atmosphere were added UiO-69-phen(binap)Cu (2.4 mg, 0.4 μmol based on Cu, 0.2 mol%), 4-dimethylaminopyridine (29 mg, 0.24 mmol, 1.2 equiv.), 1,2-dichloroethane (1.0 ml), exocyclic arylidene azetidine, thietane, or oxetane (0.2 mmol, 1.0 equiv.), and electron-deficient alkene or styrene (0.6 mmol, 3.0 equiv.) sequentially. After three freeze-pump-thaw cycles, the reaction mixture was irradiated by three 40-watt Kessil PR160L-440 blue-LED lamps at room temperature (with three fans) for 48 hours. After irradiation, ethyl acetate (10 ml) was added into the crude mixture; the resulting solution was filtered through a pad of silica gel and washed four times with ethyl acetate (4 × 10 ml). The combined filtrates were concentrated under vacuum and the diastereomeric ratio was determined by 1H NMR analysis. The residue was purified by flash column chromatography on silica gel to afford the corresponding product.

Gram-scale reaction. To a 100-ml flame-dried Schlenk tube cooled under N2 atmosphere were added UiO-69-phen(binap)Cu (89 mg, 15 μmol based on Cu, 0.15 mol%), 4-dimethylaminopyridine (1.46 g, 12 mmol, 1.2 equiv.), 1,2-dichloroethane (50 ml), 1-vinylnaphthalene (1.54 g, 10 mmol, 1.0 equiv.), methyl acrylate (4.5 ml, 50 mmol, 5.0 equiv.) sequentially. After three freeze-pump-thaw cycles, the reaction mixture was irradiated by three 40-watt Kessil PR160L-440 blue-LED lamps at room temperature (with three fans) for 48 hours. After irradiation, ethyl acetate (100 ml) was added into the crude mixture; the resulting solution was filtered through a pad of silica gel and washed four times with ethyl acetate (4 × 50 ml). The combined filtrates were concentrated under vacuum and the diastereomeric ratio was determined by 1H NMR analysis. The residue was purified by flash column chromatography on silica gel to afford 1 (1.68 g, 70% yield) as a colorless oil.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
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