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Organoboron compounds are very important building blocks which can be applied in medicinal, biological
and industrial fields. However, direct borylation in a metal free manner has been very rarely reported. Herein,
we described the successful direct borylation of haloarenes under mild, operationally simple, catalyst-free
conditions, promoted by irradiation with visible light. Mechanistic experiments and computational
investigations indicate the formation of an excited donor—acceptor complex with a —3.12 V reduction
potential, which is a highly active reductant and can facilitate single-electron-transfer (SET) with aryl
halides to produce aryl radical intermediates. A two-step one-pot method was developed for site
selective aromatic C—H bond borylation. The protocol's good functional group tolerance enables the
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Introduction

Boronic esters are commonly encountered in pharmaceuticals,
functional materials and agrochemicals." Aryl halides and
related arenes are the most commonly employed precursors to
produce them.> Conventional routes for their synthesis include
metalation (generally by Li or Mg reagents)® followed by nucle-
ophilic substitution and transition-metal catalysis,* offering
a broad substrate scope and good functional group compati-
bility if their disadvantages such as high cost, low reactivity and
operational inconvenience could be ignored. Visible light
catalysis® has become a well-accepted and powerful method for
the direct borylation of drug like molecules. Seminal studies by
Larionov,® Aggarwal,” Wu,® Schelter® and others' have estab-
lished the viability and synthetic utility of this approach, cir-
cumventing the need for well recognized photocatalysts and
metal additives. Studer™ developed radical borylation of aryl
iodides with bis(catecholato)diboron (B,cat,) as the boron
source under mild conditions. Recently, Jiao'> reported the
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radicals merged with photochemistry.

borylation of aryl halides using 4-phenylpyridine as an efficient
catalyst and sodium methanolate as a strong base with bis(pi-
nacolato)diboron (B,pin,). Different from Jiao's work, Li,**
Larionov** and Lin" independently described simple and effi-
cient methods to convert aryl triflates and aryl halides into aryl
radicals under UV irradiation or reductive electro-
photocatalysis. There is a constant quest for more efficient
clean borylation strategies (e.g., metal-free visible light catalysis
using an in situ formed photocatalyst) from simple and readily
available starting materials.

In recent years, in situ formed donor-acceptor complexes
have been successfully used in the single-electron-transfer (SET)
process to produce radical species by hybridization and
modulation of the relevant energy levels.’®"” As a result, visible
light excitation can occur favoured by a red shift of the
absorption band, although both donor and acceptor compo-
nents are individually insensitive to visible light irradiation.
This novel protocol can provide a new approach for aryl radical
intermediates through C-X bond activation in a metal-free
manner (Scheme 1).

In 2020, we reported a photoinduced dehalogenation of aryl
halides.'® Spectroscopic, computational and chemical studies
indicate that the formation of a twisted intramolecular charge-
transfer (TICT) species enables the population of higher-energy
doublet states. Konig' developed a versatile photocatalytic
strategy for the ipso-borylation of substituted arenes by using
thiolate as a catalyst, forming a donor-acceptor complex
between thiolate/B,pin, and boryl-anion-activated substrates.
Inspired by our previous work and related reports,* we ques-
tioned whether borylation of aryl halides could be achieved with
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Scheme 1 Synthetic approaches to aryl boronic esters.

the photocatalytic intermediate formed in situ employing
simple available substrates (e.g., N-containing heterocycles/
organic base/boron source). Herein, we described the success-
ful direct borylation of haloarenes under mild, operationally
simple, catalyst-free conditions, promoted by irradiation with
visible light.

Results and discussion

We made our initial discovery of the borylation reaction
employing 4-bromoanisole as the model substrate (Table 1).
First, under visible light photoirradiation, when the 2,2’-bipyr-
idine (nitrogen containing heterocycle: NCH)/triethylamine

Table 1 Optimization of the reaction conditions®

MeO’ MeO’
N-containing heterocycles

NZ NZ CF,
vepesicelivee
| 2N N?
2N

A B c D

N-containing heterocycle (NCH, 20 mol%)

AcN, Bypin, (X eq), NEt3 (Y eq)
390 nm LEDs, rt

Bypin, (X NEt; (Y
Entry Solvent eq.) eq.) NCH Time (h) Yield (%)°
1 AcN X=2 Y=3 A 12 27
2 AcN X=2 Y=3 B 12 Trace
3 AcN X=2 Y=3 C 12 49
4 AcN X=2 Y=3 D 12 17
5 AcN X=2 Y=3 E 12 Trace
6 DMSO X=2 Y=3 C 12 Trace
7 DMF X=2 Y=3 C 12 NR
8 DCE X=2 Y=3 C 12 16
9 AcN X=4 Y=5 C 36 87 (81)°
10 AcN X=14 Y=5 36 14
11 AcN X=4 Y=5 C 36 NR?

“ Reactions were performed with 0.2 mmol 4-bromoanisole, 1.0 mmol
NEt;, 20 mol% NCH, 0.5 ml solvent and suitable B,pin, for the
1ndlcated perlod of time under 2 x 390 nm LED (40 W) irradiation.

b NMR ylelds using pyrazme or hexamethyl disiloxane as the internal
standard. ° Isolated yields. ¢ Without irradiation.
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(NEt;; final reductant)/B,pin, (boron source) system was eval-
uated in acetonitrile, the desired product can be detected in
27% yield (entry 1). In order to generate the optimal ate-
intermediate to facilitate the single-electron-transfer (SET)
process, a series of NCHs were evaluated (entries 2-5). Only
trace desired product was detected using the 2-phenyl pyridine/
NEt;/B,pin, system (entry 2) suggesting that the ate-
intermediate formed with 2-phenyl pyridine couldn't deliver
a single electron to the aromatic C-Br bond. To our delight, the
yield was improved remarkably (49% yield) employing iso-
quinoline as the ate-intermediate precursor (entry 3). Neither
acridine (entry 4) nor 4-trifluoromethyl pyridine (entry 5) could
benefit the borylation reaction, indicating that steric resistance
and electron-deficient factors of NCHs can decrease the reduc-
tive ability of the ate-intermediate. A brief investigation of the
solvent effect demonstrates that DMSO (entry 6), DMF (entry 7)
and DCE (entry 8) are not as efficient as acetonitrile. Gratify-
ingly, the desired product could be isolated with 81% yield via
increasing the loading of B,pin,/NEt; and prolonging the pho-
toirradiation process (entry 9). Not surprisingly, control exper-
iments without NCH (entry 10) and in the dark (entry 11)
couldn't afford the desired product effectively.

With the optimized reaction conditions in hand, we first
examined the substrate scope of aryl bromides (Table 2).

Table 2 Substrate scope of aryl bromides”

isoquinoline (20 mol%)
NEty (5.0 eq)

-0
2

7
<\ /?
g

AcN, 390 nm LEDs, 36 h, rt

Bpin Me. Bpin
Bpin” : @EMe

3x, 67%

N
@
&

Bpin

z z
@ @
o O

3y. 72%

HQNJ@’ Bpin
Me’

3aa. 69%

FU Bpin
MeO’

3ac, 64%

=OMe. 3a,81% 3q, 54%/30%

R2\©Bpin (Z:@’ Bpin

32,57%

FD’ Bpin
HO'

3ab, 45%

Ry =Me, 3b, 51%
R, ='BU, 3¢c. 74%
R, = NMe,, 3d, 50%
R) = SMe, 3e, 64% Ra=Me, 3r.57%
R, = OPh, 3, 59%

R, =H, 3g, 58%

R = NH,, 3s, 82%
Ry =F, 31, 74%

e
R
& Me Bpin
Ry = Me, 3u, 57% \@r

Ry = NH, 3v, 82% e Ome
Ry = ¥l . 3w, 63%

R, = OH, 3h, 61%
Ry = NH,, 3, 7%

R =F. 3] 69%

R, = CF3. 3k 52%

R, = OCHF,, 3l, 46%
R, = CN, 3m, 34%

R, = COOPh, 3n, 76% ,
R, = COOMe, 30, 55% (/\/@’Bp'" s 4
R =20\ 3p.52% O <\J© e’N

3af, 23%

x = OTf, 39%

® o
x= NMe, 64%
x=0Tf, 7a 3a

i X Standrad N . '
] O condition /@r""'" : . :
E E— : :
i MeO MeO ! Q O :
B XENMeRl Ba

“ Reactions were run on a 0.2 mmol scale; isolated yield. ? Trradiation
for 48 h. © Using 1-bromo-4-chlorobenzene as the starting material.
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Various para-substituted aryl bromides, including electron
donating group substituted (3a-3f), nonsubstituted (3g),
unprotected -OH (3h)/-NH, (3i), electron withdrawing group
substituted (3j-30) and even simple alkene moieties (30), could
be well tolerated in this system, delivering the corresponding
arylboronates in good to excellent yields. However, bromo-
styrene was not tolerated. A dual borylation product (3q)
could be synthesized using dihaloarene or haloaryl boronic
ester. Meta-(3r-3t) and ortho-(3u-3w) substituted arylboronates
can both be obtained in good yields (e.g., 3w, 1-allyl-2-
bromobenzene, 63% yield). Moreover, 2,5-(3x)/3,4-(3y-3ac)/3,5-
disubstituted (3ad-3ae) aryl bromides produced borylation
products in good yields (3aa and 3ac, 69% and 64%, respec-
tively). Heteroaromatic bromides, such as benzothiophene (3ag)
and indole (3ah) derivatives, can be employed to access the
desired borylation products with good efficiencies other than
brominated benzofuran (3af, acceptable 23% yield). This
methodology also worked well with a series of diboron reagents
to produce arylboronates 4a—-6a with useful efficiencies (e.g., 4a,
69% yield). In contrast, B,(OH), was not a good borylation
candidate with a poor solubility in acetonitrile. Notably, except
for aryl halides, 3a could also be prepared through more chal-
lenging Ar-O (7a)/Ar-N (8a) bond cleavage under standard
conditions. Surprisingly, reductive deoxygenation of fluorenone
was accomplished with high efficiency (9a, 65%).

Next, we turned our attention to exploring the substrate
scope of the borylation of unactivated aryl chlorides, since
cleavage of the C-Cl bond in a metal-free manner remains
quite challenging [e.g., for PhCl, E,.q = —3.04 V vs. SCE].** Our
investigations revealed that both electron-rich and electron-
deficient chlorobenzene derivatives could be employed to
provide the corresponding arylboronates in good yields with
a little more loading of NCH and longer irradiation time
(Table 3; 68% NMR yield for 20 mol% NCH loading and 36 h
irradiation vs. 82% NMR yield for 100 mol% NCH loading and

isoquinoline {1.0 eq)

Table 3 Substrate scope of aryl chlorides®
NEt; (5.0 eq)

Cl Bpin
F AcN, 390 nm LEDs, 72 h, rt Z

10 40eq n

MeO ©/ Me BU

11q, 68%°C/82%°(75%) 11b, 54% e, 76% 11d, 66%

HO' HzN MeS F

1le, 44% 111, 42% 11g. 64% 11h, 70%

Me\©,3pin HQN\©Bpin Bpin Bpin
Me NH;

11i. 49% 11j.73% 11k, 46% 11, 76%

. M .
Meojg,apln HQNIjBPi“ Meo\©,8pm e\QBpln
MeO Me’ Me

OMe
11m, 81% 11n, 63% 110, 44% 11p, 55%

-

“ Reactions were run on a 0.2 mmol scale; isolated yield. ? 20 mol%
NCH (isoquinoline) was used and irradiation for 36 h. © NMR yield.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

72 h irradiation). It's worth noting that the reaction was
allowed for production of fluorinated boronic ester (11h). In
addition, unprotected para, meta, and ortho -OH/-NH,
substituted aryl chlorides (10e-10f; 10j; 101) were well toler-
ated, illustrating the immediate utility of this approach in
preparing value-added boronic ester in a protecting group-free
manner. Similar to aryl bromide substrates, more electron-
rich and sterically hindered aryl chlorides (10m-10p) could
also be transformed into desired products with good yields
using this new protocol (Table 4).

Site selective aromatic C-H functionalization provides rapid
access to useful structural and functional molecular
complexity.”” Based on the optimized reaction conditions, we
developed a two-step one-pot method for simple aromatic C-H
borylation. In the first step, almost equivalent regioselective
bromination is accomplished using N-bromosuccinimide (NBS)
as the bromination reagent, controlled by the electrophilicity
and steric hindrance effect of the aromatic ring.>* Subsequently,
a series of aryl bromides without further purification were
transformed into the corresponding boronic esters with high
regioselectivities and efficiencies (e.g., 13a, 73% yield; rr up to
40 : 1). Aromatic silyl-ethers (13c-d), unprotected phenol (13e),
aniline (13f) and polysubstituted benzenes (13g-h) were well
tolerated, delivering site selective products with moderate to
good yields (Table 5).

The broad functional group tolerance and two-step one-pot
method for site selective aromatic C-H borylation encouraged
us to test this mild strategy for late stage functionalization of
complex molecules, such as natural products and active phar-
maceutical ingredients (APIs). Boronates derived from methyl
dehydroabietate (14), amino acid tyrosine (15), and a variety of
APIs (16-18) containing polar groups, sterically hindered
substituents and polycyclic frameworks were still readily
produced under the optimized conditions, highlighting the
utility of this methodology in the late-stage functionalization of
biologically relevant compounds.

To obtain insights into the reaction mechanism, an N,N-
diboronate complex** (dimer A) was prepared through reductive
coupling of isoquinoline and B,pin, (Scheme 2a). Under pho-
toirradiation, no reaction of 4-bromoanisole and dimer A was

Table 4 Two step, one-pot method for Ar C-H bond borylation®

isoquinoline
(20 mol%)

o
S AcN, rt N8 | NEf3(5.0eq)
R—r + N—Br ——— | R— E—
Z 12h Z B,pin; (4.0 eq)
O

390 nm LEDs

X Bpin
R4
=
36h,rt

without purification 13

TIPSO TBDPSO

13¢,37%
MeO, Bpin MeO. Bpin
MeO’ : MeO : Me

13g, 64% 13h, 55%

12 1.05 eq.

MeO (&}

13a, 73% It > 40:1

/@, Bpin /©, Bpin
HO HoN

13e, 33% 131, 39%

13b, 52% 13d, 26%

¢ Reactions were run on a 0.2 mmol scale; isolated yield.
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Table 5 Late stage functionalization of complex molecules”

Bpin Me
NHBoc e
M Me H O.
2 i COMe
- Bpin'
,, X = Br, 15.63% N
me” “COMe Phenylalanine derivative Ma " 8og
X=H, 14, 51% two-step one-pot X = H, 16, 85% two-step one-pot
Methyl dehydroabietate derivative ﬁ Atomoxetine derivative
N Someoms Bpin Me 5
/©/N\) G18DMS e @/x J@:
i U i Me o/\/%orv\e
Bpin ¢ 4 ’ 2 Me Me
X=HBr [/

X=H, 17, 66% two-step one-pot
Levodropropizine derivative

X = H, 18, 76% two-step one-pot
Gemlibrozil derivative

“ Reactions were run on a 0.2 mmol scale; isolated yield.

detected without addition of NEt; (see the ESIT). In contrast, the
potential excited donor-acceptor complex was able to slowly
reduce 4-bromoanisole into anisole in the presence of NEt;;
when additional B,pin, (2.0 eq.) was applied as the trapping
reagent without loading of NEt;, no dehalogenation product
except boronic ester product was detected; furthermore, the
reduction of 4-bromoanisole took place more efficiently in the
presence of NEt; and B,pin,, delivering the corresponding
boronic ester as the major product (Scheme 2b). These obser-
vations indicated that the reduction ability of the coordination
complex of acceptor dimer A and donor NEt; has indeed been
enhanced after photoexcitation. To obtain a clearer picture of
the complex of acceptor dimer A and donor NEt;, density
functional theory (DFT) calculations were carried out. First, the
computational UV-Vis spectrum was employed to compare with
the experimental UV-Vis spectrum (Scheme 2c¢). Without NEt;,
there exist two smooth peaks in the computational UV-Vis
spectrum of dimer A and the peak at 227 nm is higher than
that at 301 nm, which is in agreement with the experiments
(Scheme 2¢(I) and d(III)). When one NEt; molecule binds to
dimer A in silico, the curve between the two peaks becomes
sharp, which is also consistent with the experimental UV-Vis
spectrum (Scheme 2¢(II) and d(IV)). However, when two NEt;
bind to dimer A, the computational UV-Vis spectrum reveals
that the peak around 220 nm becomes lower than the peak
around 300 nm, which is quite different from experiments
(Scheme 2d(V)). Therefore, the computational results suggest
that only one NEt; binds to dimer A under the optimized
reaction conditions. In addition, the binding energy between
dimer A and one NEt; is 11.6 kcal mol ' by calculation.
Considering that the ratio of dimer A (20 mol% isoquinoline —
10 mol% dimer A) to NEt; (5.0 eq.) is 1 : 50 under the optimized
reaction conditions, dimer A and complex B can equilibrate
(Scheme 2d). After B is determined to be the complex
combining acceptor dimer A and donor NEt;, time dependent
TD-DFT calculations were conducted for the excited-state of B.
The excited-state reduction potential of B* is —3.12 V, indi-
cating that B* is a highly active reductant and can facilitate SET
with aryl halides to produce aryl radical intermediates.

With this mechanistic insight, a plausible mechanism for
the conversion of aryl halides to their corresponding boronic
esters is proposed in Scheme 3. Reductive coupling of

4912 | Chem. Sci, 2022, 13, 4909-4914
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MeO 390 nm LEDs, 12h
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MeO MeQ

0.2 mmol 12% 80% remaining
Br B,pin; (2.0 eq) H Bpin
+ dimerA + NEf; —_— &
MeO’ 0.15mmol 1.0 mmol ACN MeO MeQ
0.2 mmol 390 nm LEDs, 12h 12% 72%
c) Experimental UV-Vis d) Computational UV-Vis
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Scheme 2 Mechanistic and computational experiments: (a) prepara-
tion of dimer A; (b) mechanistic experiments using dimer A (0.15
mmol)/4-bromoanisole (0.2 mmol)/NEts (1.0 mmol) with or without
B,pin, under 2 x 390 nm LEDs (40 W) irradiation for 12 h; (c) experi-
mental UV-Vis spectra (I: dimer A/Il: dimer A + NEts); (d) computational
UV-Vis spectra (Ill: dimer A; IV: dimer A + NEts; V: dimer A + 2NEts); (e)
binding between dimer A and one NEts and then photoexcitation of
D—-A complex B by 390 nm light.

isoquinoline and B,pin, generates dimer A, which can coordi-
nate with NEt; in situ to afford intermediate B. Donor-acceptor
complex B is then excited by 390 nm light, populating a highly
reducing excited state B*, which can undergo a single electron
transfer process with an electronically matched aryl halide to
generate a radical cation species C, aryl radical D, and regen-
erate isoquinoline/B,pin,. Radical cation C could be trans-
formed into enamine E followed by hydrogen atom transfer and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MeQ'

deprotonation processes. Finally, radical D is trapped by B,pin,
immediately, yielding the desired boronic ester.

Conclusions

In summary, a facile transition-metal-free conversion of aryl
halides to the corresponding boronic esters through a radical
process has been developed. A series of aryl boronic esters were
synthesized with good functional group tolerance in moderate to
excellent yields under mild conditions. Mechanistic experiments
and computational investigations indicate the formation of an
excited donor-acceptor complex, serving as the super single
electron reductant. Furthermore, the key role of the donor-
acceptor complex formed in situ was confirmed by control
experiments and DFT calculations. The protocol's functional
group tolerance and two-step one-pot method for site selective
aromatic C-H bond borylation enabled the functionalization of
a variety of biologically relevant compounds, representing a new
application of aryl radical merged with photochemistry.
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