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: isolation and intramolecular
cycloaddition with unactivated arenes†

Rui Guo,a Jingxing Jiang,b Chenyang Hu,c Liu Leo Liu, c Ping Cui,a Meihua Zhao,a

Zhuofeng Ke, *b Chen-Ho Tung a and Lingbing Kong *ad

The mono-base-stabilized 1,2-diboranylidenehydrazine derivatives featuring a 1,3-dipolar BNN skeleton

are obtained by dehydrobromination of [ArB(Br)NH]2 (Ar ¼ 2,6-diphenylphenyl (Dpp), Ar ¼ 2,6-bis(2,4,6-

trimethylphenyl)phenyl (Dmp) or Ar ¼ 2,4,6-tri-tert-butylphenyl (Mes*)) with N-heterocyclic carbenes

(NHCs). Depending on the Ar substituents, such species can be isolated as a crystalline solid (Ar ¼ Mes*)

or generated as reactive intermediates undergoing spontaneous intramolecular aminoboration of the

proximal arene rings via [3 + 2] cycloaddition (Ar ¼ Dpp or Dmp). The latter reactions showcase the 1,3-

dipolar reactivity toward unactivated arenes at ambient temperature. In addition, double cycloaddition of

the isolable BNN species with two CO2 molecules affords a bicyclic species consisting of two fused five-

membered BN2CO rings. The electronic structures of these BNN species and the mechanisms of these

cascade reactions are interrogated through density functional theory (DFT) calculations.
Introduction

The concept of 1,3-dipolar cycloaddition (1,3-DC), pioneered by
Huisgen in the 1960s,1 has continued to inuence a broad range
of disciplines from medicine to materials sciences and even life
sciences.2 1,3-DCs are reactions between a 1,3-dipole and
a multiply bonded dipolarophile (e.g. alkenes, alkynes,
carbonyls, and imines) to construct ve-membered rings
(Fig. 1a). This transformation represents one of the most
effective approaches leading to synthetically and medicinally
relevant ve-membered heterocycles, and thus is pervasive in
organic chemistry.3 However, the application of arenes as 2p-
dipolarophiles in 1,3-DC reactions to produce fused heterocy-
clic scaffolds remains extremely challenging due to the
substantial resonance stability of arenes. Although Huisgen
showed that azomethine ylides are capable of undergoing 1,3-
DC with dipolarophilic arenes as early as 1971,4 only activated
arenes, such as heteroaromatic systems and nitro-substituted or
fused arenes, are capable of engaging in such transformations.5
eering, Key Laboratory of Colloid and

, Shandong University, Jinan 250100, P.

g, PCFM Lab, Sun Yat-sen University,

zhf3@mail.sysu.edu.cn

nt of Chemistry, Southern University of

P. R. China

c Chemistry, Nankai University, Tianjin

ESI) available. CCDC 1977878–1977884.
F or other electronic format see DOI:

f Chemistry 2020
To date, only one set of examples describing intramolecular
cycloadditions of azomethine ylides with unactivated arenes
has been achieved, albeit under ash vacuum pyrolysis
conditions.6

1,3-Dipoles, which feature a delocalized three-center 4p-
electron system with a separation of charge over the three atoms
(Fig. 1a), can be classied into two broadly dened categories
according to the geometry of the central atom: propargyl/allenyl
and allyl 1,3-dipoles.7 The generation of a variety of transient or
persistent 1,3-dipoles consisting of carbon, nitrogen, oxygen,
sulfur and phosphorus as well as their cycloaddition reactivities
Fig. 1 (a) 1,3-Dipolar cycloaddition and representative 1,3-dipoles. (b)
BNP-1,3-dipole. (c) This work.
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have been extensively investigated over the past decades.7

However, boron-containing analogs of 1,3-dipoles are seldom
encountered. To date, the only one example of a stable
propargyl/allenyl-type BNP-1,3-dipole I was described by Nöth
et al. in 1993 (Fig. 1b).8

Given the wide ranging applications of BN-containing
heterocyclic compounds in organic synthesis, catalysis, mate-
rials science, and biomedical research, synthetic strategies
toward a series of BN-scaffolds of azaborines, diazaboroles,
diazadiborinines, triazadiboroles, and BN-polycyclic aromatic
hydrocarbons etc. have been developed.9 For example, very
recently, Kinjo and Ota described the synthesis of a neutral
aromatic boron-rich inorganic benzene analog, namely 1,4-
diaza-2,3,5,6-tetraborinine,10 while the group of Braunschweig
synthesized complex BN-heterocycles via the reactions of
organic azides with diaryl(dihalo)diboranes(4).11 However,
synthesis of fused BN-heterocyclic skeletons via 1,3-DC with
unactivated arenes is hitherto unknown.12 It is important to
note that incorporation of heteroatoms into the 4p scaffold of
1,3-dipoles signicantly effects the p-bond strength and fron-
tier orbital energies,13 thereby modulating the ensuing reac-
tivity. This prompted us to prepare and investigate reactions of
an novel family of main group 1,3-dipoles containing a BNN-
core. In the present work, we report the generation of mono-
base-stabilized 1,2-diboranylidenehydrazines ArBNNB(NHC)Ar
II (Fig. 1c). Depending on the Ar substituents, such species can
be isolated and characterized or generated in situ as reactive
intermediates that spontaneously engage with the proximal
unactivated arenes via intramolecular 1,3-DC to afford fused
BN-heterocycles III.
Fig. 2 Solid-state structures of 1 (a), 2 (b), 3 (c) and 4 (d). Hydrogen
atoms except for N–H, C29–H, C30–H and C35–H are omitted for
clarity. Thermal ellipsoids are set at the 30% probability level.
Results and discussion
Cycloaddition reactivity of transient BNN-1,3-dipoles

In targeting a 1,2-diboranylidenehydrazine, we sought to
incorporate abundant steric protection around boron to
disfavor cyclooligomerization.14 Accordingly, we chose ArBBr2
with a sterically encumbering 2,6-diphenylphenyl (Dpp) or 2,6-
bis(2,4,6-trimethylphenyl)phenyl (Dmp) substituent (Scheme 1).
The borylated hydrazines 1 (11B NMR: 36.3 ppm) and 2 (11B
NMR: 32.4 ppm) were prepared in moderate yields via reactions
of ArBBr2 with bis(trimethylsilyl)hydrazine. The formulations of
Scheme 1 Synthesis of 1–4 (Dpp ¼ 2,6-diphenylphenyl; Dmp ¼ 2,6-bis

7054 | Chem. Sci., 2020, 11, 7053–7059
1 and 2 as [DppB(Br)NH]2 and [DmpB(Br)NH]2, respectively,
were unambiguously validated by high resolution mass spec-
trometry and X-ray diffraction studies (Fig. 2a and b). In the
solid-state structures, the BN-involved-butadiene framework of
2 appears to be a E,E-conguration with a nearly coplanar
B2Br2C2N2H2 structure, whereas that of 1 is a formal Z,Z-
conguration.

Noting that N-heterocyclic carbenes (NHCs) are potent
Brønsted bases15 and ancillary ligands exhibiting excellent
capability for stabilization of highly reactive main group
species,16 we reacted 1 with 3 equivalents of 1,3-di-tert-
butylimidazol-2-ylidene (ItBu) in benzene at room temperature
(Scheme 1). The dehydrobromination proceeded immediately
with precipitation of [ItBuH][Br]. Aer recrystallization, a new
species 3 was obtained as a yellow crystalline solid in 50% yield.
The 11B NMR spectrum of 3 revealed two broad singlets at 43.0
and 23.0 ppm, indicating the presence of two inequivalent tri-
coordinate boron centers. The 1H NMR spectrum displayed
a multiplet resonance at 2.68 ppm and a doublet at 4.42 ppm,
integrating for one proton each.
(2,4,6-trimethylphenyl)phenyl; Mes ¼ 2,4,6-trimethylphenyl).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Free energy profile for formation of 3 with selected IBOs
(75% of the orbital electron's density). (b) Free energy profiles for
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Single crystal X-ray diffraction revealed 3 to be a tetracyclic
BN-embedded 3aH-3a1H-acephenanthrylene derivative, result-
ing from the apparent [3 + 2] cycloaddition of a transient BNN-
1,3-dipole IN-3 across the proximal anking phenyl substituent
of Dpp moiety (Fig. 2c). The bond lengths of C25–C26 (1.350(3)
Å) and C27–C28 (1.339(4) Å) are in the typical range of C]C
double bonds, whereas those of C25–C30 (1.486(3) Å), C26–C27
(1.452(3) Å), C28–C29 (1.480(3) Å) and C29–C30 (1.543(3) Å)
appear to be C–C single bonds. These structural parameters are
in line with the formation of a 1,3-cyclohexadiene unit from an
arene. Both the cyclohexadiene and BC2N2 rings are essentially
planar (the sum of internal angles ¼ 719.86� and 539.54�,
respectively), and the torsion angle of B1–C29–C30–C25 is
123.43(17)�. The B1–N1 and B2–N2 bond lengths are 1.387(3)
and 1.375(3) Å, respectively, are signicantly shorter than those
in 1 (1.444(7) Å, av.) and fall within the typical range of B]N
double bonds in aminoboranes.17 Additionally, the N1–N2 bond
distance of 1.4243(19) Å is marginally longer than that in 1
(1.391 (8) Å) and close to that reported for [Mes2B(H)N]2
(1.411(4) Å).18 These structural parameters reveal a BfN–NfB
skeleton. The B1–N1–N2–B2 torsion angle of �171.37(18)�

suggests a near coplanarity. Atoms B1 and B2 bear sp2 hybrid-
ization character, judging from the angular sums of 359.95� and
359.93�, respectively.

In an analogous fashion, treatment of 2 with 1,3-diisopropyl-
4,5-dimethylimidazol-2-ylidene (IPr2Me2) in toluene led to
a species 4 (11B NMR: 41.3 and 22.3 ppm) (Scheme 1) with
a fused tetracyclic framework (Fig. 2d). It is noteworthy that
compounds 3 and 4 could also be prepared in the dark, which
rules out a light-induced radical mechanism for this
transformation.
formation of 3a and 3b. Energies are given in kcal mol�1.
Mechanistic studies

To gain more insight into the mechanism leading to 3, density
functional theory (DFT) calculations were carried out at the
SMD-M06-2X/def2-TZVP//M06-2X/def2-SVP level of theory
(Fig. 3a). While the double dehydrobromination of 1 with ItBu
followed by mono-ligation to generate IN-3 is endergonic by
11.8 kcal mol�1, the precipitation of [ItBuH][Br] over the course
of the reaction promotes this conversion. Subsequently, the
approach of the proximal phenyl group toward the BNN moiety
in IN-3 gives rise to TS (27.7 kcal mol�1) in a concerted manner.
Intrinsic bond orbital (IBO) calculations,19 which have been
demonstrated to give an exact representation of any Kohn–
Sham DFT wave function, showcase that the redistribution of p-
electrons over the phenyl and BNN fragments forms B1–C29
and C30–N2 s-bonds to furnish 3 (�2.9 kcal mol�1) (Fig. 3a).
The additional linkage (i.e., C24–C25 or B2–C19 bonding) of 3
plays an essential role in stabilizing the dearomatized frame-
work. In the absence of either the C24–C25 or B2–C19 linkage
(Fig. 3b), the corresponding intermolecular 1,3-DC using model
molecules is calculated to be endergonic by 14.1 or
8.1 kcal mol�1, respectively. Collectively, these results demon-
strate that the intramolecular 1,3-DC is exergonic and favorable
whereas the formation of 3a or 3b in an intermolecular fashion
is endergonic and unfavorable.
This journal is © The Royal Society of Chemistry 2020
The NHC coordination in 3 is also crucial for stabilization of
the fused tetracycle, probably due to the compensation of the
intrinsic electron deciency of B2 and the enhancement of the
nucleophilicity of N2. The absence of ItBu is spontaneously
destructive to the tetracyclic framework leading to the base-free
1,2-diboranylidenehydrazine DppB]N–N]BDpp upon an
unrestricted geometry optimization.

It is important to note that the incorporation of heteroatoms
into unsaturated organic skeletons forms multiply bonded
main group species have proven particularly effective in
enabling cycloadditions with arenes in the ground state.20 For
example, the Power and Tokitoh groups independently
demonstrated intermolecular [4 + 2] cycloadditions of transient
dialumenes with benzene/toluene.21 Stephan and co-workers
described a reversible intramolecular [4 + 2] cycloaddition of
a phosphaalkene to an arene ring.22 More recently, the group of
Kinjo showed the diboration of a series of polycyclic aromatic
hydrocarbons by a 1,3,2,5-diazadiborinine derivative.23 The
formation of 3 and 4 represents the rst examples of dear-
omative bifunctionalization of arenes via 1,3-dipolar cycload-
dition under mild conditions, thus providing another avenue to
access novel fused BN-heterocyclic scaffolds. In addition, such
Chem. Sci., 2020, 11, 7053–7059 | 7055
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Scheme 2 Synthesis of 5–7 (Mes* ¼ 2,4,6-tri-tert-butylphenyl).
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transformations are rare examples of unactivated arenes
behaving as 2p components in cycloaddition reactions.6,20h,23

A stable BNN-1,3-dipole

Efforts to prevent the reaction of the BNN moiety toward steri-
cally accessible arene substituents were undertaken. To this
end, we prepared [Mes*B(Br)NH]2 (5, Mes* ¼ 2,4,6-tri-tert-
butylphenyl) analogously to 1 and 2 (Fig. 4a). Reaction of 5 with
3 equivalents of IPr2Me2 in toluene afforded a yellow solution,
from which species 6 was isolated in 31% yield aer work-up
(Scheme 2). In the 11B NMR spectrum of 6, two broad reso-
nances at 33.7 and 2.8 ppm were observed. The former is
considerably downeld shied with respect to those of imino-
borane–carbene adducts (12.6–24.0 ppm),24 while the latter is
comparable to the chemical shi seen for iminoborane,
Mes*B^NtBu (4.3 ppm).25 The 1H NMR spectrum of 6 in C6D6

showed one set of peaks assignable to the IPr2Me2 ligand and
no evidence of N–H resonances.

Single crystals of 6 suitable for X-ray diffraction were ob-
tained by slow evaporation of a concentrated n-hexane solution
at �25 �C within 24 h. X-ray crystallography conrmed the
structure as Mes*B^N–N]B(IPr2Me2)Mes* (Fig. 4b). While
such a linear BNNmoiety is reminiscent of recent works of main
group diazo and N2 chemistry by the Stephan26 and Braunsch-
weig27 groups, respectively, compound 6 contains a BNNB motif
in which one of the boron atoms is only dicoordinate. In
a related work, Klingebiel et al. disclosed that the iminoborane
supported by two bis(trimethylsilyl)amido groups could easily
self-cyclize through C–H addition across the B^N bond.28 The
most prominent structural feature is the nearly linear C1–B1–
Fig. 4 Solid-state structures of 5 (a), 6 (b) and 7 (c). Hydrogen atoms
except for N–H and C43–H are omitted for clarity. Thermal ellipsoids
are set at the 30% probability level.

7056 | Chem. Sci., 2020, 11, 7053–7059
N1–N2 chain (:C1–B1–N1 ¼ 176.0(2)�; :B1–N1–N2 ¼
169.24(19)�) with the B1–N1 bond length of 1.236(4) Å that is
almost same to that observed for Mes*B^NtBu (1.232(6) Å).25

The N1, N2, B2, C7, C37 atoms are in a planar arrangement
(mean deviation form plane ¼ 0.0081 Å). The B2–N2 bond
(1.368(3) Å) appears at lengths seen for carbene-stabilized imi-
noborane complexes (1.304(3)–1.360(5) Å).24 The N1–N2 bond
distance of 1.351(2) Å is signicantly longer in comparison with
that in the dinitrogen bis(borylene) compound {[(CAAC)
DurB]2(m2-N2)} (1.248(4) Å).27 Nevertheless, this N1–N2 bond
length is markedly shorter than that in 5 (1.396(4) Å), indicating
the enhanced interaction between these two unsaturated BN
fragments in 6. The geometry of the B2]N2 bond adopts
a formal E-conguration, similar to iminoborane-CAAC adducts
(CAAC ¼ cyclic (alkyl)(amino)carbene), reported by Braunsch-
weig, Bertrand, Stephan et al.24b–d The presence of a hydrogen
bonding interaction of N(2)/H(43)–C(43) (D ¼ 2.9482(1) Å, q ¼
137.947(4)�) is identied in the solid state. Collectively, the
dipolar BNN fragment features a propargyl/allenyl-like struc-
ture. Compound 6 represents the rst example of a room-
temperature-stable BNN-1,3-dipole.
Bonding

The electronic properties of 6 were further investigated based
on DFT calculations using the M06-2X/def2-SVP optimized
structure. The LUMO and LUMO + 1 predominantly involves the
p*-antibonding interaction, which is delocalized over one of the
Mes* rings, B1–N1 and B2–N2 bonds, and the imidazole ring
(Fig. 5a and b). The HOMO is the out-of-plane B1–N1 and B2–N2
p orbitals (Fig. 5c), whereas the in-plane B1–N1 p orbital as well
as a lone pair of electrons on N2 are represented by the HOMO
� 1 (Fig. 5d). Furthermore, the Wiberg bond indices (WBIs) of
the B1–N1, N1–N2 and B2–N2 bonds from the natural bond
orbital (NBO) calculations (M06-2X/TZVP) are 1.87, 1.14 and
1.35, respectively (Table S2†), suggesting that the NHC ligation
on B2 remarkably diminishes the p-donation from N2 to B2. To
gain more insight into the interaction between two unsaturated
BN fragments, the second-order perturbation theory of the NBO
method was applied, which shows a strong hyperconjugative
delocalization from the p-type N2 lone pair to the B1–N1 p*-
antibonding orbital with a donor–acceptor stabilization energy
of 20.2 kcal mol�1 (Fig. S33†). The partial double bond character
of N1–N2 is further evidenced by natural localized molecular
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a–d) Key molecular orbitals of 6 (isovalue¼ 0.03, calculated at
the M06-2X/Def2-SVP level of theory).
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orbital (NLMO) analysis that reveals a highly delocalized N2
lone pair toward N1 (Fig. S33†). The B1 (0.82) and B2 (0.73)
atoms are positively charged, while N1 (�0.65) and N2 (�0.72)
atoms carry negative charges (Table S3†). Bending the B–N–N
angle up to 155� from 172� in 6 has negligible energetic cost
(2.7 kcal mol�1), indicating a exibility of the molecule along
this coordinate.

Compound 6 exhibits an absorption maximum in the UV/Vis
spectrum in n-hexane at 372.3 nm (f ¼ 0.7601) (Fig. S28†). This
absorption was primarily attributed to the p–p* transitions
(HOMO � 1 / LUMO and HOMO / LUMO) according to TD-
DFT calculations (Fig. S34†).

Natural resonance theory (NRT) calculations (M06-2X/TZVP)
on the simplied model 60 shows that two leading propargyl-
type forms 60a (24.4%) and 60b (22.5%) (Fig. 6a), coupled with
several other propargyl-type forms (weights <5%; Fig. S35†),
predominately contribute to the electronic structure of this
BNN-1,3-dipole. Two allenyl-type forms 60c (2.2%) and 60d
(2.1%) are identied with low weights (Fig. 6a). It is noteworthy
Fig. 6 Selected predominant resonance structures and their weights
for 60 (a) and nitrile ylide CH3CNC(CH3)2 (b).

This journal is © The Royal Society of Chemistry 2020
that NHCs have been shown to feature a carbon–nitrogen
multiple bond based on NRT analysis.29 In contrast, the nitrile
ylide CH3CNC(CH3)2 shows an opposite trend with propargyl-
type form weight of 16.5% and allenyl-type form weight of
66.1% (Fig. 6b). This nding provides hints that substitution of
C atoms with heteroatoms is capable of shiing electronic
properties.
Reactivity of 6 toward CO2

As a further probe of the 1,3-dipole ability of 6, we examined its
reactivity toward carbon dioxide (CO2) (Scheme 2). Exposure of
a toluene solution of 6 to 1 atm dry CO2 at room temperature for
5 min resulted in a slight yellow cloudy solution. Aer work-up,
colorless crystals of 7 (11B NMR: 36.0 ppm) were isolated in 32%
yield. The presence of a carbonyl carbon is evidenced by
a resonance at 155.5 ppm in the 13C NMR spectrum. An
unambiguous elucidation of the structure of 7 was performed
based on single crystal X-ray diffraction (Fig. 4c), revealing
a system containing a fused bicyclic B,N,O-involved heterocycle.
Interestingly, two CO2 molecules were xed via a double 1,3-DC,
concurrent with the loss of IPr2Me2. It is important to mention
that sequential CO2 cycloaddition by BN species to construct
a fused bicyclic compound is hitherto unknown, although I ([3 +
2] cycloaddition),8 iminoboranes ([2 + 2] cycloaddition)14b,24b and
a series of N/B based frustrated Lewis pairs (FLPs)30,31 for CO2

activation have been explored.
Conclusions

More than six decades aer Huisgen's classication of 1,3-
dipoles, this work demonstrates that a BNN-1,3-dipole, namely
a mono-base-stabilized 1,2-diboraneylidenehydrazine 6, is
synthetically achievable. Single crystal X-ray diffraction in
combination with DFT calculations provide insights into the
most plausible electronic structure of 6, which features
a conjugated BN chain with a formal B1^N1 triple bond and
a B2]N2 double bond. Remarkably, in the presence of a steri-
cally accessible anking arene substituent, the corresponding
BNN-1,3-dipoles are highly eeting and susceptible to [3 + 2]
cycloaddition reactions, affording BN-containing fused tetra-
cycles 3 and 4. Such 1,3-dipolar reactivity is also reected by the
1,3-DC of 6 with CO2 to give 7. Further reactivity investigations
of such BNN-1,3-dipoles, as well as the synthesis of their
constitutional isomers, are currently underway in our
laboratory.
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Int. Ed., 2015, 54, 1662–1665.

25 G. Elter, M. Neuhaus, A. Meller and D. Schmidt-Bäse, J.
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