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of Chemistry Borylation of an arene typically proceeds via transition-metal-catalyzed C—H activation. We report here that
transient rt-coordination to chromium activates 1 equiv. of a simple arene towards nucleophilic borylation
with B(pin), in the presence of an additive such as K;COsz or KF. The transient activation of the substrate is

achieved via in situ ligand exchange with a naphthalene chromium complex, followed by borylation of the
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transition-metal-catalyzed C—H borylation, react well under these conditions. Mechanistic studies support

DOI: 10.1035/d55c08107f an anionic mechanism, where a borate species undergoes nucleophilic addition to the arene chromium
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Introduction

Functionalization of the C-H bond in an arene enables rapid
construction of molecular complexity.' For these reactions
to proceed efficiently, specialized substrates such as arenes
bearing a directing group,* and/or complex catalysts are often
required.’ w-Coordination of a metal fragment is known to
decrease the electron density of an arene and has been often
used in organic synthesis,*** but applications to the C-H
functionalization of arenes remain scarce.”* Recently,
Larossa and others showed that palladium-catalyzed C-H
arylation of arenes with aryl halides can be enhanced by
m-coordination of the arene substrate to chromium or
ruthenium (Fig. 1B)."*>* However, these reactions require the
synthesis and isolation of the arene metal complex as a start-
ing material, typically using an excess amount of arene; to the
best of our knowledge, there is only one example of genera-
tion of an arene chromium complex through arene exchange,
followed by one-pot palladium/silver-catalyzed C-H
arylation.>® We report here that 1 equiv. of a simple arene can
be borylated with B,(pin), in the presence of a base such as
K,CO; or KF, upon transient activation through in situ arene
exchange with a m-arene chromium complex precursor
(Fig. 1C). Mechanistic studies suggest that the reaction
proceeds through nucleophilic attack of a borate species to
the arene activated by m-coordination, followed by hydride
migration.
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complex, followed by hydride migration.

Results and discussion
Reaction development: a model study

Transition-metal-catalyzed borylation of an arene is one of the
most widely utilized C-H functionalization reactions,**>*
because it proceeds without the need of directing groups, and
the boroester group can be easily converted to valuable func-
tionality (Fig. 1A).%* Iridium has been the mostly used catalyst to
date,** and because oxidative addition is typically the
turnover-limiting step, the reactions proceed the best for
electron-deficient arenes. We envisioned that transient 7-coor-
dination of an arene to a metal fragment such as tri-
carbonylchromium through arene exchange with an
appropriate precursor would decrease its electron density and
enable efficient borylation, even for electron-rich substrates
(Fig. 1C).

To achieve this scenario, we first studied a model reaction of
a xylene chromium complex (1a-Cr) with B,(pin), (Table 1). We
initially investigated several catalysts often used for C-H bor-
ylation such as iridium****-** or cobalt,*»** but a control exper-
iment showed that in the presence of an additive such as K,COs3,
the reaction proceeds well without the need of the catalyst (entry
1). This result is intriguing, because borylation of an arene
without the requirement of a transition metal catalyst has been
achieved to date*® by using electrophilic borylating reagents,*”**
frustrated Lewis pairs,* deprotonative** or photochemical
conditions.** A brief screening of additives (entries 1-7) revealed
a puzzling trend: K,CO3; and Na,CO; were the most efficient,
while Li,CO;, KF and KOMe also gave moderate yields (entries
3, 4, and 7). CsF and KOt-Bu were largely ineffective (entries 5
and 6). Notably, in the absence of an additive, the reaction did
not proceed at all (entry 8). However, despite numerous efforts,
the yield could not be further improved by the choice of the
additive. Moreover, we also encountered reproducibility issues,
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Fig. 1 Strategies for C—H functionalization. (A) Transition-metal-
catalyzed borylation of arenes. (B) Palladium-catalyzed arylation of
chromium arene complexes prepared from the corresponding arenes
prior to use. (C) This work: nucleophilic borylation of electron-rich
arenes through transient t-coordination to chromium.

Table 1 Investigation of key parameters for a model reaction, the
borylation of 1a-Cr with B,(pin),

B,(pin), (x equiv)

H  additive (1 equiv)  MnO;
I [M] (5 mol%) (3 equiv)
oc” A@B(pin)
CcO IHF AcOH
oC L. cr 100°C, 17 h t,1h 28

Entry x Additive M] a“ (%) 1a“ (%)
1 1 K,CO3 None 68 28
2 1 Na,CO;3 None 62 33
3 1 Li,CO; None 38 61
4 1 KF None 47 49
5 1 CsF None 5 85
6 1 KO¢-Bu None 3 79
7 1 KOMe None 37 53
8 1 None None nd” >99
9 2 K,CO;3 None 77 27
10 2 K,CO3 [Cr(acac);] 92 8
11 2 None [Cr(acac);] <1 >99
12° 2 K,CO; [Cr(acac);] nd” >99
13 2 K,CO, [crCly] 83 11

“ The yields were determlned using GC in the presence of tridecane as
an internal standard. °* nd = Not detected. ¢ 1a was used instead of
1a-Cr as the substrate.
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with the yields fluctuating in the 40-80% range. We wondered if
a small amount of chromium, which may leak from complex 1a-
Cr during the course of the reaction could affect the result, and
we added a catalytic amount of [Cr(acac);] to find that the
reaction proceeded reproducibly with a high yield (92% yield as
determined by GC, entry 7), when 2 equiv. of borylating reagent
was used. The reaction proceeded cleanly, and recovery of the
starting material accounted for the rest of the material balance.
Product 2a was obtained after decomplexation using MnO,/
AcOH;'*'>17? for sensitive compounds (2m in Fig. 3), we used
LED (450 nm) irradiation** for decomplexation. Monitoring the
reaction mixture before decomplexation by GC and GC/MS
confirmed the formation of 2a-Cr (Fig. S1). The additive is
important even in the presence of [Cr(acac);], and in its absence
the reaction did not proceed (entry 11). According to our
hypothesis that m-coordination is the key enabler for this
reactivity, when we conducted the reaction using 1a instead of
1a-Cr as the substrate, the product did not form at all (entry 12).
Changing the chromium source to [CrCl;] gave a similarly high
yield (entry 13). At the moment, we do not have an explanation
for the effect of the added chromium on the reaction of chro-
mium complexes 1-Cr. The reaction also proceeded well in its
absence (entries 1 and 2), but sometimes less reproducibly; as
described below (Table 2 and Fig. 2), the in situ activation of
arenes 1 with a chromium complex precursor does not require
additional chromium.

Preliminary scope of the model reaction

Under the optimized conditions (Table 1, entry 10), we briefly
investigated the reaction of several arene chromium complexes
(Fig. 2). Ortho-dialkyl (1a-1c) and ortho-dialkoxyarenes (1d, 1e)
reacted with good yields. Interestingly, the reaction of 1d and 1e
proceeded with different site selectivity, possibly due to steric
control in the reaction of the bulkier 1d, as opposite to the
ortho-directing effect in the reaction of the smaller 1e, as also
observed for iridium catalysis.** A small amount of diborylated
product was also observed in some cases, and its amount
increased in the case of le. Meta-xylene (1g) reacted well,
selectively at the least hindered site; however, the borylation
proceeded also at the sterically hindered C-H ortho to the
methyl group (selectivity 14:86), whereas iridium-catalyzed
borylation is typically sensitive to sterics. Accordingly, steri-
cally demanding para-disubstituted alkylbenzenes (1h and 1i)
reacted with moderate yields upon prolonged reaction time.
Monosubstituted electron-rich arenes such as toluene (1j),
anisole (1k), and phenyltrimethylsilane (11) reacted well, but the
product was obtained as a mixture of regioisomers, and di-
borylation also proceeded. A chromium complex of electron-
deficient 1,2-dichlorobenzene (1f) reacted poorly, probably
because of its lower stability under the reaction conditions.

Activation of an arene through transient -coordination

Next, we investigated the reaction of a stoichiometric amount of
xylene (1a) with B,(pin), in the presence of a chromium complex
that can undergo arene exchange with 1a (Table 2). In the
presence of a naphthalene (NP) chromium complex, known to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Investigation of the key parameters for the borylation of 1a with B,(pin), in the presence of a chromium complex

Bo(pin), (1 equiv)

[Cr(CO)3(L)] (1 equiv)

additive (1 equiv) MnO,
[M] (5 mol%) (3 equiv)
H B(pin)
THF AcOH
100 °C, 17 h m, 1h
1a 2a
Entry L Additive M] 2a% (%) L—B(pin)* (%) 1a% (%)
1 NP? K,CO; None 48 5 50
2 NP KF None 67 5 34
3 NP KF [Cr(acac);] 65 (1)° 4 28
e NP KF None 44 4 98
5 1,5-DMN* KF None 58 9 39
6 2,6-DMN KF None 63 4 20
7 Pyrene KF None 63 3 30
8 TMTACH? KF None 4 nd" >99
9 3py’ KF None nd" 10 >99
10/ 3CO KF* None 4 nd” 98

“ The yields were determined using GC in the presence of tridecane as an internal standard. > NP = naphthalene. ¢ Yield of a diborylated product.
4 With 5 equiv. of la. °1,5-DMN = 1,5-dimethylnaphthalene. f2,6-DMN = 2,6-dimethylnaphthalene. ¥ TMTACH = 1,3,5-trimethyl-1,3,5-
triazacyclohexane. * nd = Not detected. ’ Py = pyridine.’ Under static vacuum. * With 2 equiv. of KF.

Ba(pin), (2 equiv)
R@—H K:COa %1 equiv)

MnO,
(,l [Cr(acac);] (5 mol %) (3 equiv) R@
WG, ¢ B(pin)
0C™">co THF AcOH —
OC 4 cr 100°C, 24 h 1,3 h 2
2a 2b
76% (90%) 75% (87%) 54% (73%), 1-/2- = 4:96
MeQO ro . Cl
. o \s .
7 s B(pin)
2d2 2e 2fb
47% (60%) 32% (46%), 4-/5- = 88:12 (9%)
2d-di 2e-di

(1%) 229% (24%), 4,6-/4,7- = 8:92

(pin)B (pin)B

X,
5 B(pin)
2g@ 2h° 2i°
76% (74%), 4-/5- = 14:86 35% (43%) 31% (33%)
2h-2,5-di 2i-2,5-di
(4%) 4% (1%)
2 3 2 3 3 :
@ 4 MeO—( )4 Me;Si _/?(pm)
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2j-di 2k-di 5% (4%)
13% (9%) 30% (31%)

3,5-/othres = 87:13 3,5-/othres = 68:32

Fig. 2 Preliminary investigation of a model reaction, the borylation of
arene chromium complexes 1-Cr. The yields were determined by
isolation; the yields in parentheses were determined by using *H NMR or
GC in the presence of an internal standard. See the Sl for details. “Rea-
ction time was 68 h. PReaction time was 17 h. “Reaction time was 4 days.
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undergo fast arene exchange,”®***® and using K,CO; as an
additive, 1a reacted with B,(pin), in THF at 100 °C to produce 2a
in 48% yield after oxidative demetallation, together with a small
amount of borylated naphthalene, and recovery of the substrate
in 50% (entry 1). Changing the additive to KF slightly increased
the yield (entry 2). In contrast to the reaction of chromium
complex 1a-Cr, a catalytic amount of [Cr(acac);] did not affect
the reaction (entry 3), reinforcing that its presence is not
essential for the reaction to proceed. Increasing the amount of
substrate did not improve the yield (entry 4). Under the optimal
reaction conditions at entry 2, we studied several chromium
complex precursors (entries 5-9). To prevent the unproductive
borylation of the naphthalene ligand, we wused di-
methylnaphthalene complexes (entries 5 and 6), but significant
improvement was not achieved. A pyrene complex gave a similar
result (entry 7). A triamine chromium complex*” could also be
used, albeit with a decreased yield (entry 8). A trispyridine
complex did not promote the reaction at all (entry 9).
Commercially available [Cr(CO)s] was a less efficient precursor
and gave the product in 4% yield, together with recovery of the
starting material (entry 10).

Reaction scope for the borylation of arenes (1) in situ activated
by m-coordination

Under the reaction conditions in Table 2, entry 2, we investi-
gated the reaction of several arene substrates (Fig. 3). To avoid
regioselectivity issues and multiborylation, we mainly investi-
gated the reaction of di- and trisubstituted arenes. As expected,
the reactivity trend paralleled that of chromium complexes 1-Cr
(Fig. 2), and alkylarenes and electron-rich arenes reacted with
moderate yields, slightly lower than those for the corresponding
1-Cr substrates. In most of the cases, recovery of the starting
material accounted for the remaining of the material balance,
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Fig. 3 Borylation of arene 1 in situ-activated by a chromium naph-
thalene complex. The yields were determined by isolation; the yields in
parentheses were determined by using *H NMR or GC in the presence
of an internal standard. See the Sl for details. °LED (450 nm) irradiation
for decomplexation.

and a small amount of borylated naphthalene also formed
(similarly with the reaction profile of the model substrate 1a in
Table 2, entry 1). Ortho-Dialkylbenzenes 1a and 1b were bory-
lated at the less sterically hindered position with good yields.
Dimethoxybenzene 1d and diaminobenzene (1m), electron-rich
substrates challenging for iridium-catalyzed borylation,*® reac-
ted well. The reaction of an unsymmetric ortho-disubstituted
arene (10) gave an essentially 1:1 mixture of regioisomers.
Trisubstituted arenes (1s-u) also reacted well. Notably, ortho-
disustituted aniline (1u) reacted without the need of N-protec-
tion. A monosubstituted arene such as phenyltrimethylsilane
(11) reacted well, but a mixture of regioisomers and a small
amount of diborylated product was obtained. Using the in situ
exchange procedure, electron-deficient arenes such as 2n and 2r
also reacted with moderate yields.

Borylation followed by functionalization

To demonstrate the synthetic utility of w-coordination-enabled
borylation, we carried out representative trans-
formations of boroester 2 (Fig. 4). Suzuki-Miyaura cross

several
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1) borylation as in Fig 3
2) 450 nm LED irradiation

R \/: \> (decomplexation)

1

R

a) 4-bromo b) D,O c)
cat. [Pd] cat. [Ir] cat [Cu]
>: I
R R=H, 1a-Ar (64%) 1s-d;y D 1b-1 (48%)
R = Me, 1s-Ar (50%) (96% D)

Fig. 4 Borylation of 1, followed by derivatization of 2. (a) 4-Bromo-
anisole (1.2 equiv.), [Pdx(dba)s]-CHCls (2.5 mol%), XPhos (5 mol%),
KsPO4 (3 equiv.); THF/H,O (10:1), 80 °C, 12 h. (b) D,O (10 equiv.),
[{Ir(cod)(OMe)}al (2 mol%); THF, 80 °C, 3 h. (c) KI (3 equiv.), [Cull]
(10 mol%), Phen (20 mol%); MeOH/H,O (4:1), 80 °C, 12 h.

coupling of 2a and 2s with 4-bromoanisole afforded the corre-
sponding biaryls 1a-Ar and 1s-Ar, the latter known to exhibit
a relatively large Stokes shift.** Iridium-catalyzed deutera-
tion®*** of 2s afforded 1s-d, selectively labeled at C5. Likewise,
copper-mediated iodination® selectively occurred at the
aromatic carbon-boron bond to give the aryl iodide 1b-I, which
is typically obtained via a Sandmeyer reaction from the corre-
sponding aniline precursor, method that requires multiple
synthetic steps.

Preliminary mechanistic studies

As shown in Table 1, entry 1, the borylation of a chromium
arene complex proceeds without the need of a transition metal
catalyst, even if the influence of trace amounts of chromium
leaked into solution cannot be completely ruled out. To get
insights into the mechanism of this reaction, we performed
experimental and theoretical preliminary studies. Radical
intermediates or single-electron transfer steps are likely not
involved, because the reaction was not inhibited by scavengers
such as 9,10-dihydroanthracene (1c-Cr, Fig. 3) or 1,4-bi-
s(trifluoromethyl)benzene (Section 4.1 in SI),*** and 1,5-
hydrogen transfer was not observed when a complex of 1,4-di-
butylbenzene (1i-Cr) was used as the substrate (Fig. 2).

The necessary presence of base (Table 1, entries 8 and 11)
suggests the involvement of an anionic species. Activation of
B,(pin), by a base to generate a nucleophilic borate species is
well documented in the literature.*®*” We could not find
examples of the attack of such anionic borate species to simple
arenes in the literature, but the nucleophilic addition of strong
organometallic compounds to arene chromium complexes is
known.*® Also, recent reports on the attack of an Al(1) anion to
simple arenes® ' suggest that a similar reactivity of borate
species is plausible. We reacted trifluorobenzene 1v under the
optimized reaction conditions, and we obtained a mixture of
C-H borylated products 2v and nucleophilic aromatic substi-
tution products 3v (Fig. 5A),* as was also observed for the alu-
mination reaction.®® Moreover, we also performed a KIE study
for two parallel reactions, to find a primary KIE of 2.4, similar to
the value observed for the alumination reaction (1.7).%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanistic considerations. (A) Competition between C-H
nucleophilic borylation and nucleophilic aromatic substitution. (B) A
proposed mechanism. Relative Gibbs energies and enthalpies (itali-
cized) calculated at the M06/SDD:6-31+G(d,p)rHFsmp)//B3LYP-D3/
SDD:6-31+Gl(d,p) level of theory (373.15 K) are shown.

Based on the considerations above, and a very recent
example of nucleophilic aromatic substitution of hydrogen in
arenes m-coordinated to ruthenium,* we propose the mecha-
nism depicted in Fig. 5B, which was also probed by DFT
calculations.®* A base such as fluoride first activates B,(pin), as
a borate species, which then attacks the arene coordinated to
chromium (A) with concomitant C-B bond formation and B-B
bond cleavage, releasing F(Bpin). Note that coordination of
arene to a [Cr(CO);] fragment is well known to enhance the
nucleophilic attack of organometallic reagents for example.*®
The resulting intermediate (B) then rearomatizes through 1,2-
hydride shift from carbon to boron to afford an arylboronate
product (C, then D).

Conclusions

We found that a stoichiometric amount of a simple arene can be
transiently activated by m-coordination to chromium via in situ
ligand exchange with a naphthalene chromium complex, to
enable nucleophilic C-H borylation with B,(pin), in the pres-
ence of a base such as K,COj; or KF. Electron-rich and sterically
biased arenes, challenging substrates for transition-metal-
catalyzed borylation, reacted well using the m-coordination
strategy.
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