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Pyrrolo[2,1-a]isoquinolines
as multitasking organophotocatalysts
in chemical synthesis

Yuliang Liu,1 Haoyu Li,1 Eugene Yew Kun Tan,1 Erik Budi Santiko,2 Youhei Chitose,2 Manabu Abe,2,*

and Shunsuke Chiba1,3,*
THE BIGGER PICTURE

Visible-light photocatalysis, which

harvests readily available visible

photons to drive chemical

processes, has unlocked new

reactivity paradigms, leading to

vast expansion of the chemical

spaces for the production of small

molecules of interest. In this work,

we have designed and developed

pyrrolo[2,1-a]isoquinolines (PIqs)

bearing electron-withdrawing

groups as organic photocatalysts

that display superior redox and

energy-transfer functions to

catalyze a series of molecular

transformations. The reactivity of

PIqs can be precisely tuned by the

positions and types of the

electron-withdrawing groups on

the compact PIq scaffold, guiding

them to the desired

photocatalysis of choice.
SUMMARY

We demonstrate the design and synthesis of pyrrolo[2,1-a]isoquino-
lines (PIqs) bearing electron-withdrawing groups, which are excited
under irradiation with visible light to display wider redox windows
and higher triplet-state energies. The photophysical and electro-
chemical characters of PIqs can be tailored by modification of the
electron-withdrawing groups and their positions, enabling redox-
neutral (hetero)biaryl cross-coupling between aryl halides and (het-
ero)arenes, nickel-catalyzed amination and oxygenation of aryl ha-
lides, and decarboxylative cross-coupling between a-amino acids
and aryl halides, as well as a set of molecular transformations driven
by triplet-triplet sensitization under irradiation with visible light.

INTRODUCTION

Visible-light photocatalysis has been on the rise in advancing contemporary chem-

ical synthesis in the last decade, enabling a vast array of molecular transforma-

tions.1–6 Photocatalytic chemical processes are endowed with various chemical acti-

vation modes, including single-electron transfer (SET),7,8 hydrogen-atom transfer

(HAT),9–11 and energy transfer (EnT),12,13 as well as their combinations, which are

generally induced by photoexcitation of light-absorbing substrates or complexes

as the catalysts. Homogeneous transition-metal-based photocatalysts, such as

ruthenium/iridium (Ru/Ir) polypyridyl complexes (e.g., I–III in Figure 1A), are em-

ployed as the photocatalysts, which can be excited under irradiation with visible light

to form long-lived metal-to-ligand charge-transfer triplet excited states (3MLCTs),

inducing SET to or from organic substrates or EnT via triplet sensitization to provide

reactive open-shell radical intermediates. To circumvent the use of transition metals

given their rarity and toxicity, various organic photosensitizers have been designed

and utilized as photocatalysts (Figure 1B).14–16 Their basic structures commonly

involve electron-donating groups (EDGs) and electron-withdrawing groups

(EWGs) in p-conjugated scaffolds, and their appropriate spatial arrangement is

key to enabling desired reactivities as the photocatalysts. The lifetimes of the

excited singlet (S1) states of organic photosensitizers are generally short (the decay

rate constants kd = �108�9 s�1), whereas the rate constants of the intersystem

crossing (ISC) to the triplet (T1) state are about kISC = 106�7 s�1, except for those

of molecules with heavy atoms or those of aryl ketones such as benzophenone de-

rivatives with a close energy relation between S1(n,p*) and T1(p,p*), thus resulting

in relatively low quantum yields of ISC.14,17 Therefore, long-lived T1 states are not

efficiently employed for the desired bimolecular electron-transfer or EnT events.

10-Phenyl-phenothiazine (PTH; IV)18,19 and acridinium salts (e.g., V)20 are known

to function as a S1 excited-state photoreductant and photooxidant, respectively.
2726 Chem Catalysis 2, 2726–2749, October 20, 2022 ª 2022 The Authors. Published by Elsevier Inc.
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Figure 1. Photocatalysts
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However, the lifetime of their S1 states is short (t = 3 ns for IV and 6 ns for V, kd =

�1.5–3 3 108 s�1), and thus the applicable reactions might be restricted to

those at a near-diffusion limit (for example, �2–5 3 109 M�1s�1 with the substrate

concentration around at 0.1 M). On the other hand, a donor-acceptor cyanoarene,

1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4-CzIPN; VI), was identified by

Adachi as an excellent thermally activated delayed fluorescence (TADF) material

that has a small energy gap between the excited S1 and T1 states (DE(ST) = nearly

2 kcal mol�1) and thus shows an extremely longer-lived photoluminescence lifetime

(t = �5 ms, kd = �2 3 105 s�1).21–23 However, the redox window of photoexcited VI

(E*red = 1.35 V versus saturated calomel electrode [SCE]; E*ox =�1.04 V versus SCE)

is not so wide, and thus its catalysis application for the redox activation of small mol-

ecules is restricted.24 Zeitler successfully expanded the photoexcited redox window

of donor-acceptor cyanoarenes through structural fine-tuning of the electron-donor
Chem Catalysis 2, 2726–2749, October 20, 2022 2727
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Figure 2. Photophysical and electrochemical characterization of 1 and 2

(A) Spatial arrangement of an EDG and an EWG on a benzene ring for photocatalyst design.

(B) Photophysical and electrochemical characters of methyl 3-(1-methyl-1H-pyrrol-2-yl)benzoate (1) and methyl 4-(1-methyl-1H-pyrrol-2-yl)benzoate (2).

Some representative data are listed. Absorption (black line) and fluorescence emission (red line) spectra are shown for both 1 and 2 (see Figures S9–S14,

S45, and S46).

(C) Absorption spectra of 1 and 2 with contributions of their frontier orbitals to the absorption peaks computed at the B3LYP/6-31G(d) level of theory

(see Figures S60 and S61).
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and -acceptor moieties, tailoring them for stronger photoexcited reductants (E*ox up

to�1.79 V versus SCE) or oxidants (E*red = 1.56 V versus SCE).25 Miyake developed a

series of organic visible-light photocatalysts based on N-aryl phenoxazines (e.g.,

VII), which are capable of populating long-lived photoexcited T1 states with highly

negative oxidation potentials (E*ox = up to �2 V versus SCE) and higher quantum

yields of their ISC, and thus these photocatalysts have been utilized as a photoex-

cited reductant to initiate the processes.26–30 Their CT state involving orthogonally

twisted donor and acceptor moieties is one of the keys to promoting ISC from S1 to

T1 in higher yield.

Herein, we report that pyrrolo[2,1-a]isoquinolines (PIqs) bearing EWGs are capable

of displaying a wider redox potential window and higher excitation energy in their

photoexcited states to promote a set of SET and EnT events under irradiation with

visible light, despite their planar and compact core scaffolds (Figure 1C). Interest-

ingly, the position and the types of the EWGs on the PIq scaffold have a significant

impact on their photophysical and electrochemical characters, such as the photo-

excited states and their lifetimes, as well as electrochemical potentials and T1 state

energies. We discuss the rational design and development of PIqs, as well as their

photocatalytic applications, to promote redox-neutral biaryl cross-coupling,

nickel-catalyzed aryl amination and oxygenation, and decarboxylative cross-

coupling, as well as a set of molecular transformations driven by triplet-triplet

sensitization.
2728 Chem Catalysis 2, 2726–2749, October 20, 2022



Figure 3. Synthesis of PIq-1 and PIq-2 and their photophysical and electrochemical characterization

(A) Synthesis of PIq-1 and PIq-2.
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Figure 3. Continued

(B) Photophysical and electrochemical characters of PIq-1. Some representative data are listed. Absorption (black line), fluorescence emission (red line),

and phosphorescence emission (blue line) spectra are shown (see Figures S15–S17 and S47).

(C) Photophysical and electrochemical characters of PIq-2. Some representative data are listed. Absorption (black line), fluorescence emission (red line),

and phosphorescence emission (blue line) spectra are shown (see Figures S18–S20 and S48).

(D) Absorption spectra of PIq-1 and PIq-2 with contributions (>10%) of their frontier orbitals to the absorption peaks computed at the B3LYP/6-31G(d)

level of theory (see Figures S62 and S63).
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RESULTS AND DISCUSSION

Design, synthesis, and characterization of PIqs

As amolecular design strategy, the spatial separation of EDG and EWG sites that are

not directly conjugated within the p-conjugated scaffolds is essential to enabling an

intramolecular charge transfer (CT) state, thus enabling a prolonged lifetime of the

electronically excited states.31 Thus, our design is based on the installation of

EDG and EWG at the 1 and 3 positions of the benzene ring (Figure 2A). As for the

electron-donating moieties, amino groups (–NR2) have been conventionally em-

ployed and introduced by typically transition-metal-catalyzed aryl–N cross-coupling

reactions or nucleophilic aromatic substitution reactions. On the other hand, we

selected an electron-rich five-membered ring aromatic heterocycle, pyrrole,32 as a

candidate of the EDG and installed it through a C–C bond that allows for elongation

of p-conjugate structures of the scaffolds. As a proof of concept, we first studied

(2-pyrrolyl)benzoates (1 for meta-adduct, 2 for para-adduct) (Figure 2B). A set of

photophysical and electrochemical measurements revealed that they displayed

reasonably wider redox potential windows in their photoexcited S1 states (for 1:

E*ox
S =�2.14 V versus SCE, E*red

S = 1.12 V versus SCE; for 2: E*ox
S =�2.23 V versus

SCE, E*red
S = 1.27 V versus SCE). More interestingly, the meta-adduct 1 showed

longer fluorescence lifetime of nearly 21 ns than that of the para-adduct 2 (3.8 ns)

measured by time-correlated single photon counting (TCSPC). We also observed

a larger Stokes shift (labs.max = 330 nm, lem.max = 470 nm, Dl = 140 nm), which in-

dicates desired CT character of 1 in its photoexcited state.33

To shed light on the electronic transitions that are responsible for the absorption of 1

and 2, we conducted time-dependent density functional theory (TD-DFT) calcula-

tions at the B3LYP/6-31G(d) level of theory (Figure 2C). It revealed that meta-adduct

1 has highest occupied molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) localized on the pyrrole and benzoate moieties, respectively, and

thus the transition from HOMO to LUMO is characterized as the CT nature with pre-

dicted labs at 344 nm and small oscillator strength (f) of 0.029, while its lmax,abs at

280 nm (f = 0.29) is assigned to be the transition from HOMO to LUMO +1 as the

local excitation (LE) of the 2-arylpyrrole moiety. On the contrary, para-adduct 2 pos-

sesses its electronic transition from HOMO (p) to LUMO (p*) given that its lmax,abs is

at 327 nm with a relatively large oscillator strength (f) of 0.47. These theoretical data

corroborate the empirical observations (Figure 2B).

Further to endow them with a visible-light-absorbing character with greater molar ab-

sorptivity, elongation of the p-conjugated system was attempted by bridging the

pyrrole nitrogen and the ortho-aromatic carbon with a C=C double bond. For this

purpose, we adopted the photoinduced radical cross-coupling protocols under transi-

tion-metal-free manners originally developed in our group (Figure 3A). At first, we per-

formed photoinduced acetomethylation of methyl 3-bromo-4-iodobenzoate (3a) with

2-methoxypropene, which proceeded selectively at the aryl-I bond to form 4a.34 Sub-

sequently, photoinduced biaryl cross-coupling with pyrrole at the remaining bromide

site of 4awas conducted,35 furnishing cyclic hemiaminal 6a via spontaneous cyclization

of the biaryl coupling product 5a. Treatment of 6a with TsOH induced dehydration,
2730 Chem Catalysis 2, 2726–2749, October 20, 2022



Table 1. Photophysical and electrochemical characterization of PIqs

Entry PIq MW
labs/em max

(nm)a F (fl)b
t (S1)
(ns)c

t (T1)
(ms)d E0,0 (eV)

e Eox (V)
f Ered (V)f E*ox (V)

g E*red (V)h

1 PIq-1 239.09 380/490 0.41 17.7 104 2.90 (S1), 2.58 (T1) 0.84 �2.04 �2.06 (S1), �1.74 (T1) 0.86 (S1), 0.54 (T1)

2 PIq-2 239.09 350/425 0.54 4.1 95 3.19 (S1), 2.63 (T1) 0.97 �2.10 �2.22 (S1), �1.66 (T1) 1.09 (S1), 0.53 (T1)

3 PIq-3 206.25 375/475 0.40 16.5 t1: 4.6 (73%);
t2: 153 (27%)

2.94 (S1), 2.56 (T1) 1.05 �2.04 �1.89 (S1), �1.51 (T1) 0.90 (S1), 0.52 (T1)

4 PIq-4 281.36 382/493 0.44 18.2 95 2.87 (S1), 2.56 (T1) 0.83 �2.00 �2.04 (S1), �1.73 (T1) 0.87 (S1), 0.56 (T1)

5 PIq-5 267.33 405/531 0.16 8.5 17 2.69 (S1), 2.43 (T1) 0.57 �2.08 �2.12 (S1), �1.86 (T1) 0.61 (S1), 0.35 (T1)

6 PIq-6 297.31 349/506 0.18 9.8 42 2.93 (S1), 2.58 (T1) 0.76 �1.90 �2.17 (S1), �1.82 (T1) 1.03 (S1), 0.68 (T1)
aThe lowest energy absorption maxima and the highest energy fluorescence emissionmaxima measured in DMSO (see Figures S15, S18, S21, S24, S27, and S30).
bFluorescence quantum yields.
cLifetime of S1 states determined by TCSPC (see Figures S16, S19, S22, S25, S28, and S31).
dLifetime of T1 states measured by transient absorption spectroscopy (see Figures S17, S20, S23, S26, S29, and S32).
eExcitation energies (E0,0) for the S1 and T1 states. E0,0 for S1 were taken from the intersection of the absorption and fluorescence emission bands. E0,0 for T1 were

estimated from the onset of the phosphorescence emission spectra.
fThe electrochemical potentials (V versus SCE) measured by CV (see Figures S47–S52).
gPhotoexcited oxidation potentials in S1 and T1 states calculated with E0,0 and Eox.
hPhotoexcited reduction potentials in S1 and T1 states calculated with E0,0 and Ered.
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leading to the construction of 5-methylpyrrolo[2,1-a]isoquinoline carboxylate PIq-1,

which is an analog of the meta-adduct 1. By following the same protocols, we also

prepared PIq-2, an analog of the para-adduct 2, from 4-bromo-3-iodobenzoate (3b).

As expected, PIq-1 showed its absorption tailing to the visible spectral range

(labs, max = 380 nm) with an excitation energy (E0,0
S) of 2.90 eV, which was taken

from the intersection of the absorption and fluorescence emission bands (Figure 3B).

Despite its planar structure, we observed a relatively longer-lived fluorescence lifetime

(18 ns) like for the meta-adduct 1. In the cyclic voltammetry (CV) measurements of

PIq-1, a quasi-reversible reduction wave was observed (Ered 1/2 = �2.04 V versus

SCE), whereas the oxidation wave was irreversible (Eox p/2 = 0.84 V versus SCE). These

data indicated that PIq-1 can function as a visible-light-absorbing photosensitizer with

a wider redox window as a potent photoexcited reductant (E*ox
S =�2.06 V versus SCE)

and also as a mild photoexcited oxidant (E*red
S = 0.86 V versus SCE) in its S1 excited

state. The phosphorescence emission spectrum of PIq-1 was recorded in EtOH-2-

methyltetrahydrofuran solution at 77 K under an argon atmosphere, revealing that

PIq-1 has relatively higher excited T1 state energy (E0,0
T) = 2.58 eV (59.5 kcal/mol).

Therefore, we surmised that PIq-1might have a multitasking ability to take advantage

of both S1 and T1 states for the photoinduced SET and EnT events, respectively. In turn,

the photophysical and electrochemical characterization of PIq-2 (Figure 3C) revealed

that it possesses a similar redox profile to PIq-1, although its absorption is kept in

the UVA region with a higher excitation energy (E0,0
S) of 3.19 eV and a much shorter

fluorescence lifetime (4 ns). TD-DFT calculations at the B3LYP/6-31G level of theory

further supported these empirical data of PIq-1 and PIq-2 (Figure 3D). Similarly with

meta-adduct 1 (Figure 2C), the red-shifted absorption at labs = 380 nm of PIq-1
Chem Catalysis 2, 2726–2749, October 20, 2022 2731



Table 2. Optimization of the reaction conditions for heterobiaryl cross-coupling

Entry PIq Conversion of 1 (%)a Yield of 2 (%)a

1 PIq-1 >99 85 (81),b (83)c

2 no catalyst 13 <5

3 PIq-3 85 71

4 PIq-4 60 53

5 PIq-5 61 49

6 PIq-6 91 75

Reaction conditions: 7 (0.5 mmol), 8 (20 equiv), PIq (1 mol %), K2CO3 (1.5 equiv), DMSO (2.5 mL), 427 nm

light (Kessil lamp), <30�C with fan cooling (see Figures S1 and S2).
a1H NMR yields based on the internal standard.
bIsolated yield.
cIsolated yield from the reaction using 2.5 mmol of 7.
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was predicted with a relatively small oscillator strength (f) of 0.054 derived from

the CT-like transition from HOMO (the pyrrole moiety) to LUMO (the benzoate

moiety), whereas PIq-2 showed the electronic transition from HOMO (p) to

LUMO (p*) observed at labs = 340 nm with a relatively large oscillator strength (f) of

0.15. The relatively large oscillator strength for PIq-2 can be explained by larger orbital

overlapping of HOMOwith LUMO in PIq-2 than that in PIq-1 (Figure 3D). The CT char-

acter of PIq-1 in its S1 state was proved by the significant solvatochromic effect36 in the

emission of PIq-1 under irradiation with 360 nm light in solvents of different polarity

(see Figures S57–S59). The fluorescence emission maxima of PIq-1 were red shifted

more significantly than those of PIq-2 with increasing solvent polarity.

By following the synthetic protocol of PIq-1 and PIq-2 in Figure 3A, we also de-

signed and synthesized several analogs, PIq-3 to PIq-6, and conducted their pho-

tophysical and electrochemical characterization (Table 1). The replacement of a

methoxycarbonyl group of PIq-1 with a cyano group (PIq-3) made its reducing abil-

ity slightly lower (E*ox
S = �1.89 V versus SCE) (entry 3), while installation of a

t-butyl group in place of a methyl group (PIq-4) did not affect their photophysical

or electrochemical characters (entry 4). Installation of methyl groups onto the

pyrrole ring (PIq-5) made its fluorescence lifetime shorter without enhancing its

reducing ability (entry 5). In turn, to enhance the oxidizing ability, we installed

the second methoxy carbonyl group onto the arene moiety of the PIq scaffold.

However, the resultant PIq-6 showed moderate photoexcited reduction potential

(E*red
S = 1.03 V versus SCE) while keeping highly negative photoexcited oxidation

potential (E*ox
S = �2.17 V versus SCE) in its photoexcited S1 state. Nonetheless,

these data indicate that PIqs have relatively lower molecular weight (MW) and

unique and outcompeting characters in redox and EnT capability in comparison

with other known photocatalysts.

Application of PIqs to photocatalysis

Heterobiaryl cross-coupling

Given that PIqs are endowed with highly negative photoexcited oxidation potentials

(E*ox < �2 V versus SCE, except for PIq-3), we surmised that they can potentially
2732 Chem Catalysis 2, 2726–2749, October 20, 2022



Figure 4. Substrate scope on heterobiaryl cross-coupling
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work for reductive generation of aryl radicals from aryl halides.37,38 To prove this hy-

pothesis, we investigated a heterobiaryl cross-coupling reaction between methyl

4-bromobenzoate (7) (Ered = �1.97 V versus SCE) and N-methylpyrrole (8) as a

benchmark (Tables 2 and S7).34,39–43 We observed a smooth coupling reaction

when the mixture of 7 and 8 (20 equiv) was treated with PIq-1 (1 mol %) in the pres-

ence of K2CO3 (1.5 equiv) in DMSO under irradiation with 427 nm light, leading a

full conversion of 7 to afford heterobiaryl 2 in 85% NMR yield (81% isolated yield)

(entry 1). We confirmed that almost no background reaction took place in the

absence of PIq-1, thus unambiguously indicating the capability of PIq-1 as a photo-

redox catalyst.44 We found that PIq-3 to PIq-6 were inferior to PIq-1 in photoredox

reactivity for the heterobiaryl cross-coupling (entries 3–6). We also confirmed that

PIq-1 could be recovered in more than 90% yield after the completion of the

cross-coupling reaction (see the supplemental information for details).
Chem Catalysis 2, 2726–2749, October 20, 2022 2733



Figure 5. Borylation and phosphorylation of 7
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We next investigated scope and limitation for the heterobiaryl cross-coupling using

PIq-1 as the photoredox catalyst under irradiation with 427 nm light (Figure 4). We

found that the present photocatalytic system with PIq-1 is able to engage not only

aryl bromides but also less reactive aryl chlorides having an EWG to provide hetero-

biaryls 2, 9, and 10 in good yields. The reaction of 2-chloro-4-bromobenzaldehyde

proceeded selectively at the bromide site to form 11 in 86% yield. The present cat-

alytic protocol could successfully employ heteroaryl halides based on thiazole (for

12) as well as pyridine (for 13 based on nicergoline). However, the reaction of

2-bromonaphthalene (Ered = �2.19 V versus SCE) became sluggish to form 14

only in 22% yield with incomplete conversion (36% conversion yield). This method

could employ not only N-H pyrrole (for 15) but also electron-rich arenes such as

1,3,5-trimethoxybenzene and 4-methoxyphenol as the arene coupling partner (for

16 and 17).

Furthermore, this photocatalytic reductive functionalization of aryl halides could be

extended to borylation with bis(pinacolato)diboron (B2(pin)2)
45–47 and phosphoryla-

tion with triethyl phosphite (P(OEt)3) (Figure 5).48

We observed through TCSPC that the fluorescence lifetime (1t = 17.7 ns, 1kd =

5.653 107 s�1) of PIq-1 (60 mM, excitation at 390 nm, emission at 490 nm) was short-

ened in the presence of methyl 4-bromobenzoate (7) in DMSO under an argon atmo-

sphere at 293 K (Figure 6A): 1t = 17.7 ns with [7] = 0 mM, 1t = 17.3 ns with [7] =

30 mM, 1t = 17.1 ns with [7] = 50 mM, 1t = 16.8 ns with [7] = 80 mM, 1t = 16.6 ns

with [7] = 100 mM, 1t = 16.4 ns with [7] = 120 mM, 1t = 16.2 ns with [7] = 150 mM,

and 1t = 15.7 ns with [7] = 200 mM. The Stern-Volmer plot indicated that the

dynamic quenching rate constant (1kq) of the S1 photoexcited state of PIq-1 by 7 is

3.47 3 107 M�1 s�1 (Figure 6B). Similarly, 4-bromoacetophenone also quenched

S1 of PIq-1with a rate constant of 1.353 108 M�1 s�1 (see Table S10 and Figure S64).

We investigated the dynamic quenching of the T1 state of PIq-1 by 7 in DMSOunder an

argon atmosphere via nanosecond time-resolved transient absorption spectroscopy
2734 Chem Catalysis 2, 2726–2749, October 20, 2022



Figure 6. Quenching experiments of photoexcited states of PIq-1

(A) Monitoring of the fluorescence lifetime of PIq-1 with methyl 4-bromobenzoate (7) in different

concentrations by TCSPC.
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Figure 6. Continued

(B) The Stern-Volmer plot to elucidate the dynamic quenching rate-constant (1kq = 3.47 3

107 M�1 s�1 at 293 K) of the S1photoexcited state of PIq-1 (see Table S8).

(C) Monitoring of the triplet (T1) state lifetime of PIq-1 with methyl 4-bromobenzoate (7) in different

concentrations by the nanosecond-transient absorption spectroscopy using laser flash photolysis

method at 355 nm (0.4 mJ/pulse, 4 ns pulse width). OD, optical density.

(D) The Stern-Volmer plot to elucidate the dynamic quenching rate-constant (3kq = 1.54 3

105 M�1 s�1 at 293 K) of the triplet photoexcited state of PIq-1 (see Table S9).
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by using the laser flash photolysis method at 355 nm (0.4 mJ/pulse, 4 ns pulse width)

(Figures 6C and 6D). The decay rate constant of T1, monitored by the T-T absorption at

360 nm, was measured in the presence of 7 in different concentrations (0–20 mM) at

293 K (Figure 6C). The lifetime (3t = 104.4 ms, 3kd = 9.6 3 103 s�1) of the T1 of PIq-1

was also shortened in the presence of 7: 3t = 104.4 ms with [7] = 0 mM, 3t = 93.4 ms

with [7] = 6 mM, 3t = 89.8 ms with [7] = 10 mM, 3t = 85.6 ms with [7] = 13 mM, 3t =

83.0 ms with [7] = 16 mM, and 3t = 78.7 ms with [7] = 20mM (Figure 6D). The quenching

rate constant (3kq) was found to be 1.54 3 105 M�1s�1. Although the quenching rate

constant of T1 is 220 times smaller than that of S1 (1kq = 3.47 3 107 M�1s�1), the

quenching reaction mainly occurs in the T1 state at relatively low concentrations of

7 such as less than 100 mM. At 100 mM of 7, the quenching rate constant of S1 by 7

was calculated to be 3.47 3 106 s�1, which is smaller than the decay rate constant of

S1 (
1kd = 5.65 3 107 s�1). However, the quenching rate constant of T1 by 7 was deter-

mined to be 1.54 3 104 s�1, which is larger than the decay rate constant of T1 (
3kd =

9.63 103 s�1). At the high concentration of 7 (>200mM) in the cross-coupling reaction

(entry 1 in Table 1), both the S1 and T1 states of PIq-1 should play crucial roles in the SET

reduction of 7.

Ni-catalyzed amination and oxygenation of aryl halides

Synthetic utility of this PIq-based photoredox catalysis was further extended to nickel-

catalyzed amination and oxygenation of aryl halides. Employment of photocatalysis
Table 3. Optimization of the reaction conditions for Ni-catalyzed amination

Entry PIq Conversion of 7 (%)a Yield of 22 (%)a Yield of 23 (%)a

1 PIq-1 >99 81 (79)b 8

2c PIq-1 >86 74 6

3 no catalyst 2 <1 0

4d PIq-2 >99 53 30

5 PIq-3 95 66 16

6 PIq-4 94 72 15

7 PIq-5 80 61 8

8 PIq-6 71 50 5

Reaction conditions: 20 (0.5mmol), 21 (3 equiv), PIq (1mol%), NiCl2$glyme (10mol%), DABCO (1.8 equiv),

DMA (2 mL), 427 nm light (Kessil lamp), 55�C without fan cooling (see Figures S1 and S2).
a1H NMR yields based on the internal standard.
bIsolated yield.
cThe reaction was conducted with 0.2 mol % of PIq-1.
dIrradiation with 390 nm light.

2736 Chem Catalysis 2, 2726–2749, October 20, 2022



Figure 7. Substrate scope on Ni-catalyzed amination
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Table 4. Optimization of the reaction conditions for Ni-catalyzed oxygenation

Entry PIq Conversion of 7 (%)a Yield of 39 (%)a

1 PIq-1 >99 80 (76)b

2 no catalyst 9 4

3 PIq-2 >85 (390 nm) 43

4 PIq-3 >99 75

5 PIq-4 98 77

6 PIq-5 29 14

7 PIq-6 97 76

Reaction conditions: 7 (0.5 mmol), 38 (2 equiv), PIq (1 mol %), NiBr2$glyme (5 mol %), dtbbpy (5 mol %),

DABCO (2 equiv), DMF (3mL), 427 nm light (Kessil lamp), 40�Cwithout fan cooling (see Figures S1 and S2).
a1H NMR yields based on the internal standard.
bIsolated yield.
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in Ni-catalyzed cross-coupling processes can promote elemental organometallic

processes such as oxidative addition and reductive elimination via the redox or EnT

mechanism.49 Thus, synergy between Ni-catalyzed cross-coupling and photocatalysis

enables synthetically challenging bond-forging processes under milder reaction con-

ditions. Typically, Ir polypyridyl complexes have been employed as the photocatalysts,

while the use of organic chromophores in place of precious Ir complexes should be ad-

vantageous from the viewpoint of sustainability. First of all, we investigated Ni-cata-

lyzed aryl amination, which was pioneered by MacMillan and Buchwald,50 by using a

substrate combination of 1-bromo-3,5-dimethoxybenzene (20) and pyrrolidine (21)

(Tables 3 and S11). Treatment of a mixture of 20 with 21 (3 equiv) in the presence of

NiCl2$glyme (10 mol %), 1,4-diazabicyclo[2.2.2]octane (DABCO; 1.8 equiv), and

PIq-1 (1 mol %) in dimethylacetamide (DMA) under irradiation of 427 nm light at

55�C (no fan cooling) resulted in a full conversion of 20 within 24 h, providing 1-(3,5-

dimethoxyphenyl)pyrrolidine (22) in 81% NMR yield (79% isolated yield) along with

the formation of hydrodebromination product, 1,3-dimethoxybenzene (23), in 8%

yield (entry 1). The catalyst loading of PIq-1 could be reduced to 0.2 mol % without

detrimental impact to the process (entry 2). Almost no conversion was observed in

the absence of PIq-1, indicating that PIq-1 functions as an indispensable redox medi-

ator to promote the Ni-catalyzed C–N cross coupling (entry 3). PIq-1 was found to be

the best performing catalyst among a series of PIqs tested (entries 4–8).

We next examined the substituent compatibility of aryl halides for the Ni-catalyzed

amination with pyrrolidine (21) by using PIq-1 as the photocatalyst (Figure 7A). The

protocol could engage sterically demanding 2-bromotoluene, providing 24 in 55%

yield. As for electron-deficient aryl halides, the method could employ methyl

4-chlorobenzoate, 4-bromobenzotrifluoride, and 1-bromo-2-fluorobenzene to pro-

vide the corresponding aminated adducts 25–27 in good yields. The amination of

1-bromo-3-chlorobenzene was observed selectively at the bromide site to give 28

as a sole product while keeping the chloride site intact. The amination could be

executed on heteroaryl halides based on pyridine (for 29) and thiophene (for 30).
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Figure 8. Substrate scope on Ni-catalyzed oxygenation
a1H NMR yield of 43 based on the internal standard.
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The protocol was amenable to the late-stage functionalization of a drug molecule,

fenofibrate, to 31. We then screened amines by using 3-bromopyridine as the

coupling partner (Figure 7B). Amination with piperidine proceeded smoothly to

afford 32. Similarly, primary alkylamines could be engaged as the promisingN nucle-

ophiles (for 33–35). When 5-amino-1-pentanol was employed, chemoselective pyr-

idination was observed at the amine site (for 34). The method was also found to

be applicable to the amination with 4-methoxyaniline (for 36) and indoline (for 37).

MacMillan developed Ni-catalyzed C–O cross-coupling between aryl halides and

carboxylic acids, where the Ir-based photocatalyst (Ir(ppy)3) promotes reductive

elimination of aryl esters aryl-Ni(II) carboxylate complexes via triplet sensitization

or single-electron oxidation.51,52 Given the high T1 state energy and reasonable

oxidizing ability of PIq, we surmised that the original Ir-based photocatalysts could

be replaced with PIq for the Ni-catalyzed synthesis of aryl esters (Tables 4 and S12).

As expected, the coupling reaction between methyl 4-bromobenzoate (7) and ben-

zoic acid (38) was efficiently catalyzed by the NiBr2$glyme-dtbbpy (5 mol %) system

in the presence of PIq-1 (1 mol %) and DABCO as a base under irradiation of 427 nm

light, providing aryl ester 39 in 80%NMR yield (76% isolated yield) (entry 1). The con-

trol experiment without PIq-1 resulted in poor conversion, proving its important role
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Table 5. Optimization of the reaction conditions for decarboxylative cross-coupling

Entry PIq Wavelength (nm) Conversion of 48 (%)a Yield of 49 (%)a Yield of 50 (%)a

1 PIq-1 427 58 14 30

2 no catalyst 427 15 0 0

3 no catalyst 390 35 0 20

4 PIq-2 390 >99 56 19

5 PIq-6 427 66 4 37

Reaction conditions: 47 (1.5 mmol, 3 equiv), 48 (0.5 mmol), PIq (5 mol %), NiCl2$glyme (10 mol %), dtbbpy (15 mol %), Cs2CO3 (3 equiv), DMF (5 mL), 427 or 390 nm

light (Kessil lamp), 30�C with fan cooling (see Figures S1 and S2).
a1H NMR yields based on the internal standard.
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to facilitate the catalysis (entry 2). Other PIqs (entries 3–7) also promoted the C–O

cross coupling well except for PIq-5 (entry 6), probably because of its lower triplet

energy (2.43 eV, 56. 1 kcal mol�1) and photoexcited reduction potential (E*red
S =

0.61 V versus SCE).

This protocol could employ electron-deficient (hetero)aryl halides for the efficient

construction of the corresponding aryl esters 40–42, while the reaction with elec-

tron-rich 4-bromoanisole became sluggish (for 43) (Figure 8). The coupling with

4-(trifluoromethyl)benzoic acid and 4-methoxybenzoic acid proceeded well (for 44

and 45), and the method could be extended to the use of aliphatic carboxylic acid

(for 46).

Decarboxylative cross-coupling of a-amino carboxylic acids with aryl halides

We further aimed to expand the scope of the PIq photocatalysis to decarboxylative

cross-coupling of a-amino acids and aryl halides. In the original precedent reported

by MacMillan,53,54 [Ir(dF(CF3)ppy)2(dtbbpy)]PF6, whose photoexcited reduction po-

tential E*red is 1.21 V versus SCE, was employed to promote single-electron oxida-

tion of carboxylate salts for the formation of a-amino radicals, which are engaged in

Ni-catalyzed cross-coupling cycle with aryl halides. By using N-Boc proline (47) (Eox

of the cesium carboxylate salt = 0.95 V versus SCE)55 and 4-bromobenzotrifluoride

(48) as the substrates, we investigated the probability to replace the Ir photocatalyst

with PIq-1, PIq-2, or PIq-6 (Tables 5 and S13).56 The coupling reaction between 47

(3 equiv) and 48 catalyzed by the NiCl2$glyme (10 mol %)-dtbbpy (15 mol %) in

the presence of PIq-1 (5 mol %) and Cs2CO3 as a base under irradiation with

427 nm of light gave the desired decarboxylative coupling product,

2-arylpyrrolidine 49, in 14% yield along with a significant amount (30% yield) of

aryl ester 50 via the C–O cross-coupling as a co-product (entry 1). We confirmed

that no background coupling was observed in the absence of PIq-1 under irradiation

with 427 nm light (entry 2). However, under irradiation with 390 nm light, we

observed the slow formation of aryl ester 50 in 20% yield, indicating that direct

photoexcitation of aryl esters aryl-Ni(II) carboxylate complexes facilitates the C–O

reductive elimination to some extent (entry 3). In turn, the reaction of PIq-2, which

showed higher photoexcited reduction potential (E*red
S = 1.09 V), under irradiation
2740 Chem Catalysis 2, 2726–2749, October 20, 2022



Figure 9. Synthesis of PIq-7 to PIq-9 with an N-arylphthalimide moiety
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with 390 nm light, selectively promoted the decarboxylative cross-coupling

(56% yield of 49) over the C–O coupling (19% yield of 50) (entry 4), whereas PIq-6,

possessing two methoxy carbonyl groups, gave aryl ester 50 as the major product

(entry 5).

To further improve the process efficiency for the decarboxylative cross-coupling by

mitigating the undesired C–O cross-coupling, we aimed to modify the PIq scaffold.

For this purpose, we became interested in the introduction of an N-arylphthalimide

moiety, which has high electron affinity and good charge carrier mobility, as well as

high thermal and redox stability,57,58 and thus has been utilized as the important

function for the generation of stabilized radical anion species.39,59,60 First of all,

PIq-6 was converted into anhydride 52 via basic hydrolysis of the diester moiety of

PIq-6 to dicarboxylic acid 51 and its subsequent dehydration (Figure 9). Treatment

of anhydride 52 with arylamines in acetic acid then led to the formation of PIq-7 to

PIq-9 with an N-arylimide moiety.

A set of photophysical and electrochemical analyses of PIq-7 to PIq-9 revealed that

they showed extremely weak fluorescence emissivity with lower quantum yields and

shorter fluorescence lifetimes (Table 6). Therefore, we assumed that PIq-7 to PIq-9

could perform photoredox processes in the T1 states. It turned out that they exhibit

enhanced photoexcited reduction potential E*red, whereas their reducing ability in

their photoexcited state becomes weakened and their excitation energies in their

T1 states are relatively lower (E0,0
T = 2.35–2.38 eV). Especially, PIq-9 showed higher

oxidizing ability (E*red
T = 1.06 V versus SCE) in its T1 state (E0,0

T = 2.36 eV, 54.4 kcal

mol�1) with a longer lifetime (141 ms) (entry 3).

We were pleased to observe the improved selectivity for the decarboxylative cross-

coupling of 47 and 48 with PIq-7 to PIq-9 (Table 7), and as expected, PIq-9 exhibited

the best performance, affording 49 in 76%NMR yield (71% isolated yield) while mini-

mizing the C–O coupling product 50 in 6% yield (entry 3).
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Table 6. Photophysical and electrochemical characterization of PIq-7 to PIq-9

Entry PIq MW
labs/em max

(nm)a F (fl)b t (S1) (ns)
c t (T1) (ms)

d E0,0 (eV)
e Eox (V)

f Ered (V)f E*ox (V)
g E*red (V)h

1 PIq-7 326.36 366/602 0.024 2.24 25 2.56 (S1), 2.38 (T1) 1.13 �1.40 �1.43 (S1), �1.25 (T1) 1.16 (S1), 0.98 (T1)

2 PIq-8 368.44 368/592 0.032 2.99 37 2.54 (S1), 2.35 (T1) 1.13 �1.42 �1.41 (S1), �1.22 (T1) 1.12 (S1), 0.93 (T1)

3 PIq-9 462.35 370/592 0.010 t1: 1.04 (95%);
t2: 5.77 (5%)

141 2.60 (S1), 2.36 (T1) 1.14 �1.30 �1.46 (S1), �1.22 (T1) 1.30 (S1), 1.06 (T1)

aThe lowest energy absorption maxima and the highest energy fluorescence emission maxima measured in DMSO (see Figures S33, S36, and S39).
bFluorescence quantum yields.
cLifetime of S1 states determined by TCSPC (see Figures S34, S37, and S40).
dLifetime of T1 states measured by transient absorption spectroscopy (see Figures S35, S38, and S41).
eExcitation energies (E0,0) for the S1 and T1 states. E0,0 for S1 were taken from the intersection of the absorption and fluorescence emission bands. E0,0 for T1 were

estimated from the onset of the phosphorescence emission spectra.
fThe electrochemical potentials (V versus SCE) measured by CV (see Figures S53–S55).
gPhotoexcited oxidation potentials in S1 and T1 states calculated using E0,0 and Eox.
hPhotoexcited reduction potentials in S1 and T1 states calculated using E0,0 and Ered.
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With PIq-9 as the photocatalyst, we then examined the scope and limitation of the

decarboxylative cross-coupling reactions (Figure 10). With respect to aryl bromides

(Figure 10A), the protocol could install electron-deficient aryl groups (for 53 and 54),

while the reaction with electron-rich 4-bromoanisole resulted in moderate efficiency

(for 55). The cross-coupling with 1-bromo-4-chlorobenzene was observed selectively

at the bromide site (for 56). The method is amenable to introduce a 3-pyridyl moiety

onto the pyrrolidine scaffold (for 57). As for carboxylic acids (Figure 10B), themethod
Table 7. Screening of PIq-7–9 for decarboxylative cross-coupling

Entry PIq Conversion of 48 (%)a Yield of 49 (%)a Yield of 50 (%)a

1 PIq-7 >99 51 12

2 PIq-8 >99 71 19

3 PIq-9 >99 76 (71)b 6

Reaction conditions: 47 (1.5 mmol, 3 equiv), 48 (0.5 mmol), PIq (5 mol %), NiCl2$glyme (10 mol %), dtbbpy (15 mol %), Cs2CO3 (3 equiv), DMF (5 mL), 390 nm light

(Kessil lamp), 30�C with fan cooling (see Figures S1 and S2).
a1H NMR yields based on the internal standard.
bIsolated yield.
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Figure 10. Substrate scope on decarboxylative cross-coupling
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could employ those based on piperidine and pyrazine scaffolds (for 58 and 59).

Moreover, the decarboxylative cross-coupling of 4-methoxyphenylacetic acid and

4-bromobenzotrifluoride afforded unsymmetrical diarylmethane 60 in 51% yield.

Molecular transformations via triplet-triplet sensitization

Given that PIq-1 possesses reasonably high T1 state energy of nearly 60 kcal/mol, we

next tested engagement of PIq-1 as the photocatalyst to drive molecular transforma-

tions triggered by triplet-triplet sensitization of the substrates (Figure 11). We first

examined intermolecular [2 + 2]-cycloaddition between chalcone (61) and 1,1-diphe-

nylethylene (62), which was previously catalyzed by Ir(ppy)3 as the photosensitizing

catalyst.61 We found that PIq-1 could play as a substitute for Ir(ppy)3 to form cyclobu-

tane 63 in 69% yield (Figure 11A). Similarly, PIq-1 could promote efficiently intramolec-

ular [2 + 2]-cycloaddition reactions of N-alkenyl cinnamamides 64 and 65 under irradi-

ation with 427 nm light, affording bicyclic pyrrolidone 66 and piperidone 67,

respectively, in excellent yields (Figure 11B).62 PIq-1 could also be used as a radical

chain initiator for the degenerative transfer of xanthate 68 to alkene 69, which was

previously promoted by [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 as the photosensitizer (Fig-

ure 11C).63 Schindler recently discovered that fac-Ir(dFppy)3, whose T1 state energy
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Figure 11. Molecular transformations via triplet sensitization by PIq-1
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is 60.1 kcal mol�1, can be employed as an efficient photosensitizer to promote aza

Paternò-Büchi [2 + 2]-cycloaddition between 2-isoxazoline-3-carboxylates and al-

kenes, enabling a facile construction of an array of complex azetidines.64,65 We also

tested utilization of PIq-1 as an organic substitute for the Ir photocatalyst to catalyze

[2 + 2]-photocycloaddition between isoxazoline-3-carboxylate 71 and 1-hexene (72)

(Figure 11D). However, it turned out that PIq-1 is incapable of catalyzing the process.

This is probably due to the unproductive SET processes between 71 (Ered = �2.01 V

versus SCE) and photoexcited PIq-1 (E*ox
S = �2.06 V versus SCE), which hampers

the desired EnT process. To prevent this undesired redox process, it is necessary to

lower the reducing ability of PIq while maintaining reasonably high triplet energy.

During the course of our study in photoredox processes of PIq-1with cyanoarenes,66

we found that the treatment of PIq-1with 4-cyanopyridine (74) in the presence of po-

tassium cyanide (KCN; 3 equiv) under irradiation with 427 nm light affords PIq-10

having a cyano group on the pyrrole moiety (Figure 12). The process could be initi-

ated by the photoinduced SET between PIq-1 and 74 (Ered = �1.84 V versus SCE)67

to generate a cation radical of PIq-1. Interception of the cation radical by a cyanide

ion and subsequent oxidative re-aromatization could liberate PIq-10.

As a result of an additional cyano group, the photoexcited oxidation potential

(E*ox
S) of PIq-10 became less negative (�1.74 V versus SCE), although the T1 state
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Figure 12. Photoinduced cyanation of PIq-1
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energy remained high (2.66 eV, 61.3 kcal mol�1) (Table 8).68 We were pleased to

observe that PIq-10 is capable of catalyzing aza Paternò-Büchi [2 + 2]-cycloaddi-

tion of isoxazoline-3-carboxylate 71 with a series of alkenes under irradiation

with 390 nm light (Figure 13 and Table S14). The protocol could engage not

only mono- and disubstituted terminal alkenes (for 73, 75 and 76) but also internal

alkenes such as cyclohexene (for 77) and 1,1,2,2-tetramethylethylene (for 78),

providing the corresponding azetidines in good to moderate yields. We also found

that the method could employ terminal alkyne for the construction of 2-azetine 79

in 41% yield.69
Table 8. Photophysical and electrochemical comparison between PIq-1 and PIq-10

Entry PIq labs/em max (nm)a t (T1) (ms)
b E0,0 (eV)

c E*ox
S (V)d E*red

S (V)e

1 PIq-1 380/490 104 2.90 (S1), 2.58 (T1) �2.06 0.86

2 PIq-10 363/445 25 3.11 (S1), 2.66 (T1) �1.74 1.24
aThe lowest energy absorption maxima and the highest energy fluorescence emission maximameasured

in DMSO (see Figures S42).
bLifetime of T1 states measured by transient absorption spectroscopy (see Figures S43 and S44).
cExcitation energies (E0,0) for the S1 and T1 states. E0,0 for S1 were taken from the intersection of the ab-

sorption and fluorescence emission bands. E0,0 for T1 were estimated from the onset of the phosphores-

cence emission spectra.
dPhotoexcited oxidation potentials in S1 states calculated with E0,0 and Eox (see Figure S56).
ePhotoexcited reduction potentials in S1 states calculated with E0,0 and Ered (see Figure S56).
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Figure 13. Photoinduced aza Paternò-Büchi reaction catalyzed by PIq-10
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Conclusion

We have shown that planar and compact PIqs bearing EWGs can perform various

photocatalytic molecular formations via SET and EnT processes under irradiation

with visible light. The photophysical and electrochemical characters can be tuned

through the modification of EWGs and changing their positions on the PIq scaffold

to promote the desired photochemical processes, including redox-neutral (hetero)

biaryl cross-coupling between aryl halides and (hetero)arenes, nickel-catalyzed

aryl amination and oxygenation of aryl halides, and nickel-catalyzed decarboxylative

cross-coupling between a-amino acids and aryl halides, as well as a set of the trans-

formations driven by triplet-triplet sensitization. It should be noted that PIqs could

be prepared by operationally simple and transition-metal-free protocols. We view

the present design principle of PIqs as a useful tool for tailoring organo-based pho-

tocatalysts of demand in various synthetic endeavors.
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