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Metal-to-ligand charge transfer (MLCT) is a fundamental photoinduced process that underpins 12 

a broad range of energy- or electron-transfer events1,2. In the absence of productive substrate 13 

engagement, the MLCT excited state typically relaxes to the ground state via photophysical 14 

deactivation, reflecting its largely reversible character3,4. Here we report a class of isolable 15 

copper–heteroaryl sulfone complexes that, upon visible light irradiation, undergo an 16 

irreversible MLCT-driven fragmentation through C–S bond cleavage within the coordinated 17 

sulfone ligand, generating carbon-centered radicals. Spectroscopic and computational studies 18 

support the formation of MLCT-derived excited states and a low-barrier pathway for C–S bond 19 

cleavage. This reactivity is largely independent of the reduction potentials of the corresponding 20 

free sulfones, enabling the generation of fluoroalkyl and non-fluorinated tertiary, secondary, 21 

and primary (even methyl) alkyl radicals. We demonstrate the utility of this platform in copper-22 

catalyzed C–H fluoroalkylation of arenes and terminal alkynes. Leveraging these MLCT-23 

generated trifluoromethyl radicals to initiate halogen-atom transfer (XAT) from 24 

perfluorocyclobutyl iodide (I-FCB), we also achieve radical perfluorocyclobutylation–iodination 25 

of alkenes, addressing a longstanding challenge in the incorporation of perfluorocyclobutyl 26 

motifs.  27 

 28 

Metal-to-ligand charge transfer (MLCT) is a fundamental photoinduced process in coordination 29 

chemistry and underpins a broad range of photochemical and photocatalytic transformations1,2. 30 

In an MLCT process, electron transfer from metal-based orbitals to antibonding (usually π*) 31 

orbitals on the ligand framework generates a charge-separated excited state with redox activity5. 32 

However, in the absence of external reactants, most MLCT excited states undergo rapid 33 

photophysical deactivation back to the ground state, reflecting the reversibility of this process 34 
ACCELE

RATED ARTIC
LE

 PREVIEW

mailto:jinbohu@sioc.ac.cn
mailto:xuexs@sioc.ac.cn


  Page 2 

(Fig. 1a, i). Although a few studies have revealed the ligand dissociation and release of neutral 35 

molecules following MLCT excitation (Fig. 1a, ii)3,4, and radical generation from photoexcited 36 

metal complexes has recently been achieved, the latter systems require prior reduction of the 37 

complex by an external reductant before photoinduced bond cleavage can occur6. Thus, direct 38 

generation of synthetically useful carbon-centered radicals through fragmentation of 39 

coordinated substrates driven by an intrinsic MLCT process remains elusive (Fig. 1a, iii).   40 

 41 

 42 

 43 

Fig. 1  Addressing the challenge of irreversible metal-to-ligand charge transfer (MLCT). a, Divergent pathways from MLCT 44 
excited states (A. excited-state formation; B. photophysical relaxation; C. ligand fragmentation). b, Reaction design. c, Irreversible 45 
MLCT-initiated perfluoroalkylation-iodination of alkenes. X, heteroatom or carbon; R, alkyl group; M, metal; L, ligand; SET, single-46 
electron transfer; XAT, halogen-atom transfer; Alkyl, alkyl group. 47 

 48 

 49 

 50 

At a fundamental level, MLCT excited states tend to relax back to the ground state because 51 

the ligand-centered radical anion generated upon photoexcitation is generally stable and lacks a 52 

driving force for bond cleavage or further irreversible chemical transformation7. By contrast, 53 

direct-photoexcitation platforms based on preassembled precursors, including ligand-to-metal 54 

charge transfer (LMCT)8,9 systems, electron donor–acceptor (EDA) complexes10,11, alkyl-1,4-55 

dihydropyridines (DHPs)12, and organoborate complexes13, generate highly reactive charge-56 

separated excited states in which photoinduced charge transfer is directly coupled to bond 57 

fragmentation, enabling efficient radical generation without the need for an external 58 

photocatalyst. Therefore, enabling radical generation from MLCT excited states requires direct 59 

coupling of photoinduced charge transfer to bond cleavage. Guided by this design principle, and 60 

inspired by our previous studies14,15, we identified heteroaryl alkyl sulfones as particularly 61 

attractive candidates because they can coordinate to metal centers and, crucially, undergo 62 

irreversible reduction accompanied by C–S bond cleavage. Equally important, the metal center 63 

itself must be incapable of reducing such sulfones, thereby preventing spontaneous ground-state 64 

electron transfer. In our prior work, although iron catalysts were found to promote this reduction, 65 

their strong reducing character led to ultrafast electron transfer, precluding the isolation and 66 

structural characterization of the corresponding complexes15. Copper, by contrast, offers a 67 ACCELE
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fundamentally different redox landscape: its comparatively weaker reducing power suppresses 68 

spontaneous ground-state electron transfer16-20, enabling the stabilization and isolation of well-69 

defined copper–heteroaryl sulfone complexes. We reasoned that such complexes could function 70 

as dormant precursors that, upon visible-light excitation, access an MLCT manifold redirected 71 

away from photophysical reversibility and toward irreversible ligand fragmentation and radical 72 

release (Fig. 1b).  73 

Building on these design principles, we report a class of isolable copper-heteroaryl sulfone 74 

complexes that undergo visible-light-induced MLCT followed by rapid ligand fragmentation to 75 

generate a diverse range of alkyl radicals. Coordination of the sulfone to the copper center 76 

enables a photoactive MLCT pathway that is distinct from outer-sphere reduction of the 77 

corresponding free sulfone. As a result, the reduction potentials of the free sulfones alone do not 78 

predict their radical-generation behavior in the coordinated state. This strategy enables the 79 

generation of both fluoroalkyl and non-fluorinated alkyl radicals, including tertiary, secondary 80 

and primary (even methyl) alkyl radicals. We further exploit the resulting trifluoromethyl radical 81 

as an initiator for iodine-atom transfer from perfluorocyclobutyl iodide (I-FCB), enabling a radical 82 

perfluorocyclobutylationiodination of alkenes and providing an efficient approach to the 83 

challenging incorporation of perfluorocyclobutyl motifs (Fig. 1c). More broadly, this strategy 84 

redirects the fate of MLCT excited states from photophysical deactivation (reversible pathway) 85 

toward the productive bond cleavage and radical generation (irreversible pathway). 86 

 87 

 88 

 89 

Fig. 2  Characterization and reactivity investigation of the isolated copper(I)-sulfone complexes. a, Preparation of copper(I)-90 
sulfone complexes with sulfone 1a and 1b. b, Preparation of copper(I)-sulfone complex with sulfone 1c. c, Stoichiometric 91 
reactions of complex Cu-2 under blue LEDs irradiation in CH2Cl2; d, UV–vis absorption spectra of various compounds in CH2Cl2; e, 92 
Femtosecond transient absorption spectroscopy of Cu-2 in CH2Cl2; f, Light on/off control experiment for Cu-2 decomposition. rt, 93 
room temperature. 94 

 95 

 96 

 97 

Although the relatively weak reducing power of copper in the ground state suppresses 98 

spontaneous electron transfer, copper complexes are susceptible to Jahn–Teller distortion upon 99 

photoexcitation into the MLCT state, drastically truncating the excited-state lifetime21. The use 100 

of bulky and rigid bisphosphine ligands inhibits this structural deformation, preserving the MLCT 101 
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character and enabling productive ligand fragmentation21. With this design principle in mind, we 102 

selected DPEphos as the ligand to suppress Jahn–Teller distortion and employed trifluoromethyl-103 

substituted heteroaryl sulfones as the cleavable ligand, which are among the most susceptible 104 

alkyl sulfones to single-electron transfer (SET) and subsequent radical generation14,22. Although 105 

a mixture of Cu-1 and 1a generated trifluoromethyl radicals upon visible-light irradiation (Fig. 2a 106 

and Table S10), we were unable to isolate single crystals of the corresponding complex. 107 

Inspired by previous reports of copper complexes supported by bis(heteroaryl) sulfone 108 

ligands23, we next examined sulfone 1b as a candidate to displace acetonitrile from the copper 109 

center. Although a mixture of Cu-1 (Extended Data Fig. 1a) and 1b generated trifluoromethyl 110 

radicals upon visible-light irradiation (Table S10), this strategy likewise failed to afford single 111 

crystals of the corresponding complex (Fig. 2a). We therefore reasoned that increasing the 112 

number of potential coordination sites might facilitate ligand exchange. Accordingly, a 113 

symmetrical heteroaryl sulfone 1c was employed to replace the acetonitrile ligand in Cu-1, 114 

successfully affording the single crystals of copper complex Cu-2 (Fig. 2b and Extended Data Fig. 115 

1b). Notably, and contrary to our initial design, coordination occurs through only one side of the 116 

sulfone ligand, with both the nitrogen and oxygen atoms binding to the copper center, while the 117 

other side of sulfone unit remains non-coordinating (Extended Data Fig. 1b). 118 

The reactivity of Cu-2 was next examined (Fig. 2c). The complex Cu-2 remained stable for 119 

over three years under ambient conditions in the dark, with only a 2% decrease (as detected by 120 

fluorine-19 nuclear magnetic resonance (19F NMR) spectroscopy), indicating that Cu(I) alone is 121 

insufficient to efficiently activate trifluoromethyl sulfone 1c (see Fig. S21). In stark contrast, blue 122 

light irradiation—either in CH2Cl2 solution or in the solid state—induces MLCT, promoting 123 

electron transfer from Cu(I) to the sulfone moiety to generate Cu(II), followed by C–S bond 124 

cleavage to afford a trifluoromethyl radical and a sulfinate anion. The formation of Cu(II) 125 

(Extended Data Fig. 1c) was confirmed by electron paramagnetic resonance (EPR) 126 

spectroscopy24,25. Upon irradiation of Cu-2 in CH2Cl2 for 2 min, measurements at 100 K revealed 127 

pronounced g-factor anisotropy (gx,y,z = [2.04, 2.14, 2.33]), consistent with localization of the 128 

unpaired electron in the d(x2y2) orbital. The corresponding hyperfine coupling constants (Ax,y,z 129 

= [154, 168, 336] MHz) further corroborate the characteristic electronic structure of Cu(II), in 130 

good agreement with theoretical calculations. Formation of the trifluoromethyl radical was 131 

further supported by efficient trapping with TEMPO (Fig. 3a). As Cu(II) is known to undergo 132 

reduction to Cu(I) in the presence of phosphine ligands26, the copper species ultimately isolated 133 
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and characterized by single-crystal X-ray diffraction was Cu-3 (Extended Data Fig. 1d), a Cu(I) 134 

complex bearing a coordinated sulfinate ligand (Fig. 2c).  135 

We next investigated the absorption spectra of the above species (Fig. 2d). Neither Cu-1 nor 136 

DPEphos exhibited appreciable absorption in the visible region. In contrast, upon mixing Cu-1 137 

with 1a, 1b, or 1c, new absorption bands extending into the visible region were observed in all 138 

cases. Moreover, each mixture released trifluoromethyl radicals under visible-light irradiation, 139 

indicating that our strategy is not restricted to a specific sulfone substrate. Notably, the visible-140 

light absorption of Cu-2 was substantially stronger than that of the corresponding in situ 141 

generated complexes, suggesting that coordinating species such as CH3CN interfere with the 142 

coordination between Cu-1 and the N-heteroaryl sulfones, thereby suppressing the in-situ 143 

formation of Cu-sulfone complexes. Transient absorption spectroscopy revealed an excited-state 144 

lifetime of 8.5 ns for Cu-2, which is consistent with an MLCT excited state in copper complexes21. 145 

Furthermore, a pronounced transient absorption band was observed in the 500–600 nm region, 146 

consistent with the formation of a ligand-centered radical anion following MLCT excitation (Fig. 147 

2e)21.  148 

For deeper insights into the photoinduced radical generation process, DFT and time-149 

dependent DFT (TD-DFT) calculations were performed on the frontier orbitals of Cu-2 and its 150 

photo-excitation process, respectively. The frontier molecular orbitals of Cu-2 are shown in 151 

Extended Data Fig. 2a. The HOMO is primarily located over the phosphorus atoms and the central 152 

Cu atom, indicating that it is mainly associated with the Cu−P coordination bonds of the 153 

Cu(DPEphos) fragment of Cu-2. In contrast, the LUMO is delocalized over the pyrimidine ring of 154 

sulfone 1c and corresponds to its π* orbital. TD-DFT calculations show that the HOMO → LUMO 155 

excitation dominates the S1 excited state, accounting for 84.8% of the electronic transition. This 156 

HOMO → LUMO excitation corresponds to charge transfer from the Cu(DPEphos) fragment to 157 

the coordinated sulfone 1c, as further confirmed by hole–electron analysis27 (Extended Data Fig. 158 

2b). The hole is predominantly localized on the Cu center, contributing 53.5% of the hole density, 159 

whereas the excited electron is mainly distributed over the pyrimidine π* orbital of coordinated 160 

sulfone 1c. Therefore, excitation to Cu-2-S1 corresponds to electron transfer from the 161 

Cu(DPEphos) fragment to the coordinated sulfone 1c, indicating that Cu-2-S1 is best described as 162 

an MLCT state. 163 

 164 

 165 
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 166 

 167 

 168 

Fig. 3  MLCT-enabled alkylation. a, MLCT-enabled generation of alkyl radicals; 2, 3, 4, 6-11, NMR yield; 5, GC yield. b, MLCT-169 
enabled alkylation of alkenes. c, Cu-complex-enabled trifluoromethyl- and difluoromethyl-azidation of alkenes. d, Cu-complex-170 
catalyzed fluoroalkylation of arenes. Sulfones 1c and 1d are used, respectively. e, MLCT-enabled and copper-catalyzed 171 
fluoroalkylation of terminal alkynes. Unless otherwise mentioned, the yields refer to isolated yields. TEMPO, 2,2,6,6-172 
Tetramethylpiperidin-1-oxyl; Ad, 1-adamantyl group. 173 

 174 

 175 

 176 

Next, TD-DFT calculations were performed to investigate the excited-state properties of Cu-177 

2 to gain a better understanding of the photoinduced radical generation process (Extended Data 178 

Fig. 2c). The vertical excitation energy from the ground state to the S1 state was calculated to be 179 

88.7 kcal/mol (3.85 eV). Relaxation of the initially excited state leads to the S1 state minimum I-180 

S1, which lies 66.1 kcal/mol above the ground state of Cu-2. From I-S1, rapid C–S bond cleavage 181 

occurs via TS-1-S1 with a Gibbs free-energy barrier of only 4.1 kcal/mol, generating a CF3 radical 182 

and the Cu(II) complex Int-CuII (Extended Data Fig. 2c).  Finally, the photodecomposition quantum 183 

yield of Cu-2 was experimentally determined to be 0.03 (see SI), indicating that most 184 

photoexcited Cu-2 molecules return to the ground state, whereas a fraction enters the 185 

fragmentation pathway and is irreversibly removed from the photophysical cycle (Figure 1a, iii). 186 

Repeated excitation therefore leads to cumulative photodecomposition of Cu-2. Together with 187 

the light on/off experiments (Fig. 2f), this low quantum yield also rules out an efficient radical-188 

chain propagation mechanism as the dominant pathway. Taken together, these results support 189 

that the ligand fragmentation redirects MLCT excitation toward irreversible C–S bond cleavage 190 

and radical generation. 191 

A broad range of alkyl sulfones was next examined to assess the generality of this MLCT-192 

enabled radical generation platform (Fig. 3a). Heteroaryl alkyl sulfones with reduction potentials 193 

ranging from −2.27 to −1.51 V all underwent efficient radical generation under the standard 194 

conditions. In contrast, the corresponding trifluoromethyl aryl sulfone (1n), with a more 195 

favorable reduction potential (E = −1.42 V), failed to generate any detectable trifluoromethyl 196 

radicals upon 450 nm irradiation in the presence of an equimolar amount of Cu-1, presumably 197 

due to the lack of a suitable coordination site in 1n (Fig. S2). These results demonstrate that 198 

radical generation is not dictated by the reduction potential of the free sulfone alone, but 199 ACCELE
RATED ARTIC

LE
 PREVIEW



  Page 7 

depends critically on its ability to coordinate to the copper center. Representative 200 

transformations, including alkylation of alkenes (Fig. 3b), alkene difunctionalization (Fig. 3c) and 201 

fluoroalkylation of arenes (Fig. 3d) and alkynes (Fig. 3e), further highlight its synthetic utility. The 202 

catalytic use of copper in the latter reactions (Figs. 3d and 3e) underscores the potential of this 203 

MLCT-enabled platform for developing new metal-catalyzed synthetic methods (the proposed 204 

mechanisms are illustrated in Figs. S13 and S16, respectively). Despite these advances, we sought 205 

to leverage this platform to address a more challenging and synthetically underdeveloped 206 

problem.  207 

Cyclobutyl-containing molecules have recently emerged as important motifs in medicinal 208 

chemistry28-31. However, the incorporation of perfluorocyclobutyl groups remains a longstanding 209 

challenge. Although perfluorocyclobutyl iodide (I-FCB), a key precursor to this motif, was 210 

reported more than half a century ago (Fig. 4a)32, the strong electron-withdrawing nature of the 211 

perfluorocyclobutyl group renders I-FCB an exceptionally electrophilic iodinating reagent, prone 212 

to rapid decomposition in the presence of nucleophiles such as iodide (Fig. 4b, top). In addition, 213 

the corresponding perfluorocyclobutyl radical is susceptible to unselective hydrogen atom 214 

transfer (HAT) pathways (Fig. 4b, bottom)33. These intrinsic limitations prompted us to pursue an 215 

atom-transfer radical addition (ATRA) strategy34-36 for perfluorocyclobutyl incorporation.  216 

 217 

 218 

 219 

 220 

Fig. 4  Synthesis and reactivity investigation of perfluorocyclobutyl iodide (I-FCB). a, Synthesis of perfluorocyclobutyl iodide. b, 221 
Reactivity of perfluorocyclobutyl iodide. c, Optimization of the perfluorocyclobutylation-iodination of alkenes; d, Competition 222 
between Cu-2 and I-FCB. CH3CN, acetonitrile; TMS, trimethylsilyl; AIBN, azobisisobutyronitrile; N.D., not detected; Conv., 223 
conversion. 224 

 225 

 226 

 227 

Conventional initiation methods, however, were less efficient under the examined conditions 228 

(Fig. 4c, entries 1–3): thermal initiators and standard radical protocols afforded low yields, 229 

whereas photocatalytic conditions delivered only moderate efficiency, likely due to iodide 230 

accumulation in the reaction medium (Fig. 4c, entry 4). Given that the C–I bond in CF₃I is stronger 231 
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than that in I-FCB (Table S9), we envisaged that trifluoromethyl radicals could serve as competent 232 

initiators for this ATRA process. Crucially, our irreversible MLCT platform enables the preferential 233 

generation of exceptionally clean trifluoromethyl radicals independent of the intrinsic reduction 234 

potentials of substrates, while the resulting Cu–sulfinate complex (Cu-3) remains inert toward I-235 

FCB (Fig. S4). Consistent with this design, the use of Cu-2 as a photochemical initiator enabled 236 

efficient perfluorocyclobutylation–iodination of alkenes, delivering the desired products in yields 237 

of up to 88% (Fig. 4c, entry 5). Control experiments demonstrated that 450 nm irradiation alone 238 

(in the absence of Cu-2) was insufficient to initiate the reaction (Fig. 4c, entry 6), and no reaction 239 

occurred in the absence of light (Fig. 4c, entry 7). 240 

 241 

 242 

 243 

   244 

Fig. 5  Scope of the reaction with various alkenes. 31 (0.4 mmol, 1.0 equiv), I-FCB (0.48 mmol, 1.2 equiv), CH2Cl2 (4.0 mL). a5.0 245 
mmol, scale, 12 h; b0.2 mmol scale. c5 mol% Et3B/air as the initiator. d.r., diastereomeric ratio. 246 

 247 

 248 

 249 

 250 

We next evaluated two widely used initiation approaches, including amine-mediated XAT 251 

and iron-radical-mediated XAT. Both approaches afforded the desired product in less than 40% 252 

yields (Fig. S17). We attribute their limited efficiency to the generation of reducing intermediates, 253 

which enable an undesired intermolecular SET with I-FCB (generating the destructive iodide 254 

anion; Fig 4b, top) alongside the desired halogen-atom transfer (XAT) process. In contrast, our 255 

initiation strategy avoids generating the strongly reducing or nucleophilic species that cause 256 

unproductive decomposition of I-FCB, so that I-FCB is activated predominantly through XAT. This 257 

mechanistic rationale is further supported by our experimental observations. Under the standard 258 

conditions, 94% of Cu-2 was consumed, whereas only 10% of I-FCB was consumed when the two 259 

components were reacted in equimolar amounts; concurrently, approximately 10% CF₃I was 260 

detected. As CF₃I is a characteristic product of CF₃ radical-mediated XAT, these results support 261 

the conclusion that I-FCB consumption occurs predominantly through XAT rather than SET 262 

reduction (Fig. 4d). 263 ACCELE
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The scope and generality of the transformation were next evaluated (Fig. 5). Using model 264 

substrate 31a, the reaction could be readily performed on a 5 mmol scale without any 265 

appreciable loss in efficiency, underscoring its practical robustness. A broad range of functional 266 

groups was well tolerated, including ethers (33), aryl bromides (34), esters (35), phenols (37), N- 267 

Boc-protected amines (38), amides (39), silanes (40), silyl ethers (41), acetals (42) and ketones 268 

(43). Notably, substrates bearing free hydroxyl (44) and carboxylic acid (45) groups were also 269 

compatible, delivering the desired products in excellent yields. In addition to terminal alkenes, 270 

both 1,1-disubstituted (46) and internal alkenes (47) proved to be viable substrates under the 271 

standard conditions. The utility of this method is further demonstrated by its application to the 272 

late-stage functionalization of structurally complex molecules, including Febuxostat (48), Eugenol 273 

(49), Caryophyllene oxide (50, via radical β-scission of the cyclobutane ring), Alibendol (51), 274 

Quinine (52) and Paclitaxel (53). For complex natural products (51–53), the yields obtained under 275 

conventional initiation conditions (Et₃B/air) were substantially lower than those achieved under 276 

our standard conditions, further underscoring the advantage of our irreversible MLCT platform. 277 

Subsequently, the synthetic versatility of the iodoperfluorocyclobutyl motif was explored 278 

(Extended Data Fig. 3a). Under basic conditions, it underwent dehydrohalogenation to afford 279 

alkene 54 in 69% yield. Reduction with NaBH₄ proceeded with near-complete conversion to give 280 

55, albeit in 23% isolated yield due to its low boiling point. Nucleophilic substitution with sodium 281 

azide furnished azide 56 (39%). Under photochemical conditions, borylation delivered 57 in 60% 282 

yield. In addition, radical coupling with TEMPO in the presence of (TMS)3SiH afforded adduct 58 283 

in 53% yield. Finally, thiolation with sodium thiophenolate provided 59 in 60% yield. 284 

Modulation of lipophilicity (log P) is a key determinant in pharmaceutical and agrochemical 285 

discovery, and strategic fluorine incorporation has long been exploited as an effective approach 286 

to fine-tune this parameter37. Accordingly, we determined the log P values of a series of alkanes 287 

bearing distinct fluorinated substituents (54, 55, 60–62) using C18 reverse-phase HPLC (Extended 288 

Data Fig. 3b)38,39. Notably, the perfluorocyclobutyl motif (54, 55) displayed the highest 289 

lipophilicity, marginally exceeding that of the heptafluoroisopropyl group (61), despite both 290 

containing the same number of fluorine atoms, and exhibiting a markedly higher log P than the 291 

perfluorocyclopropyl analogue (62).  292 

 293 
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Data availability   295 

All data are available in the main text or the Supplementary Information (SI). 296 

 297 
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 426 

Extended Data Fig. 1  Structural and EPR characterization of Cu complexes. a, Single-crystal X-ray structure of Cu-1. b, Single-427 
crystal X-ray structure of Cu-2. c, EPR spectrum of Int-CuII. d, Single-crystal X-ray structure of Cu-3. 428 
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 433 

Extended Data Fig. 2  DFT and TD-DFT calculations on the excited state of Cu-2. a, Population of frontier orbitals of Cu-2. b, 434 
Hole-electron analysis of S1 state Cu-2-S1. c, Energy profiles of photoinduced generation of CF3 radical from Cu-2. HOMO, Highest 435 
Occupied Molecular Orbital; LUMO, Lowest Unoccupied Molecular Orbital. 436 
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Extended Data Fig. 3  Synthetic applications. a, Product transformations. b, Log P values of various fluoroalkylated molecules.  442 
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