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The reaction of ™So0Cb-B=N-SiMes (™MSoCb = 1-trimethylsilyl-ortho-carboranyl) with the sterically
demanding (2,4,6-tri-tert-butylphenyllisocyanide enables the isolation of the corresponding 1:1
iminoborane-isocyanide adduct, a species considered to be the key intermediate in isocyanide-catalyzed
dimerization. In sharp contrast, the less hindered isocyanides, namely (2,4,6-trimethylphenyl)isocyanide
and (2,6-di-iso-propylphenyl)isocyanide, react with the o-carboranyl iminoborane in a 3:1 fashion. Two
equivalents of isocyanide undergo a [2 + 1 + 1] cycloaddition with the B=N triple bond to furnish a 1,2-
azaborete-3,4-diimine four-membered ring, while the third equivalent coordinates to the boron center
of the ring. Subsequent reduction with Mg or Ca induces selective insertion of this third isocyanide into
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characterization and quantum chemical calculations reveal that the negative charge is extensively

DOI: 10.1039/d6sc01836] delocalized onto the o-carborane cage. Theoretical studies further establish a clear mechanistic pathway
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Introduction

Iminoboranes (R-B=N-R’) feature a B=N triple bond that is
isoelectronic with a C=C triple bond, and can therefore be
regarded as “inorganic alkynes”." Due to the pronounced
polarity of the B=N bond, iminoboranes exhibit much higher
reactivity than alkynes.”> For example, they tend to undergo
(cyclo)oligomerization. In addition, the boron center is elec-
trophilic and readily forms adducts with various Lewis bases.?
In addition, the B=N triple bond of iminoboranes can react
with the C=C triple bond of alkynes under the assistance of
rhodium, proceeding via a 1,2-azaborete intermediate to ulti-
mately afford 1,4-azaborines or 1,2-azaborines products, which
are BN-isosteres of benzene derivatives. In these trans-
formations, iminoboranes act as BN synthons.

On the other hand, isocyanides, analogous to CO, constitute
an important class of C1 synthons. They are stronger g-donors
than CO and can act as Lewis bases to stabilize low-valent boron
compounds.® In fact, isocyanides are sufficiently nucleophilic to
attack the boron atom of the B=N unit, thereby triggering
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follow-up reactions. Paetzold and co-workers carried out
seminal work, showing that iminoboranes can react with iso-
cyanides to afford various cyclic adducts.® In the presence of
catalytic amounts of {BuNC, FsCs—B=N-tBu readily dimerizes
to form the diazadiboretidine product (I in Fig. 1). Increasing
the loading of tBuNC to one equivalent affords a 1,3-diaza-2,4-
diboracyclopentane-type product (II). Further reaction of II
with a second equivalent of isocyanide has not been reported.
However, a 1:2 reaction between an iminoborane and an iso-
cyanide has been achieved for the B-amino iminoborane Me;-
Si(tBu)N-B=N-tBu, which reacts with two equivalents of (2,6-
dimethylphenyl)isocyanide to form the 1,2-azaborete-3,4-
diimine product (II). In 2022, our laboratory successfully
synthesized the first o-carboranyl iminoborane, ™%0Cb-B=N-
R (™50Cb = 1-trimethylsilyl-ortho-carboranyl, R = SiMe;, tBu),
and demonstrated that it also undergoes isocyanide-catalyzed
dimerization.” DFT calculations indicate that the 1:1 adduct
formed between an iminoborane and an isocyanide is the key
intermediate in this catalytic dimerization process.

In this context, curiosity has turned toward: (1) whether the
reaction could be halted at the 1: 1 adduct stage so that this key
intermediate could be isolated; (2) whether the 1:1 adduct is
also a key intermediate for the formation of III; and (3) whether
III could undergo a further ring-expansion reaction with a third
equivalent of isocyanide to afford new BN heterocycles, such as
the azaboroles shown in Scheme 1.

Boroles (IV in Scheme 1) are boracycle derivatives of cyclo-
pentadiene in which the saturated carbon position is replaced
by a sp>hybridized boron with an empty p-orbital. are
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Fig. 1 Reactions between iminoboranes and isocyanides leading to
1,3,2,4-diazadiboretidines (l), 1,3-diaza-2,4-diboracyclopentanes (ll),
1,2-azaborete-3,4-diimines (lll) and 3-azaborolediides (this work). Mes
= 2,4,6-trimethylphenyl.
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Scheme 1 Boroles (IV), 2-azaboroles (V), and 3-azaboroles (VI).

renowned for their 47 antiaromaticity, the electron deficiency of
the boron center, and the resulting unique electronic properties
and rich chemical reactivity (e.g. Lewis acid-base reaction, ring
expansion, small-molecule activation, w-ligands in the forma-
tion of sandwich complexes).® Very recently, our laboratory
successfully synthesized the first 2-azaborole (V in Scheme 1)
derivatives featuring a ¢°* electronic configuration via ring-
expansion reactions of benzoborirene C¢H,{BN(SiMe;),} with
nitriles.® In contrast, 3-azaboroles (VI in Scheme 1) have not yet
been reported. Herein, we report our progress toward the
construction of the 3-azaborole structural motif using an o-
carboranyl-substituted iminoborane as a BN synthon and iso-
cyanides as C; synthons.

Results and discussion

To halt the reaction at the 1:1 adduct stage, a highly sterically
demanding isocyanide is expected to play a crucial role. Such
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Scheme 2 Synthesis of isocyanide-iminoborane adduct 2.

steric congestion would kinetically block both (i) cycloaddition
between the 1:1 adduct and another free iminoborane mole-
cule and (ii) further reaction of the adduct with a second
equivalent of isocyanide to form III. Therefore, Mes*NC (Mes*
= 2,4,6-tri-tert-butylphenyl) was chosen (Scheme 2). The reac-
tion of iminoborane 1 with an equimolar amount of Mes*NC
was monitored by the B-NMR spectrum, which revealed
a slight upfield shift from dg 13.5 (1)” to 65 13.4, accompanied by
a color change from colorless to pale yellow. Orange single
crystals suitable for X-ray diffraction analysis were obtained
upon storing the light yellow pentane solution of the reaction
mixture at —30 °C for 12 h. The solid-state structure unambig-
uously revealed a 1:1 adduct between 1 and Mes*NC (Fig. 2).
The B1-N1 bond of (1.302(13) A) is elongated by ca. 10 pm
compared to that in 1 (1.220(2) A), indicating a transformation
from a B=N triple bond to a B=N double bond. In line with
this observation, while the IR spectrum of 1 shows a character-
istic B=N stretching vibration at 1976 cm ™", the BN stretching
vibration of 2 appears at 1605 cm ™', as supported by the cor-
responding '°B isotopic shift (Fig. $25).” The C2-B1 bond
distance of 1.639(13) A is comparable to the Ccapene—B bond
distance of 1.626(3) A observed in ™°IiPr-1 adduct (M°IiPr = 1,3-
di-iso-propyl-4,5-dimethyl-imidazole-2-ylidene).*

Fig. 2 Single crystal structure of 2. Hydrogen atoms have been
removed for clarity. Thermal ellipsoids are drawn at the 50% probability
level. Selected bond lengths (A) and angles (deg): B1-N11.305(3), B1-
C21.635(3), C2-N2 1.152(3), C1-B1-N1130.0(2), B1-C2-N2 163.4(2).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of 3.

Next, we examined MesNC (Mes = 2,4,6-trimethylphenyl),
which features reduced steric hindrance. In stark contrast, the
treatment of 1 with one equivalent of MesNC resulted in
a mixture consisting of considerable amount of unreacted 1 and
a new species 3a, which according to the "H-NMR spectrum,
should be composed of one equivalent of 1 and three equiva-
lents of MesNC. Addition of a second equivalent of MesNC led
to an increased portion of 3a. Complete consumption of 1 was
only achieved upon the addition of a third equivalent of MesNC,
whereupon 1 was quantitatively converted into 3a. This further
corroborates that 1 reacted with MesNC in a 1 : 3 ratio (Scheme
3). Yellow single crystals of 3 suitable for X-ray diffraction
analysis were obtained upon slow diffusion of pentane into the
concentrated toluene solution of 3 at —30 °C. Likewise, the
reaction employing DippNC (Dipp = 2,6-di-iso-propylphenyl),
an isocyanide whose steric demand lies between that of
Mes*NC and MesNC, furnished the same kind of product 3b,
though in a lower yield.

The single crystal structure is depicted in Fig. 3, suggesting
that 3 should arise from the initial reaction of 1 with two
equivalents of RNC (R = Mes, 3a; R = Dipp, 3b) to afford the 1,2-
azaborete-3,4-diimine (III), followed by adduct formation with
a third equivalent of RNC. The BNCC four-member ring is
slighted twisted as indicated by the dihedral angles B1-C2-C3-
N1 of 3a (—12.916°) and 3b (—12.162°), respectively. The
exocyclic C2-N2 (3a, 1.2656(18) A and 3b, 1.272(2) A) and C3-N3
(3a, 1.2713(18) A and 3b, 1.2680(19) A) bond lengths fall in the
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range of C=N double bonds. The major structural difference
between 3a and 3b is that 3a exhibits pronounced Mes-Mes -7t
stacking interactions with a centroid-to-centroid distance of
3.514 A, whereas in 3b, the two Dipp groups adopt an orienta-
tion away from each other due to significant steric repulsion
between their iso-propyl substituents (Fig. 3).

The calculated mechanistic pathway for the formation of
compound 3’, a model compound for 3, is presented in Fig. 4.
The process begins with the coordination of an isocyanide
molecule to the compound 1 at the iminoborane boron center,
forming the adduct Int1. Starting from Int1, an alternative route
involving C-C coupling with a second PhNC molecule via
nucleophilic attack on the coordinated carbon was examined,
but found to be energetically unfavourable (see the blue energy
profile in Fig. 4). Instead, Int1 undergoes structural rearrange-
ment to form Int2, a three-membered ring species generated
through N(iminoborane)_C(coordinated isocyanide) bond formation.
Subsequent coordination of another PhNC molecule to the
iminoborane boron center in Int2, accompanied by BN m-bond
cleavage, yields Int3. From Int3, a 1,2-carbon shift produces the
four-membered ring Int4, and coordination of a third PhNC
molecule ultimately affords compound 3'. The overall barrier
for this transformation is 20.5 kcal mol " in Gibbs free energy,
with a reaction free energy of —12.8 kcal mol~". The rate-
determining transition state corresponds to the coordination
of the second PhNC molecule.

a-Diimines are known to undergo two-electron reduction to
form o-diamides.'* In our earlier work, this approach enabled
the synthesis of an antiaromatic benzo-fused borolediide.™
Thus, the diimine function in 3 immediately caught our atten-
tion. To this end, a THF solution of 3a was stirred with one
equivalent of Mg(An)THF; (An = anthracene) or with calcium
metal at room temperature, resulting in a color change from
yellow to deep purple. The reaction with Mg(An)THF; proceeds
much faster due to its homogeneous reaction nature, being
completed within hours, whereas the reaction with calcium
requires several days (Scheme 4). The "'B-NMR spectra di-
splayed the formation of new boron-containing species 4a (0

Fig. 3 Solid-state structure of 3a (left), 3b (right). Hydrogen atoms have been removed for clarity. Thermal ellipsoids are drawn at the 50%
probability level. Selected bond lengths (A) and angles (deg): for 3a, B1-C11.657(2), B1-N11.5446(18), B1-C2 1.644(2), C2-C31.5333(18), N3-C3
1.2713(18), C2-N2 1.2656(18), C3-N3 1.2713(18), C2-B1-N1 83.77(10); for 3b, B1-C11.652(2), B1-N11.567(2), B1-C2 1.645(2), C2-C3 1.498(2),
N3-C3 1.2680(19), C2-N2 1.272(2), C3-N3 1.4230(19), C2-B1-N1 83.34(11).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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29.8) and 4b (g 26.9), respectively. After removal of the solvent
and thorough washing with hexane, the residue was extracted
with acetonitrile and crystallized at —30 °C, yielding deep
purple single crystals suitable for X-ray diffraction analysis
(Fig. 5). The solid-state structure reveals the presence of coor-
dinated acetonitrile ligand, which originates from the recrys-
tallization solvent. The atom connectivity reveals that 3a has
indeed undergone a two-electron reduction. More interestingly,
the reduction triggers a selective insertion of the coordinated
isocyanide into the BN bond, accompanied by migration of the
silyl group (marked in red in Scheme 4) from the ring nitrogen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Solid-state structure of 4a (left), 4b (right). Hydrogen atoms have been removed for clarity. Thermal ellipsoids are drawn at the 50%
probability level. Selected bond lengths (A) and angles (deg): for 4a, B1-C2 1.485(4), C2—-C1 2.436, C5-C4 1.515(3), C5-N1 1.314(3), C4-N2
1.315(3), C3-N3 1.363(3), B1-C5 1.562(4), B1-C3 1.594(3), N3-C4 1.347(3), C5-B1-C3 98.63(13), Cal-N1 2.449(2), Cal-N2 2.4002(18); for 4b,
B1-C2 1.485(2), C2-C1 2.474, C5-C4 1.513(2), C5-N1 1.319(2), C4-N2 1.301(2), C3-N3 1.356(2), B1-C5 1.561(4), B1-C3 1.601(2), N3-C4

1.357(2), C5-B1-C3 98.72(19), Mg1-N1 2.1439(14), Mgl-N2 2.1404(14).

atom to the nitrogen of the inserted isocyanide. Accordingly, at
first glance, the crystal structure overall features an unprece-
dented 3-azaborole core (VI in Scheme 1). Further analysis of
bond lengths and angles, such as the significantly elongated
cage C-C distances (4a, 2.436 A; 4b, 2.474 A), indicates
pronounced negative hyperconjugation between the o-carbor-
ane moiety and the 3-azaborolediide unit in 4a/4b. This is
primarily manifested in the perpendicular orientation of the 3-
azaborolediide fragment with respect to the C-C bond of the o-
carborane cage (Fig. 6), which facilitates optimal overlap
between the T orbitals of the 3-azaborole ring and the ¢* anti-
bonding orbital of the carborane C-C bond.* In addition to the
direct population of the antibonding orbital by chemical
reduction,™4¥ elongation of the cage C-C bonds arising from
negative hyperconjugation has in fact also been observed in 1,2-
diamino-o-carboranes,'***  1-imino-o-carboranes'* and o-
carboranyl-substituted three-coordinate  borane radical

anion.”®® In addition, the B1-Ccarporane bond is notably

Fig. 6 Molecular structure of 4 highlighting the near-perpendicular
orientation of the 3-azaborolediide fragment relative to the C-C bond
of the o-carborane cage. Thermal ellipsoids are set at the 50% prob-
ability level. For clarity, hydrogen atoms, the [M] fragment and some of
the ellipsoids are omitted. Selected angles (deg): for 4a, C1-C2-B1-
C3100.070; for 4b, C1-C2-B1-C3 99.320.

© 2026 The Author(s). Published by the Royal Society of Chemistry

shortened (3a, 1.657(2) A; 4a, 1.485(4) A; 4b, 1.485(2) A), further
corroborating the presence of the negative hyperconjugation
with the o-carborane moiety acting as an electron acceptor.

The calculated mechanistic pathway for the formation of
compound 4a’ is presented in Fig. 7. The process begins with
the reduction of 3/, resulting in the formation of Int5 which
features N,N-coordination of the calcium ion. This formal two-
electron reduction cleaves the two C=N 7 bonds in 3’ and
generates a new C=C 7 bond, accompanied by metal coordi-
nation. The reaction is associated with a free energy change of
68 kcal mol ™", indicating substantial gain in thermodynamic
stability upon reduction. Starting from Int5, a 1,2-nitrogen shift
expands the four-membered ring to yield Int6, a five-membered-
ring intermediate with an envelope conformation. Subsequent
planarization of the ring in Int6 leads to Int7 which features
extended m-conjugation across the five-membered framework.
This transformation provides significant stabilization, with
a computed free energy gain of 36.6 kcal mol " (Int6 — Int7).
Finally, a 1,3-silyl migration from Int7 yields 4a’, which can be
described by two resonance structures, 4a’_closo and 4a’_nido,
accounting for the observed C-C bond elongation in the
product 4a. The participation of the resonance structure
4a’_nido is supported by the HOMO plot (Fig. S30), which
clearly shows the C(cage)-B(exo) m-bonding character. The
overall barrier for the transformation from Int5 to compound
4a’ is 12.2 keal mol ' in Gibbs free energy, with a reaction free
energy of —30.1 kcal mol ™.

We have also examined the alternative pathway involving
insertion of the third equivalent of isocyanide into the B-C
bond of Int5 (Fig. 7). Our calculations show that this pathway
has a higher activation barrier by 11.7 kcal mol ™" compared to
insertion into the B-N bond. This insertion corresponds to
a 1,2-carbon migration. The results indicate that the more
covalent nature of the B-C bond relative to the B-N bond makes
the 1,2-carbon migration significantly more energetically
demanding and therefore kinetically less favorable.

Chem. Sci., 2026, 17, 10053-10060 | 10057
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Fig.7 Energy profile calculated for the formation of compound 4a’ via calcium metal reduction of 3'. Relative Gibbs free energies and electronic
energies (in parentheses) are given in kcal mol™! “Ca + 2 THF + 2 MeCN" is abbreviated as Cal,. Ly represents 2 molecules of THF and 2
molecules of MeCN. Remark: The closo and nido-type drawings (4a’_closo and 4a’_nido) serve as resonance representations of 4a’. These do
not correspond to isolable or independently optimizable species; rather, they illustrate complementary aspects of the delocalized bonding
framework.

Additionally, we performed a Nucleus Independent Chem- positions 1.0 A above and below the ring planes, fall within
ical Shift (NICS) analysis on 4a’ to evaluate the aromatic char- a range centered at about —1.5 ppm, indicating that the fused-
acter of the edge-fused five-membered ring system. The NICS ring structure is non-aromatic.
values at the geometric centers of the two rings, as well as at

10058 | Chem. Sci., 2026, 17, 10053-10060 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In conclusion, we have identified a stepwise reaction pattern in
which the B=N triple bond of an o-carboranyl iminoborane
engages sequentially with three equivalents of isocyanide to
generate novel BN heterocycles. The first two equivalents
undergo a [2 + 1 + 1] cycloaddition across the B=N unit to afford
a 1,2-azaborete-3,4-diimine four-membered ring. Under
reducing conditions, the third equivalent inserts selectively into
the BN bond, expanding the ring to a 3-azaborolediide species.
Structural and computational analyses show that the strong
inductive electron-withdrawing o-carboranyl substituent'
participates in substantial electronic delocalization. Moreover,
a sterically demanding isocyanide, i.e. Mes*NC, allowed the
isolation of the corresponding 1:1 isocyanide-iminoborane
adduct. This kind of 1:1 adduct species, previously suggested
as the key intermediate in isocyanide-catalyzed iminoborane
dimerization,” is further corroborated by quantum chemical
calculations to be the intermediate leading to the formation of
the 1,2-azaborete-3,4-diimine ring. The detailed computational
study provides a clear mechanistic picture, illustrating how
each elementary step transforms the B=N triple bond and
ultimately generates the 3-azaborolediide-type structure.
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