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(sp3)–H borylation via a diarylboryl
anion surrogate in sp2–sp3 diboranes(5)

Xiaofeng Mao, a Jie Zhang *a and Zuowei Xie *b

Transition-metal-free C–H functionalization is a long-standing goal in synthetic chemistry. While a few

main-group species have shown promise in C(sp2)–H activation through insertion or nucleophilic

aromatic substitution (SNAr) pathways, C(sp3)–H functionalization remains underdeveloped due to the

intrinsic inertness of saturated carbon centers and the insufficient reactivity of reported main-group

species. Herein, we report regioselective C(sp3)–H borylation in sp2–sp3 diboranes(5), mediated by

a highly reactive B(o-tolyl)2
− surrogate. It selectively inserts into a-C(sp3)–H bonds of alkyl groups to

generate a family of anionic 1,1-diborylalkyl species. The resulting anions are readily converted to neutral

gem-diborylalkanes by using TMSOTf. In substrates lacking a-C(sp3)–H bonds, b-C(sp3)–H activation

becomes operative, producing organic salts and olefins. Competitive experiments reveal a clear

preference for a- over b-C(sp3)–H activation. DFT calculations support a concerted insertion pathway

and explain the preference for a- over b- and ortho-C–H activation. This study showcases the potential

of reactive diarylboryl anion surrogates as powerful reagents for achieving regioselective C(sp3)–H

borylation and expands the synthetic landscape of main-group-element-mediated C–H activation.
Introduction

Carbene, featuring a divalent carbon center and a lone pair as
well as an empty p orbital (Scheme 1a), has emerged as
a signicant building block in fundamental organic
synthesis,1–3 for example, C–H functionalization.3 In compar-
ison to the explosive development of carbene chemistry, the
studies on anionic six-electron group 13 analogues are relatively
rare.4–17

Typically, replacing the divalent carbon atom in carbenes
with less electronegative group 13 elements enhances the
reactivity of the resultant species,15 which exhibit both nucleo-
philicity and tendency toward C(sp2)–H oxidative addition.
Accordingly, six- and eight-electron aluminyl anions (I–II,
Scheme 1a) were unveiled by Yamashita16,17 and Aldridge18,19

independently to directly activate C(sp2)–H bond of arenes via
C(sp2)–H oxidative addition or nucleophilic aromatic substitu-
tion (SNAr). Notably, in the absence of internal p-donation from
adjacent heteroatoms, two-carbon-substituted aluminyl anions
(II) exhibit enhanced reactivity compared to their amino-
substituted counterparts (I), enabling C(sp2)–H activation
under signicantly milder conditions.16 Analogously, di-
aminoboryl anions (III, Scheme 1a) were developed as bor-
ylation synthons to activate benzene15 and benzylic C–H
versity of Hong Kong, Shatin, N. T., Hong

hemistry, Southern University of Science
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22321
bonds.10,14 Despite these advances, C(sp3)–H functionalization
by main-group species remains underdeveloped,13 primarily
due to the inherent inertness of saturated carbon atoms and the
insufficient reactivity of reported main-group species. To over-
come the strength of C(sp3)–H bonds, access to main-group
anions with substantially enhanced reactivity is essential.

Owing to the inert pair effect,20,21 boryl anions generally
exhibit higher reactivity than their aluminyl counterparts. Given
their strong intrinsic reactivity and the desire to eliminate
electronic stabilization from adjacent heteroatoms, it is highly
desirable to leverage the most reactive group 13 anions—
namely, two-carbon-substituted boryl anions (IV, Scheme 1a)—
for the activation of C(sp3)–H bonds. However, the pronounced
ambiphilic boron center of IV severely compromises their
stability, and as a result, such species can only be generated in
situ and immediately undergo C–C or C–H bond activation.10b

Anionic sp2–sp3 diboranes(5), as emerging alternatives of
boryl anions, have been utilized as nucleophilic sp2 boryl anion
transfer reagents, where the sp2 boryl moiety is transferred for
further nucleophilic transformations.22 Generally, stable
anionic sp2–sp3 diboranes(5) were prepared from the reactions
of diborane(4) with alkoxides or uoride ions.23–29 In contrast,
reactions of diborane(4) with carbanions result in either stable
sp2–sp3 diboranes(5)30–35 or intramolecular
functionalization.36–45

In the context of intramolecular functionalization of carb-
anions (Scheme 1b), 1,2-metallate rearrangement of Bpin was
achieved through treatment of B2pin2 with carbanions prein-
stalled with leaving groups (halogen, carbamate group, or
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reactivity of group 13 anions and their surrogates in inter- and intra-molecular transformations. (a) Carbene and its group 13
analogues. (b) Nucleophilic boryl anion surrogates in anionic sp2–sp3 diboranes(5). (c) Reactive boryl anion surrogate-mediated C(sp3)–H
borylation in anionic sp2–sp3 diboranes(5).
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tertiary amines), where 1,1-diborylated products were afforded
via intramolecular nucleophilic attack of the Bpin moiety on
pre-functionalized C atoms.36–41 Subsequently, the intra-
molecular 1,1-diboration of the vinyl group without pre-
functionalization was disclosed by Ingleson and co-workers
through the treatment of B2pin2 with a vinyl Grignard
reagent, which provided 1,1,2-triborylated alkanes in the
incorporation of so BR3 electrophiles (e.g. BPh3 or 9-aryl-
BBN).42 Alternatively, direct 1,1- or 1,2-diborations of alkynes
were developed by Sawamura and Yamashita independently, in
which reactions of different diboranes(4) with alkynyllithium
led to either 1,1- or 1,2-diboration depending on the variation of
substituents on the B atom in diboranes(4).43–45 Previously, our
group also unveiled that the B–B bond of transient {(aryl)B2(o-
tolyl)4} anions can undergo nucleophilic aromatic substitution
(SNAr) with aryl rings, leading to C(sp2)–H borylation of arenes.46

Previous studies on the intramolecular functionalization in
sp2–sp3 diboranes(5) have primarily focused on nucleophilic
reactions with electrophiles or unsaturated bonds (Scheme 1b),
where the presence of an electrophilic site is essential for
nucleophilic attack by sp2 boryl anion surrogates. In contrast,
their application in C(sp3)–H activation remains challenging,
mainly due to the lack of an electrophilic site and intrinsic
inertness of C(sp3)–H bonds toward nucleophiles.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Considering the enhanced reactivity of the two-carbon-
substituted boryl anions (IV, Scheme 1a)10b compared to di-
aminoboryl anions (III), we sought to harness the highly reac-
tive B(o-tolyl)2

− anion surrogate for intramolecular C(sp3)–H
borylation in sp2–sp3 diboranes(5). It has been reported that the
reaction of diborane(4) dianionic salts with haloalkanes13a or
treatment of doubly arylene-bridged diborane(6) with alkyl-
lithium reagents13b resulted in the formation of sp2–sp3 di-
borane(5) alkyl species, which underwent intramolecular
C(sp3)–H activation of the alkyl group. Given the established a-
C–H activation of borylated alkanes by Lewis bases (e.g. LiTMP,
LiNCy2, or MesLi),47–52 we envisioned that treatment of B2(o-
tolyl)4 with alkyllithium would generate a highly reactive B(o-
tolyl)2

− anion surrogate capable of promoting intramolecular a-
C(sp3)–H activation, thereby affording 1,1-diborylalkyl lithium
species.

Herein, we report the intramolecular C(sp3)–H borylation in
anionic [(alkyl)B2(o-tolyl)4] species induced by a highly reactive
B(o-tolyl)2 anion surrogate under mild conditions (Scheme 1c).
Interestingly, when the carbanion lacks an a-C(sp3)–Hbond, the
original pathway is shut down and b-C(sp3)–H activation takes
over, along with the formation of a (m-hydrido)diborane(4)
anion and an olen. In addition, the bridging hydride of
anionic 1,1-diborylated alkyl species can be removed upon
Chem. Sci., 2025, 16, 22314–22321 | 22315
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Fig. 1 Molecular structures of [2a]−, [2b]−, [2c]K and [2d]− (all
hydrogen atoms and cations are omitted for clarity except for the
bridging H atoms). Selected atom.atom distance (Å) and bond angles
(deg.), (a) [2a]Li: B1/B10 = 1.982(5); B1–C15–B10 = 76.1(2). (b) [2b]Li:
B1/B2 = 1.9578(18); B1–C13–B2 = 74.04(8). (c) [2c]K: B1/B2 =

1.971(2); B1–C10–B2 = 75.03(10). (d) [2d]Li: B1/B2 = 1.963(3); B1–
C29–B2 = 73.94(12).
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treatment with TMSOTf to generate neutral 1,1-diborylalkanes.
In contrast to conventional transition metal-catalyzed C–H
borylation methods,53–56 this approach provides a catalyst-free
method for regioselective C(sp3)–H borylation and preparation
of gem-diborylalkanes, which have recently emerged as impor-
tant building blocks in organic synthesis and small molecule
activation.57–60

Results and discussion
Intramolecular a-C(sp3)–H borylation

We began our study by treatment of 1 with methyl lithium (1 : 1)
in tetrahydrofuran (THF) solution at room temperature. Unlike
reactions between heterocyclic diboranes and alkyl anions
affording stable sp2–sp3 diboranes(5),30,32–35 the utilization of
non-heterocyclic diboranes resulted in a hydride-bridged di-
borylmethane anion [2a]Li in 95% yield (Scheme 2). The 11B
NMR spectrum of [2a]Li showed a broad singlet at −10.1 ppm,
which was much high-eld shied compared to that of 1 (dB:
88.6 ppm),61 but was comparable to the reported anionic di-
borylmethane species (dB: −14.0 ppm).13b The m–H resonance
was observed at 2.14 ppm in its 1H{11B } NMR spectrum. Single
crystal X-ray analyses conrm the molecular structure of [2a]Li
(Fig. 1). The distance between two boron atoms (1.982(5) Å) in
[2a]Li lies in the range of non-covalent bonds which is compa-
rable with the previously reported anionic diborylmethane
(1.974(6) Å).13b Notably, no intramolecular ortho-C(sp2)–H bor-
ylation46 was observed. This preferential a-C(sp3)–H borylation
over ortho-C(sp2)–H activation indicates that the B(o-tolyl)2

−

anion surrogate functions primarily as a low-valent boron
source engaged in a-C(sp3)–H insertion rather than a nucleo-
phile in the intramolecular transformation process.

To explore the compatibility of this methodology, 1 was
treated with (trimethylsilyl)methyllithium or benzyl potassium
(Scheme 2). Reaction of 1 with (trimethylsilyl)methyllithium
afforded an anionic 1,1-diborylated alkane [2b]Li (dB:−8.7 ppm)
in 91% yield, and the distance between two boron atoms
Scheme 2 Reaction of 1 with alkyllithium or benzylpotassium pos-
sessing a-C–H bonds.

22316 | Chem. Sci., 2025, 16, 22314–22321
(1.958(2) Å) in [2b]Li (Fig. 1) is slightly shorter than that of [2a]Li
(1.982(5) Å). In a similar manner, treatment of 1 with benzyl
potassium generated [2c]K (dB: −7.7 ppm) in 89% yield with
a B/B distance of 1.971(2) Å (Fig. 1). It should be noted that
replacement of Li+ by K+ leads to an unsolvated species where
two tolyl groups bind to the K+. Unlike [2a]Li, two kinds of
methyl signals (ratio 1 : 1) of tolyl groups were observed in the
1H NMR spectra of both [2b]Li and [2c]K. This observation is
likely attributed to magnetically inequivalent tolyl substituents,
arising from reduced molecular symmetry. For steric reasons,
no reaction was observed between 1 and TMS2CHLi even under
heating conditions.

In targeting a stable diborane anion prior to C(sp3)–H bor-
ylation, we introduced a dimethylamino unit to the ortho posi-
tion of a benzyl group with the expectation of blocking C–H
activation and stabilizing the diborane(6) anion via the coor-
dination of nitrogen to the boron atom. However, treatment of 1
with (o-NMe2C6H4)CH2Li at −78 °C resulted in the formation of
1,1-diborylated product [2d]Li (dB: −7.5 ppm) in 86% yield
(Scheme 3). No expected diborane anionic salt was observed.
Intramolecular b-C(sp3)–H activation

Regarding the above intramolecular a-C(sp3)–H borylation, we
attempted to examine the reaction with the carbanion without
Scheme 3 Reaction of 1 with (o-NMe2C6H4)CH2Li.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction of 1 with tBuLi and the molecular structure of [3]Li (all
hydrogen atoms are omitted for clarity except for the bridging H
atom). Selected bond distance (Å) and angles (deg.): B–B10 = 1.642(6);
C1–B1–B10 = 123.98(14); C8–B1–B10 = 120.97(14); C1–B1–C8 =

115.0(2).

Scheme 4 Reactions of 1 with alkyllithium possessing both a- and b-
C–H bonds.

Fig. 3 Molecular structures of (a) [2e]Li and (b) [2f]Li (all hydrogen
atoms are omitted for clarity except for the bridging H atoms).
Selected atom/atom distance (Å) and angles (deg.) (a) [2e]Li: B(1)/
B(1)0 = 1.982(7); B(1)–C(15)–B(1)0 = 76.1(3); (b) [2f]Li: B(1)/B(1)0

1.956(4); B(1)–C(15)–B(1)0 74.2(2).

Scheme 5 Hydride abstraction of [2a]Li.
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a-C–H bonds (Fig. 2). Treatment of 1 with tert-butyllithium (1 :
1) in tetrahydrofuran afforded lithium (m-hydrido)diborane(4)
[3]Li in 93% yield accompanied by the formation of isobutylene
(Fig. S37–S40). Single crystal X-ray analyses conrm the molec-
ular structure of [3]Li as shown in Fig. 2. It features a B–B bond
distance of 1.642(6) Å and shows a broad peak at 28.9 ppm in its
11B NMR spectrum, which are comparable to previously re-
ported sodium (m-hydrido)diborane(4) (B–B bond length:
1.628(5) Å, dB: 30.2 ppm).62
Competing intramolecular a- and b-C(sp3)–H borylation

Competition between intramolecular borylation at a-C(sp3)–H
and b-C(sp3)–H positions was further explored experimentally
through the reaction with npropyllithium or nbutyllithium
(Scheme 4). The reaction afforded either [2e]Li (dB: −11.6 ppm)
or [2f]Li (dB: −10.2 ppm) as a major product in 67% or 63%,
respectively. It was noteworthy that both a- and b-C–H activa-
tion proceeded even at a low temperature, but only a very small
amount of b-C(sp3)–H activation product [3]Li was observed as
a minor product.

Single crystal X-ray diffraction revealed that the coordination
between lithium cations and two tolyl groups exists (Fig. 3). As
a result, two sets of methyl signals (1 : 1) of tolyl groups were
observed in 1H NMR spectra, which might be ascribed to the
restricted rotation of the tolyl units.
Fig. 4 Reaction and the 2H NMR spectrum of 1 with CD3Li in
tetrahydrofuran.
Hydride abstraction reaction

The bridging hydride of anionic 1,1-diborylated alkyl species
can be removed to generate neutral diborylated alkanes upon
treatment with a hydride abstraction reagent.46 For example,
[2a]Li was treated with 3 equivalents of trimethylsilyl tri-
uoromethanesulfonate (TMSOTf) in acetonitrile to generate 4
as colorless oil in 90% yield (Scheme 5).63
© 2025 The Author(s). Published by the Royal Society of Chemistry
Mechanistic study

To locate the bridging hydride source in [2a]Li aer the a-
C(sp3)–H borylation process, a deuterium labeling experiment
was conducted and monitored by NMR spectroscopy. An equi-
molar reaction of deuterated methyllithium (CD3Li) with 1 in
THF afforded [2a]Li-d3. Its

2H NMR clearly showed the presence
of the bridging deuterium at 2.12 ppm (Fig. 4), indicating that
the bridging hydride in [2a]Li originated from methyllithium
(Fig. S41–S46). This observation is reminiscent of the similar
deuterium-labeling results from the reaction of doubly arylene-
bridged diborane(6) with alkyllithium reagents.13b

Density functional theory (DFT) calculations at the B3LYP-
D3/6-311g(d,p) level of theory were conducted to elucidate the
possible reaction pathways and selectivity. To understand the
superior selectivity of a-C(sp3)–H borylation over b-C(sp3)–H
Chem. Sci., 2025, 16, 22314–22321 | 22317
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and ortho-C(sp2)–H borylation,46 the reaction of nBuLi with 1
was chosen as the model for computational study. Two
proposed pathways, concerted insertion and stepwise deproto-
nation pathways, were proposed for both a- and b-C(sp3)–H
borylation (Fig. S47 and S48). Comparing the energy barriers
(vide infra) of rate-determining steps in all proposed pathways,
the concerted insertion pathway in a-C(sp3)–H borylation (15.0
kcal mol−1) is energetically more favorable than the stepwise
deprotonation pathway (38.2 kcal mol−1) (Fig. S47), as well as
both pathways in b-C(sp3)–H borylation (stepwise deprotona-
tion pathway: 38.2 kcal mol−1, concerted insertion pathway:
54.4 kcal mol−1) (Fig. S48). In line with our previously reported
C(sp2)–H borylation,46 three pathways were proposed for ortho-
C(sp2)–H borylation, including nucleophilic substitution (27.9
kcal mol−1), deprotonation (38.2 kcal mol−1) and insertion (44.8
kcal mol−1) (Fig. S49). Energetically, the concerted insertion
pathway in a-C(sp3)–H borylation represented the most rational
reaction route, which might contribute to the excellent regio-
selectivity and chemoselectivity of such transformation.

For simplicity, only the energetically most favorable path-
ways for a-C(sp3)–H borylation (black), b-C(sp3)–H borylation
(red), and ortho-C(sp2)–H borylation (blue) are exhibited in
Fig. 5 as the representatives. All these proposed mechanisms
start from the intermediate A_1, which is generated from the
addition of nBuLi to one B atom in B2(o-tolyl)4. The concerted
insertion mechanism for a-C(sp3)–H borylation (black)
continues from the synchronous B–B bond cleavage and a-
C(sp3)–H insertion into the boron center to give A_2 via A_TS1
Fig. 5 Energy profiles of the DFT-based mechanism for a-C(sp3)–H bo
ylation (blue), including schematic structures of transition states, calcul
energies are given in kcal mol−1.

22318 | Chem. Sci., 2025, 16, 22314–22321
with an energy barrier of 15.0 kcal mol−1. This pathway is
reminiscent of the previously reported intramolecular C–H
insertion by the carbene-like [BFlu]− anion surrogate.13b In
addition, the natural bond orbital (NBO) analyses indicate that
both B–B and a-C–H bonds in A_TS1 are highly polarized,
consistent with the role of such anionic sp2–sp3 diboranes(5) as
diarylboryl anion surrogates in the reaction (see Fig. S51 in the
SI). A_2 goes through further hydride migration to form
a bridging hydride species [2f]Li0. The stepwise deprotonation
mechanism for b-C(sp3)–H borylation (red) is disclosed as
a multi-step reaction. The B–B bond cleavage in A_1 occurs to
afford boryllithium complex B_1 via A_TS2, and then the boryl
anion in B_1 attacks the b-C(sp3)–H proton of the alkyl group to
generate B_2 via B_TS1. Subsequently, B_2 undergoes further
hydride migration to form a bridging hydride species B_3. In
this route, the B–B bond cleavage process (A_1 / B_1) repre-
sents the rate-determining step with an energy barrier of 38.2
kcal mol−1. Similarly, ortho-C(sp2)–H borylation (blue) prefers
a nucleophilic aromatic substitution (SNAr) mechanism, which
is consistent with the previously reported one.46 In A_1, the
cleavage of B–B bonds and subsequent nucleophilic addition of
B to ortho-C of the o-tolyl group gives C_4 via C_TS2. And then,
the hydride of C_4 migrates from the C to B atom via C_TS3 to
generate C_2, which undergoes further transformation to afford
the nal product C_3. This route possesses the rate-determining
step (A_1 / C_4) with an energy barrier of 27.9 kcal mol−1. Of
note, the energy barrier of 27.9 kcal mol−1 in ortho-C(sp2)–H
borylation is signicantly larger than both 15.0 kcal mol−1 of
rylation (black), b-C(sp3)–H borylation (red), and ortho-C(sp2)–H bor-
ated at the B3LYP-D3/6-311g(d,p) level of theory. Relative Gibbs free

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concerted a-C(sp3)–H insertion and 10.6 kcal mol−1 of previ-
ously reported ortho-C(sp2)–H borylation,46 which may be
attributed to steric and electronic effects from the methyl
substituent on the o-tolyl group.17 The above computational
studies unveil that a-C(sp3)–H borylation is energetically more
favorable than both b-C(sp3)–H activation and ortho-C(sp2)–H
borylation, which is in line with the experimental results.

In addition, the mechanism for reaction of 1 with tBuLi was
also investigated by DFT study (Fig. 6). Two plausible reaction
pathways, stepwise (black) and concerted (blue) mechanisms,
are proposed for b-C(sp3)–H activation of tBuLi, and both
initiate from the intermediate D_1, which is generated from the
nucleophilic addition of tBuLi to one B atom in B2(o-tolyl)4. The
concerted mechanism (blue) proceeds from the synchronous b-
C(sp3)–H deprotonation in the tBu group and elimination of
isobutene to give D_2 via D_TS1 with an energy barrier of 28.9
kcal mol−1, followed by further hydride migration to generate
[3]Li0. On the other hand, the stepwise mechanism (black)
involves amulti-step reaction. The cleavage of B–B bonds inD_1
occurs to afford boryllithium complex D_3 via D_TS2, and then
the boryl anion in D_3 attacks the b-C(sp3)–H proton of the tBu
group to generate D_4 via D_TS3, where D_4 consists of a di(o-
tolyl)hydroborane unit and a three-membered cyclic borate
lithium species. Subsequently, the formation of B–B bonds and
elimination of isobutene occur to give D_2 via D_TS4,64,65

accompanied by further hydride migration to generate [3]Li0. In
this route, the process (D_4 / D_2) represents the rate-
determining step with an energy barrier of 25.9 kcal mol−1.
The above computational studies reveal that the stepwise
deprotonation mechanism is energetically more favorable than
concerted mechanisms, consistent with previously reported
deprotonation processes mediated by boryl anions.14,15 Such an
energy barrier for stepwise b-C(sp3)–H activation is signicantly
larger than that of 15.0 kcal mol−1 for a-C(sp3)–H borylation, as
shown in Fig. 5, which is in line with the superior selectivity of
intramolecular a-C(sp3)–H borylation over b-C(sp3)–H activation
in competitive experiments.
Fig. 6 Energy profiles of the DFT-based mechanism for b-C(sp3)–H
activation of tBuLi, including schematic structures of transition states,
calculated at the B3LYP-D3/6-311g(d,p) level of theory. Relative Gibbs
free energies are given in kcal mol−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, we have described transition-metal-free C(sp3)–H
borylation in sp2–sp3 diboranes(5) mediated by the highly
reactive B(o-tolyl)2 anion surrogate. The extremely reactive B(o-
tolyl)2 anion surrogate, among the most reactive group 13
species, exhibits sufficient reactivity and selectively promotes a-
C(sp3)–H borylation over b-C(sp3)–H and ortho-C(sp2)–H posi-
tions, affording 1,1-diborylalkyl anions via a concerted insertion
pathway, as supported by computational studies. In the absence
of a-C(sp3)–H bonds, the reaction diverges to b-C(sp3)–H acti-
vation, leading to lithium (m-hydrido)diborane(4) and olen
products—also energetically feasible according to computa-
tional analysis. Moreover, the resulting anionic 1,1-diborylalkyl
species can be readily converted to neutral gem-diborylalkanes
upon treatment with TMSOTf. This work establishes a new
strategy for main-group-mediated C(sp3)–H activation and
highlights the synthetic potential of sp2–sp3 diboranes(5) in
organoboron chemistry. The use of reactive boryl anion surro-
gates offers a new insight into main-group-mediated site-
selective C–H functionalization and catalyst-free activation of
inert bonds.
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