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Abstract: Thermolysis of 9-azido-9-borafluorene in heptane
solution produces the tetramer of a BN-phenanthryne. The
isolation of the self-trapping product provides evidence for the
involvement of the BN-aryne in the thermolysis reaction. Its
formation may be rationalized by denitrogenation of the azide
and ring enlargement.

After it was demonstrated that a symmetric intermediate,
1,2-didehydrobenzene (ortho-benzyne; 1), is involved in
nucleophilic aromatic substitution,[1] Wittig and Pohmer,[2]

then in T�bingen, trapped 1 by a Diels–Alder reaction with
furan. They generated 1 from fluorobenzene and butyl-
lithium.[2] Since then, 1 has developed into a well-understood
reactive intermediate that is highly valued for its usefulness in
organic synthesis.[3]

The isoelectronic substitution of the two dehydro carbon
atoms by a BN unit relates 1 to 1,2-azaborine 2, in much the
same way as benzene 3 and 1,2-dihydro-1,2-azaborine 4 are
related (Scheme 1). Compound 4 was first synthesized by Liu
and co-workers in 2009.[4] In contrast to 1, BN-aryne 2 has
received very limited attention. A computational investiga-
tion of 2 by Fazen and Burke revealed a distorted planar
structure for the singlet ground state and a singlet-triplet

energy splitting of roughly 50 kcalmol�1 in favor of the singlet
state.[5] Experimental investigations of 2 or its derivatives
have not been carried out to the best of our knowledge.

1,2-Didehydrobenzenes show reactivity akin to strained
alkynes.[3] The BN analogues of alkynes, iminoboranes, do not
show kinetic stability because of the polarity of the B�N
bond.[6] Unless kinetically stabilized by bulky substituents,
iminoboranes undergo oligomerization reactions mostly
under formation of borazines.[6] Likewise, cyclic iminoboranes
are very unstable and cyclotrimerize.[7] It may thus be inferred
that 1,2-azaborines should be ferocious reactive intermediates
in view of the chemistry of cyclic and acyclic iminoboranes.[6,7]

How could access to the 1,2-azaborine motif be achieved?
We reasoned that 1,2-azaborines might be generated by N2

elimination and ring enlargement of azidoboroles, as earlier
reports by Paetzold et al. indicate that acyclic azidodiorga-
nylboranes R2BN3 rearrange thermally to iminoboranes
RBNR without intermediate formation of borylnitrenes
R2BN.[8,9] As azidoboroles are unknown and expected to be
highly unstable,[10] we studied the thermal decomposition of
the dibenzo derivative 9-azido-9-borafluorene 5. This com-
pound was synthesized earlier by our group and found to be
rather labile.[11] Thermal decomposition of 5 should result in
N2 elimination and could yield the dibenzo derivative (6) of 2
(Scheme 2). Compound 6 is the BN analogue of 9,10-

phenanthryne.[12] The known chemistry of acyclic and cyclic
iminoboranes suggests that 6 might undergo cyclooligomeri-
zation to borazine 7[13, 14] or tetraazatetraborocine 8,[14]

polymerization, or be trapped by unreacted azide 5.[15]

However, the thermal decomposition of azidoboranes often
gives complex mixtures of unidentified reaction products.[8]

As a consequence of the facile decomposition of 5,[11] we
synthesized it in situ from the corresponding chloroborane
and azidotrimethylsilane and heated the resulting mixture of
5 and trimethylchlorosilane in a number of solvents, including
heptane, at reflux. This treatment produced insoluble color-
less tetramer 8, which could be separated in a yield of 8–10%
by centrifugation from a dark brown solution of reaction

Scheme 1. Isoelectronic relationship between 1,2-didehydrobenzene
1 and 1,2-azaborine 2. Scheme 2. Formation of tetramer 8 of BN-aryne 6 formed by the

thermal decomposition of azide 5.
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products. The insoluble compound 8 was identified by high-
resolution mass spectrometry and by IR spectroscopy.

We first observed 8 as a by-product in the high-temper-
ature (405 8C) synthesis of 7 from N,N’,N’’-tri(biphenylyl)bor-
azine 9,[14] by following the procedure described by Kçster
et al.[13] We proposed a tetraazatetraborocine structure on the
basis of solid-state 11B NMR spectroscopy, IR spectroscopy,
and computational data.[14] This proposal can now be con-
firmed by single-crystal X-ray diffraction of 8 (Figure 1), as
suitable crystals were obtained from the melt (405 8C) of 9
(Scheme 3).

Compound 8 crystallized in the monoclinic space group
C2/c with four molecules in the unit cell.[16] The molecules
have the expected B4N4 ring in a boat conformation, but the
boron and nitrogen atoms cannot be assigned unambiguously
because of positional disorder. The biphenylyl groups are
essentially planar and are oriented to avoid steric congestion.
The packing of the molecules reveals both p-p stacking and
CH-p interactions.

The formation of the formal tetramer 8 is a strong
indication for involvement of monomeric 6 as a reactive
intermediate. A computational investigation (LPNO-CEPA/
cc-pVTZ//B3LYP/6-311 + G** + ZPVE)[17] gives an energy
barrier of 29.4 kcalmol�1 for the exothermic (�21.7 kcal
mol�1) loss of N2 from 5. At this level of theory, the N2

elimination and ring enlargement to 6 proceed in a concerted
manner. Computations indicate that the dimerization of 6 to
diazadiboretidine (10) is very favorable (26!10, �115.7 kcal
mol�1). Tetramer 8 is possibly formed by dimerization of 10,
a known process in the chemistry of acyclic iminoboranes

(Scheme 4).[7,18, 19] The dimerization of 10 is exothermic by
�83.9 kcalmol�1, and hence the cyclotetramerization (4 6!8)
is an extremely exothermic process (�315.3 kcal mol�1) which
indicates the high energy nature of 6. The trimer 7 of BN-
aryne 6 could be detected in the reaction mixture by mass
spectrometry, but was formed in such low amounts that it
could not be isolated in addition to 8.[20] Control experiments
showed that 7 did not decompose appreciably into 8 in
heptane at reflux.

Hydrolysis or methanolysis of the dark solution obtained
from the thermolysis of 5 followed by GC-MS analysis
revealed formation of a complex mixture consisting of more
than 20 products. Such an observation is not uncommon for
the thermolysis of azidoboranes,[8] and also for some organic
azides such as phenylazide.[21]

Only a few of the compounds that could be separated by
GC could be tentatively assigned on the basis of mass
spectrometry and derivatization with trifluoroacetic anhy-
dride (TFAA) and N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA). These compounds include biphenyl, silyl derivative
11b, and tetrazaboroline 12. While 11b is indicative of the
trapping of 6 with trimethylchlorosilane, 12 can reasonably be
explained by the trapping of 6 with unreacted azide 5
followed by hydrolysis (Scheme 5).[15] In addition, compounds
with masses of biphenyl + 6 and biphenyl + 2 � 6 are detected,
but the fragmentation patterns did not allow the constitution
to be derived. Products arising from the hydrolysis of 5 were
also observed, as confirmed by independently analyzing the
hydrolysis products of 5.

Figure 1. Two molecules of 8 in the solid state.

Scheme 3. Synthesis of 8 from 9 for obtaining X-ray quality crystals of
8.

Scheme 4. Possible pathway for the formation 8 from 6. Relative
energies (in kcalmol�1, LPNO-CEPA/cc-pVTZ//B3LYP/6-311+ G** +

ZPVE) are given with respect to four molecules of 6.

Scheme 5. Trapping of 6 generated from 5 with trimethylchlorosilane
and 5 followed by hydrolytic workup. The most plausible isomers of 11
and 12 are displayed.

Angewandte
Chemie

9381Angew. Chem. Int. Ed. 2014, 53, 9380 –9383 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


How similar are the dibenzo derivative 6 and parent 1,2-
azaborine 2? The geometries obtained for 6 and 2 by
computational techniques are qualitatively similar, but
reveal distinct differences (Figure 2). The large distortion of

the C4BN ring[5] from a hexagonal structure remains after
dibenzo annulation, as evident by the NBC and BNC angles
in 6 (142.28 and 111.18) being similar to that in 2 (141.68 and
109.68). As expected, dibenzo annulation causes significant
differences in the C�C bond lengths of the C4BN ring of 6,
while the corresponding bonds have a very similar length in 2.
As a consequence of bond localization, the C�B and C�N
distances increase, while the B�N distance decreases in 6
compared to that in 2. The molecular orbitals remain similar
in character: the HOMO is a p orbital and the LUMO is an
empty in-plane orbital at the boron atom (see Figure S25 in
the Supporting Information). The heats of hydrogenation of 6
and 2 to form BN-phenanthrene or BN-benzene 4 are similar:
�64.7 and �59.7 kcalmol�1, respectively. Considering that
benzyne 1 behaves, by and large, like a strained alkyne[3c] and
that the p system is orthogonal to the orbitals that determine
aryne reactivity, the extent of aromaticity in the central six-
membered ring is not of crucial importance and consequently
phenanthryne shows chemistry similar to 1. Likewise, the
chemistry of BN-phenanthryne 6 is expected to closely
resemble that of the as-yet unknown 2.

In summary, we found that the thermolysis of 9-azido-9-
borafluorene 5 produces the tetramer (8) of BN-aryne 6.
According to computations, loss of nitrogen and ring enlarge-
ment proceeds in a concerted reaction, with the cyclotetra-
merization of 6 being an exceedingly exothermic process. As
a result of the high energy nature of 6, a plethora of products
are formed in addition to tetramer 8. The formation of a few
of them and of the tetramer can easily be rationalized by
(self-) trapping of 6.
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