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Abstract: A new meso–naphthalenyl BODIPY was designed for the efficient generation of long-lived triplet excited state under irradiation with 

green light. The new, heavy atom-free organic chromophore was employed in a benchmark example of dual palladium and photoredox catalysis, 

highlighting the applications of BODIPY dyes as photoredox catalysts. 

Introduction 

The synthetic chemistry community has been deeply influenced, in the last decade, by a growing interest in the field of visible–light 

mediated photocatalysis. In fact, for a long time, most of the examples in which light radiation was employed to promote synthetic 

organic transformations were related to the use of high energy UV light. However, the hazards associated with such short wavelengths, 

together with the lack of selectivity of the reported processes hampered the possible developments of light-mediated protocols and 

their widespread applicability. As soon as organometallic complexes and organic dyes were realized to have interesting photophysical 

properties coupled to visible light absorption, photochemistry was subjected to renaissance. Among a plethora of photochemical 

reactions, the most commonly employed photoreactions in organic synthesis are photoinduced electron transfer processes between 

the photoexcited dye and an organic substrate, allowing the generation of radical species [1] in unprecedentedly mild reaction 

conditions.[2] 

The widespread acceptance and the development of this field was possible due to the well-established photophysical properties of the 

photoredox catalysts. 

The first examples of photoredox catalysis, using low energy visible light, employed the well-known polypyridyl complexes of ruthenium 

or iridium. One of the advantages of these metal complexes is their highly efficient (100% in most of the cases) population of the lowest 

triplet excited state, related to the presence of heavy metal ions. This triplet excited state is characterized by a sufficiently long lifetime 

(of the order of 1-10 s) to be involved in efficient photoinduced electron transfer processes with organic substrates. 

Additionally, these photocatalysts can be merged with transition metal co-catalysts[3] in dual synergistic catalysis.[4] In fact, a key 

methodology for the modification of a metal's oxidation state traditionally consists in the addition of stoichiometric oxidants or reductants, 

which enables the formation of C–C or C–X (X= O, N, S) bonds.[4] The same change of oxidation state can be performed by 

photoinduced electron transfer with properly designed photocatalysts, allowing bond formation and breakage under mild reaction 

conditions.[5] However, the scarcity of ruthenium and iridium, their high costs, and the tedious synthesis of the complexes, accompanied 

by generation of heavy metal waste, have stimulated chemists towards the exploration of new photocatalysts,[6] such as metal-free 

organic chromophores.[7] Unfortunately, most of the reported organic dyes do not efficiently populate their long-lived triplet excited 

states. 

Boron dipyrromethene (BODIPY) derivatives[8] are traditionally known as brightly fluorescent dyes, which couple a high fluorescence 

quantum yield with a high molar absorption coefficient in the visible spectral region, as well as a high photostability. Recently, a huge 

interest has emerged for BODIPY dyes that exhibit efficient population of their long-lived triplet state (T1).[8,9] For this class of dyes, a 

strong reduction of fluorescence quantum yields is accompanied by the emergence of phosphorescence and/or sensitization of singlet 

oxygen by energy transfer from T1 state. The most extensively utilized strategy to promote the population of T1 has been the insertion 

of iodine or bromine atoms on the pyrrolic units, which strongly increases spin-orbit coupling (SOC) by the heavy atom effect and thus 

favors the population of the triplet state.[10] This has therefore extended the fields in which BODIPYs find applications to those of 

photodynamic therapy[11] and photocatalysis.[12] However, halogenation of the BODIPY core inevitably shifts the reduction potential to 

less negative values, consequently limiting their employment in photoredox transformations.[13] 

A different approach relies on dyads in which the BODIPY core is covalently linked in the meso position to an orthogonally-oriented 

electron donating moiety, such as in our case 2-methoxynaphthalene (Figure 1). The design is such that, upon excitation of the BODIPY 

core (green arrow in Figure 2), a photoinduced electron transfer (PeT) from the donor unit to the boron dipyrromethene unit takes place, 

leading to the population of a charge-transfer singlet excited state (1CT, Figure 2). This decays by charge recombination to form the T1 

state localized on the BODIPY unit,[8,14] which can react with a substrate or generate singlet oxygen, thanks to its long-lived excited 

state.[15] 
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Figure 1. BODIPY dyad, BDP, 1 employed in this work. 

Noteworthily, this strategy allows to independently tune the population of the triplet state and the values of its redox potentials. Indeed, 

functionalization of boron dipyrromethene’s meso position does not strongly influence the energy of its HOMO (H) and LUMO (L) 

orbitals.[16] By this approach, both T1 excited state and ground state potentials can be engineered to be strong reductants or oxidants, 

an important property for photocatalytic applications. Lastly, it is worth highlighting that introduction of alkyl groups in 2,4 positions of 

the pyrrolic rings are needed to secure the orthogonal orientation of the dyad’s constituting units and, at the same time, protect the 

boron dipyrromethene core from radical attack or polymerizations.[17] 

 

Figure 2. Jablonski diagram illustrating the main steps in the formation of the triplet state in the case of BDP. ET= energy transfer; PeT= photoinduced electron 

transfer; ISC= intersystem crossing; ABS= absorption; FLUO= fluorescence. 

Based on these premises, we investigated the possible role of BDP dyad (Figure 1), which features an electron donating 2-

methoxynaphtyl unit orthogonally placed compared to the BODIPY plane, as photosensitizer to carry out a C–C bond formation reaction 

in the presence of a palladium catalyst. Up until now, this has been an almost unexplored field for BODIPY dyes, with only a few 

examples reporting the use of iodinated BODIPYs in Atom Transfer Radical Addition (ATRA) reactions [18] or oxidations mediated by 

O2
•¯[19] and only one example of a fluorescent BODIPY dye used in metallaphotoredox catalysis.[10] To the best of our knowledge, this 

is the first example in which a BODIPY dyad is used as a photocatalyst in photoredox catalysis and, more specifically, in which a triplet-

populating BODIPY is used in metallaphotoredox catalysis. 

Results and Discussion 

BDP was prepared in good yields by a slight modification of usual protocols employed for the meso-BODIPY synthesis (see SI for 

details). The molar absorption coefficient of BDP is very high in the visible region: 91700 M-1cm-1 at 502 nm in MeCN (Figure 3A and 

Table 1), much higher than that of the prototypical [Ru(bpy)3]2+ dye (13000 M-1cm-1 at 452 nm in MeCN.[21] In addition, the absorption 

spectrum of the dyad shows the contribution of the naphthalene chromophore in the range of 250-350 nm, with absorption bands 

slightly shifted compared to the model compound 2-methoxynaphthalene. Therefore, the electronic interaction between the two 

chromophoric units of the dyad is limited, in accordance with the orthogonal geometry between the electron donating unit and the 

BODIPY core (Figure 1). Indeed, the 19F spectra recorded for the BDP show two distinct sets of resonances, as the spectra display 

inequivalence of the heterotopic fluorine atoms, as each fluorine atom residing in two distinctly different environments.[22] In fact, instead 

of observing a standard quartet, we recorded a 19F spectrum with two distinct doublet of quartets (see SI) due to the 1J(19F-11B) and the 

strong 2J(19F-19F) with satellite peaks from additional coupling to 10B.  

Although 2-methoxynaphthalene is fluorescent (𝜆𝐹𝐿𝑈𝑂
𝑀𝐴𝑋 = 350nm, Figure 3B), excitation of the naphthyl group in the dyad only yields 

emission from the BODIPY core and the excitation spectrum performed at the emission maximum of the BODIPY core matches the 
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absorption spectrum of the dyad. This result indicates that energy transfer between these two units takes place with unitary efficiency 

(Figure 2, 3B and Figure S4). The quantum yield for BDP’s fluorescence has been measured as 60%; the quantum yield for the 

sensitization of singlet oxygen (1O2) is 27%, which means that the dyad is able to populate its long-lived triplet excited state (T1).[23] 

Since no phosphorescence was detected in either degassed solutions or at 77 K, the lifetime of T1 was determined by transient 

absorption spectroscopy and is equal to 48 s (Figure S6). Additionally, electrochemical characterization (Figure S7) revealed that both 

oxidation (+1.15 V vs SCE) and reduction (-1.15 V vs SCE) processes are chemically reversible, which is beneficial for the employment 

of BDP as photocatalyst in catalytic cycles. These redox potentials are comparable with those previously reported for the sole BODIPY 

core[24] and further confirm the fact that the two units are electronically decoupled. 

To assist the analysis of photophysical data we carried out a computational investigation on BDP. Notably, the optimized ground state 

geometry of the donor (2-methoxynaphthalenyl) and the acceptor unit of BDP demonstrates that they are arranged in an orthogonal 

orientation with the dihedral angle connecting the subunits of the dyad close to 90° and the two subunits essentially decoupled (Figure 

S12). Inclusion of solvent effects shows a stabilization of the ground state owing to the significant dipole moment of the dyad (Table 

S2). The effect of the solvent on the structural parameters is however modest, as shown in Figure S12. Because of the orthogonal 

structure, molecular orbitals (MOs) can be distinguished into a set of donor-localized and a set of acceptor-localized orbitals (Figure 4 

and S13). We note that the H/L energies of BDP are not very different from those of boron dipyrromethene (Figure 1, Table S3) which 

agrees with the modest changes in redox potentials determined for BDP. 

 

 

Figure 3. A) Normalized absorption spectra of BDP (green) and 2-methoxynaphthalene (blue) in MeCN. B) Normalized fluorescence spectra in MeCN of BDP 

with λexc= 480nm (green); BDP with λexc= 280nm (dashed line) and 2-methoxynaphthalene (blue, λexc= 310nm). 

Table 1. Photophysical and electrochemical characterization of BDP in MeCN. aDegassed MeOH solution. bV vs SCE, in MeCN/TEAPF6 0.1M. 

 

The time-dependent (TD)-DFT calculations at the ground state geometry reveal the nature of the low-lying excited states of BDP and 

the role of solvent effect. To analyze in more detail the experimental absorption bands we calculated vertical excitations also for high 

lying singlet excited states to assign not only the strongest band in the spectrum but also the additional weaker features (Table S4). 

Because the donor and acceptor units of the dyad are orthogonal in the ground state, electronic transitions are essentially localized on 

one or the other unit. The observed bands are indeed readily assigned to computed local excitations (Table S4) as shown in Figure 

S15. In addition, charge transfer (CT) excitations are identified from the calculations, although it is not possible to assign them to 

experimental bands owing to their negligible oscillator strength. 

TD-DFT calculations show that the lowest energy 1CT state is dominated by the 𝐻 − 1 → 𝐿 excitation which implies a CT from the 2-

methoxynaphthalene unit to the BODIPY core (Figure 4) with an excited state dipole moment remarkably increased compared to the 

ground state (Table S2). Solvent stabilization on 1CT state is crucial for the photoinduced processes occurring on BDP. To get some 

insight on its magnitude, we carried out state specific (SS) corrected linear response (cLR) TD-DFT calculations at the ground state 

geometry in MeCN both with the fast solvent component equilibrated (NEQ) and with fully equilibrated solvent (EQ) on the excited 

states. The results at the ground state geometry (Figure S17) show a remarkable stabilization of the 1CT state outlining the relevant 

role of this state in the investigated dyad. Unfortunately, we could not determine the equilibrium structure of the 1CT state due to 

 ε 
(M-1cm-1) 

𝜆𝑀𝐴𝑋
𝐴𝐵𝑆  

(nm) 
𝜆𝑀𝐴𝑋
𝐹𝐿𝑈𝑂 

(nm) 
𝜙𝐹𝐿𝑈𝑂 𝜏𝑆1 

(ns) 

𝜙Δ 𝜏𝑇1  

(s)a 

E(BDP•+/BDP)b E(BDP/BDP •¯)b 

BDP 91700 501 518 60% 5.9 27% 48 +1.15 -1.15 
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technical issues, namely the impossibility of using the cLR approach for the excited state optimization and the overstabilization of the 

S1 state which prevented the optimization of 1CT with the LR approach. 

 
Figure 4. Energies and shapes of the frontier molecular orbitals of BDP. MeCN-M06-2X/6-311G* calculations. 

Nevertheless, we were able to obtain the equilibrium geometry of the 3CT state which shares a similar wavefunction with 1CT (Table 

S4). This geometry (Figure S18) can be assumed as representative of the 1CT equilibrium structure. Hereafter, it will be labelled as CT 

and will be considered for the spin-orbit coupling (SOC) calculations. Notably, such CT geometry is twisted with a twisting angle between 

the donor and acceptor subunits of around 123°. 

The intersystem crossing (ISC) process can be discussed in terms of a simplified relation (Equation 1), where the rate constant (𝑘𝐼𝑆𝐶) 

is proportional to the square of the SOC matrix element ⟨𝑇𝑛|𝐻𝑆�̂�|𝑆𝑛⟩:
[25,26] 

 

𝑘𝐼𝑆𝐶 ∝ |⟨𝑇𝑛|𝐻𝑆�̂�|𝑆𝑛⟩|
2
         (1) 

 

Therefore, to assess the efficiency of the 1CT→T1 ISC process we determined SOC interactions both at ground state and CT equilibrium 

geometries. Table 2 shows a ⟨𝑇1|𝐻𝑆�̂�| 𝐶𝑇1 ⟩ value twice as big at the CT geometry compared to the one calculated at the ground state 

geometry, implying an efficient population of the T1 state via ISC for BDP. These results are in good agreement with photophysical 

measurements and support the photocatalytic efficiency of BDP via triplet state population. 

Table 2. Computed SOC magnitudes between 1CT and T1 states of BDP at the ground state and CT geometries. 

Geometry SOC 1CT/T1 (cm−1)[a] 

Ground state 0.64 
CT 1.35 

[a] SOC values calculated with the SOMF(1X) approach including relativistic corrections with ZORA, from TDA-M06-2X/ZORA-def2-TZVP calculations. 

 

We have recently applied a diiodo-BODIPY dye for the C– C bond formation via ATRA, in combination with sodium ascorbate.[18] The 

reaction was extremely sensitive to trace of oxygen, and we were unable to extend these findings in metallaphotoredox catalysis.[18a] 

To the best of our knowledge, the ability of triplet BODIPY to induce photoredox transformations in the presence of metals was not 

demonstrated yet. To study the possibility of using BODIPY in metal promoted transformations we selected the reaction described by 

Sanford in 2011, which can be considered as the first application of photoredox catalysis in combination with transition metal 

catalysis.[27] The reaction developed by Sanford was a Pd(II)/Pd(IV)[28] C–H arylation with diazonium salt,[29] in the presence of 

[Ru(bpy)3Cl2] as photocatalyst. The reaction was further developed to include different heterocycles and directing groups.[30] In addition, 

organic photoreductants were able to promote the reaction. (N-Et)AcrH2 (9,10-dihydro-10-ethylacridine) was reported as an active 

organic photocatalyst in the dual catalytic direct C–H arylation of various substituted acetanilides and benzamides under blue LEDs 

irradiation (λmax = 425 nm).[31] Additionally, a dual Pd direct C-H arylation of electron-rich anilides promoted by eosin-Y was also reported 

using, this time, green light.[32] The photocatalyst reduces the diazonium salt forming an aryl radical that was intercepted by a 

palladacycle-Pd(II) complex (generated by C–H activation of the substrate) giving a Pd(III)Aryl intermediate. Oxidation by the 

photocatalyst of the intermediate Pd(III) to Pd(IV) complex favors the reductive elimination for the formation of the final product and 

regenerates the Pd(II) complex and the photocatalyst in its original form.[28b] This reaction was also reported with the employment of 

organic dyes as photocatalysts[29] and can be considered a benchmark reaction to test new photocatalysts for metallaphotoredox 

reaction promoted by palladium. 



6 
 

We commenced our investigation by exploring the best reaction condition for the transformation of 2-(o-tolyl)pyridine 2a as the model 

substrate (Table 3). 

Table 3. Optimization of the reaction parameters. 

 

Entry[a] Deviation from standard conditions Conversion %[b] 

1 None >99(72) 

2 No light 16(12)[c] 

3 No 1 16 

4 No Pd(OAc)2 NR 

5 1, 2.5 mol% 85 

6 1, 1 mol%  21 

7 1, 2.5 mol% and [2a] = 0.1 M 53 

8 1, 2.5 mol% and Pd(OAc)2 5 mol% 85 

9 3a, 2 equivalents 50 

10 Kessil Green LED (40W) >99 

11 60 h irradiation time >99[d] 

12 DMF instead of MeOH 17 

13 DMSO instead of MeOH 48 

14 CH3CN instead of MeOH 0 

15 Pd(PPh3)4 instead of Pd(OAc)2 0 

16 PdCl2(PPh3)2 instead of Pd(OAc)2 0 

[a] Reaction performed in double on 0.1 mmol at room temperature. [b] Conversion determined by 1H NMR. Isolated yields after chromatographic purification in 

parenthesis. [c] The reaction was also conducted at 35 °C and a conversion of 23% was observed. [d] The reaction shows the presence of unidentified byproducts, 

in crude 1H NMR, although the conversion was complete. NR = no reaction. 

Small amount of product was observed in the reaction performed in absence of light or 1 (Table 3, entries 2 and 3 respectively), as was 

also reported by Sandford, due to the presence of the palladium complexes and formation of aryl radical.[27] Irradiation with green light 

resulted sufficient to promote the reaction and a yield comparable with the previous work was obtained (Table 3, entry 10). Also, in our 

case it turned out that the optimal solvent was MeOH while other solvents were found not suitable for the reaction (Table 3, entries 12-

14). Different palladium sources were found to be inactive in the reaction (Table 3, entries 15 and 16). The reaction was investigated 

using a powerful light source (entry 10) and no by-product was revealed. Instead, unidentified by-products were formed prolonging the 

reaction time. 

With the optimized reaction conditions in our hand, we explored the scope of the reaction, by varying first the diazonium compounds 

(Scheme 1) and extending the reaction time to 48 hours to have consistent results between differently reactive substrates. Substituted 

electron rich and poor diazonium derivatives, simply prepared by standard conditions (see SI for details), reacted in moderate to good 

yields with 2a affording the desired compounds 4b-e. In the case of 3e, we have also isolated 4c in 11% yield due to a successive SNAr 

reaction of solvent (MeOH) with 3c (Scheme 1). 

+

MeOH ([2a] = 0.033])

Green LED (23 W), 24 h

Pd(OAc)2, 10 mol%

1, 5 mol%

2a
2x 0.1 mmol

3a
4 equiv.

4a

N

H3C

N2BF4

H3C

N

N N
B

F F

O

Cl

Cl
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Scheme 1. Survey of different aryl diazonium salt. 

Then, we tested differently substituted pyridines and other scaffolds, and the results collected are depicted in Scheme 2.  

 

Scheme 2. Evaluation of different coordinating scaffolds. 

With some differently substituted pyridines (2b,c) the reaction performed in the optimized conditions gave satisfactory yields of product. 

Other chelating groups, able to direct the palladium towards the C–H activation step were also compatible with the conditions. Amides, 

pyrazole, ureas, and pyrimidines were tested with the diazonium salt 3a, and the reaction was giving from low to moderate yields. In 

the case of pyrimidine derivative (3g), we have observed the double insertion of aryl group. With the 4-fluorodiazonium salt 3e, the 

reaction with substrates 2i and 2e gave, as observed in the previous reaction, by-product due to SNAr substitution (Scheme 3). 

+

2a
2x 0.1 mmol

3a–e
4 equiv.

4a–e

N

H3C

N2BF4

R

H3C

N

R

H3C

N Cl

4a, 72%

H3C

N

4b, 72%

H3C

N OMe

4c, 56%

H3C

N CF3

4d, 65%

H3C

N F

4e, 61% + 4c, 11%

MeOH ([2a] = 0.033])

Green LED (23 W), 48 h

Pd(OAc)2, 10 mol%

1, 5 mol%

N N
B

F F

O

+

2b-g
2x 0.1 mmol

3a
4 equiv.

4f–k’

DG

N2BF4

H3C

N

RR
Cl

N Cl

4f, 68%

H3C N Cl

4g, 60%

H3C

Cl

N
Cl

4h, 51%

O
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Cl

4i, 39%

N

O

H3C
CH3

N
Cl

4j, 25%

N

NN Cl

4k, 45%

NN Cl

4k’, 11%

Cl

MeOH ([2a] = 0.033])

Green LED (23 W), 48 h

Pd(OAc)2, 10 mol%

1, 5 mol%

N N
B

F F

O

+
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Scheme 3. Arylation of different coordinating substrates with diazonium salt 3e. 

In the case of the substrate 4h, it is possible to compare our results with the one reported in literature using different organic dye.[31] 

The yields obtained with our BODIPY dye are inferior with respect to the use of acridine dye (52 vs 72% respectively), but the amount 

of Pd(OAc)2 used in our reaction was lower (10 mol% vs 15 mol%). Unfortunately, pyridyl arene substrates were not further investigated 

with organic dyes and the other reported substrates are different, so that a direct comparison is not possible. With respect to the original 

contribution published by Sanford,[27] the yield obtained for 4b by us are quite similar to the one obtained in the previous paper (72 vs 

76% respectively) and the yields in the case of other substrates are comparable. Sandford obtained comparable results with the same 

amount of Pd(OAc)2 (10 mol%) but in less time employing [Ru(bpy)3]Cl2 as photocatalyst. 

The photophysical characterization of BDP was performed in the optimized reaction’s solvent and does not significantly differ from the 

above-described results in MeCN (see SI). The mechanistic study was performed by monitoring the change in the emission intensity 

of singlet oxygen upon addition of each one of the other species present in the reaction. In fact, the presence of a quencher decreases 

the intensity of 1O2 emission since it competes with energy transfer from BDP’s T1 to ground state molecular oxygen. 

The biggest change was observed in the presence of the diazonium salt, which can quench T1 quantitatively. This is also able to partially 

quench BDP’s fluorescence (Figure S8–10), thanks to the very high concentration of this species in the reaction conditions. On the 

contrary, all other species present in the reaction did not significantly change 1O2 emission intensity or the lifetime of BDP’s fluorescent 

excited state (Figure S8). This leads to hypothesize an oxidative quenching of the photosensitizer and the reaction mechanism depicted 

in Figure 5. 

 

 
Figure 5. Hypothesized reaction mechanism. 

It is finally important to highlight the photostability of the investigated BDP photosensitizer, as demonstrated in the present case by 

monitoring a diluted reaction mixture via UV-Vis spectroscopy Figure S11): this is a crucial aspect to be considered in a photoredox 

reaction. 

Conclusion 

In conclusion we have reported the first application in metallaphotoredox catalysis of a BODIPY dyad, that is able to populate its lowest-

lying triplet excited state. The possibility of fine tuning the properties of BODIPY by varying the substituent of the aromatic ring positioned 

in meso positions make us confident in further developments in metallaphotoredox catalysis. We are exploring the BODIPY with other 

metals and reactions, expanding the use of these dyes with long living excited state. 
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Experimental Section 

General procedure for dual photoredox and palladium-catalyzed room temperature C–H activation: all the reactions were performed in duplicate 

on 0.1 mmol scale of starting material 2a–h. A dry 10 mL Schlenk tube, equipped with a Rotaflo stopcock, magnetic stirring bar and an argon supply 

tube, was first charged under argon with the organic photocatalyst BDP (1) (5 mol%, 0.005 mmol, 2 mg), Pd(OAc)2 (10 mol%, 0.01 mmol, 2.3 mg) and 

the appropriate aryldiazonium salt (3a-e) (4 equiv., 0.4 mmol). Dry MeOH (3 mL to obtain a 0.033 M substrate solution) was then added, and the reaction 

mixture was further subjected to a freeze-pump-thaw procedure (four cycles) and the vessel refilled with argon. The reaction was irradiated under vigorous 

stirring for the desired time. After that the two reaction mixtures were quenched with a saturated solution of NaHCO3 (7 mL approx.), combined and 

extracted with AcOEt (4 x 5 mL). The combined organic layers were dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure. 

The crude was subject of flash column chromatography (SiO2) to afford the products 4 in the stated yields. 
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