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pounds and reactivity: a structure
and bonding perspective

Xueying Guo and Zhenyang Lin *

Boryls and their compounds are important due to their diverse range of applications in the fields of materials

science and catalysis. They are an integral part of boron chemistry, which has attracted tremendous

research interest over the past few decades. In this perspective, we provide an in-depth analysis of the

reaction chemistry of boryl compounds from a structure and bonding perspective. We discuss the

reactivity of boryls in various transition metal complexes and diborane(4) compounds towards different

substrate molecules, with a focus on their nucleophilic and electrophilic properties in various reaction

processes. Additionally, we briefly discuss the reactivity of boryl radicals. Our analysis sheds new light on

the unique properties of boryls and their potential for catalytic applications.
1. Introduction

In the vast realm of chemistry, the exploration of novel
compounds and their reactivity has been a driving force for
many ground-breaking chemistry discoveries. One such area of
current intense research is the eld of boryls and their
compounds, which have gained signicant attention due to
their unique reactivity.1–5 The study of boryl compounds is ex-
pected to pave the way for the development of important
ueying Guo received her BSc
egree from Nankai University
n 2017 and obtained her PhD
egree in 2021 under the super-
ision of Professor Zhenyang Lin
t The Hong Kong University of
cience and Technology, where
he focused on theoretical
tudies of reactivity of TM-boryl
omplexes and diborane(4)
ompounds. Aer completing
er doctoral studies, she
ursued her postdoctoral
esearch at the same group until
oved to Shanghai Institute of
postdoctoral research. In 2024,
n at Lanzhou University. Her
retical investigations in main-
ic chemistry.

niversity of Science and Technology, Clear

zlin@ust.hk

070
applications in catalysis, materials science, and
pharmaceuticals.6–12

A boryl group refers to a boron centre with two substituents
attached to it. The substituents attached to the boron centre can
be diverse, including alkyl, aryl, or heteroaryl groups, as well as
other functional groups such as halides or alkoxides.13–17 Fig. 1
shows the various boryl compounds where the boron centre is
typically three-coordinate. Here, we are interested mainly in
metal boryl complexes (Fig. 1(b)) and diborane(4) compounds
(Fig. 1(c)). The reactivity of organoboron compounds (Fig. 1(a))
is mainly related to synthetic chemistry aspects, such as cross-
coupling reactions, and is not the focus of this perspective.18–22
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Fig. 1 Boryls in various compounds. (a) Organoboron compounds
with a boryl group bonded to an organic group. (b) Metal boryl
complexes featuring a boryl ligand coordinated to a metal centre. (c)
Diborane(4) compounds showcasing two boryl groups bonded via
a B–B s bond.

Fig. 2 Three possible reaction scenarios when a boryl group reacts
with a substrate molecule.
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The reactivity of boryls is a fascinating aspect, characterized
by diverse reactivity patterns such as nucleophilic, electrophilic,
and radical reactions. Their potential for undergoing various
transformations offers tremendous prospects for applications
in catalysis. In this article, our focus will be on exploring the
versatile reaction chemistry of transition metal boryl complexes
and diborane(4) compounds, highlighting their key reactions. It
is important to note that this article does not aim to provide
a comprehensive review of the topic. Instead, it aims to
emphasize crucial points related to the discussed aspects and
offer insights into understanding them from a structure and
bonding perspective.
2. General aspect

As mentioned above, boryl compounds feature a three-
coordinate boron centre. Consequently, the reactivity of boryl
compounds is oen attributed to the formally “empty” pz
orbital on the boron centre (where z is dened along the
direction normal to the trigonal plane around the boron centre).
This orbital exhibits Lewis acidity and tends to preferentially
react with Lewis bases or nucleophiles. This behaviour is
particularly pronounced in organoboron compounds (Fig. 1(a)),
where the boryl is bonded to an organic group, R.

In transition metal boryl complexes and diborane(4)
compounds, the boryl boron, being an electropositive element,
forms a s bond with another electropositive element. Conse-
quently, the s bonding pair of electrons between the boryl
group and the electropositive element is likely to play an active
role. This leads to various reaction scenarios. Fig. 2 illustrates
the three possible reaction scenarios when a boryl group reacts
with a substrate molecule. If the s bonding pair of electrons is
associated with the boryl during a reaction, a nucleophilic boryl
© 2024 The Author(s). Published by the Royal Society of Chemistry
is formed (Scenario 1). Conversely, if the s bonding pair of
electrons is associated with the other electropositive element,
an electrophilic boryl is expected (Scenario 2). Lastly, if the s

bonding pair undergoes homolytic cleavage, radical chemistry
may occur (Scenario 3).

Given the large amount of theoretical work discussed in this
perspective, it is necessary to briey comment on the theoretical
methods used in these studies. Density functional theory
calculations at various levels have been commonly employed.
While the B3LYP functional was oen used for both metal and
non-metal systems, other functionals such as BP86, uB97XD
and M062X were also popularly used in studies related to
reactions of boryls. However, we would like our readers to note
that when our focus is on the insights related to the structure
and bonding aspects, we can obtain qualitatively similar
conclusions regardless of which method is used.
3. Nucleophilic boryls
3.1 Boryl anions

In 2006, Yamashita, Nozaki and their co-workers reported the
isolation of the rst structurally characterized lithium salt of
a boryl anion, LiB(RNCH]CHNR) (R = 2,6-iPr2C6H3).23 In
addition, the magnesium, zinc, calcium, strontium and potas-
sium salts of boryl anions have also been synthesized and
structurally characterized.24–26 In these compounds, the boron
centre displays highly anionic character.

(1)

Reactivity studies of the lithium boryl compound show that
the boryl anion reacts with a variety of electrophiles such as
aldehydes, ketones and carbon dioxide, indicating that the
boryl anion is a strong nucleophile.27,28 This is expected in view
Chem. Sci., 2024, 15, 3060–3070 | 3061
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of the fact that boron is an electropositive element and a lone
pair of electrons on the boron centre should be strongly
nucleophilic. The reactivity of lithium boryl extends to its
reactions with organohalides, as reported in the literature.29 In
eqn (1), we present the noteworthy experimental results ob-
tained from the reactions of the lithium boryl with a few
representative organohalides (RX). The resulting products, R-
boryl, arise from an SN2 substitution wherein the boryl anion
replaces the halide, conrming the expected nucleophilic
nature of the boryl anion. Interestingly, we also observed
halogen-abstraction products, X-boryl, which highlight the
reducing capability of the boryl anion, a property not typically
associated with carbon nucleophiles. Our DFT studies indicate
that these halogen-abstraction products are kinetic products.
However, we predict that with prolonged reaction time, the
anticipated SN2 substitution products will be eventually
formed.30

Fig. 3 illustrates the transition state structures for the two
competing pathways. The halogen-abstraction transition state
in fact resembles an SN2 transition state occurring at the
halogen centre. Thus, an organohalide having a halogen with
lower electronegativity and higher capacity for engaging in
hypervalent bonding promotes the halogen abstraction
pathway. This preference stems from the boryl anion's soer
nucleophilic character compared to a carbanion, attributed to
the more electropositive boron. Hence, the boryl anion exhibits
a greater tendency to attack heavier halide X rather than the
organic moiety R in an RX compound.

It is also worth noting that McMullin, Hill and co-workers
recently reported the synthesis of magnesium(II) diboronate
and boryl complexes (Fig. 4), which could deliver a Bpin anion
Fig. 3 Sketches of the transition state structures for the two
competing pathways (SN2 versus halogen-abstraction) in the reaction
of lithium boryl with organohalides.

Fig. 4 Synthetic routes of magnesium(II) diboronate and boryl
complexes.

3062 | Chem. Sci., 2024, 15, 3060–3070
to react with various electrophiles such as organohalides,
organic nitriles and carbonyl electrophiles.31–36

3.2 Copper(I) boryl complexes

Our interest in the reaction chemistry of boryls dates back to
2006 and 2008 when we conducted investigations into the
reactionmechanisms of two closely related reactions. These two
reactions employed copper(I) boryl complexes as catalysts and
B2pin2 as the borylation reagents, as illustrated in eqn (2) and
(3).37–40

(2)

(3)

Our studies have led us to establish the nucleophilic nature
of the boryl ligands (Scenario 1 in Fig. 2) in these copper(I) boryl
complexes,6,37,38,41–43 a property suggested by Miyaura and co-
workers as early as 2000.44 Taking the diboration reaction of
aldehydes (eqn (2)) as an example, we obtained amechanism, as
depicted in Scheme 1, through our detailed DFT calculations.
The mechanism involves aldehyde coordination, insertion and
metathesis steps.38

Notably, the aldehyde insertion was calculated to be the rate-
determining step, wherein the boryl ligand acts as a nucleophile
attacking the aldehyde carbon centre to form a Cu–O–C–B
linkage in the insertion ‘product’. Additionally, our ndings
indicate that the alternative insertion product, featuring a Cu–
C–O–B linkage, observed in the stoichiometric reaction of
(NHC)CuBpin with ArCHO in the absence of B2pin2, is a result
of isomerization from the favourable insertion “product” the
Cu–O–C–B linkage (Scheme 1).
Scheme 1 Mechanism of the Cu-boryl-catalyzed diboration reaction
of aldehydes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Illustration of how a nucleophilic boryl initiates and is involved
in the activation of unsaturated molecules.
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The calculation results demonstrate that the alternative
insertion, leading to the formation of the Cu–C–O–B linkage in
the insertion ‘product’, presents a substantially higher barrier
of 32.1 kcal mol−1, in contrast to the favourable insertion that
results in the Cu–O–C–B linkage with a calculated barrier of 11.1
kcal mol−1. Please note that these values were obtained through
calculations utilizing formaldehyde, a model aldehyde.38

The pronounced preference of the boryl ligand to attack the
carbon centre rather than the oxygen centre of the aldehyde
strongly supports the idea of a highly nucleophilic boryl ligand
in copper(I) boryl complexes. The nucleophilic properties of
boryl ligands in copper-boryl complexes have also been used to
explain the experimentally observed regioselectivity in reactions
related to substituted olens42 and a,b-unsaturated carbonyl
compounds.43 Fig. 5 provides an illustration showing that the
Cu–B s bonding pair of electrons, which occupies the HOMO of
the copper(I) boryl complex, is actively involved in the insertion
step, resulting in a nucleophilic boryl ligand, while the boron
“empty” p orbital primarily serves to stabilize the oxygen lone
pairs of electrons. Fig. 6 summarizes how a nucleophilic boryl
initiates the reaction with a coordinated substrate, followed by
further chemical transformation.
4. Electrophilic boryls
4.1 Platinum-catalysed 1,4-diboration of acyclic a,b-
unsaturated carbonyl compounds

Electrophilic boryl was rst found in Pt-boryl species. In 2012,
we carried out a detailed mechanistic study using DFT calcu-
lations on the diboration of acyclic a,b-unsaturated carbonyl
compounds.45 This reaction was catalyzed by a Pt(0) complex
(eqn (4)), as reported by Norman, Marder and co-workers.46 Our
investigation revealed that a platinum diboryl species, formed
through the oxidative addition of the diboron reagent to the
Pt(0) complex, serves as the active species. In this active species,
one of the two boryl ligands exhibits electrophilic behaviour by
attacking the carbonyl oxygen of a coordinated carbonyl
substrate.
Fig. 5 Illustration of the Cu–B s bonding pair of electrons in boryl
ligand nucleophilicity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(4)

The DFT-derived mechanism, based on the model species
MeN]CHCH]NMe, acrolein and B2(Beg)2, as illustrated in
Scheme 2, involves several key steps: oxidative addition of
B2(Beg)2, boryl migratory insertion, coordination of acrolein,
and subsequent reductive elimination, resulting in the forma-
tion of the 1,4-diboration product.

During the boryl migratory insertion, the migrating boryl
ligand exhibits electrophilic behaviour by forming a bond with
the carbonyl oxygen. The calculated overall insertion barrier is
18.6 kcal mol−1, compared to a substantially higher barrier of
35.7 kcal mol−1 calculated for the migration of the boryl ligand
to the terminal carbon of the coordinated acrolein.45 The
signicant difference in migrating insertion modes highlights
the highly electrophilic nature of the boryl ligands in this
system (Scenario 2 shown in Fig. 2). It is noteworthy that the
polarization of the Pt–boryl bond is primarily directed towards
the Pt metal centre, while a Cu–boryl bond, as discussed above,
is polarized toward the boron centre. This discrepancy can be
attributed to the electronegativity difference between Pt (2.28)
and Cu (1.90) versus B (2.04).47 The electronegativity values cited
here used the Pauling scale. This observation further
Scheme 2 Mechanism of the Pt-boryl-catalyzed diboration reaction
of acrolein.

Chem. Sci., 2024, 15, 3060–3070 | 3063
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demonstrates that a change in the metal centre can switch
between the rst two scenarios depicted in Fig. 2.
4.2 Rhodium(I)-boryl catalysis

Recently, in collaboration with professor Wanxiang Zhao's
research group, we conducted a combined experimental and
computational investigation on the rhodium-catalysed deoxy-
genation and borylation of ketones (eqn (5)).48Our study involved
detailed mechanistic analyses, which provided support for a dual
catalytic cycle. In the rst cycle, ketones undergo a Rh-catalysed
deoxygenation, yielding alkenes through boron enolate inter-
mediates. Subsequently, in the second cycle, the Rh-catalysed
dehydrogenative borylation of alkenes occurs, leading to the
formation of vinylboronates and diboration products.

(5)

The catalytic cycles involve the active species L3Rh(I)–Bpin (L
= phosphine), with the insertion of the ketone into the Rh(I)–
Bpin bond as the rate-determining step. Interestingly, the elec-
tronegativity of Rh is also 2.28, suggesting that the Rh–Bpin bond
is polarized towards the Rh metal centre. This polarization is
evident in the rate-determining ketone insertion step (Scheme 3),
where Bpin exhibits an electrophilic nature by migrating towards
the ketone oxygen. Additionally, our ndings indicate a strong
back-bonding interaction between the d8 Rh(I) metal centre and
the ketone carbon in the insertion transition state.
4.3 Gold(I)-boryl complexes

In 2021, Yamashita and co-workers reported the synthesis of
a gold(I)-diarylboryl complex and its reactions with different
electrophiles, including aldehydes and ketones.49 An illustrative
example of these reactions is presented in eqn (6). Through DFT
calculations, it has been conrmed that the diarylboryl ligand
displays an electrophilic nature, indicating a polarization of the
Au–B bond towards Au. This observation aligns with our
expectations, considering the electronegativity of Au, which is
2.54 on the Pauling scale.

(6)
Scheme 3 Insertion of a ketone into the Rh(I)–Bpin bond.

3064 | Chem. Sci., 2024, 15, 3060–3070
One may argue that the boron centre exhibits high Lewis
acidity due to the limited interaction between the empty p
orbital on the boron centre of the diarylboryl ligand and the
occupied p bonding orbitals of the two aryl substituents.
Indeed, our DFT calculations reveal the formation of an inter-
mediate Lewis acid–base adduct, involving the interaction
between the ketone oxygen and the boryl boron centre,
preceding the insertion of the ketone into the Au(I)–B bond.
Further DFT calculations revealed that the two substituents do
affect the Lewis acidity of the boron centre in the boryl ligand
(vide infra).50
5. Reactivity summary of different
transition metal boryl complexes

As indicated in Sections 3 and 4, the electronegativity difference
between the metal and boron centre determines the behaviour
of the boryl ligands. Based on the discussion above, the
following conclusions can be drawn. When the metal centre is
more electropositive than boron, e.g., copper, the Cu–B s-
bonding pair of electrons is more polarized towards the boron
centre, and the boryl ligand is endowed with nucleophilicity
(Scenario 1 shown in Fig. 2), while when the metal centre is
much more electronegative than boron, e.g., platinum,
rhodium, and gold, the TM–B s-bond is more polarized towards
the TM centre, and the boryl ligand exhibits an electrophilic
feature (Scenario 2 shown in Fig. 2). It is also worth mentioning
here that, for a transition metal with a non-d10 conguration,
the active “valence d electrons” on themetal centre can also play
a nucleophilic role, consequently manifesting an electrophilic
boryl.

Recently, we conducted a computational investigation to
explore the reactivity of various transition metal boryl
complexes toward benzaldehyde.50 Our approach involved
calculating the insertion barriers using DFT calculations. In
Fig. 7, we summarize the reactivity patterns revealed through
this computational study. Interestingly, we observed that the
substituents on the boryl boron also inuence the nature of the
reactivity. As mentioned earlier, (NHC)CuBpin exhibits a nucle-
ophilic boryl ligand,6 while L3Rh(boryl) (boryl = Bpin and BPh2)
and (NHC)AuBPh2 display electrophilic boryl ligands.

What surprised us was the discovery that the boryl ligand in
(NHC)CuBPh2 demonstrates both nucleophilic and
Fig. 7 DFT-predicted reactivity of various transition metal boryl
complexes towards benzaldehyde.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrophilic characteristics. This suggests that the boron's
“empty” p orbital in this particular case plays a pivotal role in
conferring the electrophilic nature. Furthermore, (NHC)AuBpin
was found to exhibit neither electrophilic nor nucleophilic
behaviour, which was unexpected.51
6. Diborane(4) compounds

Containing two 3-coordinated boron centres, diborane(4) (also
called diboron(4)) compounds are highly reactive toward small
molecule activations.5,52,53 Over the years (2014–2023), by
collaborating with the research teams of Yamashita and
Braunschweig, we have investigated the mechanism of reac-
tions of various diboranes(4) with a range of unsaturated
organic and inorganic molecules, including carbon monoxide,
alkynes, nitriles, and azides.54–60 Through our DFT studies, we
have elucidated the dual reactivity of diboranes(4), i.e., exhib-
iting both electrophilic and nucleophilic properties, and how
this unique characteristic enables various transformations
upon reacting with these molecules.

The dual reactivity of diborane(4) is illustrated in Fig. 8. In
the initial step, one of the boron centres in diborane(4) func-
tions as a Lewis acidic centre, displaying its electrophilic nature
by coordinating with an unsaturated molecule. Then, the
remaining uncoordinated boryl moiety exhibits nucleophilic
features to migrate as a nucleophile. Subsequently, a wide array
of transformations becomes possible, depending upon the
specic characteristics of unsaturated molecules involved in the
reactions. To illustrate these processes, we will explore a few
notable examples that exemplify the variety of transformations
leading to distinct products.
6.1 Reaction with CO

Carbon monoxide (CO) is a well-known nucleophile with its
lone pair of electrons on the carbon atom. Its reaction with an
unsymmetrical diborane(4) compound, pinB-BMes2, was
observed to result in a product that involves the cleavage of the
B–B bond and one B–C bond within the diborane(4) molecule,
as shown in eqn (7).54 Based on our DFT calculations, we have
identied the most favourable pathway, as shown in Scheme 4,
for the reaction. This pathway entails the initial coordination of
carbon monoxide CO to the more electrophilic BMes2 boron
centre, followed by a nucleophilic 1,2-Mes migration. Subse-
quently, a second CO molecule coordinates, and nally, an
Fig. 8 Illustration of the dual reactivity of diborane(4) toward the
activation of unsaturated molecules.

© 2024 The Author(s). Published by the Royal Society of Chemistry
electrophilic 1,3-Bpin migration occurs, resulting in the
formation of the product.

(7)

Aer the rst CO molecule coordination, it is interesting to
note that a nucleophilic migration of theMesmoiety takes place
instead of the Bpin moiety (Scheme 4). Our DFT results indicate
that the nucleophilic Bpin migration is only slightly less
favourable. However, it is the subsequent step, characterized by
an even higher barrier, that prevents this pathway from being
the most favourable.

6.2 Reactions with R–CN and R–NC

Reactions of diborane(4) with organic molecules containing
a C^N functional group have also been experimentally and
theoretically explored. For example, reactions of the unsym-
metrical diborane(4) pinB-B(Mes)2 toward isocyanide Xyl-NC55

and the organic nitrile R–CN54,57 have been reported.
In the reaction of pinB-B(Mes)2 with 2,6-dimethylphenyl

isocyanide (Xyl-NC), the addition of 1 equiv. of Xyl-NC led to the
formation of a spirocyclic oxaboretane product, whereas the
addition of 2 equiv. of Xyl-NC afforded an isocyanide-
coordinated boraalkene compound, as illustrated in eqn (8).55

(8)

Our DFT calculations have revealed that for the reaction with
1 equivalent of Xyl-NC the mechanism (Scheme 5) begins with
Xyl-NC coordinating to the more electrophilic BMes2 centre.
This is followed by a nucleophilic 1,2-Bpin migration, then an
electrophilic 1,2-Bpin migration. Subsequently, a nucleophilic
1,2-mesityl migration occurs to yield a boraalkene intermediate.
Within this boraalkene intermediate, the oxygen lone pair of the
pinacol moiety attacks the electrophilic 3-coordinated B-Mes
boron centre, leading to the formation of a ve-membered
ring intermediate, from which an arrangement is followed to
neutralize the formal charges and furnish the spirocyclic
oxboretane product.
Scheme 4 Mechanism of the reaction of pinB-BMes2 with CO.
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Scheme 5 Mechanism of the reaction of pinB-BMes2 with 1 equiv. of
Xyl-NC (bottom) and 2 equiv. of Xyl-NC (top).

Scheme 6 Mechanism of the reaction of B2(o-tol)2 and tBu–NC.
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For the reaction with 2 equivalents of Xyl-NC, the mecha-
nism resembles that of the reaction with CO. Coordination of
Xyl-NC to the more electrophilic BMes2 centre takes place as the
initial event, followed by a nucleophilic 1,2-mesityl migration,
then an electrophilic 1,3-Bpin migration, and nally coordina-
tion of the second molecule of Xyl-NC to produce the product
(see the top part of Scheme 5).

The mechanisms discussed above for reactions involving
one and two equivalents of Xyl-NC differ at the point immedi-
ately following the coordination of the rst Xyl-NC molecule.
Specically, the mechanism for one equivalent involves nucle-
ophilic 1,2-Bpin migration, while the mechanism for two
equivalents involves nucleophilic 1,2-mesityl migration. These
results suggest that the nucleophilic 1,2-Bpin and 1,2-mesityl
migrations following the coordination of the rst Xyl-NC
molecule are competitive. In the presence of excess Xyl-NC,
the high coordination capability of Xyl-NC enables the occur-
rence of the 1,2-mesityl migration as well (Scheme 5).

(9)

Compared to organic isonitriles (discussed above), organic
nitriles exhibit relatively lower reactivity. Therefore, reactions
involving organic nitriles require more reactive diboranes(4).
Indeed, a highly Lewis acidic diaryldiborane(4) was reported to
react with tBuCN in 2019, as shown in eqn (9).57 As expected, the
reaction is initiated by coordination of the nitrile nitrogen atom
to one electrophilic boron centre of diaryldiborane(4) to form an
sp2–sp3 diborane(4) intermediate, from which a nucleophilic
1,3-BAr2 migration occurs and furnishes the nal product
containing a B]N]C linkage (Scheme 6).
3066 | Chem. Sci., 2024, 15, 3060–3070
6.3 Reaction with organic azides (RN3)

Reactions of diborane(4) compounds with organic azides have
also attracted considerable interest. A variety of reaction modes
have also been observed. Here, we give a few examples to
illustrate the interesting chemistry discovered.

Recently, reactions of tetra(o-tolyl)diborane(4) with organic
azides were reported.59 The reaction of tetra(o-tolyl)diborane(4)
with 1 equiv. of aryl azides (PhN3 or MesN3) was found to result
in an insertion of “aryl nitrene” into the B–B bond to give
a diborylamine product (eqn (10)). This reaction shows
a nucleophilic 1,2-boryl migration aer coordination of the
azide via its internal nitrogen, the nucleophilic 1,2-boryl
migration is accompanied by a release of an N2 molecule, and
thus it can be formally viewed as an SN2-type of reaction at the
coordinated N centre.

(10)

In 2019, by collaborating with the research team of
Braunschweig, we theoretically explored the mechanisms for
reactions of different substituted diaryl(dihalo)diborane(4)
compounds with various organic azides, which resulted in
distinct products.58 Here we pick up two examples to show the
diverse reactivity of different diaryl(dihalo)diborane(4)
compounds toward organic azides.

(11)

As depicted in eqn (11), the reaction of the unsymmetrical
dianthryl(diuoro)diborane(4) with PhN3 yielded a six-
membered ring product. DFT-assisted mechanistic studies
provided further insight into this transformation as follows
(Scheme 7). Initially, the azide molecule coordinates to the
more electrophilic BAn2 boron centre, followed by a nucleo-
philic 1,4-anthryl migration. Subsequently, a cis–trans isomeri-
zation takes place, accompanied by the formation of a ve-
membered ring. In the next step, a second azide molecule
coordinates to the Lewis acidic, three-coordinated B–Ar boron
centre. This coordination triggers a nucleophilic 1,2-boryl (N-
coordinated BF2) migration, accompanied by a release of N2

formally via an SN2-type of reaction at the PhN3 coordinated N
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Mechanism of the reaction of B(An)2BF2 and Ph-N3.

Fig. 10 Illustration of the 5e and 7e boryl radical species.
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centre. This migration and N2 release result in the nal
formation of the six-membered ring product, as illustrated in
Scheme 7.

Interestingly, in the reaction of a symmetrical dianthryl(di-
bromo)diborane(4) with PhN3, a [2 + 4] cycloaddition product
was obtained as illustrated in eqn (12). DFT calculations
revealed that aer the coordination of PhN3, [2 + 4] cycloaddi-
tion between the N2 moiety and the central aromatic ring of the
anthryl group is both kinetically and thermodynamically
preferred over the 1,4-anthryl migration. Here we see an inter-
esting situation that the B–B bond is intact.

(12)

The reaction mechanism described in Scheme 7 reveals that,
following the initial coordination of an azide molecule,
a nucleophilic 1,4-anthryl migration takes place instead of
a nucleophilic boryl migration. Similarly, the mechanism dis-
cussed in Scheme 4, concerning the reaction with carbon
monoxide, demonstrates that a 1,2-mesityl nucleophilic
migration occurs aer the initial coordination of CO, rather
than a nucleophilic boryl migration. These ndings indicate
that the nucleophilic boryl migration depicted in Fig. 8 is not
always the predominant pathway. It is evident that nucleophilic
aryl migrations can effectively compete with nucleophilic boryl
migrations. Fig. 9 illustrates these potential migration
pathways.
Fig. 9 Illustration of the diverse reaction modes of diborane(4)
compounds for unsaturated organic substrates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
7. Reactions involving boryl radicals

As Scenario 3 depicted in Fig. 2, a genuine boryl radical species
is two-coordinated and highly electron-decient, with a half-
lled sp2-hybridized orbital and an empty pz orbital (Fig. 10).
Due to extreme electron-deciency, two-coordinated boryl
radicals are highly reactive and difficult to isolate.61–63 In the
1980s, Roberts and co-workers reported stable boryl radical
species coordinated by amines or phosphines.64–68 Later on, N-
heterocyclic carbenes (NHC) ligated69–73 and nitrogen hetero-
cycle ligated74–79 boryl radicals were also reported. With Lewis
base (LB) coordination, the unpaired electron occupies the
“empty” pz orbital of the boron centre, giving a so-called 7-
electron (7e) ligated boryl radical species (Fig. 10). When the LB
Lewis base contains a p-conjugate system, a ligated boryl
radical can be signicantly stabilized through p-delocalization.
Such 7-electron (7e) boryl radical species are prevalent and
widely used in organic synthesis.80–85 In this section, we will
briey discuss the reactivity of Lewis base-stabilized boryl
radicals (labelled as 7e boryl radicals) using several examples.

The research group of Wang has reported a series of studies
using LB-ligated boryl radicals as catalysts. They applied a spin-
centre shi (SCS) strategy, which can also be considered as
a radical-relay strategy, to realize numerous borylations and C–
X bond activations of unsaturated molecules, including
alkenes, alkynes and C]O-containing molecules.84,86–94 The SCS
strategy shows that LB-ligated boryl radicals prefer to react with
an unsaturated bond and coordinate onto the site where the
newly formed spin centre can be better stabilized, as exempli-
ed in Scheme 8, which was also conrmed by DFT calcula-
tions. Aer the initial coordination, further transformations,
such as hydrogen atom transfer (HAT), halogen atom transfer
(XAT), and radical coupling, can occur. Very recently, they also
achieved asymmetric radical cycloisomerisation catalysed by
chiral (NHC)-ligated boryl radicals by applying the SCS
strategy.95
Scheme 8 Reactions of a Lewis base ligated boryl radical with
unsaturated and saturated molecules.
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When reacting with a saturated molecule, the LB-ligated
boryl radical can directly abstract an atom from the substrate
molecule. For example, Noël and co-workers recently reported
a halogen-atom transfer (XAT) by NHC� BH�

2 for C(sp3)–C(sp3)
bond formation.96 DFT analysis demonstrated that, in the initial
step, the NHC� BH�

2 prefers to undergo iodine atom transfer
(IAT) of iodocyclohexane over direct radical addition onto
dimethyl maleate. In 2022, Wu, Zhang, and Ma reported
a diuoromethylation of unactivated alkenes using freon-22
through an amine-coordinated boryl radical ðMe3N� BH�

2Þ
triggered chlorine atom transfer.97 This work revealed that the
photo-induced Me3N� BH�

2 selectively abstracts a chlorine
atom from freon-22. Mechanistic investigation conrmed that
the ClAT process is both thermodynamically and kinetically
more favourable than the HAT process. Direct radical addition
onto the alkene substrate was also found to be less likely to
proceed.
8. Summary and outlook

In this perspective, we have provided an in-depth analysis of the
reaction chemistry of boryl compounds towards various organic
and inorganic substrate molecules, with a focus on their
nucleophilic and electrophilic properties from a bonding
perspective. Boryl compounds feature a three-coordinate boron
centre, with the reactivity oen attributed to the formally
“empty” p orbital on the boron centre. However, our analysis
indicates that a boryl moiety can also be nucleophilic,
depending on the element bonded to it. The s bond to a boryl
moiety can be reactive and play a nucleophilic role in a chemical
reaction.

In transition metal boryl complexes, we found that copper(I)
boryl complexes were mainly nucleophilic, while most rho-
dium(I), platinum(II) and gold(I) boryl complexes were electro-
philic. The nucleophilicity is closely related to the polarity of the
s bond to a boryl moiety. Varying the electronic properties of
substituents on the boryl ligands can also switch the nature of
their reactivity in some cases. While we have discussed the
reaction chemistry of copper(I), rhodium(I), platinum(II) and
gold(I) boryl complexes in this perspective, a large number of
boryl complexes of other transition metals are known, and
further systematic studies are needed to fully understand their
reactivity.

Diboranes(4) are compounds with two boryl moieties directly
s-bonded. Their reactions with various unsaturated organic and
inorganic substrate molecules generally start with coordination
of a substrate molecule on the more electrophilic boron centre,
where diborane(4) behaves in a Lewis-acidic and electrophilic
manner. The subsequent nucleophilic migration of the unco-
ordinated boryl involving the B–B s bonding pair of electrons
leads to a series of chemical transformations and experimen-
tally observed product(s). However, in reactions with organic
azides and carbon monooxide, we have observed circumstances
other than the involvement of the B–B s bonding pair of elec-
trons. Further investigation is needed to understand the factors
that affect the preference of one circumstance over the other.
3068 | Chem. Sci., 2024, 15, 3060–3070
Finally, we briey discussed reactions involving boryl radi-
cals. Genuine two-coordinate radicals (5e boryl radical species)
are scarce. Studies normally focus on base-ligated boryl radicals
(7e boryl radicals). Base-ligated boryl radicals usually rst react
with an unsaturated bond, with the radical being relayed from
the boron centre to a carbon centre. When reacting with satu-
rated substrate molecules, atom (preferably heteroatom if any)
abstraction occurs, again relaying the radical from the boron
centre to a carbon centre. Due to their high reactivity, under-
standing of their reactions is still in the early stage, and further
studies on reactions of boryl radical species is expected to lead
to exciting discoveries.
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