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Organometallic reagents are essential tools in both academic and industrial

laboratories and the polarity separation within the carbon-metal bonds
endows them with exceptional reactivities, but also imposes limitations,
including air- and moisture-sensitivity, and flammability. Here, we demon-
strate that stable and easily accessible benzylic (or allylic) boronate with alkali-
metal alkoxide as the activator can act as reactive organometallic reagents.
This strategy enables transition metal-free deprotonative C-H borylation of
diverse (hetero)arenes. The polar organometallic nature of this process
enables predictable and site-selective borylation by targeting the arenes’s
most acidic C-H bond. This approach can be coupled with Suzuki-Miyaura

reaction to produce C-H arylation products. We have also applied this strategy
to the dehalogenative borylation of aryl bromides and anionic polymerization
of styrenes. Given the unique stability and structural diversity of organobor-
onates, their organometallic-type reactivities show promise as a powerful
alternative to synthetic methodologies that rely on sensitive organometallic

reagents.

Organometallic reagents have been a fundamental and indispensable
label in both academic and industrial chemical synthesis since their
discovery in the early 1900s'. The polarity separation existing in the
carbon-metal bonds endows them with remarkable nucleophilicity and
basicity. After a century of evolution iteration, they have been adapted
to a wide range of carbanion-based synthetic transformations like C-H
deprotonative metalation, metal-halogen exchange, and anionic
polymerization®* (Fig. 1a), providing an alternative to transition metal-
catalyzed chemical processes. Their exceptional reactivity also leads to
severe limitations, including being highly sensitive to air and moisture,
and highly flammable when exposed to air (particularly for organo-
lithiums). Organometallic reagents must be manipulated and stored in
strictly dried solvents and inert atmospheres. To overcome these
issues, innovations for delivering organolithiums like using deep

eutectic solvent®, organolithium gels® and continuous-flow processes”®
have been introduced. While these technologies mitigate some sensi-
tivity issues during synthetic operation, organometallic reagents still
necessitate stringent air and moisture precautions during both pre-
paration and storage. Therefore, the exploration of versatile and more
practical organometallic chemistry schemes remains an active subject.

Organoboronates are widely known as stable organometallic
reagents due to the covalent nature of C-B bonds. In the toolbox of
synthetic chemists, they are typically used as a carbon coupling unit
for the formation of C-C and C-X bonds’ ™ (e.g., Suzuki-Miyaura cross-
coupling)*™, where boronic ester units act as key leaving groups
(Fig. 1b). Although organoboronates have less polarized C-B bonds
compared to the celebrated organometallic reagents like organo-
lithium and Grignard reagents”, it has been reported that several types
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Fig. 1| Multifaceted reactivity of organometallic reagents. a Representative
elementary reactions of polarized organometallic reagents (e.g., organolithium,
organomagnesium reagents, etc.) and exemplified strategies for delivering sensi-
tive organometallic reagents. b Organoboronates are typically used as a cross-
coupling partner for C-C bond constructions with boron unit [B] as a leaving group.
c In the presence of alkali-metal alkoxides, benzylic (or allylic) boronates might be

considered as both superbase precursors and boron sources through the in situ
heterolysis of the C-B bond. d Outline of the possible transformations using
organoboronates/alkali-metal alkoxides combinations as reactive organometallic
reagents via deprotonative metalation, metal-halogen exchange or anionic poly-
merization, in analogy to sensitive organolithiums, organomagnesiums, etc.

of organoboronates (such as benzylic boronates, etc.) could undergo
heterolytic cleavage of C-B bonds when associated with alkali-metal
alkoxides (ate complex), generating more reactive carbanion species'.
We therefore envisioned that stable organoboronates could function
as a distinct type of highly reactive carbanion precursor (Fig. 1c),
capable of replicating the polar reactivity known in classical organo-
metallic reagents. These in situ generated carbanions could therefore
be used in similar mechanistic scenarios to those involving superbases
(e.g., C-H deprotonative metalation, metal-halogen exchange, etc),
substantially expanding the synthetic versatility of organoboronates.
More importantly, leveraging their unique stability and widespread
availability, the use of these organoboronates as superbase precursors
offers a simple, practical, and user-friendly alternative to conventional
carbanion-based synthetic methods.

Here, we report the dual utility of benzylic (or allylic) boronates,
which can not only replicate the reactivity of highly reactive organo-
metallic reagents but also serve as boron sources (Fig. 1d). The com-
bination of benzylic (or allylic) boronates and alkali-metal alkoxides
could in situ afford the related carbanions, and their capacity to
deprotonate C-H bonds and undergo metal-halogen exchanges has
enabled the development of borylation reactions with broadly avail-
able (hetero)arenes and aryl bromides through in situ trapping by the
borate ester species. This strategy for in situ generation of organo-
metallic species could also initiate the anionic polymerization of aro-
matic alkenes''®. In comparison with the synthetic processes based on
organometallic reagents®?, the advantage of this strategy lies in its
stable and easy-to-handle precursors and easy control of reactivity
through the flexible selection of different boronates/alkali-metal alk-
oxide combinations.

Results
Reaction development and mechanistic insight
We initiated our study by screening appropriate boronates as the
potential precursors of carbanions (Fig. 2a). Density functional theory
(DFT) calculations show that the combinations of benzylic (1a-c) or
allylic (1d) boronate/potassium tert-butoxide (KO'Bu)** are predicted
to be kinetically feasible, allowing C-B heterolytic cleavage to
generate the related resonance stabilized carbanion intermediates
(AG*=16.0 ~19.5 kcal/mol). The activation of tert-butyl borate ‘BuBpin
(1e) with KOBu is thermodynamically and kinetically unfavorable
(AG*=33.5 kcal/mol). To investigate the potential superbase reactivity
of these combinations, we chose the deprotonative borylation of
N-methylindole 2, using boronates 1a-e as the boron sources and
KO'Bu as a moderate base (Fig. 2b). As expected, reactions of benzylic
(or allylic) boronates (1a-1d) with N-methylindole, excluding ‘BuBpin
(1e), consistently produced C2 borylated indole with moderate to
excellent yields (see Supplementary Table 1 for optimization details). It
should be noted that the optimal boron source, dimethyl benzylic
boronate (Ic), is readily synthesized through a nickel-catalyzed
hydroboration reaction of a-methylstyrene (51% yield, in 50 mmol
scale)®, a significant by-product of the cumene process (over 292,000
tons annually®*). In addition, these boron compounds are stable to air
and moisture. Furthermore, the involvement of a transition-metal-
mediated mechanism was excluded by the deliberate introduction of
catalytic amounts of several transition metal catalysts, which did not
result in any performance enhancement (Supplementary Fig. 4).
Control experiments and NMR analysis were then performed to
elucidate the borylation mechanism. As shown in Fig. 2c, the observed
'H NMR signals at 6.12, 5.20, and 4.43 ppm on the reaction mixture of
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Fig. 2 | Exploration of the superbase reactivity of organboronates, application
for aromatic C-H borylation reaction, and mechanistic insight.

a Computational screening for the possible organoboronates/KO‘Bu combination,
which could undergo C-B bond heterolysis to generate carbanion species (AG*:
activation barrier; AG: reaction energy). b Experimental evaluation of the reactivity
of different organoboronates for the C-H borylation of N-methylindole 2. ¢ 'H and
B NMR (400 MHz, THF-dy) studies on the model reaction. Numbers within the

parentheses are the boron resonances. d Computed pathways [M06-2X/def2-
TZVPP, SMD(THF)//M06-2X/def2-SVP, SMD(THF)] for C-H borylation of
N-methylindole with benzylic boronate 1¢/KO‘Bu combination. The Gibbs free
reaction energies (relative to 1c) and barriers (labeled with an asterisk, relative to
Intl) are in kcal mol™. KIE: Kinetic Isotope Effect (KIEeyp: experimental measured
KIE; KIE.,: computed KIE with TS,.3). Color code: H, white; C, gray; B, pink; O, red;
N, blue; K, purple.
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1c¢/KO'Bu confirms the formation of the benzylic carbanion species'
(see Supplementary Fig. 8). The detection of cumene as a by-product in
the borylation reaction mixture identified the deprotonation metala-
tion process, which could also be supported by the borylation reaction
using independently synthesized dimethyl benzylic potassium
(PhCMe,K) as the base (Supplementary Fig. 5). Replacing dimethyl
benzylboronate 1c¢ with PrOBpin, which is a commonly used boron
source for the deprotonative borylation of arenes with organometallic
reagents®, failed to yield any borylation product (Supplementary
Fig. 6). This outcome might be attributed to the irreversible binding of
PrOBpin to KO'Bu. For the reaction mixture at room temperature, two
distinct types of ate complexes 4 and 5 (formed by complexation of
borylation product 3 with KO'Bu and dimethyl benzylic carbanion,
respectively) could be detected on the '"H NMR and "B NMR spectrum
(Supplementary Figs. 10-11 for detailed characterization). 1B NMR
analysis on the mixture of PhCMe,K with borylation product 3 pro-
vides spectroscopic evidence for the formation of carbanion-indole
borate complex 5 in the reaction mixture (Supplementary Fig. 12).
Despite extending the reaction time to 45 h at room temperature, the
indole reactant did not achieve complete conversion. When the reac-
tion mixture was heated to 80 °C, the KO‘Bu-bounded indole borate 4
became the predominant species, with only a small amount of species
5. This suggests that the formation of the tetracoordinated borylation
product 4 is thermodynamically more favorable than that of the other
ate complex 5. Furthermore, the detection of cumene 6 as a by-
product in the borylation reaction mixture implied the involvement of
a deprotonation metalation process.

Density functional theory (DFT) calculations were performed on
the model reaction involving benzylic boronate 1c, N-methylindole 2,
and KO'Bu, indicating that the deprotonative borylation mechanism is
both kinetically and thermodynamically feasible (Fig. 2d and Supple-
mentary Fig. 36). Competing pathways, such as C2-H and C3-H
deprotonative borylation as well as carbanion addition/ring-opening
pathway, were systematically identified using our combined molecular
dynamics and coordinate driving methods**” (Supplementary
Figs. 40-41). Among these, the C2-H deprotonative borylation path-
way is identified as the most kinetically favorable path. This deproto-
native metalation/borylation mechanism resembles the ionic
mechanisms involved in the KO'Bu-catalyzed C-H bond silylation of
aromatic heterocycles?®”. The borylation reaction starts with the
complexation of KO'Bu with 1c, resulting in the formation of the ate
complex Intl. Intl then undergoes C-B bond heterolysis through
transition state TS;, to yield the zwitterionic complex Int2. This
complex comprises a benzylic potassium fragment and a boronate
ester fragment (‘BuOBpin). The kinetic feasibility of this process is
supported by NMR analysis (Supplementary Fig. 8). Subsequently, the
benzylic potassium fragment of Int2 deprotonates the C2-H of indole,
leading to the formation of the C-H metalation intermediate Int3
(‘BuOBpin-K-indole) with an activation barrier of 26.4 kcal mol™ (via
TS,.;, relative to Intl). Potassium indole Int3 can react with either
‘BuOBpin or 1c, affording ate complexes Int4a (4) and Int4b (5),
respectively. Both of these pathways are kinetically accessible, with
activation barriers of 15.6 and 16.4 kcal mol™ for the transition states
TS3.4a and TSz.4p, respectively. The ‘BuO-indole borate complex
(Int4a) is predicted to be more thermodynamically favorable by
6.0 kcal mol™ compared to the dimethyl benzylic carbanion-indole
borate complex (Int4b), aligning with our experimental observations
(c.f., Fig. 2c). Given that the initial concentration of 1c is significantly
higher than that of ‘BuOBpin, it is likely that the predominant C-B
coupling process at room temperature might involve the reaction of
potassium indole (K-indole) with 1c. Along the whole borylation pro-
cess, the C2-H deprotonation step is the rate-limiting step with an
overall free-energy barrier of 26.4 kcal mol™. Parallel kinetic isotope
effect (KIE) experiments also reveal a pronounced KIE value of 3.3
(KIE.,. =4.4), providing further support for the DFT calculations.

Additionally, our calculations show that the cation-mt interaction
between the K* cation and the indole ring can significantly lower the
energy barrier of C-H deprotonation transition state (Supplementary
Fig. 38). The addition of 18-crown-6 to complex with the K* cation
reduced the borylation yields (Supplementary Fig. 7), suggesting the
crucial role of cation-Tt interactions in the related transition states.
Further computational comparative analysis on the reaction with
LiO'Bu and NaO'Bu through DFT calculations elucidates the critical
role of K* in mediating indole deprotonation processes (Supplemen-
tary Fig. 42). Besides, the solvent coordination effect was also com-
putationally investigated. It was found that THF-solvated microscopic
states are also likely to co-exist in the reaction system (Supplementary
Fig. 43). In addition, we also computationally investigated C-H bor-
ylation reaction of N-methylindole with 1d as the boron source. It was
found that the reaction of 1d with N-methylindole requires a noticeably
higher activation barrier in the C-H deprotonative step (see Supple-
mentary Fig. 44 for the computed free energy profile).

Synthetic scope for regioselective C—H borylation reaction

The selection of boron source for the deprotonation borylation of
different aromatic compounds can be customized according to the
C-H bond acidity in the substrates. An experimental study involving a
3 x4 matrix, which comprises 3 (hetero)aromatic substrates (N-
methylindole, methoxybenzene, 2,3-benzofuran) and 4 boronate
reagents (la-1d), has established a general guideline for choosing
appropriate  substrate-boronate combinations (Supplementary
Fig. 22). N-methylindole, with a moderate C2-H pK, value of 37.2, can
be efficiently borylated by both methyl and dimethyl benzylic bor-
onate (1b and 1c) to yield products with excellent yields. In contrast,
methoxybenzene with a higher ortho-C—H pKj, value of 41.3, only reacts
with dimethyl benzylic boronate 1c to afford the borylation product.
For the more reactive 2,3-benzofuran, with a C2-H pKj; of 32.7, both
benzylic boronate 1a and allylic boronate 1d are suitable boron sources
for the borylation reaction. DFT calculations can differentiate the
reactivity of these different combinations and have shown that the
activation barriers are well-correlated with the calculated pK, values
(Supplementary Fig. 45).

Following a substrate-adaptive investigation, the substrate scope
for the borylation reaction was explored. Generally, the borylation
reaction occurs at the most acidic position of the substrate. As illu-
strated in Fig. 3a, substrates with pKj, values between 34.5 and 41.3 can
be effectively borylated using benzylic boronate 1c. A range of
N-substituted indoles, including those with methyl (Me), ethyl (Et), and
phenyl (Ph) groups, all undergo regioselective C2-H borylation with
moderate to good yields (3, 7-8). The scalability of this method is
exemplified by a 5mmol scale synthesis using N-methylindole,
demonstrating the practicality of this method. Despite the benzylic
C(sp)-H bonds being more acidic than C(sp?)-H bonds, the borylation
of methylated indoles proceeds with complete chemoselectivity at the
sp? hybridized C-H positions (10,12-13). DFT calculations reveal that
the observed chemoselectivity is thermodynamically dictated, with
C(sp?)-B bond formation being energetically favored over the for-
mation of benzylic boronate (see Supplementary Fig. 46 for compu-
tational details). Furthermore, a variety of substituents at different
positions on the indole framework, such as methyl, methoxy, fluoro,
chloro, and trifluoromethyl, are well-tolerated, affording the desired
products 9-17 in yields ranging from 43% to 76%. Although the C(sp?)
-H borylation of aromatic compounds has been well established (for
example, using iridium catalysts)**, the regioselective borylation
reaction is typically achieved by employing a directing group
strategy>*~*” or ligand engineering®**. In contrast, our method selec-
tively targets the most acidic C(sp?)—H bonds of the substrates, leading
to excellent regioselectivity in borylation. In addition, this approach
offers a distinct, orthogonal strategy compared to borylation pro-
cesses through the electrophilic borylation mechanism**,
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Fig. 3 | Substrate scope for the C-H borylation of (hetero)arenes. The numbers
labeled on the arenes are the calculated pK, values of the related C-H bonds.
Reaction conditions: substrates (0.2 mmol), 1c or 1d (1.5 equiv.), KO'Bu (1.5 equiv.)
in 1.0 mL of THF at 80 °C, 2.5 h, under Ar. *5 mmol scale. *Yield determined by
'H NMR due to the product decomposition during the purification. “Cascade C-H

borylation/hydroxylation: NaBO5-4H,0 (3.0 equiv.), THF/H,O = 1:1 at room tem-
perature, 3 h. “Ic or 1d (3.0 equiv.) and KOBu (3.0 equiv.). °Ic (4.2 equiv.) and KO'Bu
(4.2 equiv.). 'Without further purification by column chromatography on silica gel.
£1d (1.1 equiv.) was used. "1d (2.2 equiv.) and KO'Bu (2.5 equiv.). ‘At 60 °C, 2.5 h.
Color code: H, white; C, gray; B, yellow; O, red; N, blue; S, green.

Furthermore, this strategy for C-H borylation can be extended to
other heteroarenes commonly found in bioactive molecules, including
7-azaindole, dibenzothiophene, dibenzofuran, and pyrrole, affording
the related mono- or bis-borylated products in good to excellent yields
(18-22). The diborylation of 9,9-dimethylxanthene derivative $23 and
phenothiazine derivative S24 proceeded effectively using 3-4
equivalents amount of boron source, affording the corresponding
diborylation products 23 and 24 in moderate yields (63% and 57% NMR
yields, respectively). Notably, X-ray crystallographic analysis of the 9,9-
dimethylxanthene derived product 23 revealed two divergent boron

substitution patterns, providing structural flexibility that enables
regioselective elaboration in downstream synthesis. C—H borylation of
aryl ethers could also be achieved, yielding the corresponding ortho-
borylation products in moderate to good yields (25-30). 1,3-dime-
thoxybenzene (S28), which poses significant steric hindrance and is
challenging through traditional transition-metal-catalysis*, could also
be borylated to produce 28. It has been shown that aryl fluorides
readily undergo nucleophilic substitution reaction when treated with
benzylic organoboronates and alkoxide base, affording C-C coupling
product*®. However, for 4-fluoroanisole ($30), the C-H borylation
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reaction is favorable, and preferentially occurred at the ortho-position
relative to the fluorine group. The observed regioselectivity might be
attributed to the increased acidity of the C-H bond ortho to the
fluorine atom*’*8, rather than by complex-induced proximity effects
(CIPE)*. Given the high susceptibility of aryl ether boron compounds
to decomposition during separation processes®’, we adopted a two-
stage borylation/oxidative hydroxylation protocol to directly trans-
form the borylation product into phenol derivatives (25’-30’), which
are frequently found in natural products and pharmaceuticals™.

For O- and S-containing heteroaromatics with lower pK,
(30.0 ~ 37.1), the commercially available allyl pinacol boronate 1d could
also serve as an optimal boron source for the borylation reactions
(31-38). This includes the synthesis of building blocks for organic
photo-electric materials®, such as borylated benzothiophenes and
thiophenes (31, 37). Since propylene is the sole by-product (Supple-
mentary Fig. 13), the borylation product can be conveniently obtained
through a series of quenching - extraction - solvent recycling steps
(e.g., 31, 33, 35, and 37). In addition, the borylation of benzothiophene
can be scaled up to a 5 mmol reaction, yielding the desired product in
86% yield. While the aryl C-Br bond is typically reactive in the presence
of organolithium reagents, it remains intact when using the combi-
nation of 1d/KOBu for the borylation of 5-bromobenzo[b]thiophene
(32). Notably, treatment of 1-methylindazole with boronate/KO‘Bu
combinations (1c or 1d) under standard conditions did not produce
the anticipated borylation product. Instead, the pyrazole ring under-
goes a ring-opening reaction to afford a benzonitrile derivative (Sup-
plementary Fig. 15). This reaction outcome is consistent with previous
studies of 1-methylindazole decomposition reaction in the presence of
organolithium/magnesiums®. These reaction outcomes provide
another evidence for the organometallic-like reactivity inherent to
boronate/KO'Bu combinations. In addition, we also explored other
heterocyclic substrates (e.g., benzothiazoles, benzoxazoles, and ben-
zimidazoles etc.) with low pK, values. However, the reactions of these
heterocycles failed to form the corresponding boronate esters. These
outcomes may stem from the existence of other unidentified com-
peting pathways specific for these substrates (see Supplementary
Fig. 54 for a collection of unsuccessful substrates).

Machine learning (ML) methodologies have recently been proven
to be highly valuable in synthetic chemistry, including reaction out-
come prediction, retrosynthetic route planning and catalyst
design®, We, therefore, employed ML to explore the substrate
adaptivity across diverse (hetero)arene/boronate combinations. To
ensure the generalizability of the model, iterative training strategy was
adopted (see Supplementary Fig. 56). After two rounds of model
iteration, the generalizability of the model was significantly improved
as evidenced by the decreasing of mean absolute error (MAE) on the
external validation set from 29.0% to 15.4% (Fig. 4a). Algorithm
screening through comparative analysis demonstrated that Support
Vector Regression (SVR) exhibited significant predictive superiority
relative to alternative machine learning architectures within our
experimental dataset (Fig. 4b and Supplementary Tables 9-11 for
details). Feature importance analysis revealed that the LUMO energy of
the boronate compound and the charge of the hydrogen atom on the
(hetero)arene (which might be related to the C-H deprotonative
process) are the most critical descriptors for reactivity prediction
(Fig. 4¢). The final model results (Fig. 4d) demonstrate that while our
targeted data augmentation successfully captured greater chemical
heterogeneity, this approach led to a slightly increase of MAE in the
training set (from 7.6% to 12.5%). The observed decline in model
accuracy likely stems from the introduction of chemically distinct
motifs absent in the initial training set (such as benzoxazole, a sub-
strate with a relatively low pK, of 25.1). Introducing such chemically
diverse samples could exacerbate data heterogeneity, given that the
original dataset is predominantly clustered around pKj, values of about
30 - 47. Figure 4e exemplified the predictive ability of our optimized

model through experimental verification. For instance, it accurately
predicted a favorable outcome for the unseen substrate
N-methylpyrazole using 1d as the boron source (S40, 39% predicted
yield and 43% observed yield). Besides, it exhibited satisfactory accu-
racy in boron source selection: for 5-fluoro-1-methyl-1H-indole, the
model correctly prioritized 1b over 1c (63% versus 57%), while for 1-
methyl-7-azaindole, the 1b-mediated system showed superior experi-
mental yields (78% versus 64% with 1c). Both cases are in good con-
sistence with computational predictions. However, the model
underestimated the yield for 4-fluoro-N,N-dimethylaniline (S39), pre-
dicting 29% yield versus an experimental yield of 75% (with 1c). This
discrepancy might stem from the limited number of examples with
similar substitution patterns in the training data, hindering the model’s
ability to effectively capture the competing electronic influences
exerted by the amino and fluoro substituents on the substrate. Overall,
through iterative data augmentation strategies, we progressively
enhanced the model’s generalization capabilities, enabling more
robust predictions across extensive and diverse chemical space.

Synthetic application and scope extension

We then investigated the application of this strategy for the func-
tionalization of high-value-added arenes. Axially chiral 1,1-bi-2-
naphthol (BINOL) derivative $42°°, a crucial ligand in asymmetric
catalysis, readily reacted with 1c to yield the 3,3-bisborylated pro-
duct 42 in 76% yield on a 1.0 mmol scale (Fig. 5a). While this trans-
formation was previously achievable using "BuLi through a two-stage
deprotonation/borylation process®, it necessitated cryogenic con-
ditions and careful handling of the sensitive "BuLi reagent. The
antiplatelet agent ticlopidine S43 underwent C-H borylation to yield
the borylated product 43 in excellent yield (Fig. 5b). Given that this
borylation approach yields tetracoordinated aryl boronates, it can be
directly utilized in palladium-catalyzed Suzuki-Miyaura cross-
coupling reactions', offering a step-economical route for drug
modification (44-46). For instance, employing 1,2-bis(4-bromophe-
nyl)diazene (Amax=335nm) as the coupling reagent, a bis-coupling
product was obtained in high yield. The unique light absorption
characteristics of 46 (A.x =413 nm, Supplementary Fig. 24), suggest
its potential application in the field of photopharmacology®’. More-
over, (-)-menthol derivative $47 and (+)-a-tocopherol derivative S48
proceeded well under standard conditions using 1d as the boron
source, affording the borylated products 47 and 48 in 63% and 83%
yields, respectively.

To further showcase the versatility of our method, we extended its
application to dehalogenative borylation reactions, which are com-
monly conducted with organometallic reagents or via Miyaura
borylation®***, A two-stage borylation followed by Suzuki-Miyaura
coupling demonstrated the applicability of this strategy in the bor-
ylation of aryl bromides (Fig. 5c). We also performed DFT calculations
on the mechanism of debromoborylation (see Supplementary Fig. 48
for computational details). While 1,1-bis[(pinacolato)boryl]alkanes
have been reported for the borylation of aryl and vinyl halides, their
reactions with aryl bromides typically exhibit low efficiency®. Utilizing
1-phenylethyl boronate (1b) as the boron source, a wide range of aryl
bromides could be successfully borylated and subsequently coupled
with 2-bromopyridine via palladium catalysis, yielding the corre-
sponding biaryls in moderate to excellent yields (49-65). A range of
functional groups, including dimethyl amine (55), benzyl-protected
phenol (57), tert-butyldimethylsilyl (TBS) protected alcohol (58),
amide (62) and heterocycles (63-65), were found to be compatible
with this process. In addition, aryl iodide 4-iodoanisole could also
undergo a cascade borylation/Suzuki-Miyaura process to produce the
biaryl product (56) with good yield. DFT calculations on different para-
halogenated anisoles (Supplementary Fig. 51) revealed differences in
reactivity and selectivity among the various para-halogenated ani-
soles. Performing the stereochemical scrambling experiments with the
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enantioenriched chiral substrate (R)-1b leads to the formation of 1b’
with complete loss of chirality (see Supplementary Fig. 19 for details).
These experiments confirm that the elementary debromination step
inherently involves a free carbanion-mediated pathway.

In a final effort to establish the generality of in situ superbase
generation strategy, we turned our attention to the anionic poly-
merization of styrene, another significant application of organome-
tallic reagents (Fig. 5d and see Supplementary Fig. 23 for the
characterization of polymers). Employing a 20 mol% mixture of 1c/
KOBu as the initiator, 4-chlorostyrene was polymerized to yield
polystyrene 66 (Mn: 22.9 kDa; polydispersity index, PDI: 2.51) in 63%
yield. More importantly, the molecular weight of the resulting poly-
merization can be readily controlled by varying the amount of initiator.
Reducing the amount of initiator to 10 mol% and 5 mol% led to a sig-
nificant increase in the number-average molecular weight (Mn) of
polystyrenes, from 22.9 kDa to 98.1 and 166.7 kDa, respectively. This

in situ generated superbase approach is expected to provide a new
strategy for the controlled polymerization of styrene.

Discussion

The results presented here demonstrate that the superbase reactivity
of classical organometallic reagents can be readily achieved through
the use of stable benzylic or allylic boronates in combination with
alkali-metal alkoxides. This provides a unique tool for the construction
of C(sp?)-B bonds, proceeding through either regioselective C-H
deprotonation or metal-halogen exchange mechanistic scenarios. The
diverse structures of boronates facilitate the fine selection of substrate
combinations. This method is also applicable to the controlled poly-
merization of styrene. This in situ-generated carbanions strategy
overcomes the synthetic and storage issues associated with traditional
organometallic reagents. We believe the diverse reactivity of this
method will likely be of great utility to the fields of organic synthesis
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and medicinal chemistry, and that the practicality of the borylation
reaction will lead to broader synthetic applications, especially through
the use of tandem processes.

Methods

General procedure for C—H borylation reaction of (hetero)are-
nes for the synthesis of arylboronates

In an argon-filled glovebox, bases (0.15mmol ~ 0.3 mmol, 1.5 equiv.
~3.0 equiv.), boron sources 1c or 1d (0.15 mmol - 0.3 mmol, 1.5 equiv.
~3.0 equiv.) and THF (0.5 - 1.0 mL) were added to an oven-dried 10 mL
Schlenk tube equipped with a magnetic stir bar. The resulting mixture
was pre-stirred at ambient temperature for 10 min, and then the cor-
responding (hetero)arenes (0.1 mmol-~0.2mmol, 1.0 equiv.) were
added into the reaction mixture. The reaction tube was sealed,
removed from the glovebox and stirred at the indicated temperature
for 2.5 - 5 h. After the reaction finished, saturated NH4Cl solution (3 mL)
and saturated brine (1.0 mL) were added to the reaction mixture, and
the organic phase was separated. The aqueous phase was extracted
with diethyl ether (3 x 3 mL). Then, the organic phases were combined,
dried over anhydrous Na,SO,, and filtered. After the removal of the
solvent under reduced pressure, the crude material was purified by
flash column chromatography on silica gel or preparative thin-layer
chromatography to afford the corresponding borylation products.

General procedure for cascade C-H borylation/hydroxylation of
aryl ether for the synthesis of phenol derivatives

Step 1. C-H borylation. In an argon-filled glovebox, KO‘Bu (3.0 mmol -
6.0 mmol, 1.5 equiv. ~ 3.0 equiv.), 1c (3.0 mmol - 6.0 mmol, 1.5 equiv.
~3.0 equiv.) and THF (0.5~ 1.0 mL) were added to an oven-dried 10 mL
Schlenk tube equipped with a magnetic stir bar. The resulting mixture
was pre-stirred at ambient temperature for 10 min, and then the cor-
responding aryl ethers (0.2 mmol, 1.0 equiv.) were added to the reac-
tion mixture. The reaction tube was sealed, removed from the
glovebox and stirred at 80 °C for 2.5h.

Step 2. Then, C-B hydroxylation. After the reaction finished, the
reaction mixture was cooled to room temperature, and NaBO5-4H,0
(0.6 mmol ~1.2 mmol, 3.0 - 6.0 equiv.) and H,O (1.0 mL) were added
into the reaction mixture. The mixture was stirred for an additional 3 h
at room temperature. Then, saturated NH,Cl solution (3 mL) and
saturated brine (1.0 mL) were added to the reaction mixture, and the
organic phase was separated. The aqueous layer was extracted with
ethyl acetate (3 x 3 mL). Then, the organic layers were combined, dried
over anhydrous Na,SOy, and filtered. After the removal of the solvent
under reduced pressure, the crude material was purified by pre-
parative thin-layer chromatography to afford the corresponding phe-
nol derivatives.

General procedures for cascade borylation of aryl bromides/
Suzuki-Miyaura cross-coupling for the synthesis of biaryl
products

Step 1. Debromoborylation. In an argon-filled glovebox, KO'Bu
(56.0mg, 0.5mmol, 2.5 equiv.) or NaO'Bu (48.0 mg, 0.5 mmol, 2.5
equiv.), methyl benzylic boronate 1b (116.0 mg, 0.5 mmol, 2.5 equiv.)
and THF (1.0 mL) were added to an oven-dried 10 mL Schlenk tube
equipped with a magnetic stir bar. The resulting mixture was pre-
stirred at ambient temperature for 10 min, then aryl bromides
(0.2 mmol, 1.0 equiv.) were directly added to the reaction mixture. The
reaction tube was sealed and stirred at 80 °C for 5 h.

Step 2. Suzuki-Miyaura cross-coupling. After the borylation
process finished, Pd(PPhs), (5.8 mg, 0.05mmol, 0.025 equiv.),
2-bromopyridine (47.4 mg, 0.3 mmol, 1.5 equiv.) and degassed water
(0.5mL) were added to the reaction mixture. The reaction tube was
sealed, removed from the glovebox and stirred at 120 °C for 12 h.

After the reaction finished, saturated NH,Cl solution (3mL) and
saturated brine (1.0 mL) were added to the reaction mixture, and the
organic phase was separated. The aqueous layer was extracted with
ethyl acetate (3x3 mL). Then, the organic layers were combined,
dried over anhydrous Na,SO,, and filtered. After the removal of the
solvent under reduced pressure, the crude material was purified by
preparative thin-layer chromatography to afford the corresponding
biaryl products.

Data availability

The authors declare that all other data supporting the findings of this
study are available within the article and Supplementary Information
files, and are also available from the corresponding authors upon
request. The X-ray crystallographic structure data generated in this
study have been deposited in the Cambridge Crystallographic Data
Center (CCDC) database under accession code 2443058 (23) and
2443061 (24), and can be obtained free of charge via https://www.ccdc.
cam.ac.uk/structures/. The final dataset for yield prediction model
labeled as Data-round-ML and the cartesian coordinates of DFT-
calculated geometries labeled as xyz-coordinates in this study are
provided in the Source Data file. Source data are provided with
this paper.

Code availability
The source codes generated during the current study are available at
https://github.com/Daojing-Li/Stable-Organoboronates-ML-Supp.
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