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Abstract: Herein, we report the facile synthesis of a
three-dimensional (3D) inorganic analogue of 9,10-
diazido-9,10-dihydrodiboraantracene, which turned out
to be a monomer in both the solid and solution state,
and thermally stable up to 230 °C, representing a rare
example of azido borane with boosted Lewis acidity and
stability in one. Apart from the classical acid-base and
Staudinger reactions, E� H bond activation (E=B, Si,
Ge) was investigated. While the reaction with B� H (9-
borabicyclo[3.3.1]nonane) led directly to the 1,1-addition
on Nα upon N2 elimination, the Si� H (Et3SiH,
PhMe2SiH) activation proceeded stepwise via 1,2-addi-
tion, with the key intermediates 5int and 6int being
isolated and characterized. In contrast, the cooperative
Ge� H was reversible and stayed at the 1,2-addition step.

Introduction

How to find an optimal balance between reactivity and
stability is a recurring theme in molecular design, partic-
ularly those related to reaction chemistry. Azido boranes

with the general formula of R(3� n)B� (N3)n (n=1–3) are well
recognized for their applications in energetic materials and
as synthetic intermediates.[1] The reported reactivity patterns
of azido boranes are mostly azido-based, including the [3
+2]-dipolar cycloaddition reactions,[1b–d] Staudinger
reactions,[1v] 1,1-addition,[1a] and R-group migration reactions
that are associated with N2 elimination.[1e–h] There are
notably less reactions of azido boranes in which boron is a
non-spectator, perhaps because the azido boranes of enough
stability usually require electronic stabilization either by
quaternization with a σ-donating ligand[1b,c,h,i,l, 2] or by sub-
stitution with π-donating groups,[1a,d,j,k,m] which nevertheless
turns off the reactivity at boron. The azido boranes with
boosted Lewis acidity but lacking steric hindrance tend to
aggregate via intermolecular B� N interaction.[1n–u] For in-
stance, the dihaloazidoboranes (BX2N3)3 (X=F, Cl, Br) with
small and electron-withdrawing halogens exist as
trimers.[1o,s–u] (F5C6)2BN3 and (2,6-F2C6H3)2BN3 bearing two
electron-withdrawing fluorinated aryl groups exist as mono-
mer in solution, but dimerize in the solid state (Figure 1).[1p–r]

The strongly Lewis acidic 9-azido-9-borafluorene, which
features an azidoborole unit, was first synthesized by the
Bettinger group. Likewise, the 9-azido-9-borafluorene was
synthesized as a monomer in solution but transformed into a
cyclotrimer when solvent was removed.[1n] The monomeric
9-azido-9-borafluorene is highly reactive perhaps due to the
coexistence of a strongly Lewis acidic boron and an adjacent
Lewis basic nitrogen center. The N2 elimination of 9-azido-
9-borafluorene could be thermally induced, affording a BN-
phenanthryne intermediate, which can undergo cyclotrimeri-
zation to give a structurally characterized tetramer, or be
trapped with trimethylchlorosilane or the second equivalent
of 9-azido-9-borafluorene.[1g] Considerable efforts towards
the combination of an azido group and a non-fused borole
moiety in one molecule can be seen in a very recent report
by Braunschweig and co-workers.[2] However, the 1-azido-
2,3,4,5-tetraphenylborole turned out to be even less stable
than 9-azido-9-borafluorene and had to be trapped at
� 75 °C with a Lewis base as evidence for its formation.[2]

Thus overall, the knowledge about the reactivity of strongly
Lewis acidic azido boranes is still limited. The dearth of
related research is presumably attributed to the pronounced
instability, capricious nature or poor solubility caused by
aggregation.

9,10-Dihydro-9,10-diboraanthracenes (DBAs) are boron
congeners of anthracenes in which the sp2-hybridized
carbons at 9- and 10-positions are replaced by a trigonal
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planar boron center, respectively, leading to a neutral
conjugated π-system but with two fewer π electrons than
anthracene. DBAs, their doubly reduced derivatives
(DBA)2� as well as the N-heterocyclic carbene (NHC)
stabilized derivatives demonstrated unique photophysical
properties and diverse reactivity, allowing for the applica-
tions in ligand design,[3] olefin polymerization,[4] luminescent
materials,[5] dihydrogen- and hydride-transfer catalysis,[6]

small molecule activation,[6,7] and fluoride complexation.[8]

Inspired by the fascinating features of DBAs and following
the two-dimensional/ three-dimensional (2D/3D) relation-
ship between benzyne and carboryne,[9] we designed and
successfully synthesized the first 3D analogues of DBA, in
which the benzyne units are replaced by o-carboryne
groups.[10] Indeed, our experimental and computational
results revealed the Lewis superacidity at the bridging
trigonal planar boron centers, which should be induced by
the strong electron withdrawing effect of the o-carborane
cage[11] and its minimized π-interaction with the vacant p-
orbital of boron. Given the paucity of 2D 9,10-diazido-
DBA, which is of considerable synthetic challenge, we
herein set out to synthesize and investigate its first 3D
inorganic analogue. Benefitting from the electronic and
kinetic stabilizing effect of the carborane cage,[12] the 3D
9,10-diazido-DBA represented a rare example of azido
borane of boosted Lewis acidity whilst stable—an optimal
platform for reactivity investigation.

Results and Discussion

The azido borane (C2B10H10)2(BN3)2 (1) was attained by the
reaction of (C2B10H10)2(BX)2 (X=Cl, Br) with 2.3 equiva-
lents of TMSN3 (Scheme 1). The bridging boron atoms
displayed broad singlet signals at δB 41.8 in the 11B-NMR
spectrum. After easy work up, 1 could be isolated as a white
powder in excellent yield (97%). Single crystal X-ray
diffraction analysis unambiguously confirmed the mono-
meric structure of compound 1 (Figure 3) in the solid state.
The B1� N1 bond (1.407(2) Å) is lightly shorter than that of
the tricoordinate azido boranes stabilized by π-donating
groups (1.433 Å to 1.468(4) Å),[1j,k,m] which could be attrib-
uted to the more acidic boron center of 1. The nearly mutual
orthogonal orientation between the vacant p-orbital on
boron and the electron lone pair on Nα (ffN2� N1� B1� C1
4.50°) prevents the direct N!B π-interaction. The geometric
parameters of the azido group fall in the expected range. IR
spectrum displayed strong absorption band at 2159 cm� 1 for
the azido groups (Figure S35). The assignment of the IR
absorption was confirmed by the calculated harmonic vibra-
tional frequencies (Table S1).

The strength of Lewis acidity of 1 was studied by
Gutmann-Beckett method. The 31P Δδ value of 37.83 in C6D6

suggested a greater Lewis acidity of 1 than that of B(C6F5)3
(31P Δδ 29.66 in C6D6).

[13] The fluoride ion affinity (FIA) of 1
was calculated according to the protocol proposed by
Krossing.[14] The value of 9.6 kcalmol� 1 is higher than that of

Figure 1. Representative examples of strongly Lewis acidic azido
boranes and the robust Lewis superacidic azido borane in this work.
“&” represents the empty pz-orbital of boron, “:” represents the
electron lone pair of Nα.

Scheme 1. Synthesis of 1. (i) 2.3 equivalents of TMSN3, room temper-
ature, 30 mins.

Figure 2. FIA (referenced to SbF5), and HIA (referenced to B(C6F5)3) of
compound 1 and the other 3D analogues of DBA in sequence.
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SbF5, thus confirming its Lewis superacidity.[15] The soft
nature of the bridging boron centers was verified by the
calculated hydride ion affinity (HIA) that is 7.6 kcalmol� 1

higher than that of B(C6F5)3. Overall, the Lewis acidity of
the azido borane 1 should fall between the phenyl and
methyl derivatives by comparison of their FIA and HIA
values (Figure 2). Furthermore, the calculated LUMO is
mostly located on the bridging boron centers, while the

HOMO indicates weak nucleophilicity of Nα atom (Fig-
ure S59). Gratifyingly, compound 1 displayed remarkable
thermal and photo stability. The differential scanning
calorimeter (DSC) experiments suggested a thermal stability
up to 230 °C (Figure S49). The irradiation of 1 by a Xenon
lamp for 3 days did not lead to any obvious decomposition
either.

The Lewis base adduct 2 (Scheme 2) was obtained as a
crystalline solid by adding excess acetonitrile (ACN) into

Scheme 2. Synthesis of 2 and 3. (ii) excess acetonitrile in toluene, room
temperature, 1 day; (iii) 2.0 equivalents of PPh3 in toluene, room
temperature, 30 mins.

Figure 3. Single crystal structures of 1–3. Hydrogen atoms and co-
crystalized toluene molecule in 3 have been omitted for clarity. Thermal
ellipsoids are drawn at 50% probability level for 1 and 3, and 30%
probability level for 2. Selected bond lengths [Å] and angles [°]: for 1,
B1� N1 1.407(2), C1� B1 1.587(2), N1� N2 1.254(2), N2� N3 1.125(2),
C1� C2 1.667, C2’� B1� C1 122.66(13), C1� B1� N1 112.31(13),
C2’� B1� N1 124.99(13), B1� N1� N2 126.29(13), N1� N2� N3 170.28
(15), C1� B1� N1� N2 � 175.50; for 2, B1� C1 1.650(5), B1� N1 1.537(4),
N1� N2 1.234(3), N2� N3 1.149(3), B1� N4 1.605(4), N4� C3 1.150(3),
C3� C4 1.450(4), B1� N1� N2 121.87(29), N1� N2� N3 174.3(2),
B1� N4� C3 172.7(2); for 3, B1� C1 1.597(4), B1� N1 1.352(4), N1� P1
1.562(2), B1� N1� P1 156.9(2).

Scheme 3. Synthesis of 4–6 and intermediates 5int and 6int.
(iv) 1.1 equivalents of 9-BBN dimer in toluene, 60 °C, 1 day; (v) for 5,
2.3 equivalents of Et3SiH, 60 °C in toluene, 30 mins; for 6, 2.3 equiv-
alents of PhMe2SiH, 60 °C in toluene, 1 day; (vi) for 5int, excess Et3SiH,
� 30 °C in CH2Cl2, 5 days; for 6int, excess PhMe2SiH, � 30 °C in toluene,
5 days; (vii) for 5, 3 days at 38 °C in the solid state, 30 min at 60 °C in
toluene; for 6, 1 day at 60 °C in toluene.

Scheme 4. Synthesis of 7. (viii) 4 equivalents of Et3GeH in C6D6, 60 °C,
30 mins; (ix) 4 equivalents of Et3GeH in toluene, � 30 °C, 5 days.
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the toluene solution of 1. The single crystal structure
(Figure 3) revealed two tetracoordinate boron centers, and
thus confirming the reaction stoichiometry (1+2 ACN). The
IR spectrum of 2 displayed absorption at 2353 cm� 1 for the
coordinated ACN (Figure S36), being ca. 87 cm� 1 red shifted
with respect to the free ACN, which is attributed to the
Lewis superacidity of 1.[16] The addition of PPh3 into a
toluene solution of 1 did not lead to the corresponding
Lewis base adduct, but triggered N2 elimination instead,
giving the Staudinger reaction product 3 as a crystalline solid
(Figure 3).[1v,17] The B� N (1.352(4) Å) and N� P (1.562(2) Å)
distances of 3 are comparable to those in (C6F5)2B� N=PtBu3

(B< C->N 1.344(4) Å, N< C->P 1.560(3) Å).[1v]

The reaction of 1 with 2 equivalents of 9-borabicyclo-
[3.3.1]nonane (9-BBN) in toluene was performed at 60 °C,

and monitored by multinuclear NMR spectroscopy
(Scheme 3). The 11B-NMR spectra revealed gradual con-
version of 1 (δB 41.8) and 9-BBN (δB 27.9) into 4 (δB 38.3,
65.0). It should be noted that neither the 11B- nor the 1H-
NMR spectra indicated any intermediate. Likewise, the
reactions of 1 with 2 equivalents of tertiary silanes at 60 °C
afforded 5 (δB 37.9) and 6 (δB 39.0). Thus, compounds 4–6 all
appear to be the products of N2-elimination and 1,1-addition
of E� H (E=B, Si) bond on nitrogen. The atom connectivity
of 6 could be confirmed by single crystal X-ray diffraction
analysis (Figure 4). The B1� N1 (1.382(5) Å) distance in 6 is
somewhat shorter than that (1.407(2) Å) in 1 with weak
B� N π interaction (see above), and notably shorter than that
(1.537(4) Å) in 2, in which the B� N π interaction is
precluded.

It should be noted that the intermediates 5int (δH 0.64,
SiCH2CH3) and 6int (δH 0.34, SiCH3) during the formation of
5 and 6 were clearly observed on the rection monitoring
NMR spectra. In order to isolate and characterize the
intermediates, the reactions were carried out at low temper-
atures. Storage of a dichloromethane (DCM) solution of 1
and a large excess of HSiEt3 or HSiMe2Ph at � 30 °C for
5 days afforded 5int or 6int as a crystalline solid, respectively.
In stark contrast to the previously reported borane-silane
adducts LA1·Et3SiH (Figure 5),[18] which displayed a broad
signal at δB 36.8 at room temperature, compounds 5int and
6int merely displayed high-field signals ranging from δB � 1.13
to � 16.12, with the bridging boron signal overlapping with
that of the carborane clusters. Therefore, unlike the adduct
LA1·Et3SiH and LA3·Et3SiH that undergo fast equilibrium in
solution, the formation of 5int and 6int by 1,2-addition of
Si� H bond should be irreversible in solution, thus resulting
in the purely 4-coordinate bridging boron centers. The single
crystal structures of 5int and 6int (Figure 4) revealed a

Figure 4. Single crystal structure of 6, 5int and 6int. Hydrogen atoms,
except for those bound to a 4-coordinate boron or a secondary amino
group, have been omitted for clarity. Thermal ellipsoids are drawn at
50% probability level. Selected bond lengths [Å] and angles [°]: for 6,
B1� C1 1.607(5), C1� C2 1.675, B1� N1 1.382(5), N1� Si1 1.783(3),
N1� H1 0.84(4), B1� N1� Si1 150.1(3), B1� N1� H1 107(3), H1� N1� Si1
103(3); for 5int, B1� H1 1.00, B1� N1 1.626(2), B1� Si1 3.118, N1� Si1
1.856(1), Si1� H1 3.072, N1� N2 1.268(2), N2� N3 1.122(2), H1� B1� N1
106.5, B1� N1� Si1 126.92(9), Si1� N1� N2 115.13(10), B1� N1� N2
117.93(12), N1� N2� N3 179.50(16); for 6int, B1� C1 1.643(4), C1� C2
1.699(4), B1� H1 1.00, B1� N1 1.623(4), N1� Si1 1.858(3), N1� N2
1.267(4), N2� N3 1.127(4), Si1� H1 3.039, B1� N1� Si1 125.4(2),
N1� N2� N3 179.2 (3).

Figure 5. The Et3SiH adducts of LA1–3 and 5int and their corresponding
Si� H bond lengths.
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significantly longer Si� H distances of 3.072 Å (5int) and
3.039 Å (6int) than the H1� Si1 (1.600(16) Å) and H2� Si1
(2.62 Å) distances in LA3·Et3SiH (Figure 5), suggesting the
complete cleavage of the silane Si� H bond. This was further
confirmed by the absence of Si� H stretching vibration in the

IR spectrum (Figure S37, S38). On this account, 5int and 6int
can also be regarded as the azide-borane adducts (R3SiN3)2·-
(C2B10H10)2(BH)2. In fact, the overall geometry of 5int and
6int resemble that of the TMSN3

·B(C6F5)3 adducts,
[19] featur-

ing the elongated Si� Nα and B� Nα bonds (5int Si1� N1
1.856(1) Å, B1� N1 1.626(2) Å; 6int Si1� N1 1.858(3) Å,
B1� N1 1.623(4) Å; typical Si� N 1.74 Å, B� N 1.49 Å).[20]

To proof that 5int and 6int are indeed the intermediates
for the formation of 5 and 6, the isolated 5int and 6int were
dissolved in C6D6 and monitored by multinuclear NMR
spectroscopy, respectively. Compound 5int readily released
one equivalent of N2 gas in solution at ambient temperature
(ca. 25 °C), which was followed by hydride migration from B
to N, affording the silyl amino borane 5 (Scheme 3). Never-
theless, the complete conversion required ca. 5 days in C6D6

(Figure S39–S44). It should be noticed as well, that 5int was
temperature sensitive. At a slightly elevated temperature
(38 °C), a complete solid-state conversion of 5int to 5 was
observed within 3 days. Compound 6int was kinetically more
inert than 5int due to the bulk of substituents. A complete
conversion at ambient temperature in C6D6 required above
7 days (Figure S45, 46). Hence, the successful isolation of 5int
and 6int has provided direct evidence for another possible
mechanism of formal 1,1-addition reaction on
borylnitrene,[1a] and demonstrated an azido borane-based
cooperative two-site approach to the Si� H activation.

Figure 6. Energy profiles calculated for the reaction from 1+HSiEt3 via A to D+N2 and from 12D+HSiEt3 to C2D. The relative Gibbs free energies
(calculated at 298 k) and electronic energies (in parentheses) are given in kcalmol� 1 (in scale).

Figure 7. Single crystal structure of 7. Hydrogen atoms, except for those
bound to 4-ccordinate boron, have been omitted for clarity. Thermal
ellipsoids are drawn at 50% probability level. Selected bond lengths [Å]
and angles [°]: B1� C1 1.637(4), C1� C2 1.688, B1� H1 1.00, B1� N1
1.615(3), N1� N2 1.254(3), N2� N3 1.124(3), N1� Ge1 1.988(2),
Ge1� H1 3.146, H1� B1� N1 106.7, B1� N1� Ge1 126.21(15), N1� N2� N3
178.3(2).
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DFT calculations were performed to provide further
insight into the reaction pathway. All intermediates and
transition states were optimized at ωB97XD/6-311g** level
of theory (Figure 6). According to the computational results,
1 and HSiEt3 should firstly interact to form the η1-adduct
A,[18a] which will be transformed to the η2-adduct B,[10,18b]

upon rotation of the azido group (TS1). In stark contrast to
LA3.Et3SiH, the Nα of the azido group triggers the Et3Si-
migration (TS2), leading to a complete Si� H cleavage. After
that, hydride migration accompanied with one equimolar N2

releasing (TS3) give the final product D. The spontaneity of
the migration process is corroborated by the negative ΔG
value of � 19.1 kcalmol� 1 for the conversion from B to C.
Considerable barrier (27.8 kcalmol� 1) between C and D
allows the isolation of 5int at low temperature. It is worth
noting that despite of some slight variations of the energies
of the key transformation barriers (Table S12), the reaction
pathway which involves both active boron sites led to a
similar energy profile as shown in Figure 6. Furthermore, to
proof that the Lewis superacidity of 1 is essential for the
Si� H cleavage, the same reaction pathway was calculated at
the same level of theory with the 2D analogue 12D, indicating
that the Si� H activation barrier of A2D is 13.7 kcalmol� 1

higher than 1 and gave a thermodynamic unstable product
C2D which is endergonic by 7.5 kcalmol� 1 with respect to 12D.

Thus, the computational results confirmed, to a certain
extent, the uniqueness of 1 as a Lewis superacidic azido
borane in the cooperative Si� H activation.

To verify the capability of 1 in cooperative Ge� H
activation, 1 was reacted with excessive amount of Et3GeH
in toluene at 60 °C (Scheme 4). The reaction was monitored
by 11B-NMR spectroscopy, which displayed the consumption
of 1 and new high-field signals above 5 ppm after 30 mins,
excluding the formation of the Ge analogue of 4–6,
(C2B10H2)2B2(NH)2(GeEt3)2. Single crystals of 7 suitable for
X-ray diffraction analysis were obtained upon the storage of
the reaction mixture at � 30 °C for 5 days. The single crystal
structure of 7 (Figure 7) resembles that of 5int and 6int,
featuring a great Ge� H separation (3.146 Å), and the
elongated B� Nα and Ge� Nα bonds (B1� N1 1.615(3) Å,
Ge1� N1 1.988(2) Å; typical B� N 1.49 Å, Ge� N 1.89 Å).[21]

Although 7 displayed nearly identical N1� N2 bond length
when compared to that of 5int and 6int (7 1.254(3) Å, 5int
1.268(2) Å, 6int 1.267(4) Å), the calculated energy barrier for
the denitrogenation of 7 was 31.3 kcalmol� 1 (Figure S58),
being 3.5 kcalmol� 1 higher than that of 5int (Figure 6).

In stark contrast to 5int and 6int, a two-step dissociation
equilibrium of 7, which involves 7, 7’, 1 and Et3GeH
(Figure 8a) existed in solution and was confirmed by
VT NMR spectroscopy (Figure 8b: 1H; S51: 11B; S52: 13C).

Figure 8. a) Dissociation equilibrium of 7 in solution. b) 1H-NMR spectrum (0.4–1.2 ppm) of 7 at various temperatures. c) Van’t Hoff analysis of
the equilibrium, which yields thermodynamic parameters ΔH°=16.0 kcalmol� 1 and ΔS°=42.1×10� 3 kcalmol� 1K� 1 for Kdis,1.
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The 1H-NMR spectrum of 7 displayed five signals ranging
from 0.4 to 1.2 ppm at 298 K, which could be assigned to
three sets of GeCH2CH3 (Figure 8b, red for Et3GeH; blue
for 7; green for 7’). The NMR spectra indicated that the
equilibrium will be shifted towards the adducts upon a
decrease in temperature (Figure 8b, S51–S52), or upon an
increase in the concentration of 7 (Figure S53), or upon the
addition of extra Et3GeH (Figure S54). The quantitative
integration of the signals allowed for the determination of
Kdis,1 for each temperature, which were utilized for the Van’t
Hoff analysis (Figure 8c), whereupon the thermodynamic
parameters for the first-step dissociation were estimated to
be ΔH° =16.0 kcalmol� 1 and ΔS°=42.1×
10� 3 kcalmol� 1K� 1.[22] This corresponds to the Gibbs free
energy of 3.5 kcalmol� 1 at 297 K, which was in excellent
agreement with our calculated Gibbs free energy in the gas
phase (3.4 kcalmol� 1). Moreover, the lower dissociation
energy barrier of 7 compared to that of 5int (7
19.3 kcalmol� 1, 5int 23.2 kcalmol� 1) (Figure S58) could ex-
plain the remarkable difference in reversibility between the
cooperative Si� H and Ge� H activation.

Conclusion

In summary, this work presents a rare example of azido
boranes, where both stability and Lewis superacidity were
achieved. The Lewis superacidity of 1 was confirmed by the
Gutmann-Beckett method and FIA, HIA calculations.
Apart from the classical acid-base and Staudinger reactions,
the coexistence of the Lewis superacidic boron and an
adjacent Lewis basic nitrogen in 1 enabled an azido borane-
based cooperative two-site approach to the E� H activation
(E=B, Si, Ge). The B� H activation directly led to the 1,1-
addition product. The Si� H activation proceeded stepwise
via 1,2-addition, denitrogenation and H-migration, overall
being equivalent to the 1,1-addition. The Ge� H activation,
whilst reversible, stayed at the 1,2-addition step. The
isolation of the intermediates 5int and 6int delivered another
possible mechanism of the formal 1,1-addition reaction on
borylnitrene. Moreover, computational studies indicated
that the same reaction of triethylsilane with the 2D 9,10-
diazido-DBA is unfavorable, suggesting the uniqueness of 1
as a Lewis superacidic azido borane in the cooperative Si� H
activation. Further in-depth studies of this molecular system,
as well as the potential application in catalysis are currently
underway.
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