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Introduction 

Photoremovable protecting groups (PPGs), also known as photocaged compounds, are linked 

to a molecule of interest to mask its chemical or biological activity. Upon irradiation at a 

specific wavelength, the PPGs are tracelessly removed, allowing non-invasive spatio-temporal 

control over the release of free molecules with a high degree of chemoselectivity in complex 

chemical and biological environments. Consequently, they represent one of the main 

contemporary applications of photochemistry in diverse research areas, ranging from chemistry 

and material science to biology and medicine.1, 2, 3, 4 

Since their introduction more than 50 years ago,5, 6 dozens of PPG types have been developed.7, 

8 Their fundamental, mutually exclusive classification differentiates between organic and 

transition-metal complex PPGs (Fig. 1a). Transition-metal-free (organic) PPGs possess an 

organic chromophore and liberate molecules via the cleavage of a covalent bond.7, 8 This large 

class of PPGs encompasses a wide range of molecular scaffolds, from the established nitroaryl 

and coumarin groups to the more recent, visible-light absorbing BODIPY and cyanine groups.7, 

8 In contrast, metal-complex PPGs consist of a central metal atom or ion surrounded by ligands 

as part of their chromophores. The complexes have unique ground- and excited-state 

properties, arising from the nature of the central metal, the ligands, and specific interactions 

between them. The metal coordination center serves as a bonafide reaction center in all metal-

complex PPGs reported to date, and ligand exchange is the ultimate liberation step, succeeding 

a photoinitiated metal-to-ligand, ligand-to-metal, or ligand-to-ligand charge-transfer 

transition.7, 8, 9, 10 Notable examples in this class include cob(III)alamins, and ruthenium and 

rhodium complexes.9, 10 

Over the decades, the conceptual dichotomy between these two PPG classes has been 

maintained, being translated into essentially non-converging development paths. To date, 

efforts to exploit the distinctive properties of organic and metal-complex photoactivatable 

systems within a single structure have primarily focused on either linking the established metal-

free PPGs to metal complexes, metal surfaces, or metal nanoparticles or, on the other hand, on 

the conjugation of metal-complex PPGs to organic chromophores (antennas).8 We considered 



a hybrid class of PPGs, which allows (but do not require) the incorporation of a metal (ion) as 

a part of the chromophore and releases leaving groups through the photoinduced cleavage of 

covalent bonds (Fig. 1b). We reasoned that blurring the traditional dividing line between these 

two PPG classes would provide access to a yet untapped chemical space of this new type of 

PPGs.  

To evaluate this concept, we first repurposed the ubiquitous ligand porphyrin as an independent 

PPG. We then show that the functional separation of the metal-binding chromophore and the 

site of leaving group release can be leveraged to fine-tune its spectroscopic and photochemical 

properties by simply introducing metal ions into the porphyrin core. The release of leaving 

groups from the free-ligand as well as metal-containing porphyrin derivatives was studied by 

both steady-state and transient-absorption spectroscopies, and the results were supported by 

quantum-chemical calculations. We thus provide a detailed description of the photoreaction 

mechanism, laying the foundations for further expansion and optimization of such hybrid-class 

PPGs.  

Results and Discussion 

Metal-Free Porphyrin PPGs 

The design of a porphyrin-based PPG was inspired by the recent emergence of the meso-methyl 

functionalized boron dipyrromethene (BODIPY) group.11, 12 Hückel molecular orbital 

predictions showed that BODIPY PPGs could release a leaving group thanks to the negative 

charge increase at the meso position upon excitation.13 The structurally related porphyrin 

scaffold has four such positions, which exhibit a similar electronic behavior upon excitation to 

the first excited state (see Supplementary Section 4). 

The synthesis of an appropriate porphyrin core was accomplished by MacDonald acid-

catalyzed condensation (Fig. 2a).14 The ortho-unsubstituted phenyl group of 1 and the aliphatic 

aldehyde in 2 facilitated a scrambling mechanism15, 16 that gave rise to the formation of all 

possible porphyrin combinations (Supplementary Fig. 1), including the key A3B-type 

derivatives 3. Subsequent alcohol deprotection provided the metal-free meso-methylporphyrin 

4. The hydroxyl group in 4 is a poor nucleophile; its reactions with chloroformate and 

isocyanate were not successful. However, it was found to be sufficiently nucleophilic to react 

with O-acylisourea derivatives or mesyl chloride, allowing its in-situ displacement with 

nucleophiles such as p-nitrobenzoic acid (PNBA) or N,N-dimethylaminopyridine (DMAP) to 

give the final derivatives 5 and 6, respectively. 

The photophysical and photochemical properties of 5 and 6 in DMSO or methanol solutions 

are summarized in Table 1. Analogous to metal-free porphyrins,17, 18 the S0→ S2/S1 electronic 

transitions (Q bands) were found in the range of 500–650 nm, and very intense absorption 

bands with the maxima abs
max  in the blue region were assigned to the S0→S4/S3 transitions (Soret 

bands; Fig. 2b and Supplementary Fig. 2).19 The photorelease of leaving groups (LG) from 5 

and 6 was monitored by LG appearance (HPLC) and starting material disappearance 

(absorption spectroscopy; Fig. 2c and Supplementary Fig. 3). The LGs were liberated with 

chemical yields of >70% and photodecomposition quantum yields ( dec ) of ~0.002 upon 



irradiation at 410 nm. It is worth noting that the large molar absorption coefficients at the 

irradiation wavelength ( irr ) are responsible for very high uncaging cross sections (

( )dec max irr   )7, 8 of >650 M–1 cm–1.  

The structural and physico-chemical properties of porphyrin allow for a high degree of 

modularity in its application as a PPG. For example, the photorelease of an LG from 6 can be 

achieved by irradiation to its different absorption bands in the visible region (Fig. 2d and 

Supplementary Fig. 4). The fluorescence ( F ; in the range of 420–560 nm) was found to be 

wavelength-independent. In addition, some structural modifications of the basic scaffold can 

be implemented without compromising its functionality. Substituents on the meso-phenyl 

groups generally modulate the electronic properties of the porphyrin chromophore only to a 

small extent.20 Indeed, derivatives 7 and 8, featuring the 4-methoxyphenyl or 4-O-

propargylphenyl groups (Fig. 2a), exhibited spectroscopic and photochemical properties 

similar to those of 5 (Table 1). The lower dec  found for 8 can be explained by the increased 

rotational freedom of the molecule.21 Nevertheless, the alkyne groups in 8 provided convenient 

reaction sites for further functionalization via a copper-click reaction (Supplementary Fig. 5). 

An additional level of modularity emerges from the multiple meso positions in the porphyrin 

scaffold. Taking advantage of this structural feature, A3B-, A2B2- and B4-type porphyrin PPGs 

bearing N-Boc-L-tryptophan as a model LG were synthesized (11–13, Fig. 2e). The number 

of equivalents of LG released was 2-fold from the A2B2-type 12 and 2.9-fold from the B4-type 

13 when compared to that from the A3B-type 11 (Fig. 2e), probably involving an enhanced 

non-productive photodegradation of the chromophore during the sequential release of multiple 

LGs. 

To evaluate the functionality of the meso-methylporphyrin group in a complex environment, 

we synthesized derivatives bearing the tubulin assembly inhibitor indibulin or the antifolate 

agent methotrexate (MTX) as LGs (9 and 10, respectively, Fig. 2a). Compound 9 released 

indibulin upon irradiation, but it was found to be thermally unstable in a PBS buffer 

(Supplementary Fig. 6), unlike a recently reported coumarin-caged indibulin that was 

effectively applied in cultured cells.22 Conversely, 10 was thermally stable, and its 

photoactivation was successfully conducted upon 545 nm irradiation because MTX itself 

absorbs and decomposes when photolyzed at 410 nm (Supplementary Fig. 6). Thus, using 10, 

we carried out a cellular evaluation in cultures of the murine 4T1 mammary carcinoma cell 

line. Fluorescence microscopy indicated that the molecule is taken up into cells and appears to 

be localized in punctate structures that do not co-localize with lysosomal compartments (Fig. 

2f,g). Maximum intracellular signal was observed after 2-h preincubation (Supplementary Fig. 

6). Cell viability measurements (MTT assay) demonstrated that compound 5, bearing a non-

toxic LG, has low light-dependent toxicity (IC50 = 57.8 M, Figure 2h), which was attributed 

to the photodynamic effect (in accord with  ; Table 1). In comparison, 10 is ~15-times more 

toxic than 5 when exposed to light (IC50 = 4.0 M). Collectively, the above results confirm the 

viability of meso-methylporphyrin as a versatile PPG scaffold.  

 



Metal-Containing Porphyrin PPGs  

The ability of porphyrin to chelate a large number of metal cations provides an unprecedented 

approach to manipulating the properties of this PPG. We synthesized complexes of 6 chelating 

metal cations with distinct electronic configurations (i.e., Zn(II), Pd(II), Cu(II), or Ni(II) in 

compounds 6-Zn, 6-Pd, 6-Cu, and 6-Ni respectively; Fig. 3a). A single-crystal X-ray 

diffraction analysis of 6-Zn is shown in Supplementary Fig. 7. The photophysical and 

photochemical properties of metal porphyrins are summarized in Table 1. The metal-

complexes 6-Pd, 6-Cu, and 6-Ni exhibited abs
max values similar to that of 6 but with significantly 

lower molar absorption coefficients ( max ) and fluorescence quantum yields ( F ) 

(Supplementary Fig. 2). In comparison, derivative 6-Zn possessed a 9-nm red-shifted abs
max  

value, a slightly higher max , and a shorter fluorescence lifetime. Upon irradiation at 410 nm 

in DMSO solutions, the release of DMAP was observed from 6-Zn and 6-Pd in 74% chemical 

yields. However, no photorelease was observed for derivatives 6-Cu and 6-Ni (Fig. 3c and 

Supplementary Fig. 3). The photodecomposition quantum yield dec  of 6-Zn was ~12-times 

higher than that of the free-ligand derivative 6 (Table 1), resulting in an extraordinarily high 

uncaging cross section of dec max   = 9634 M–1 cm–1, one of the highest to be reported to date.7, 

8 The photodecomposition of 6-Pd was ~6-times less efficient than that of 6.  

We also examined excitation wavelength ( exc ) dependence of fluorescence and photorelease 

efficiencies. Analogous to compound 6, F  was found practically exc  independent for 6-Zn 

in the range of 420–560 nm (Supplementary Table 1). More importantly, the quantum yield 

values of DMAP release ( r ; HPLC) from 6-Zn were found within a narrow range of 0.016, 

0.008, and 0.007 when irradiated at Soret and Q bands at irr = 427, 560, and 600 nm, 

respectively (Supplementary Table 3), therefore, the entire visible range can be used for 

excitation. The r  values are lower than those of dec  because the maximum chemical yield 

of LG release reached 74% (i.e., 26% of excited molecules are decomposed unproductively; 

Table 1). 

Mechanistic Studies 

A detailed mechanistic study was carried out to understand the photochemistry of LG 

photorelease from meso-methylporphyrin derivatives and support the further development of 

these hybrid-class PPGs.  

Photoproducts. A solvent-capture photoproduct 4a was formed upon irradiation of 6 in 

degassed DMSO/water, along with porphyrin-meso-carbaldehyde 14 and other unidentified 

photoproducts (Supplementary Fig. 8). The formation of 4a pointed either to a meso-methyl 

cation intermediacy, analogous to that observed in meso-methyl BODIPY PPGs,23 or to an SN2-

like process. Aldehyde 14 was most probably formed upon oxidation by DMSO 

(Supplementary Fig. 8c), as previously reported in some coumarin PPGs.24 Significantly higher 

amounts of the solvent-capture photoproduct compared to that of 6 were found upon irradiation 



of 6-Zn in degassed DMSO/water or methanol solutions (Supplementary Fig. 9), implying a 

profound effect of the metal type on the porphyrin PPG photochemistry.25, 26   

Effects of Oxygen. Monitoring the photodegradation of 6 and 6-Zn at short time intervals and 

low-intensity light (410 nm, 3.2 mW cm–2) revealed a delay in the onset of photolysis when 

performed in aerated compared to degassed DMSO or DMSO/water solutions (Fig. 4a and 

Supplementary Fig. 10). In contrast, the photodegradation of 6 in methanol was observed only 

in the absence of oxygen (Fig. 4b). In addition, the photoreaction of 6 in aerated methanol 

proceeded smoothly in the presence of a singlet oxygen quencher (furfuryl alcohol, Fig. 4b and 

Supplementary Fig. 11), which excluded singlet oxygen as a photorelease mediator. These 

results suggest that initial 1O2 generation (see the Jablonski diagram, Fig. 4c) by the excited 

porphyrin outcompetes the photorelease, which is in accord with the measured quantum yields 

of both processes ( is ~2 orders of magnitude higher than dec , Table 1). Once ground state 

oxygen is partially depleted from the immediate environment, the photorelease can proceed 

efficiently. Thus, the unusual course of photochemistry observed in aerated DMSO solutions 

most probably reflects the initial reaction (depletion) of singlet oxygen, generated by excited 

porphyrin, with DMSO molecules,27 which does not occur in methanol. A similar effect of 

local molecular oxygen depletion on a photoreaction has recently been reported for the 

photoactivation of gold(I) arylethynyl complexes phosphorescence.28 The ability of ground-

state oxygen to quench the photorelease process also suggests that the reaction proceeds from 

the triplet excited state. 

The singlet oxygen production efficiencies of   = 0.16, 0.25, and 0.23, determined for 6, 6-

Zn and 6-Pd, respectively, in methanol, and relatively low fluorescence quantum yields 

measured for these compounds (Table 1) were used to estimate the upper limit of ISC quantum 

yield (< ~0.7). The relatively low values of dec  (<0.02) are approximately 2 orders of 

magnitude lower than those of  ; therefore, the production of singlet oxygen is the major 

competing pathway to the LG release. Fortunately, it was found that singlet oxygen is not 

primarily responsible for the chemical degradation of these PPGs (e.g., excitation of a singlet 

oxygen generator, rose bengal, at irr = 545 nm in the presence of 6 in aerated methanol did not 

lead to its decomposition, Fig. 4b). 

Transient Spectroscopy. The excited-state radiative and non-radiative deactivation pathways 

for metal-free and metal-containing model porphyrin derivatives (tetrakis(4-

carboxyphenyl)porphyrin, see Supplementary Section 3), which do not bear an LG, and for 

porphyrin PPGs 6, 6-Zn, 6-Pd, and 6-Cu were studied by femtosecond (fs) and nanosecond 

(ns) transient absorption (TA) spectroscopies. We found that neither the absence of an LG in 

the meso-methyl position nor the presence of 4-carboxyl groups on meso-phenyl substituents 

in the model derivatives had any significant effect on the spectroscopic behavior of all studied 

compounds. 

The fs-TA spectra, evolution associated spectrum (EAS) components, and their relative 

populations for porphyrins 6, 6-Zn, 6-Pd, and 6-Cu in DMSO are shown in Supplementary 

Fig. 12, and the data are summarized in Table 2. Global analyses identified four evolution-



associated spectra (EAS) components for 6 and 6-Zn. As in the case of the model porphyrins, 

we can attribute the observed components (EAS1, EAS2) to the transitions occurring within Q 

bands ( 1
Qk  and 

2
Qk , Table 2), such as vibrational cooling or conformational relaxation. For 

example, it has been reported that conformational relaxation in tetraphenylporphyrin occurs in 

the ~100 ps time scale.29 Analogous to the kinetics of the model compounds (see 

Supplementary Section 3), and also reported for other porphyrin derivatives,30, 31, 32, 33, 34, 35 the 

transition between EAS3 and EAS4 was attributed to singlet–triplet intersystem crossing (ISC; 

ISCk = 1.7 × 108 s–1 and 2.2 × 108 s–1 for 6 and 6-Zn, respectively). A much faster ISC ( ISCk  = 

1.6 × 1010 s–1) and only two EAS components were observed for 6-Pd, which is related to the 

heavy-atom effect of the Pd atom. A simplified Jablonski diagram depicting all fundamental 

photophysical and photochemical processes relevant to the photochemistry of 6, 6-Zn, and 6-

Pd is shown in Fig. 4c. 

The fs-TA spectra of a Cu(II) derivative 6-Cu displayed a narrow band at ~440 nm in the ps 

time scale (EAS1), but the rapid subsequent processes made it difficult to monitor all evolution 

steps. The EAS1→EAS2 transition (k = 6.7 × 1011 s–1) was followed by the appearance of a 

very weak transient signal in the region of 440–520 nm (EAS3), and it was accompanied by an 

artifact monitored at 530–700 nm, attributed to the signal of the solvated electron.36 The 

previous interpretations of analogous data assigned the first two transients as a tripdoublet 2T 

state, a 2[d,d] exciplex state, formed by the ligation with O-coordinating solvents, 

respectively.36, 37, 38 Consequently, we conclude that the uncaging process from 6-Cu cannot 

compete with a very fast radiationless decay of the productive excited state. 

The ns-TA spectra of 6, 6-Zn, and 6-Pd in aerated and degassed DMSO or methanol are shown 

in Supplementary Fig. 13, and the data are summarized in Table 2. The triplet lifetimes of these 

compounds were found to be ~6-times shorter in aerated than degassed DMSO due to 

quenching of the triplet state by oxygen. Shorter triplet lifetimes in 6-Pd are related to a faster 

triplet–singlet ISC (heavy atom effect).39, 40, 41, 42 Very similar kinetic data were obtained in 

methanol solutions (Table 2); all rate constants were only slightly faster than those obtained in 

DMSO. It is worth mentioning that the triplet lifetimes of porphyrin PPGs show a clear 

correlation with their photodecomposition quantum yields ( dec ), further indicating that the 

photorelease of DMAP proceeds via the triplet excited state. 

Quantum Chemical Calculations and the Proposed Release Mechanism. Based on the 

experimental observations and ab initio calculations and simulations presented in 

Supplementary Section 4, we propose the photoreaction mechanism involving release of an LG 

to form the carbocation in the triplet state that subsequently intersystem crosses and reacts with 

a nucleophile, is proposed in Figure 4d. The nucleophilic substitution of a leaving group was 

calculated on simplified model compounds (Supplementary Section 4); it was found to be a 

slightly endergonic reaction for the reaction with water under standard conditions. Porphyrin 

derivatives are excited into the highly absorbing Soret band. This state is typically located as a 

third or fourth excited state,43, 44 except for the Cu-containing derivative possessing a large 

number of weakly absorbing states below the Soret band. The dynamical simulations predict 

an ultrafast internal conversion, completed in ~100 fs. The porphyrins in the S1 state then 



deactivate primarily via intersystem crossing; the importance of coupling between the 

vibrations and electronic transitions has previously been emphasized.44 We propose that the 

majority of the product is formed from a triplet excited porphyrin derivative via an SN1-like 

mechanism. The calculated activation Gibbs energies in the triplet state for the formation of 

the corresponding carbocation (in the rate-limiting step) varies in the range of 0.5–1 eV; this 

corresponds to the rate constants of up to 105 s–1. A long triplet lifetime is, therefore, critical 

for the reaction. The triplet carbocation formed is strongly stabilized by resonance. Note that 

the energy barriers are similar for the cleavage from the S1 electronic state, which has, however, 

a much shorter lifetime. The above mechanism is operative for 6, 6-Zn, and 6-Pd, and the 

release efficiency is controlled primarily by the triplet state lifetime. The situation is different 

for 6-Cu, where the d- electrons of the metal strongly interact with the porphyrin ring. As a 

result, its excited-state deactivation is very short (tens of picoseconds).36, 45, 46 In the literature, 

the fast process is usually interpreted as IC to the 2S1 state (S1 state of the porphyrin with a 

doublet state of Cu2+), accompanied by extremely fast ISC to the 2T1 state, and the longer 

component is assigned to the possible formation of ligand–porphyrin exciplex or the formation 

of dark charge-transfer states in the 2T1 state.36, 37, 46 Based on our ab initio calculations, we 

suggest another possible deactivation pathway. Porphyrin 6-Cu has a much lower 2S0/2S1 gap, 

as the 2S1 state is located well below the Q band, and, therefore, direct IC is possible as an 

alternative deactivation channel. This view is also strongly supported by our experimental 

transient-absorption data. A shorter lifetime would then be interpreted as IC from the Soret 

band to the 2S1 state with no ISC involved, and a longer lifetime would correspond to IC from 
2S1 to the ground state. 

Conclusion 

The meso-methylporphyrin derivatives introduced in this work possess several favorable 

properties for a PPG, including structural modularity, strong absorbance of light in the visible 

range of the spectrum, and high photouncaging efficiencies. The capacity to generate up to four 

productive photocleavable sites within a single molecule should enable the concomitant release 

of different leaving groups and could be especially valuable in the construction of light-

responsive polymer networks or hydrogels.47, 48, 49, 50, 51 The relatively high efficiency of 1O2 

generation exhibited by the porphyrin derivatives reported herein might be a limiting factor in 

some biological applications, where the photodynamic effect is detrimental, although several 

mitigation strategies are known.52, 53, 54, 55, 56 On the other hand, efficient 1O2 generation can be 

synergistic to caging cytotoxic drugs.4, 57  

Importantly, the meso-methylporphyrin group represents a novel prototype of a PPG that unites 

traditionally exclusive properties of organic and metal-complex PPGs within a single structure. 

The functional separation between the metal binding chromophore and the site of leaving group 

release allows for an elective introduction of metal ions to manipulate its photophysical and 

photochemical properties. We expect that this approach could be implemented to repurpose 

additional known metal-binding ligands as PPGs, opening thus a new chemical space for the 

design of photocaged compounds with unique structural, chemical and photochemical 

properties. 

  



Figures and Tables 

 

Figure 1: Meso-Methylporphyrin as a Hybrid Organic/Metal-Complex PPG Scaffold.  

 

 

a, Contemporary organic and metal-complex PPGs; photorelease of leaving groups (LG) 

occurs via covalent bond scission or ligand exchange process, respectively. b, Meso-

methylporphyrin as a hybrid organic/metal-complex PPG: diverse metal ion can be electively 

incorporated into the chromophore to modulate properties and a leaving group is photoreleased 

via covalent bond scission. 

  



Figure 2: Meso-Methylporphyrin as a Versatile PPG Scaffold: Synthesis and 
Photochemistry.  

 

a, Synthesis of meso-methylporphyrin derivatives. i: PNBA or methotrexate, DMAP, DCC, 20 

°C. ii: mesylchloride, DMAP or indibulin, 20 °C. b, Absorption spectra of PNBA-, DMAP-, 

indibulin- and methotrexate-caged meso-methylporphyrins (3 µM, aerated DMSO). Inlet: a 10-

fold magnification of the Q-bands region. c, Photorelease of leaving groups from meso-

methylporphyrin derivatives 5–10 (25 µM, degassed DMSO, irr  = 410 nm, 40 mW cm
–2

; 

HPLC-MS analysis). d, Photolysis of 6 at irr  = 410, 545 or 640 nm. e, Structures of mono-, 

di- and tetra-Nα-Boc-(L)-Trp caged meso-methylporphyrin derivatives (11–13) and 

photorelease quantification of leaving groups photoreleased (25 µM, degassed DMSO, irr  = 

410 nm, 40 mW cm
–2

, HPLC-MS analysis). Averages from three experiments are shown; error 

bars represent the standard deviation. f, Representative fluorescence microscopy images of the 

cellular distribution of 10 in cultured murine 4T1 mammary carcinoma cells. Red: compound 

10, green: LysoTracker Green. g, Co-localization parameters of 10 and LysoTracker Green. h, 

Calculated IC50 concentrations of 5 and 10 in cultured murine 4T1 mammary carcinoma cells 

following or not irradiation with 545 nm light for 5 min. The experiment was repeated at least 

twice in triplicates. 



Table 1. Photophysical and Photochemical Properties of meso-Methylporphyrin 
Derivatives. 
 

Compd Absorption        Emission Photoreaction
b
 

 
abs /nm ( /104 M–1 cm–1) F

max /nm F /% F /ns yield/% c dec

×103 d 
dec   / %

e 

5 417 (39.1), 513 (1.9), 547 

(0.6), 588 (0.6), 643 (0.3) 

648, 715 4.5 ± 

0.2 

9.41 ± 

0.01 

86 1.7 ± 

0.2 

664.33 72.1 ± 

2.1 
f
 

6 418 (32.8), 515 (1.6), 549 
(0.6), 586 (0.5), 644 (0.3) 

647, 716 8.2 ± 
0.1 

11.12 ± 
0.02 

72 2.3 ± 
0.3 

747.38 15.9 ± 
0.7 

7 422 (26.1), 518 (1.5), 553 
(0.9), 593 (0.6), 648 (0.5) 

654, 720 4.9 ± 
0.1 

5.71 ± 
0.01 

96 2.2 ± 
0.5 

573.58 72.8 ± 

2.9
  f 

 

8 421 (32.8), 516 (1.6), 553 

(0.7), 591 (0.5), 647 (0.4) 

653, 719 4.1 ± 

0.1 

6.52 ± 

0.01 

71 1.2 ± 

0.1 

394.26 71.4 ± 

2.2
  f  

 

9 420 (46.2), 515 (2.0), 550 

(0.7), 589 (0.6), 645 (0.2) 

648, 715 7.6 ± 

0.2 

11.19 ± 

0.02 

64 1.7 ± 

0.3 

784.95 15.4 ± 

0.9 

10 417 (44.3), 513 (1.9), 548 
(0.6), 590 (0.6), 644 (0.4) 

647, 714 6.3 ± 
0.1 

10.38 ± 
0.02 

71 2.1 ± 
0.3 

930.24 15.8 ± 
0.3 

6-Zn 427 (37.2), 560 (1.5), 602 

(0.5) 

607, 661 3.7 ± 

0.2 

2.44 ± 

0.01 

74 25.6 ± 

0.6 

9533.9 24.5 ± 

0.2 

6-Pd 417 (22.3), 525 (1.9), 556 
(0.5) 

647, 716 0.3 ± 
0.1 

ND 74 0.4 102.39 23.1 ± 
0.2 

6-Cu 420 (23.8), 545 (1.2) ND ND ND 0 0.0 0.0 1.4 ± 0.2 

6-Ni 417 (19.6), 531 (1.4) ND ND ND 0 0.0 0.0 0.7 ± 0.2 

a Solutions in aerated DMSO, c = 3 × 10
−6 

M. b Photoreaction parameters were measured in degassed DMSO except for 

quantum yield of singlet oxygen formation. c Chemical yield of release. d Determined by irradiation at 410 nm for 6, 6-Zn, 

6-Pd, 6-Cu and 6-Ni using ferrioxalate as an actinometer, the remaining values were calculated with 6 as a reference. 

Quantum yield of singlet oxygen formation was measured in: e methanol using flavonol as a reference ( = 0.070) or  f  in 

benzene using tetraphenylporphyrin as a reference (  = 0.66). ND = not detected. 

  



Figure 3. Metal-Containing Meso-Methylporphyrin PPGs: Synthesis and 
Photochemistry. 

 

a, Synthesis of metal-containing meso-methylporphyrins followed by installation of DMAP as 

a model leaving group. b, Absorption spectra of DMAP-caged metal-containing meso-

methylporphyrin derivatives (3 µM, aerated DMSO); that of an analogous metal-free meso-

methylporphyrin (6) is shown for comparison. Inlet: a 10-fold magnification of the Q-bands 

region. c, Photorelease of DMAP from metal-containing meso-methylporphyrin derivatives (25 

µM, degassed DMSO, irr  = 410 nm, 40 mW cm
–2

; HPLC-MS analysis), that of an analogous 

metal-free meso-methylporphyrin (6) is included for comparison.  



Table 2. Major Photophysical and Photochemical Processes Observed in 6, 6-Zn, and 6-
Pd. 

 

 

 
 
  

Compd 

a 

1
Qk /s–1 b 

2
Qk /s–1  b 

ISCk /s–1 c 

dk /s–1 d 

F
 f F /ns 

g 
DMSO Methanol 

Aerated Degassed Aerated Degassed 

6 4.1×10
10

 3.7 × 10
9
 1.7 × 10

8
 6.3×10

5 
9.1×10

4 
3.3×10

6 
1.7×10

5 0.082 11.12 

6-Zn 6.9 × 10
10

 8.0 × 10
9
 2.2 × 10

8
 4.0×10

5
 6.0×10

4
 2.1×10

6
 9.4×10

4
 0.037 2.44 

6-Pd ND ND 1.6 × 10
10

 6.7×10
5
  1.1×10

5
 3.2×10

6
 6.6×10

5
 0.0034 ND 

6-Cu ND ND ND 2.9×10
10

 
e
 ND ND 

a fs-TA spectroscopy: exc  = 387 nm; concentrations of ~0.2–0.4 mM; ns-TA spectroscopy: exc = 355 nm; concentrations 

6–18 μM); b The rate constants of transitions within the Q states; c intersystem crossing ( ISCk ); d triplet-state decay ( dk ); 

e decay in an aerated DMSO solution. f
 F  are the fluorescence quantum yields, and g

F  are the fluorescence lifetimes 

determined in DMSO.  ND = not determined. 



Figure 4. Mechanistic Details of the Photochemistry of DMAP-Caged Porphyrin 
Derivatives. 
 

 

a, Photochemistry of 6 in aerated or degassed DMSO solutions. b, Photochemistry of 6 in 

aerated or degassed methanol solutions (λirr = 420 nm) and in the presence of a singlet oxygen 

generator (rose bengal, RB, λirr = 545 nm) or quencher (furfuryl alcohol, FFA). c, A general 

Jablonski diagram. d, The proposed photorelease mechanism for porphyrin PPGs. 
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