
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

1:
00

:5
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Modular assemb
aCollege of Chemistry and Chemical Engine

Laboratory for Preparation and Applicati

Guangdong Province, Shantou University,

jjzhong@stu.edu.cn
bChemistry and Chemical Engineering Guan

China

† Electronic supplementary informa
https://doi.org/10.1039/d5sc00190k

‡ These two authors contributed equally.

Cite this: Chem. Sci., 2025, 16, 3580

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 9th January 2025
Accepted 19th January 2025

DOI: 10.1039/d5sc00190k

rsc.li/chemical-science

3580 | Chem. Sci., 2025, 16, 3580–3
ly of amines and diborons with
photocatalysis enabled halogen atom transfer of
organohalides for C(sp3)–C(sp3) bond formation†

Rong-Bin Liang,‡a Ting-Ting Miao,‡a Xiang-Rui Li, a Jia-Bo Huang,a Shao-Fei Ni,*a

Sanliang Li,a Qing-Xiao Tong a and Jian-Ji Zhong *ab

In the past few years, the direct activation of organohalides by ligated boryl radicals has emerged as

a potential synthetic tool for cross-coupling reactions. In most existing methods, ligated boryl radicals

are accessed from NHC-boranes or amine-boranes. In this work, we report a new photocatalytic

platform by modular assembly of readily available amines and diboron esters to access a library of ligated

boryl radicals for reaction screening, thus enabling the cross-coupling of organohalides and alkenes

including both activated and unactivated ones for C(sp3)–C(sp3) bond formation by using the assembly

of DABCO A1 and B2Nep2 B1. The strategy features operational simplicity, mild conditions and good

functional group tolerance. A range of organohalides including activated alkyl chlorides, alkyl bromides

(1°, 2° and 3° C–Br) as well as aromatic bromides are applicable in the strategy. Experimental and

computational studies rationalize the proposed mechanism.
Introduction

Halogen atom transfer (XAT) of organohalides to the corre-
sponding carbon-centered radicals for subsequent trans-
formations is a powerful synthetic strategy in organic
synthesis.1,2 Historically, tin-containing reagents as efficient
halogen abstractors have made great contributions to this
eld.3,4 However, the safety and selectivity concerns about tin-
containing reagents drive an ever-increasing interest in
seeking alternatives.5 In the last few decades, photoredox
catalysis6–17 has emerged as a green and efficient platform for
the activation of organohalides via XAT by silyl radicals18–23 and
a-aminoalkyl radicals.24–27 In recent years, photocatalytically
generated ligated boryl radicals (LBRs), which exhibit a compa-
rable performance in halogen atom abstraction, are found to be
a promising alternative. Nevertheless, compared with silyl
radicals and a-aminoalkyl radicals, ligated boryl radicals28–48

mediated XAT for cross-couplings is still in its infancy and has
been less explored. To the best of our knowledge, only several
successful examples have so far been reported. For example, as
illustrated in Scheme 1a, Wu49 and Leonori,50,51 respectively,
ering, Key (Guangdong-Hong Kong Joint)
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587
reported that tertiary amine-borane LB1 was able to activate the
C–Cl bond of Freon-22 (ClCF2H) or the C–I/Br bond of alkyl
halides for alkylation of alkenes or alkynes under
Scheme 1 (a) State-of-the-art of the cross-couplings via XAT by
ligated boryl radicals. (b) This work.
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photocatalysis. Subsequently, Wu disclosed that tertiary amine-
borane LB2 with photocatalysis could activate the C–Cl bond of
ClCF2R for diuoromethylation of alkenes.52 In addition, the
groups of Noël,53 Capaldo,54 and Fan,55 respectively, reported
that N-heterocyclic carbene–borane LB3 with photocatalysis
could activate the C–I bond of alkyl iodides to initiate Giese-type
reactions. Very recently, Sharma56 reported that, aer photo-
catalytic single-electron oxidation, sodium tetraphenylborate
(NaBPh4) could generate a reactive boryl radical to enable
hydroalkylation of styrenes with alkyl iodides or bromides.
Although such progress has been made, the ligated boryl radi-
cals in the existing methods are mainly accessed from pre-
synthesized NHC-boranes or amine-boranes, and the boryl-
radical precursors are limited to a few Lewis base-ligated
boranes, which restricts the application of ligated boryl
radical-mediated XAT for cross-coupling reactions. Therefore,
the development of new methodologies to generate various
reactive ligated boryl radicals will be interesting and highly
desirable. In this work, we report a new photocatalytic platform
Table 1 Optimization of the reaction parametersa

Entry Variations from the standard

1 None
2 4CzIPN instead of Ir(dFMepp
3 Mes-Acr-Me+ClO4

− instead of
4 Ru(bpy)3(PF6)2 instead of Ir(d
5 Ir(ppy)3 instead of Ir(dFMepp
6 B2 instead of B1
7 B3 instead of B1
8 B4 instead of B1
9 B5 instead of B1
10 B6 instead of B1
11 A2 instead of A1
12 A3 instead of A1
13 A4 instead of A1
14 A5 instead of A1
15 A6 instead of A1
16 A7 instead of A1
17 LB3 instead of A1&B1
18 LB4 instead of A1&B1
19 LB5 instead of A1&B1
20 LB6 instead of A1&B1
21 Without Ir(dFMeppy)2(dtbbp

a Standard conditions: S-1 (0.2 mmol), photocatalyst (1.0 mol%), A1 (0.3 m
LED irradiation for 6 h. b Isolated yields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
by modular assembly of commercially available amines and
diboron esters, which provides a simple and convenient
approach to access a library of various reactive ligated boryl
radicals for reaction screening, thus enabling the cross-
coupling of organohalides and alkenes including both the
activated and unactivated ones for C(sp3)–C(sp3) bond forma-
tion by using the assembly of DABCO A1 and B2Nep2 B1 under
photocatalysis.
Results and discussion

Dichloromethane (DCM), one of the most ubiquitous solvents,
is widely used in chemical research and industry. It would be
a desirable C1 synthon if the ligated boryl radical could selec-
tively activate the C–Cl bond. However, due to its inertness and
low reactivity, the activation of C–Cl bond in dichloromethane
for organic transformations is still rather limited.57 To this end,
we commenced our investigations by evaluating the activation
of dichloromethane using various reactive ligated boryl
conditions 1b (%)

91
y)2(dtbbpy)PF6 72
Ir(dFMeppy)2(dtbbpy)PF6 Trace
FMeppy)2(dtbbpy)PF6 Trace
y)2(dtbbpy)PF6 Trace

72
83
67
76
Trace
24
12
56
41
14
NR
29
36
27
Trace

y)PF6, light, A1, or B1 NR

mol), B1 (0.3 mmol), CH2Cl2 (2.0 mL), r.t., Ar atmosphere, and 450 nm
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radicals, which were in situ generated from the platform of
modular assembly of commercially available amines and
diboron esters under photocatalysis. Aer extensive screenings,
we were delighted to nd that when a-triuoromethyl ary-
lalkene S-1 was selected as the substrate, the assembly of
tertiary amine A1 and diboron ester B1 with Ir(dFMeppy)2(-
dtbbpy)PF6 as a photocatalyst could successfully furnish the
desired chloromethylation product, the gem-diuoroalkene 1,
in 91% yield with excellent chemo-selectivity at room temper-
ature under 450 nm LED irradiation for 6 h (Table 1, entry 1).
Herein, dichloromethane served not only as a raw material, but
also as a solvent. Replacing the photocatalyst with 4CzIPN
resulted in a decreased yield of 72% (entry 2). Trace amount of
Table 2 Substrate scope of the C–Cl activation reactiona,b

a Standard conditions: S or R (0.2 mmol), photocatalyst (1.0 mol%), A1 (0.3
for 6–12 h. b Isolated yields.

3582 | Chem. Sci., 2025, 16, 3580–3587
the desired product was observed when other photocatalysts
such as Mes-Acr-Me+ClO4

−, Ru(bpy)3(PF6)2, or Ir(ppy)3 was used
(entries 3–5). Moreover, other assemblies of amines and
diboron esters were examined (entries 6–16), and the assembly
of A1 and B1 proved to be the best. Additionally, several NHC-
boranes or amine-boranes, which are commonly used precur-
sors of ligated boryl radicals under photocatalysis, were tested,
however, they could not accelerate this transformation in
a satisfactory yield (entries 17–20), demonstrating the advan-
tages of this exible platform. Finally, no desired product was
detected when the reaction took place in the absence of the
photocatalyst, light, A1 or B1, indicating the essential role of all
these parameters (entry 21).
mmol), B1 (0.3 mmol), RCl (2.0 mL), r.t., Ar, and 450 nm LED irradiation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To verify the generality of this photocatalytic protocol for the
C–Cl activation reaction, we rst evaluated the scope of alkenes
(Table 2). To our delight, various a-triuoromethyl arylalkenes
bearing different functional groups, regardless of electron-
donating or electron-withdrawing groups, on the aromatic
ring were all well tolerated, giving the corresponding chlor-
omethylation gem-diuoroalkenes 1–14 in good to excellent
yields. Notably, when the para-position of the aromatic ring was
substituted by a strong electron-withdrawing group such as the
cyano group, besides the desired product 15, the hydro-
chloromethylation of alkene was competitive to afford
a byproduct 150, probably due to the fact that delocalization of
the electron density into the electron-poor ring slows down the
uoride elimination. Triuoromethyl alkenes possessing
different aromatic scaffolds, including naphthalene (16), pyrene
(17), dibenzofuran (18), dibenzothiophene (19), carbazole (20),
thianthrene (21), quinoline (22), and thiophene (23) moieties,
were all compatible with the reaction to deliver the corre-
sponding products in good yields. With respect to the C–Cl
precursor, the protocol could also activate the C–Cl bond of
another commonly used industrial feedstock dichloroethane
(DCE) to give the corresponding products 24–30 in moderate to
good yields. Additionally, the C–Cl bonds of chloroform and
trichloroethane could also be activated to furnish 31 and 32 in
75% and 51% yields, respectively. To illustrate the practicability
of this protocol, a gram-scale reaction was conducted, and the
Table 3 Substrate scope of the C–Br activation reactiona,b

a Standard conditions: S-2 (0.2 mmol), photocatalyst (1.0 mol%), A1 (0.3
450 nm LED irradiation for 4–8 h. b Isolated yields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
desired product 1 was obtained in 76% yield. Moreover, the
mild conditions and excellent functional group tolerance
inspired us to explore its application to late-stage modication
of complex molecules. To our delight, the triuoromethyl
alkenes derived from indomethacin, D-phenylalanine, cipro-
brate, and estrone successfully afforded the corresponding
products 33–36 in satisfactory yields. Furthermore, inspired by
the case of 15, we envisioned that the photocatalytic protocol
was probably able to enable a hydroalkylation reaction. Indeed,
when we employed this protocol to activate the C–Cl bonds of
DCE, ClCH2CN, chloroform, and various ClCF2R, the corre-
sponding carbon-centered radicals could smoothly react with
a range of alkenes including various activated and unactivated
ones to give the corresponding hydroalkylation products 37–48
in moderate yields.

Encouraged by the above results, we wondered whether this
protocol would be able to activate the C–Br bond of organic
bromides. Therefore, a broad set of organic bromides reacting
with a-triuoromethyl arylalkene S-2 were examined. It should
be noted that herein 5.0 equivalent of organic bromides was
used, and acetonitrile was selected as a solvent. As shown in
Table 3, primary alkyl bromides bearing various functional
groups, including different chain length alkyl (49–52), ether
(53), tert-butyl carbamate (54), free hydroxyl (55–57), furan (58),
ester (59), and vinyl (60, 61) groups, were all well tolerated to
give the corresponding alkylation products in moderate to good
mmol), B1 (0.3 mmol), RBr (5.0 equiv.), CH3CN (3.0 mL), r.t., Ar, and

Chem. Sci., 2025, 16, 3580–3587 | 3583
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yields. Notably, when 1-bromo-3-chloropropane was used in
this protocol, the C–Br bond was selectively activated to access
62 in 60% yield, and the C–Cl bond remained intact. Secondary
alkyl bromides such as cyclobutyl (63), cyclopentyl (64), cyclo-
hexyl (65), piperidyl (66), and pyranyl (67) bromides were all
suitable substrates. Furthermore, tertiary alkyl bromides were
also found to be amenable to deliver the products 68–70 in good
yields. Moreover, the C(sp2)–Br bond of aromatic bromides
could also be activated to realize this transformation with high
efficiency (71–73), demonstrating the excellent ability of ligated
boryl radicals from this protocol for C–Br bond activation.

A series of experimental studies were carried out to gain
insights into the reaction mechanism (Scheme 2). When
a radical scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
was added into the model reaction under standard conditions,
formation of the desired product 1was completely inhibited, and
Scheme 2 (a) Radical-trapping experiment. (b) Radical-clock experi-
ment. (c) Deuterium labeling experiments. (d) Luminescence
quenching experiments and cyclic voltammetry experiments. (e) 11B
NMR monitoring experiments. (f) The reaction under rigorous exclu-
sion of H2O.

3584 | Chem. Sci., 2025, 16, 3580–3587
the adduct TEMPO-CH2Cl was detected by high resolution mass
spectrometry (HRMS) (Scheme 2a). In addition, the radical-clock
experiment with cyclopropylmethyl bromide under standard
conditions afforded the ring-opening product 60 in 53% yield
(Scheme 2b). These results suggested that the reaction proceeded
via a radical pathway. For the hydroalkylation reaction, to
conrm the hydrogen source of the products, the reaction ofR-39
with cyclohexyl bromide under standard conditions using d3-
CH3CN was conducted, just a small amount of deuterium atom
was incorporated into the product 74. Moreover, addition of 30
equivalent of deuterium oxide to the reaction resulted in 83%
deuterium incorporation, suggesting that the hydrogen source of
the product is the H2O in the solvent (Scheme 2c). Furthermore,
Stern–Volmer quenching experiments were conducted as shown
in Scheme 2d(1). The results revealed that the excited-state
photocatalyst could not be quenched by triuoromethyl alkene
S-1, B1, or dichloromethane, while it could be effectively
quenched by the assembly of A1 and B1 or A1 alone, and their
quenching efficiencies are comparable. Additionally, cyclic vol-
tammetry experiments showed that the oxidation potential of the
assembly of A1 and B1 is almost the same as that of A1 at about
+0.83 V vs. SCE (Scheme 2d(2)). These results indicated that the
single electron transfer between the photocatalyst and the
assembly of A1 and B1 is feasible, and it is actually initiated by
the photocatalytic oxidation of A1. Moreover, a series of 11B NMR
monitoring experiments were carried out. As shown in Scheme
2e, in spectrum V of the crude mixture aer the reaction was
complete, a new species with a chemical shi of 18.14 ppm was
observed, which was assigned to the signal of HO-Bnep.58 And
the generation of HO-Bnep could be further detected by HRMS.
In spectrum I and II, a chemical shi difference of 0.52 ppm was
observed, revealing a weak coordination between A1 and B1.
Additionally, in spectrum III and IV, the signal of HO-Bnep was
still observed even without A1. The above results indicated that
besides the photocatalyst and A1, H2O in the solvent probably
participated in accelerating the B–B bond cleavage of B1 to
generate the reactive ligated boryl radical. Therefore, a control
reaction under rigorous exclusion of H2O was conducted, the
yield was sharply decreased to 43%, further conrming that H2O
could promote this transformation (Scheme 2f). Note that an
amino radical transfer (ART) mechanism was reported to enable
the generation of ligated boryl radicals from alkyl boronic
esters,59 while primary or secondary alkylamines are typically
required in those cases. In this work, tertiary amines (A1–A3) or
pyridines (A4–A6) were used. Thus, a mechanism through the
single electron transfer between the photocatalyst and the
assembly of A1 and B1 rather than the ART mechanism is more
reasonable in this protocol.

Based on the above experimental results, computational
studies were carried out for further understanding of the
generation of ligated boryl radicals (Scheme 3). First, the weak
coordination of tertiary amine A1 to one boron atom of B1
produced the intermediate INT-1, with a slightly activated B–B
bond elongated from 1.713 Å to 1.743 Å, which is in accordance
with the observation in the 11B NMR spectrum I and II (Scheme
2e). Then, INT-1 could be stabilized by one molecule of water to
form a more stable intermediate INT-2, with two O–H/O
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Plausible mechanism.
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hydrogen bonding interactions (b1 = 1.835 Å, b2 = 2.131 Å)
observed. Frontier molecular orbital analysis indicated that the
HOMO orbital of B1 could be activated with the coordination of
amine and water, which was elevated from −7.32 eV (B1) to
−5.20 eV (INT-1) and −5.51 eV (INT-2), respectively. Addition-
ally, orbital diagrams showed that the HOMO orbital of B1 was
mainly assigned to the two boron atoms. In comparison, the
nitrogen atom in the tertiary amine made some contribution to
the HOMO orbital of INT-1 and INT-2, indicating that the
tertiary amine played a role in the activation of the B–B bond.
The cleavage of the B–B bond happened with the aid of the
single electron transfer (SET) process by the photocatalyst,
producing a radical cation species INT-3 with an energy differ-
ence of 7.5 kcal mol−1 in terms of Gibbs free energy. The B–B
bond in INT-2 was calculated to be 1.746 Å, and was totally
cleaved to 2.164 Å in INT-3. Relaxed potential energy scan
showed that the B–B bond cleavage process was barrierless (see
more details in the ESI, Fig. S3a†). Then, the deprotonation
process released the energy of 29.2 kcal mol−1 with the aid of
tertiary amine A1 to form INT-4. Structural analysis showed that
the bond length of the O–H bond increased from 1.032 Å in INT-
3 to 1.632 Å in INT-4, indicating that the proton was transferred
fromHO-Bneop to the tertiary amine, which was also conrmed
to be barrierless (see more details in the ESI, Fig. S3b†). Finally,
INT-4 may have readily dissociated into three parts, HO-Bneop,
protonated tertiary amineHA1+ and tertiary amine-ligated boryl
radical BN. Though experimental and computational studies
provide us a rational pathway, the exact nature of the generation
of ligated boryl radicals is still unclear due to the complexity of
this photocatalytic system, more detailed investigations need to
be conducted in the future.

Based on the above experimental and computational results,
a plausible mechanism is proposed as shown in Scheme 4. With
the aid of tertiary amine A1 and H2O, the activation of the B–B
Scheme 3 DFT calculated potential energy surface and frontier
molecular orbital analysis for the ligated boryl radical formation
process in kcal mol−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
bond of diboron ester B1 through single-electron transfer by the
excited-state photocatalyst PC*, which is a feasible process
supported by luminescence quenching experiments and cyclic
voltammetry experiments, generates the reduced photocatalyst
PC− and tertiary amine-ligated boryl radical BN. Then, BN
undergoes a facile halogen atom transfer with organohalides to
result in the generation of the corresponding alkyl radical Rc,
which can be trapped by alkenes via intermolecular radical
addition to furnish a new alkyl radical I-1. Subsequently, single-
electron transfer from PC− to I-1 regenerates the photocatalytic
cycle and produces a carbanion intermediate I-2. In the case of
the triuoromethyl alkene substrate, the following deuorina-
tion of I-2 leads to the alkylation product gem-diuoroalkenes.
In the case of the unactivated alkenes, subsequent protonation
of I-2 results in the nal hydroalkylation products. It should be
noted that in previous reports,60–63 ligated boryl radicals were
able to act as a highly reducing agent to activate aryl or alkyl
halides via single electron transfer. In this work, considering
the fact that the reduction potential of dichloromethane is too
high, halogen atom transfer is believed to be the actual process
to activate the C–X bond of organohalides. However, the acti-
vation via the SET mechanism could not be completely
excluded.

Conclusions

In summary, a new photocatalytic platform has been estab-
lished to generate ligated boryl radicals. By exible modular
assembly of readily available amines and diboron esters, we can
quickly access a library of various reactive ligated boryl radicals
for reaction screening. Therefore, by employing the assembly of
DABCO A1 and B2Nep2 B1, the C–Cl/Br bond of organohalides
could be effectively activated via a halogen atom transfer
process, thus enabling the cross-coupling of organohalides with
alkenes including activated and unactivated ones for C(sp3)–
C(sp3) bond formation under photocatalysis. Experimental and
computational studies rationalize that the ligated boryl radical
is generated through the activation of the B–B bond of diboron
ester via photoinduced single electron transfer with the aid of
amine and H2O. Such a protocol features mild conditions, good
functional group tolerance and broad substrate scope. Scale-up
synthesis and late-stage modication of structurally complex
molecules demonstrate the practicability. Further application
of this photocatalytic platform for ligated boryl radical-
mediated organic transformations is ongoing in our laboratory.
Chem. Sci., 2025, 16, 3580–3587 | 3585
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