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Two-Photon, Red Light Uncaging of Alkyl Radicals from 
Organorhodium(III) Phthalocyanine Complexes 

Kei Murata*, Yuki Saibe, Mayu Uchida, Mizuki Aono, Ryuji Misawa, Yoshiho Ikeuchi and Kazuyuki 
Ishii* 

A stepwise two-photon, red light excitation of organorhodium(III) 

phthalocyanine complexes was found to induce the activation of 

the axial metal–carbon bond to generate alkyl radicals/aldehydes. 

The cooperative action of the photouncaging reaction and the 

photochemical generation of reactive oxygen species were 

indicated to induce the cell deaths. 

Photodynamic therapy (PDT) has attracted much attention as a 

minimally invasive cancer therapy based on tumor-selective cell 

deaths.1 In this method, the therapeutic effect is achieved via the 

photochemical formation of reactive oxygen species (ROS) such as 

singlet oxygen by a photosensitizer accumulated in tumor cells. On 

the basis of this principle, various types of photosensitizers have 

been developed to improve the applicability of PDT.2 However, in 

conventional PDT, only ROS are available as active species, and the 

treatment under hypoxic condition still remains a challenge. To 

address these issues, the use of a photouncaging system has 

emerged as a promising alternative,3 in which the tumor-selective 

release of functional, long-lived active agents is expected to enhance 

the therapeutic effect of the treatment. Alkyl radicals are plausible 

candidates as active agents in such systems because they are readily 

oxidized and transformed to terminal aldehydes, which act as a 

bioactive group in various functional molecules.4 In addition, alkyl 

radicals participate in various free-radical reactions with biological 

tissues, inducing cell deaths under both normoxic and hypoxic 

conditions.5 With regard to the photochemical generation of alkyl 

radicals, organocobalt(III) and organorhodium(III) porphyrin 

derivatives are known to release alkyl radicals by homolytic cleavage 

of an axial metal–carbon bond via single-photon excitation.3d,6 

However, these reactions are usually conducted under visible-light 

(≤560 nm) irradiation, and the introduction of an antenna 

chromophore is required to utilize low-energy photons with high 

penetration ability into biological tissues, such as red light (≥650 nm). 

Moreover, since these molecules can be easily activated by natural 

light, careful treatment under dark condition is required. Therefore, 

the development of a stable reaction platform that can be activated 

by artificial light is highly desirable for the construction of easy-to-

handle uncaging systems.7 

Herein, we describe a new platform based on organorhodium(III) 

phthalocyanine (Pc) complexes for the photochemical generation of 

an alkyl radical/aldehyde via a stepwise two-photon excitation under 

red light irradiation (Fig. 1). These complexes were stable during 

synthetic, purification, and measurement processes but could be 

activated by a nanosecond pulsed laser. As Pc ligands absorb red light 

owing to its large -conjugated system, they have been often used in 

PDT as second-generation photosensitizers.8 However, to the best of 

our knowledge, organometallic Pc complexes have never been 

applied in a phototherapeutic system. Our study provides a simple, 

easy-to-handle approach for uncaging an alkyl radical as an active 

agent in biological environments. 

Methylrhodium(III) (1) and butylrhodium(III) (2) tetra-tert-butyl 

Pcs were synthesized and characterized by various spectroscopic 

methods. During the synthesis and purification processes, these 

complexes were sufficiently stable and tolerated ambient light and 

room temperature conditions. The electronic absorption, emission 

and magnetic circular dichroism (MCD) spectra of complex 1 are 

shown in Fig. 2. A sharp, intense Q-band originated from the –* 

transition of the Pc ring was observed at 651 nm. The extinction 

coefficient () of the Q-band reaches a value of 2 × 105 M−1 cm−1, 

indicating that complex 1 absorbs red light efficiently, as typically 

Fig. 1 Schematic representation of the uncaging system used in this 

study and molecular structures of complexes 1 and 2. 
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observed in Pc analogues.9 In the MCD spectrum, a dispersion-type 

Faraday A term is observed in the Q-band region, indicating the 

degeneracy of the lowest excited singlet (S1) state, which possesses 

D4h symmetry.10 Moreover, complex 1 exhibited a relatively sharp 

phosphorescence band at 962 nm. Time-resolved emission 

spectroscopy demonstrated that the excited lifetime was 3.6 s (Fig. 

2 inset). As can be extracted from Fig. S1, the photophysical 

properties of complex 2 were analogous to those of complex 1. 

The photoreactivities of complexes 1 and 2 were investigated in 

organic solvents under O2 atmosphere by means of 1H NMR 

spectroscopy. When a C6D6 solution of complex 1 was irradiated by a 

continuous wave (CW) of red light (irr. > 640 nm, metal halide lamp), 

no reaction occurred. Meanwhile, when the solution was subjected 

to irradiation with a nanosecond pulsed laser of red light (irr. = 650 

nm) for 3 h, complex 1 fully converted, and formaldehyde was 

generated as a major photoproduct (≥34% yield)‡ together with 

methanol as a byproduct (14% yield). This reaction also proceeded 

under air to furnish the same products, albeit with slightly lower 

yields (Table S1). These results indicated that the axial rhodium–

carbon bond was cleaved upon photoexcitation, uncaging a methyl 

radical whose subsequent reaction with O2 produced its oxidized 

products (Scheme 1a). The release of the methyl radical was 

confirmed by conducting the light irradiation reaction in the 

presence of an excess amount of 2,2,6,6-tetramethylpiperidine1-

oxyl (TEMPO) under N2 atmosphere, which produced the methyl 

radical adduct of TEMPO in addition to ethane as a homocoupling 

product. Similarly, complex 2 was stable under CW red light 

irradiation, whereas it reacted upon irradiation with a nanosecond 

pulsed laser of red light under O2 atmosphere for 3 h to furnish 

butyraldehyde and 1-butanol in 50% and 13% yields, respectively 

(Scheme 1b). 1-Butene was also obtained (≥21% yield), indicating 

that the -hydride elimination competes with the oxidation when the 

axial ligand possesses a hydrogen atom at the -position to the metal 

centre. The photochemical behaviors of complexes 1 and 2 

demonstrated that organorhodium Pc complexes bearing a simple 

alkyl ligand could be activated for the uncaging of an alkyl radical 

when excited by a nanosecond pulsed laser of red light.  

According to the reaction mechanism previously proposed for 

organometallic porphyrin complexes,6d-f the photochemical 

aldehyde formation proceeded via the homolytic cleavage of a 

Fig. 2 (a) Electronic absorption and phosphorescence spectra and (b) 

MCD spectrum of complex 1 (toluene with 1% pyridine, r.t.). Inset: 

phosphorescence decay and curve fitting ( = 3.6 ± 0.1 s). 

Scheme 1 Photouncaging reactions of complexes 1 and 2. 

 

rhodium–carbon bond, insertion of molecular oxygen, and oxygen–

oxygen bond cleavage followed by abstraction of a hydrogen atom 

(Fig. S2). In general, the initial homolytic cleavage of the metal–

carbon bond is induced by the removal of an electron from the 

bonding (M–C) orbital or the injection of an electron to the 

antibonding *(M–C) orbital upon photoexcitation. In the present 

system, the nanosecond pulsed laser light was required to activate 

the axial rhodium–carbon bond in the Pc ring. To clarify the 

mechanism for the activation with the pulsed laser excitation, the 

photophysical process of complex 1 was investigated during 

excitation with the pulsed laser. The conversion rate of complex 1 

was nearly proportional to the square of the laser power in a range 

of 0.4–1.0 mJ pulse−1 (Fig. S3), indicating that the reaction involved a 

two-photon excitation process. Since the photon density of the 

nanosecond pulsed laser is about 1025 photons cm−2 s−1, a stepwise 

two-photon excitation process could occur under our experimental 

conditions.11 In addition, a s-order lifetime was observed for the 

lowest excited triplet (T1) state in the time-resolved 

phosphorescence measurement, whereas a much shorter lifetime 

was indicated for the S1 state of a related porphyrinic compound 

owing to the heavy atom effect of the rhodium ion.12 Therefore, the 

second excitation could occur at the T1 state during exposure to the 

nanosecond pulsed laser light. These factors suggest that the initial 

S0 → S1 excitation generated the T1 state via the fast intersystem 

crossing, and the second excitation at the T1 state produced the 

higher-lying excited triplet states (Tn; n > 1) corresponding to the 

reactive state for the activation of the rhodium–carbon bond. 

To analyze the stepwise two-photon excitation process of the 

rhodium Pc complexes, a theoretical study was conducted by 

DFT/TD-DFT calculations using a model of complex 1 bearing 

hydrogen atoms instead of the tert-butyl groups on the Pc ring (1’;  

Fig. S10, Table S2). First, the initial excitation process was analyzed 

based on the optimized structure of the ground (S0) state. In this 

geometry, the S1 state mainly comprised the HOMO (a1u(Pc)) to 

LUMO (egy(Pc)) / LUMO+1 (egx(Pc)) transitions, that is, the –* 

transitions of the Pc ring. The *(Rh–C) orbital mainly contributed to 

LUMO+2, to which the electronic transition occurred in the S5 state. 

The calculated excitation energy of the S0 → S5 transition (2.79 eV) 

was much higher than that of S0 → S1 (2.07 eV), indicating that a 

single-photon excitation with red light cannot induce the activation 

of the rhodium–carbon bond. Meanwhile, the T1 state (1.30 eV) was 

predominantly composed of the HOMO to LUMO / LUMO+1 

transitions corresponding to the –* transitions of the Pc ring. 

Second, the subsequent excitation process was analyzed based on 

the optimized structure of the T1 state considering the structural 

change after the intersystem crossing. The *(Rh–C) orbital 

contributed mainly to LUMO+1 in this geometry (Fig. 3). The 

electronic transition from SOMO (egx(Pc)) to LUMO+1 was found in 
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Fig. 3 Electron configurations of complex 1´ in the S0 and T1 optimized 

geometries and selected molecular orbitals in the T1 state. DFT 

calculation: B3LYP/Def2-TZVPP level with PCM (benzene). 

 

the T5 state, and the calculated excitation energy of the T1 → T5 

transition (1.48 eV) was lower than that of red light. These 

theoretical results demonstrated that a stepwise two-photon 

excitation with a pulsed laser of red light opens the access to the 

higher-lying excited triplet state that activates the rhodium–carbon 

bond, which is not possible for the single-photon excitation with CW 

red light. The corresponding theoretical study on a model of complex 

2 (2’) demonstrated that the excited-state properties were similar in 

the presence of an axial butyl ligand instead of a methyl ligand (Fig. 

S11, Table S3), which suggests the generality of this approach for 

organorhodium Pc complexes possessing a simple alkyl ligand.  

To investigate the feasibility of the photouncaging reaction in a 

biological environment, small unilamellar liposomes of 1 were 

prepared by treating a lipid bilayer membrane of 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) according to previously reported 

methods,13 since complex 1 was insoluble in aqueous media. In the 

electronic absorption spectrum of liposomal 1, the Q-band was 

observed at 653 nm (Fig. S4), confirming the encapsulation of 

complex 1 by DPPC. A slight broadening of the absorption band 

suggested the aggregation of complex 1 in the composite. An 

aqueous solution of liposomal 1 was then subjected to irradiation 

with a nanosecond pulsed laser of red light (irr. = 653 nm) under air 

atmosphere. To detect the formation of formaldehyde in the 

aqueous solution, O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine 

hydrochloride (PFBHA) was used as a trapping agent. After 

irradiation for 1 h, a formaldehyde–PFBHA adduct was obtained in 

40% yield, which demonstrated that the activation of the rhodium–

carbon bond in complex 1 also occurred in a biomimetic environment. 

Finally, the photodynamic effects of complex 1 toward HeLa cells 

were examined. To perform cytotoxicity and phototoxicity tests, 

monolayer cultures of HeLa cells (ATCC CCL-2) were treated with a 

phosphate-buffered saline solution of liposomal 1 and then 

incubated. After medium exchange, complex 1-uptaken HeLa cells 

were placed in the dark or irradiated with a nanosecond pulsed laser 

of red light (irr. = 653 nm) for 30 min. The cells were then subjected 

to formazan colour reaction to evaluate the cell viability. Fig. 4 shows 

the cytotoxicity and phototoxicity as a function of the concentration 

of complex 1 (0.1–5 M). No significant cell viability loss was 

observed upon treatment of the cell cultures with complex 1 at a 

concentration of ≤1 M in the absence of light. In contrast, the 

pulsed laser irradiation resulted in a high phototoxicity; complex 1 

Fig. 4 Cytotoxicity and phototoxicity response of complex 1 for HeLa 

cells at a concentration of 0.1–4 M. 

 

caused >90% loss of HeLa cell viability at concentrations of ≥1 M. 

These results demonstrated that complex 1 showed photodynamic 

effect on HeLa cells at concentrations around 1 M (Fig. S5). 

Considering that both methyl radical/formaldehyde and singlet 

oxygen could contribute to the phototoxicity of complex 1,§ the 

mechanism of cell death was investigated. The cellular uptake of 

complex 1 was determined to be about 5.0 × 10−17 mol cell−1 after 

treating the cells with 1 M solution of the complex.14 According to 

the reported value of the minimal effective concentration of 

formaldehyde, the cellular uptake of complex 1 was sufficiently high 

to kill the cells by the action of formaldehyde.15 In the case of 

complex 1, the apoptotic cell ratio in the dead cells was about 18% 

when the cells were treated with 1 M solution followed by 

irradiation with the pulsed laser of red light (Table S2). To further 

clarify the phototoxic effect of complex 1, the photodynamic effect 

of zinc(II) Pc, which also possesses hydrophobic tert-butyl groups and 

can generate singlet oxygen ( = 0.54)16 but not an alkyl 

radical/aldehyde under light irradiation, was investigated. The 

apoptotic cell ratio was about 7% under similar conditions, indicating 

that ROS mainly induced necrotic cell death under the present 

conditions.13c,17 Thus, the higher apoptotic cell ratio observed for 

complex 1 compared with zinc(II) Pc indicated that methyl 

radical/formaldehyde could contribute to the apoptotic cell death. 

This is consistent with previous reports demonstrating that both 

methyl radical and formaldehyde can work as an apoptosis inducer.18 

These results indicate that the photochemical formation of alkyl 

radical/aldehyde from organorhodium Pc also occurs in cancer cells.  

In conclusion, we developed a photouncaging system to release 

an alkyl radical from organorhodium(III) Pc complexes induced by 

irradiation with a nanosecond pulsed laser of red light. The 

experimental and theoretical results demonstrated that the axial 

rhodium–carbon bond was activated by a stepwise two-photon 

excitation process, whereas it remained stable upon single-photon 

excitation with CW red light. A phototoxicity experiment revealed 

that the methylrhodium(III) Pc complex exhibited photodynamic 

effect toward HeLa cells.  

The combination of the organorhodium(III) centre and the Pc ring 

provides a new platform for the photouncaging of an alkyl radical 

under artificial pulsed laser of red light.§§ The complex was stable 

under ambient light and underwent activation upon irradiation with 

a nanosecond pulsed laser, which is easy-to-handle compared with a 

femtosecond pulsed laser. This principle could be applied to the 
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photochemical generation of a wide variety of alkyl 

radicals/aldehydes, realizing the site-selective release of various 

bioactive molecules. Furthermore, our system could induce effective 

cell death based on the cooperative action of the photouncaging of 

an alkyl radical and the photogeneration of ROS. Since the alkyl 

radical formation is not affected by the oxygen tension, this system 

could be used to kill hypoxic cells in tumor tissues where 

conventional PDT fails. On the basis of these advantages, our strategy 

could open up a new avenue for cancer phototherapy. 
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