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Scheme 1 Typical EDA complexes.

aSchool of Pharmaceutical Sciences (Shen

Gongchang Road, Shenzhen 518107, P. R. C
bShenzhen Bay Laboratory, Shenzhen 518132

edu.cn
cLab of Computational Chemistry and Drug

Oncogenomics, Peking University Shenzhen

China

† Electronic supplementary informa
https://doi.org/10.1039/d3ra07558c

‡ These authors contributed equally to th

Cite this: RSC Adv., 2024, 14, 1902

Received 5th November 2023
Accepted 29th December 2023

DOI: 10.1039/d3ra07558c

rsc.li/rsc-advances

1902 | RSC Adv., 2024, 14, 1902–190
f super reductive EDA
photocatalyst for challenging reactions:
a theoretical and experimental study†

Yi-Hui Deng,‡bc Qini Li,‡a Manhong Li,‡a Leifeng Wang *a and Tian-Yu Sun*b

We reported a novel electron-donor-acceptor (EDA) photocatalyst formed in situ from isoquinoline,

a diboron reagent, and a weak base. To further optimize the efficiency of this photocatalyst, Density

Functional Theory (DFT) calculations were conducted to investigate the substituent effects on the

properties of vertical excitation energy and redox potential. Subsequently, we experimentally validated

these effects using a broader range of substituents and varying substitution positions. Notably, the 4-

NH2 EDA complex derived from 4-NH2-isoquinoline exhibits the highest photocatalytic efficiency,

enabling feasible metal free borylation of aromatic C–H bond and detosylaion of Ts-anilines under green

and super mild conditions. These experimental results demonstrate the effectiveness of our strategy for

photocatalyst optimization.
Introduction

Photocatalysis1–9 using electron-donor-acceptor (EDA)
complexes10–12 has gained signicant attention as it provides
novel pathways for radical generation. Diboron reagents exhibit
high reactivity, rendering them excellent candidates for EDA
zhen), Sun Yat-Sen University, No.66,

hina. E-mail: wanglf33@mail.sysu.edu.cn

, P. R. China. E-mail: Tian-Yu_Sun@pku.
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tion (ESI) available. See DOI:

is work.

8

complex construction when paired with electron donor or
acceptor partners (Scheme 1). Recently, Glorius13 disclosed
a photoinduced decarboxylative borylation of aryl N-hydrox-
yphthalimide esters via the use of Katritzky salts as an acceptor
in EDA complex I. Aggarwal14 proposed an EDA complex II
formed by 2-iodophrnyl thiocarbonate, bis(pinacolato)diboron
(B2pin2) and N,N-dimethylformamide, revealing boronic esters
with high stereocontrol. König15 realized an ipso-borylation of
substituted arenes utilizing EDA complex III, generated
between thiolate, B2pin2 and boryl anion activated substrates.
Very recently, Procter16 found that heterocyclic sulfonium
moieties could be exploited as redox-active labels to form visible
light-absorbing EDA complexes IV in combination with triaryl-
amines, offering a mild, metal free and broadly applicable
strategy for the formation of aryl radicals. While substantial
efforts have been devoted to catalytic systems based on EDA
complexes under relatively mild reaction conditions, it should
be pointed out that the chemistry related to EDA complexes in
this regard remains largely unexplored because of the countless
random combinations of electron donors and electron
acceptors.

Although diborons have been employed as hydrogen or
hydride equivalents in several reductive transformations,17,18

they have rarely served as precursors for highly reductive EDA
complexes, which act as single electron donors in radical
mediated transformations.19–21 Moreover, diboron compounds
are capable of undergoing reductive addition with N-containing
heterocycles (NCHs), such as pyridine and isoquinoline deriv-
atives. Most reported methods rely on strong bases (e.g., MeOK/
MeONa) to facilitate the formation of boronic ions, which can
coordinate with potential electron acceptors. Considering that
the strong bases could complicate purication and limit
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 The atomic numbering of isoquinoline and the structures
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substrate scope, we wonder whether highly reductive excited
EDA complexes could be generated using simple NCHs/diboron
as precursors for electron acceptors and weak base as electron
donors under visible light irradiation.

Motivated by this thought, we developed a new photo-
catalytic system using isoquinoline as the NCH instead of the
commonly used pyridine for activation of diboron reagent22

(Scheme 2). Almost quantitatively and exclusively, DL-N,N-dibo-
rate dimer A was obtained through the reductive coupling of
isoquinoline and B2pin2. Dimer A could coordinate with a weak
base (triethylamine, NEt3,DG= 11.6 kcal mol−1) in situ, forming
EDA complex B. EDA complex B was then excited by 390 nm
light, resulting in a highly reducing excited state B*
ðE*

ox ¼ �3:12 VÞ. EDA complex B* spontaneously underwent
single electron transfer (SET) with electron decient substrates
such as aryl halides (e.g., for PhCl, Ered = −3.04 V vs. SCE),23

yielding radical intermediates that can proceed further trans-
formations. The electronic structure of EDA complex is the key
factor dictating the reactivity of a photocatalytic system.
Although substituent groups are known to impact the electronic
structure, there is currently limited research on the substituent
effects on this complex. Therefore, investigating substituents
for EDA complex photocatalysts derived from NCHs may offer
a route to ne-tuning redox potentials, enabling access to more
difficult reduction processes with higher efficiencies and
chemoselectivities.
Scheme 2 Our EDA complex proposal.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Preliminary computational design and
experimental validation

In this study, we employed Density Functional Theory (DFT) to
elucidate the substituent effects on the properties of vertical
excitation energy and redox potential of the photocatalyst. First,
the original structure of the photocatalyst was computationally
modied by introducing electron donating group –NH2 and
electron withdrawing group –CN at the 6-position of isoquino-
line—a strategically chosen site with minimized steric effects
(Scheme 3). We speculated that as the vertical excitation energy
of the photocatalyst increases, it becomes less prone to excita-
tion, leading to a decrease in reaction efficiency. However, once
the photocatalyst is excited, due to its higher energy state, it will
exhibit enhanced reducing capability, thereby resulting in an
increase in reaction efficiency. Theoretically, the photocatalytic
of 6-NH2 and 6-CN.

RSC Adv., 2024, 14, 1902–1908 | 1903
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Table 1 S1 excited state photoredox properties of EDA complex with different substituents calculated by DFT and corresponding experimental
yields

Substituent Evex_calc. (eV) E0S1,calc.(
2PCc+/1PC*) (V vs. SCE) Experimental yields

6-NH2 4.00 −3.26 64%
Complex B 3.95 −3.12 40%
6-CN 3.58 −2.51 32%
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efficiency should be jointly determined by the vertical excitation
energy and redox potential.

The vertical excitation energies (Evex) and redox potentials
(E0S1) of the original photocatalyst complex B and its 6-
substituted amino and cyano derivatives (6-NH2 and 6-CN) were
calculated using time-dependent density functional theory24–26

(TDDFT) and corresponding experiments were conducted to
validate our computational predictions.

As shown in Table 1, the introduction of the electron-
donating amino group (6-NH2) resulted in a minor increase of
0.05 eV in the excited state energy (4.00 eV) compared to the
original complex B (3.95 eV), which means a mere ∼4 nm blue-
shi in the absorption peak. Based on this result, it can be
inferred that if the visible light used is capable of exciting
complex B, it is highly likely to also excite 6-NH2.

Notably, the 6-NH2 lowers the redox potential (−3.26 V)
according to computational ndings. Therefore, it is speculated
that the 6-NH2 photocatalyst could enable more difficult
reductions. In contrast, computational results indicate that
although the electron withdrawing cyano substituent (6-CN)
decreases the excitation energy signicantly, it concurrently
Table 2 Examination of substituent effects on isoquinolinea

Electron rich substituents

–H –NH2 –OMe

3 40% 57%
4 70% 57%
5 60% 58%
6 64% 63%
7 60% 64%
8 63%

a Reactions were run on 0.2 mmol scales, 1H-NMR yield using pyrazine as

1904 | RSC Adv., 2024, 14, 1902–1908
increases the redox potential (−2.51 V), which is unfavorable for
the reduction reactions.

The experimental results with different 6-substituted iso-
quinoline were also shown in Table 1. The variation in experi-
mental yields of the borylation of 4-bromo-dimethylaniline
correlates with the trends in the reduction potentials of these
isoquinoline derivatives. 6-NH2, with the lowest reduction
potential (−3.26 V), showed the highest experimental yield
(64%), surpassing that of the original photocatalyst complex B
(40%). For 6-CN, which has the highest reduction potential
(−2.51 V), its yield is only 32%. These experimental ndings
validate the trends predicted by our calculations and demon-
strate the effectiveness of our strategy for photocatalyst
optimization.

Experimental screening and theoretical
interpretation for the high efficiency of
4-NH2

Based on the above results, we further examined the substituent
effects on isoquinoline by experiments, including a wider range
Electron poor substituents

–Me –OH –F –COOMe –CN

56% 51% 50% 27%
32% 48% 48% 24%
50% 27%

65% 62% 37% 32%
49% 53% 33%
57% 45% 31%

internal standard.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Natural transitions orbital (NTO) pair for S1 excited state for 4-
amino derivative.

Fig. 2 Spin density distribution of the radical cation of (a) 4-amino
derivative and (b) original complex B.
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of substituents (–NH2, –OMe, –Me, –OH, –F, –COOMe and –CN)
and different substitution positions (3-, 4-, 5-, 6-, 7-, and 8-
positions) (Table 2). It can be observed that electron rich
substituents generally increase the yield, while electron poor
substituents tend to decrease it. The highest yield was achieved
with 4-substituted amino isoquinoline (4-NH2), reaching 70%,
which is 75% higher than the yield of non-substituted iso-
quinoline (40%). To gain deeper insights into the reasons for
the superior performance of 4-NH2, natural transition orbitals27

(NTOs) for the S1 excited state of each complex were computed
using Multiwfn program (version 3.8)28 and visualized through
VMD 1.93.29

NTOs provide visual representations of the hole and electron
density distributions involved in an electronic transition. The
hole NTOs represent where electron density originates, corre-
sponding to the occupied orbitals involved in the transition.
The electron NTOs represent where electron density migrates
to, corresponding to the virtual orbitals involved. Analyzing the
hole and electron NTO pairs provides insight into the electron
ow during the excitation.

As shown in Fig. 1, the NTOs analysis reveal that the 4-NH2

lone pair directly participate in the hole NTO. It is a well-
established principle that electron donating groups typically
raise orbital energies.30–32 Therefore, the presence of 4-NH2

leads to an increase in the energy of the hole NTO. However, the
4-NH2 lone pair do not participate in the electron NTO,
implying its minimal impact on the electron NTO. Therefore,
when considering the combined inuence of 4-NH2 on both
hole NTO and electron NTO, it leads to a reduction in excitation
energy (3.60 eV) compared to that of the 6-NH2 (4.00 eV).
Furthermore, the 4-NH2 complex has a lower redox potential
(−3.45 V) than the 6-NH2 complex of (−3.26 V). To further
© 2024 The Author(s). Published by the Royal Society of Chemistry
analyze the reason why the 4-NH2 complex has an even lower
redox potential, spin population analysis was conducted.

As shown in Fig. 2, the spin of the 4-amino radical cation
primarily distributes on the 4-position, whereas in the 6-H
cation radical, the spin population exhibits greater delocaliza-
tion. Consequently, the presence of the 4-NH2 can enhance the
stabilization of the cationic species.

The 4-NH2 complex has lower excitation energies (3.60 eV),
concurrently, it also has a lower redox potential (−3.45 V) since
the 4-NH2 can enhance the stabilization of the cationic species.
Therefore, the 4-NH2 complex exhibits the highest photo-
catalytic efficiency.
Borylation of aromatic C–H bond

Aer screening and identifying 4-NH2 isoquinoline as an
excellent photocatalyst, we applied it to more challenging
aromatic C–H bond borylation reactions (ESI Table S1†). A
selection of electron rich aromatic substrates was submitted to
the C–H borylation sequence using B2pin2 as the aryl radical
trap for the photochemical progress (Table 3). Electron
donating/withdrawing group substituted anilines and phenol
(1a–1n) were smoothly converted to the corresponding aryl-
boronates in moderate to high yields (34–82%) and excellent
regioselectivity (rr > 40 : 1 to single isomers), showcasing the
compatibility of our method with a broad array of functionality
(e.g., diuoromethoxyl-, triuoromethyl-, triuoromethoxy-,
cyano-, ester-, alkyl-, uoride- and naked hydroxyl/amino). The
regioselectivity of the borylation reaction is governed by both
electronic and steric effects of the substituents, in a similar
manner to the triptycenyl sulde-induced nucleophilic substi-
tution reactions reported by Miura and co-workers.33 Heterocy-
cles such as morpholine (2o) and pyrrolidine (2p) were also
competent substrates. Medicinally relevant uorine-containing
anilines afforded C–H borylation products with high efficien-
cies (2b–2e, 2j, 2k). Of note is the ability of this method to
effectively construct C–B bond from hindered aryl C–H bond, as
shown by the reaction of substrates 1h–1n, yielding the desired
borylation products in good yield and excellent chemo-
selectivities. Furthermore, the borylation reaction with bicyclic
aromatic substrates, such as 1,2,3,4-tetrahydroisoquinoline
derivative (1q), benzomorpholine (1r), 2,3-dihydrobenzofuran
(1s) and chromane (1t), all proceeded well and afforded the
corresponding borylation products as single regio-isomers in
accordance with the high reactivity of these positions for elec-
trophilic substitution. Remarkably, reductive cleavages of
unusual C–O bonds (1u)/detosylation (1v) followed with direct
C–H bond borylation under standard conditions afforded the
borylated phenol (2u) and aniline (2v) derivatives effectively.
Both of these transformations are highly important because
cascade site selective transformation of aromatic C–H bond
remains a major challenge.
Detosylaion of Ts-anilines

To further demonstrate the utility of this novel reductive
protocol with 4-NH2 isoquinoline, challenging detosylation34–37
RSC Adv., 2024, 14, 1902–1908 | 1905

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07558c


Table 3 Substrate scope of arenesa

a Reactions were run on 0.2 mmol scales, isolated yield.
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without any metal additives was examined (Table 4). A variety
of both electron-rich (3a, 3f), electron-decient (3c–3e) and
more hindered (3f) tosylated primary anilines afforded the
desired detosylated products in good to excellent yields (NMR,
yields of products were taken using pyrazine as an internal
standard) under standard conditions. As a contrast, the deto-
syaltion yield was improved remarkably using 4-amino-
isoquinoline instead of isoquinoline (4a; 88% vs. 60%).
1906 | RSC Adv., 2024, 14, 1902–1908
Secondary amines (3h, 3i) were efficient substrates for this
transformation as well. Several heterocyclic compounds con-
taining N-Ts groups, such as pyridine, pyrrole, 7-azaindole and
indole, are also proven to be amenable (3j–3m). Surprisingly,
reductive deoxygenation38–40 of uorenone (3o) and uorenol
(3n) was accomplished with high efficiency (75–79%, 4n).
Unfortunately, this protocol is not suitable for alkyl amine
compounds.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 A brief scope of reductive detosylationa

a Reactions were run on 0.2 mmol scales, 1H-NMR yield using pyrazine as internal standard. b Isoquinoline instead of 4-amino-isoquinoline.
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Conclusions

In conclusion, the substituent effects on the properties of
vertical excitation energy and redox potential of the in situ
formed EDA photocatalyst has been investigated. The 4-NH2

complex has lower excitation energies (3.60 eV) and a lower
redox potential (−3.45 V), exhibiting the highest photocatalytic
efficiency. Several important reductive transformations, such as
aromatic C–H bond borylation, detosylation as well as deoxy-
genation, has been achieved with high functional groups
tolerance and good to excellent yields.
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