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ABSTRACT: Metallaphotoredox catalysis combines the well-established mechanisms of transition-metal-catalyzed cross-coupling reactions 
with one-electron redox manipulations enabled by light. In most cases, a transition metal or organic dye serves as the photoredox catalyst while 
a ground-state Pd or Ni catalyst performs the organometallic steps. Cross-coupling mechanisms that rely on direct photoexcitation of a light-
absorbing substrate have the potential to access distinct mechanisms and deliver unique selectivity based on the substrate’s excited-state 
properties. In this report, we describe a photoinduced, Ni-catalyzed Suzuki–Miyaura cross coupling reaction that selectively functionalizes 
BODIPY chromophores, a versatile class of tunable, bright, photostable fluorophores. Using a bis-iodo BODIPY substrate, the selectivity for 
mono- vs. bis-arylation was found to be governed by a remote substituent that subtly alters the excited-state properties of the substrate. 
Consistent with a substrate photoexcitation mechanism, high chemoselectivity is also observed in mixtures of chromophores with distinct 
excited-state properties. This reaction is compatible with a variety of substituted BODIPY chromophores and boronic acids and esters, enabling 
the rapid synthesis of unsymmetrically-substituted chromophores.

INTRODUCTION 
The introduction of light to transition-metal-catalyzed cross-

coupling reactions has enabled new transformations and accelerated 
known reactions of challenging substrates.1 In metallaphotoredox 
catalysis, a photoredox catalyst engages in single-electron transfer 
(SET) with the substrate and/or transition-metal cocatalyst to 
generate radical intermediates or change oxidation states, 
respectively.  More recently, many examples of light-driven cross-
coupling reactions without a photoredox catalyst have been reported 
(Figure 1).2–7 The proposed role of light is direct photoexcitation of 
a catalyst such as Pd(0), which significantly lowers the barrier for 
oxidative addition by accessing one-electron mechanisms or 
facilitating challenging reductive eliminations (Figure 1a).8 While 
photoexcitation of a catalyst—be it a photoredox catalyst or a low-
valent Pd or Ni catalyst—can activate it towards SET with a ground-
state aryl halide substrate,9–11 in principle, photoexcitation of the 
organic substrate should also induce SET with a ground-state 
catalyst. However, typical organic substrates do not absorb visible 
light, so previous approaches that employ substrate photoexcitation 
rely on deprotonation (Figure 1b)2,4 or electron donor-acceptor 
(EDA) complexation (Figure 1c)12,13 to induce reactivity. We 
envisioned that direct substrate photoexcitation could enable the 
selective functionalization of organic chromophores, a class of 
compounds with myriad applications. Here, we show that visible-
light photoexcitation of halogenated boron-dipyrromethene 
(BODIPY) chromophores enables Ni-catalyzed Suzuki–Miyaura 
cross-coupling reactions under mild conditions (Figure 1d). These 
conditions are selective for the BODIPY substrate in the presence of 
aryl iodides that do not absorb visible light. Moreover, the substrate 
photoexcitation mechanism exhibits high chemoselectivity 
correlated to the photophysics of the substrate. Figure 1. Examples of light driving transition-metal-catalyzed (a) 

carbonylation, (b) amination, and (c) deaminative cross-coupling in the 
absence of photoredox catalysts. In this work (d), chromophores can be 
selectively functionalized through substrate photoexcitation. HE = 
Hantzsch ester. 



 

Organic chromophores are commonly used as photoredox 
catalysts because of their low cost and synthetic tunability.14 In 
isolated cases, light-absorbing substrates and products have been 
shown to act as photoredox catalysts to mediate their own 
functionalization or formation through SET.15–17 We imagined that 
the same excited-state properties that make a chromophore an 
effective photoredox catalyst—high triplet yields, long excited-state 
lifetimes, and high excited-state redox potentials—could be used to 
engage a ground-state transition-metal catalyst in a photoinduced 
cross-coupling. A key advantage of metallophotoredox cross-
coupling mechanisms is accessing the reactivity of one-electron 
chemistry while bypassing unselective free radical intermediates.18 
We hypothesized that photoexcitation of the substrate could induce 
SET with the transition-metal catalyst to enter a reaction manifold 
with not just lower barriers, but with distinct selectivity compared to 
thermal cross-coupling conditions. Such a photoinduced cross-
coupling reaction could exhibit selectivity in the presence of multiple 
substrates with similar sterics or electronics but distinct excited-state 
properties. 

In this work, we show that the photoinduced Ni-catalyzed cross-
coupling of diiodo-BODIPY chromophores is mild and selective. 
These conditions are not only selective for the BODIPY substrate in 
the presence of aryl halides that do not absorb visible light, but are 
also highly selective for mono vs. bis addition. Mono-substituted 
products may be further elaborated by thermal cross-coupling 
reactions to yield donor-acceptor BODIPYs. Strikingly, small 
structural changes at the meso position that do not affect the sterics 
or electrophilicity of the C–I bond result in selective formation of 
the bis-substituted product. This selectivity is consistent with a 
substrate photoexcitation mechanism that involves SET to the 
triplet state. Finally, we show that a mixture of halogenated 
BODIPYs with similar absorption spectra undergo selective 
photoinduced cross-coupling, in contrast to a thermal reaction that 
delivers a complex mixture of products. This result suggests that 
substrate photoexcitation mechanisms can confer unique selectivity 
on cross-coupling reactions, potentially enabling the identification 
of triplet sensitizers and photooxidants from mixtures of 
halogenated chromophores. 

RESULTS AND DISCUSSION  
1. Reaction development  
We turned our initial focus to halogenated BODIPY 

chromophores as substrates for the photoinduced cross-coupling 
reaction. This selection was guided by the broad utility of BODIPY 
derivatives as photosensitizers and photocatalysts for 
transformations including oxidations,19,20 oxidative couplings,21–23 
cross coupling,24 atom transfer radical addition,25 and 
photopolymerization.26,27 Furthermore, BODIPYs are ubiquitous 
fluorophores in materials science and bioimaging due to large 
absorption coefficients, narrow emission profiles, high 
photoluminescence quantum yields, and good photostability.28 
Derivatives that access the triplet state are additionally useful for 
photodynamic therapy29 and triplet-triplet annihilation 

upconversion.30,31 The photophysical and chemical properties of 
BODIPYs are highly tunable using modifications to the core. 
Representative examples include red-shifting the absorption and 
emission to the near-infrared,32 increasing the Stokes shift,28 
increasing intersystem crossing to the triplet state,33 shifting the 
redox potentials,34 and inducing responses to viscosity35 and small 
molecules.36  

We hypothesized that the identity of the halogen on the BODIPY 
electrophile would strongly affect cross-coupling reactivity by virtue 
of its effect on C–X bond strength, redox potential, and 
photophysics. In cross-coupling reactions, the rate of oxidative 
addition typically follows the trend I > Br > Cl. Similarly, the identity 
and quantity of halogens is expected to strongly influence the 
BODIPY excited state.  Halogenated BODIPY chromophores are 
frequently used as triplet photosensitizers thanks to the internal 
heavy-atom effect,37–40 and the same trend (I > Br > Cl) is observed 
for intersystem crossing efficiency (ФISC).41 If the substrate reacts in 
its excited state, we also expect to see an effect of the meso 
substituent on BODIPY. This substituent significantly affects the 
singlet excited-state lifetime and rate of decay by nonradiative 
internal conversion through the free rotor effect.35,42  

Therefore, we began our reaction development with diiodo-
BODIPY chromophore 1, a known photosensitizer37 and 
photocatalyst43 that absorbs green light. We found promising 
reactivity with Ni catalysts, which are commonly employed in 
metallophotoredox reactions due to their propensity for single-
electron chemistry.44–47  Multiple mechanisms have been proposed 
for the role of light in these reactions, including oxidation-state 
modulation by a photoredox catalyst,48–51 direct photoexcitation of 
Ni(II) complexes,52  and recovery of inactive, off-cycle Ni(II) species 
by photoreduction.53,54 Under the optimized conditions, 1 
underwent Suzuki–Miyaura cross-coupling at room temperature 
under irradiation with green light in the presence of Ni(dppp)Cl2 
precatalyst. Even though excess 4-methoxyphenyl boronic acid (2) 
was used, mono-substituted BODIPY 3a was selectively formed in 
82% yield (Table 1, entry 1). No bis-substituted product 3b could 
be detected in the crude reaction mixture by LCMS or 1H NMR. 
This chemoselectivity is notable in comparison to traditional 
thermal Pd-catalyzed conditions (entry 2), which favor the bis-
substituted product 3b. To confirm the role of light and catalyst for 
the photoinduced conditions, we performed several control 
reactions. No product was observed in the absence of Ni catalyst 
(entry 3), and 10% yield was obtained when the reaction was 
conducted in the dark (entry 4). Under thermal conditions (78 °C) 
in the dark, both 3a and 3b were observed in low yield and in nearly 
equal quantities (entry 5), suggesting that the photoinduced 
reaction achieves selectivity through a distinct mechanism. 
Intriguingly, substituting Ni(dppp)Cl2 with Pd(OAc)2/dppp under 
the optimal photoinduced conditions also delivered 3a as the major 
product, albeit with lower yield and selectivity, suggesting that the 
mechanism governing mono-selectivity could be general for 
different transition-metal catalysts.



 

Table 1. Optimization for the nickel-catalyzed photoinduced Suzuki–Miyaura reaction 

 

aAll data represent the average of two experiments. Under the standard conditions, the reaction was performed on a 0.004 mmol scale, with 2 equiv 
cesium carbonate, 10 equiv of 4-methoxyboronic acid, 0.1 equiv of Ni(dppp)Cl2, and degassed acetonitrile (0.001 M). Irradiation was provided by 
green LEDs using fan cooling to maintain a temperature of <30 °C. See SI for details. b Conversion, yield, and ratio of mono to bis products were 
determined by LCMS using Erythrosine-B as external standard. 

When we sought to expand the nucleophile scope to electron-
neutral boronic acids, disappointingly, the standard conditions 
(Condition A) delivered low yields of cross-coupled product (entry 
7). Therefore, the catalyst, ligand, solvent, and nucleophile were re-
evaluated. We found that a combination of Ni(COD)2 and 
(PCy2)2ethane ligand in a mixed solvent of toluene and dioxane, 
using the neopentyl glycol ester 4, yields the desired phenyl-
substituted BODIPY chromophore 5a in 63% yield with high 
chemoselectivity (entry 8, Condition B). Other bisphosphine 
ligands such as dppe and dppp also provide good yields (SI, Table 
S6). We repeated the key control reactions using these modified 
conditions and again saw no product in the absence of catalyst and 
11% yield in the absence of light (entries 9 and 10), consistent with 
a Ni-catalyzed, light-promoted reaction. Condition B is also 
applicable to electron-rich boronic acids, albeit with slightly lower 
yield and chemoselectivity (entry 6).  

We hypothesized that green LEDs (centered at 525 nm, 
FWHM 30 nm; SI, Figures S9-S13) would promote the reaction 
with the highest efficiency due to the substrate’s maximum 
absorbance at 531 nm. To test this hypothesis, we performed the 
reaction with LEDs ranging from UV (350 nm) to red (626 nm). As 
expected, based on the absorption spectrum of 1, under both 
Condition A and B, green LEDs yielded the desired product in the 
highest yield. Identical reactions with UV, violet, and red LEDs 
resulted in low conversions with no desired product, and blue, 
yellow, and white55 LEDs provided low yields of product (Figure 2). 
The sensitivity of this reaction to the color of the light further 
suggests that a thermal reaction is not responsible for catalysis. 
Other components of the reaction, such as the boronic acid/ester 
and the Ni precatalyst, do not absorb green light, also supporting the 
hypothesis that the BODIPY substrate or derivative thereof is 
involved in the light-dependent step.

nucleophile entry deviation from “standard conditions”a % conversion % yieldb mono:bis 

2 

1 none (Condition A) 100 82 >15:1 

2 10% Pd(PPh3)4, Na2CO3, dioxane-H2O, 100 °C, no light 89 57 1:8 

3 no Ni(dppp)Cl2 12 <5 - 

4 no light 26 10 >15:1 

5 78 °C, no light 49 14 1:1.3 

6 10 mol% Ni(COD)2, 12 mol% of (PCy2)2ethane, toluene-dioxane 
(Condition B) 97 61 12:1 

phenyl boronic 
acid 7 none (Condition A) 36 17 >15:1 

4 

8  Condition B 78 63 >15:1 

9 no Ni(COD)2 or no ligand 15 - 20 <5 - 

10 no light 26 11 >15:1 



 

 

Figure 2. Wavelength screen for the photoinduced nickel-catalyzed Suzuki-Miyaura reaction between BODIPY 1 and boronic acid 2 under Condition 
A (dark bars), or boronic ester 4 under Condition B (faded bars). The normalized UV-Vis absorption spectrum of BODIPY 1 is superimposed in the 
background. See SI for details. 

2. Substrate scope 
Based on our optimization studies in Table 1, we next explored 

the scope of the photoinduced cross-coupling reaction with respect 
to boronic acid/ester coupling partner. On preparative scale, it was 
possible to increase the concentration to 0.01 M without sacrificing 
yield or chemoselectivity (see SI, Table S2 and S5 for details). Using 
Condition A, electron-rich aromatic, heteroaromatic, and vinyl 
boronic acids provided the mono-functionalized products in 30–
80% isolated yield. Minor bis-substituted products were only 
observed in the crude reaction mixture when using 5-membered 
heteroaromatic boronic acids (13 and 14, ~6-8:1). Azide- and 
alkyne-substituted boronic acids furnished BODIPYs 16 and 17 with 
handles for conjugation by Cu-catalyzed click chemistry. Under 
Condition B, electron-neutral and -poor boronic esters provided 
mono-substituted products in 32–63% isolated yield, accompanied 
by unreacted starting material (8–25%); the modest reactivity of 
electron-poor nucleophiles remains a limitation of this method 
(Table 2).  

Table 2. Nucleophile scope for the photoinduced nickel-catalyzed 
Suzuki–Miyaura reactiona 

 
a Reactions were performed on a 0.024 mmol scale, with 2 equiv 

cesium carbonate, 10 equiv boronic acid/ester, and 0.1 equiv 
Ni(dppp)Cl2 in degassed acetonitrile (0.01 M) for Condition A, or 0.1 
equiv Ni(COD)2 and 0.12 equiv (PCy2)2ethane in degassed toluene-
dioxane (1:1, 0.01 M) for Condition B, under irradiation by green LEDs 
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with fan cooling to maintain <30 °C. Products were purified by flash 
column chromatography. b The crude reaction mixture was a 6.7:1 ratio 
of mono:bis products. c The crude reaction mixture was a 8.2:1 ratio of 
mono:bis products. 

The high chemoselectivity of the photoinduced reaction stands in 
contrast to typical thermal cross-coupling conditions. The selective 
activation of C–X bonds in polyhalogenated aromatic and 
heteroaromatic substrates is most often based on intrinsic reactivity 
differences between sites on the (hetero)aromatic scaffold56,57 or 
between C–X bonds (i.e., I > Br > Cl).58–60 In Pd-catalyzed cross-
coupling reactions of polyhalogenated (hetero)aromatics, the 
identity of the ligand can be used to enhance or even invert the 
substrate’s intrinsic selectivity.59 For substrates with multiple 
identical C–X bonds, however, a statistical mixture is often observed, 
even when equimolar amounts of the nucleophile are used. 
Monoselectivity can only be achieved if the first substitution 
deactivates the remaining C–X bonds through steric or electronic 
effects,61 or causes a significant change in crystallinity (solvent-free 
conditions).62  

In our light-dependent reaction, the mono-substituted products 
are deactivated towards the photoinduced cross-coupling, but not to 
thermal conditions. Thus, the remaining C–I bond can be engaged 
in thermal cross-coupling reactions to deliver unsymmetrically 
substituted BODIPY chromophores, which are found in dyads and 
triads designed for light harvesting, nonlinear optics, and 
bioconjugation.33,63–67 To highlight the utility of this strategy, we 
applied our protocol to the construction of BODIPYs containing 
electron donors and acceptors at the 2 and 6 positions. The 
conventional route to prepare such donor-acceptor BODIPYs relies 
on sequential mono-halogenation, cross-coupling, halogenation, 
and cross-coupling, rendering this stepwise sequence inefficient 
(10% overall yield).68 In contrast, the photoinduced cross-coupling 
of diiodo-BODIPY 1 with an electron-rich (donor) arylboronic acid 
selectively delivers the mono-substituted product (3a or 7) in high 
yield. This intermediate can be directly elaborated with an electron-
poor (acceptor) boronic acid using traditional thermal, Pd-catalyzed 
cross-coupling conditions (Scheme 1). This route was used to 
prepare donor-acceptor BODIPYs 20 and 21 in 40–45% overall 
yield over 3 steps from the commercial laser dye BODIPY 505/515 
(CAS 21658-70-8). Thus, the photoinduced cross-coupling 
protocol improves synthetic access to unsymmetrically substituted 
BODIPYs for material applications.  

Scheme 1. Synthesis of unsymmetrical BODIPY chromophores by 
photoinduced cross-coupling. 

 

Next, we explored the scope of this cross-coupling with respect to 
the BODIPY substrate (Table 3). Diiodo-BODIPYs containing 
methyl, phenyl, or para-substituted aryl groups at the meso position 
all provided the mono-substituted products in 34–72% yield, using 
Condition A for electron-rich boronic acids (22, 24, 26) and 
Condition B for electron-neutral and -poor boronic esters (23, 25). 
Surprisingly, placing a sterically hindered mesityl substituent at the 
meso position (BODIPY 28) altered the chemoselectivity of the 
photoinduced cross-coupling. Under the standard conditions (16 
h), exclusively bis-substituted product 29b was observed and 
isolated in 72% yield. By running the reaction to incomplete 
conversion (5 h), we could obtain a 1:2 ratio of mono- to bis-
substituted products and isolate 29a in 32% yield. These results 
suggest that mesityl-BODIPY 28 continues to react after the initial 
mono-substitution, unlike the other chromophores studied. Bis-
substitution was also observed for the reaction of 28 with other 
boronic acids and esters under Conditions A and B (30, 31). 
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Table 3. BODIPY scope for the photoinduced nickel-catalyzed 
Suzuki–Miyaura reactiona 

  
a Reactions were performed on a 0.024 mmol scale, with 2 equiv 

cesium carbonate, 10 equiv boronic acid, and 0.1 equiv Ni(dppp)Cl2 in 
degassed acetonitrile (0.01 M) for Condition A, or 0.1 equiv Ni(COD)2 
and 0.12 equiv (PCy2)2ethane in degassed toluene-dioxane (1:1, 0.01 
M) for Condition B, under irradiation by green LEDs with fan cooling 
to maintain <30 ºC. Products were purified by flash column 
chromatography. b The reaction was stopped after 5 h.  

Finally, we sought to determine whether chromophores with red-
shifted absorption can undergo the photoinduced cross-coupling 
with even lower-energy light. Aza-BODIPYs are red-shifted relative 
to BODIPYs due to the electronegative N atom lowering the energy 
of the LUMO.69 This effect, in combination with electron-rich aryl 
substituents, results in chromophores that absorb in the red to near-
IR ranges.70,71 Halogenated aza-BODIPYs have been used as 
photosensitizers for singlet oxygen generation72,73 and photoredox 
catalysts for radical polymerization26. We found that aza-BODIPY 
32 (λmax = 658 nm) underwent photoinduced Suzuki–Miyaura cross-
coupling to deliver mono-substituted product 33 in 28% yield 
(Scheme 2). Future work will include the optimization of 
photoinduced cross-coupling conditions for these red-shifted 
substrates. 
Scheme 2. Cross-coupling of aza-BODIPY with red lighta 

 
a Ar = 3,4,5-trimethoxybenzene; Ar’ = 4-tBuPh. 

In summary, we have discovered that diiodo-BODIPY and aza-
BODIPY chromophores undergo Ni-catalyzed coupling when 

irradiated with light corresponding to their absorption maxima. 
However, while all BODIPY substrates evaluated exhibit similar 
absorption and emission profiles (SI, Figure S18), their reactivity 
patterns differ significantly. Therefore, to better understand the 
selectivity of the photoinduced cross-coupling reaction, we probed 
the nature of the light dependence and the photophysical and 
photochemical properties of the substrates in greater detail. 

3. Photoinitiation vs. photocontrol 
Figure 2 shows that the optimal wavelengths of the photoinduced 

cross-coupling correspond to the absorption of the BODIPY 
substrate. We sought to establish whether the reaction is 
photoinitiated or photocontrolled. If the reaction is photoinitiated, 
product formation should continue in the dark after a period of 
initial irradiation. We monitored the conversion of 1 under 
Condition A as a function of time during alternating green 
irradiation and dark. During the periods with green irradiation, we 
saw significant conversion of 1 to mono-substituted product 3a. 
During the dark periods, we continued to see conversion of 1 but 
minor formation of 3a (<5% yield in 5 hours), consistent with the 
unproductive background decomposition that occurs in the dark 
(Table 1, entry 4). The difference in the rate of product formation 
between the irradiated and dark periods suggests that some thermal 
background reaction can occur in the dark, representing less than 
one catalyst turnover, but the productive reaction is significantly 
accelerated (and the decomposition suppressed) under irradiation. 

 

 

Figure 3. On/off experiment with BODIPY 1 under Condition A. 
Measurements were taken at an interval of 1 hr for the ON cycle and 6 
hrs for OFF cycle. See SI for details. 

4. Excited-state properties of the substrates and 
products 
To rationalize the observed reactivity and selectivity under 

irradiation wavelengths corresponding to substrate absorption, we 
next turned our attention towards the excited-state properties of the 
BODIPY substrates. Since the identity and number of halogens is 
expected to significantly influence excited-state properties,40 we also 
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prepared dibromo-BODIPY 34 and monoiodo-BODIPY 35. Under 
Conditions A and B, neither 34 nor 35 formed any detectable cross-
coupled product. While the inertness of 34 could be explained by the 
lower reactivity of C–Br bonds towards oxidative addition, the 
absence of reactivity for 35, which only differs from substrate 1 by 
one iodine atom, suggests a photophysical or photochemical origin 
for selectivity. 

 We compared these unreactive substrates to 1, its mono-
substituted product 3a, and mesityl-BODIPY 28, which forms bis-
substituted 29b via intermediate 29a. We reasoned that the 
conversion of 1 to 3a must be accompanied by a significant change 
in its photophysical or photochemical properties, which prevent 
further cross-coupling to form 3b. We also anticipated that 3a might 

have similar properties to 35, which was also unreactive despite 
absorbing green light. In contrast, we expected that 28 and 29a 
should possess similar excited-state properties, explaining why the 
reaction continues after the first cross-coupling to form 29b.  

For these compounds, we measured the ground-state absorption 
spectra, steady-state fluorescence spectra, fluorescence lifetimes 
(τS), fluorescence quantum yields (ФFL), and intersystem crossing 
quantum yields (ФISC). The collection of these data permitted the 
calculation of the radiative decay rate constant (kr), the non-
radiative decay rate constant (knr), and the intersystem crossing rate 
constant (kISC). The photochemical and photophysical data are 
summarized in Table 4; additional data are shown in Table S9 and 
representative datasets are illustrated in Figures S17-S23 (SI).

Table 4. Excited-state properties of BODIPY chromophores 

 

compound λabs
a λem

a 
τS 

(ns)b 
τT (µs)c ΦF

 d ΦΔ
 e 

kr 

(108 s-1) 

knr 
(108 s-1) 

kisc 
(108 s-1) 

Ered (V)f ET (eV)g Ered,T 
(V)h 

34 538 551 1.70 n.d. 0.22 0.67 1.30 0.65 3.94 -1.29 1.59 0.30 

35 525 539 0.23 1.8 0.03 0.84 1.30 5.65 36.5 -1.43 1.57 0.14 

1 532 553 0.31 2.1 0.02 0.94 0.65 3.23 28.4 -1.30 1.55 0.25 

3a 530 601 0.62 3.1 0.05 0.45 0.82 8.20 7.38 -1.40 1.58 0.18 

28 531 548 0.29 0.85, 53.4% 0.02 0.87 0.67 4.33 28.3 -1.35 1.64 0.29 

29a 528 585 0.67 6.7 0.06 0.62 0.90 4.78 9.25 -1.40 1.63 0.23 

aUnit = nm, concentration = 1.0 x 10-5 M in acetonitrile. bτS = Fluorescence lifetime in nanoseconds, measured by time-resolved photoluminescence 
(concentration = 1.0 x 10-6 M in acetonitrile). Fluorescence lifetime data were fit to a mono-exponential decay. cτT = Triplet lifetime in microseconds, 
measured by microsecond transient absorption in toluene (concentration = 1.0 x 10-6 M in acetonitrile). d ФF = Absolute fluorescence quantum yields 
determined by integrating sphere (concentration = 1.0 X 10-6 M in acetonitrile). e ФΔ = Phosphorescence quantum yield of singlet oxygen (1O2) 
phosphorescence with phenazine as standard. gOnset potentials shown in V. All electrochemical measurements were performed in acetonitrile (0.1 M 
n-Bu4NPF6) using Ag/AgCl wire as a pseudo-reference electrode and referenced to ferrocene/ferrocenium redox couple. hTriplet energies were 
determined by λmax of the phosphorescence spectrum at 77K in 2:2:1:1 (v:v) ethyl iodide/diethyl ether/ethanol/toluene. See SI for spectra. 
hApproximated as Ered,T = ET + Ered. 

The normalized ground-state absorption and steady-state 
fluorescence spectra of chromophores 34, 35, 1, 3a, 28 and 29a were 
collected in acetonitrile, representative of Condition A (SI, Figure 
S17). The absorption spectra of all six derivatives are similar, 
exhibiting maxima between 525 and 538 nm and narrow absorption 
transitions with high extinction coefficients and vibronic 
progression characteristic of π-π* transitions. The similarities suggest 
that differences in the absorption are not responsible for the changes 
in reactivity. The fluorescence spectra of all chromophores are also 
assigned as π-π* in nature, but the mono-substituted products 3a and 
29a exhibit larger Stokes shifts and broader emission than the initial 
substrates, suggesting charge-transfer character in their singlet π-π* 
excited states. 

The singlet excited-state dynamics in these molecules are 
influenced by their halogen content, arylation at the 6-position, and 
the nature of the substituent in the meso position. The dibromo-
BODIPY 34 exhibits the highest fluorescence quantum yield (0.22). 
All of the iodinated chromophores possess low fluorescence 
quantum yields (0.02–0.11) and fluorescence lifetimes under a 
nanosecond, suggesting that the singlet excited state is too short-
lived to undergo bimolecular reactions. Therefore, intersystem 
crossing (ISC) to a long-lived triplet state is likely responsible for the 
observed reactivity. ISC is the dominant kinetic pathway in both of 
the diiodo-BODIPY derivatives (1 and 28) and mono-iodo-
BODIPY 35. These compounds have similar ISC crossing rate 
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constants on the order of 3 x 109 s-1, resulting in quantum yields for 
ISC exceeding 0.8.  

Coupling installs an aryl group that increases possible non-
radiative decay pathways by vibration, rotation, and intramolecular 
charge transfer.74–76 Correspondingly, the mono-functionalized 
derivatives 3a and 29a exhibit higher rates of both radiative and 
nonradiative decay, compared to their diiodo-BODIPY precursors. 
However, the meso substituents have an impact on the relative 
magnitude of the changes that occur after cross-coupling. Both 3a 
and 29a experience a decrease in ISC rate and quantum yield 
compared to their precursors. In 3a, the rate of nonradiative decay 
(8.2 x 108 s-1) becomes competitive with ISC (7.4 x 108 s-1); in 
contrast, for 29a, ISC remains twice as fast compared to nonradiative 
decay (9.2 x 108 s-1 vs. 4.7 x 108 s-1). Compared to smaller 
substituents, the mesityl group is particularly effective at decreasing 
internal conversion by limiting the free rotor effect.42,77 Nevertheless, 
these differences in ISC cannot fully explain the difference in 
reactivity between 3a and 29a because mono-iodo-BODIPY 35 
exhibits high quantum yield and rate for ISC, but does not undergo 
cross-coupling. Furthermore, all of the iodinated BODIPYs 
measured had triplet lifetimes 0.85 µs or greater, and we did not 
observe any trend between triplet lifetime and reactivity. These data 
suggest that formation of a triplet state is a necessary precondition 
to reactivity but not the basis for mono vs. bis chemoselectivity. 

Since iodo-BODIPYs are competent photoredox catalysts,43 we 
next evaluated the photochemical reactivity of the triplet states. The 
ground-state redox potentials were determined by cyclic 
voltammetry (SI, Figures S1-S7 and S14-S15), and the triplet 
energies (ET) were determined by phosphorescence measurements 
in a solvent glass at 77 K (SI, Figures S23). The excited-state 
oxidation potentials fell between –0.68 and –0.82 vs. Fc/Fc+ (SI, 
Table S9) and did not reveal any trends consistent with the 
reactivity: that is, unreactive product 3a has a similar excited-state 
oxidation potential to reactive intermediate 29a (–0.80 and –0.82 
V), and unreactive substrate 35 (–0.73 V) is a better excited-state 
reductant than substrate 1 (–0.68 V). However, the excited-state 
reduction potentials reveal a clear cutoff between reactive substrates 
(1, 28, 29a ≥0.23 V) and unreactive substrates (35, 3a ≤0.18 V). 
This 70 mV difference in excited-state reduction potentials 
corresponds to a 1.61 kcal/mol difference in thermodynamic driving 
force for electron transfer. 

Taken together, we find that the photoinduced cross-coupling 
reaction is exquisitely sensitive to the excited-state properties of the 
substrate. The reaction is capable of distinguishing between 
substrates with similar absorption, sterics, and electronics, based on 
subtly different excited-state reduction potentials. The observed 
trends are consistent with the substrate triplet state acting as a 
photooxidant for oxidative addition by SET45 or oxidation-state 
modulation of a Ni intermediate48–51 or off-cycle species.54 However, 
our data do not rule out scenarios that involve photoexcitation of Ni-
BODIPY complexes.52  

Three representative scenarios in which photoexcitation of the 
substrate or a Ni complex derived from it promote the cross-
coupling cycle are presented in Figure 4. In scenario (a), an example 
of oxidation-state modulation, 3BODIPY oxidizes an on-cycle Ni(II) 
intermediate, forming a Ni(III) intermediate that undergoes facile 
reductive elimination. In scenario (b), 3BODIPY undergoes SET 
with Ni(0) to form an ion pair, which undergoes collapse to the 
oxidative addition product in a photoinduced variation of the classic 
mechanism elucidated by Kochi.45 Alternatively, in scenario (c), 

photoexcitation of a Ni(II)–BODIPY adduct is required for catalytic 
turnover.  

 

Figure 4. Representative possible mechanisms that involve 
photoexcitation of BODIPY or an organometallic intermediate. For 
simplicity, inorganic byproducts are not included. 

5. Selectivity of the photoinduced reaction with 
mixtures of substrates 
If scenario (a) is operative, the substrate that undergoes cross-

coupling need not be photoactive. In that scenario, the BODIPY 
substrate can be viewed as a photoredox catalyst that should, in 
principle, be able to promote the cross-coupling of other ground-
state substrates in concert with Ni catalysis. To test this hypothesis, 
we performed competition experiments between 1 and substrates 
that do not undergo photoinduced cross-coupling. First, we 
examined the chemoselectivity of the photoinduced cross-coupling 
in the presence of a simple aryl halide, 2-fluoroiodobenzene (36), 
which does not absorb past 300 nm (SI, Figure S24). While 36 
undergoes efficient Suzuki–Miyaura cross-coupling under thermal 
conditions with various Pd catalysts,78 in a competition experiment 
between 1 and 36 (1:10 molar ratio) under Condition A, we 
observed exclusive formation of 3a arising from mono-arylation of 1 
(Scheme 3). By 19F NMR, we observed neither conversion of 36 nor 
formation of the expected biphenyl product (SI, Figure S25).  
Scheme 3. Competition experiment between BODIPY 1 and 4-
fluoroidobenzene 

 
Next, we sought to test the chemoselectivity of this reaction in the 

presence of multiple substrates with similar absorption but different 
excited-state properties. A 1:1:1 mixture of 1, 34, and 35 was 
subjected to Condition A with excess arylboronic acid (Scheme 4). 
Again, only the monosubstituted product 3a derived from 1 could 
be observed by 1H NMR and high-resolution mass spectrometry; 34 
and 35 were recovered unreacted (SI, Figures S26-29). Under 
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standard thermal Pd-catalyzed conditions, a complex mixture of 
products arising from 1, 34, and 35 is observed (SI, Figure S30).  
Scheme 4. Competition experiment between BODIPYsa 

 
a Reactions were performed on a 0.004 mmol scale, with 1:1:1 ratio of 

1, 34, and 35, 2 equiv Cs2CO3, 10 equiv boronic acid, and 0.1 equiv 
Ni(dppp)Cl2 in degassed acetonitrile (0.001 M) under irradiation by 
green LEDs with fan cooling to maintain <30 ºC. Conversion, yield, and 
ratio of starting materials to products were determined by 1H-NMR 
using dibromomethane as external standard. 

Therefore, we can rule out mechanistic scenarios in which the 
BODIPY chromophore acts as a photoredox catalyst or 
photosensitizer79 to activate on- or off-cycle intermediates towards 
cross coupling (for example, Figure 4a). At this stage, we cannot 
distinguish between mechanisms in which photoexcited BODIPY 
substrates enter the catalytic cycle (Figure 4b) and mechanisms in 
which an organometallic intermediate containing BODIPY is 
photoexcited (Figure 4c). The isolation and characterization 
relevant organometallic intermediates to explore this latter 
possibility are ongoing. Beyond providing insight into the role of 
substrate photoexcitation in the reaction mechanism, these 
competition experiments demonstrate that chemoselectivity for the 
substrate with most efficient ISC and highest excited-state reduction 
potential is maintained in mixtures of chromophores with similar 
absorption characteristics. 

CONCLUSIONS 
We have developed a photoinduced, Ni-catalyzed Suzuki–

Miyaura cross-coupling of halogenated BODIPY chromophores. 
This reaction exhibits high chemoselectivity depending on the 
identity of the meso substituent. For diiodo-BODIPY substrates 
with small groups at the meso position, high chemoselectivity is 
observed for the mono-functionalized product, providing rapid 
synthetic access to unsymmetrically substituted BODIPYs. 
Preliminary results demonstrate that this reactivity can be extended 
to bathochromically-shifted chromophores such as aza-BODIPYs 
using red light. Substitution at the meso position of diiodo-BODIPY 
with a mesityl group does not perturb the C–I bonds sterically or 
electronically, but shifts the reactivity to selective bis-substitution. 
Comparison of the excited-state properties of reactive and 
unreactive substrates reveals a cutoff in the excited-state reduction 
potential that is correlated to reactivity.  

We propose that the cross-coupling mechanism involves 
photoexcitation of the chromophore substrate or an organometallic 
intermediate derived from it because the optimal wavelengths for 
reactivity correspond to the substrate absorption. Based on 
competition experiments, we can rule out scenarios in which the 

substrate acts as a photoredox catalyst or photosensitizer. In 
addition to applications to chromophore synthesis, we envision that 
the photoinduced cross-coupling will enable the discovery of new 
triplet sensitizers and photoredox catalysts from complex mixtures 
of chromophores. Such a goal will require us to broaden the scope of 
this reaction to classes beyond BODIPY and aza-BODIPY. Efforts 
to realize this reactivity-driven approach to materials discovery and 
detailed mechanistic investigations of the organometallic 
mechanism are underway in our lab.  
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