
German Edition: DOI: 10.1002/ange.201502967Boron-Nitrogen Heterocycles
International Edition: DOI: 10.1002/anie.201502967

1,2-Azaborine: The Boron-Nitrogen Derivative of ortho-Benzyne**
Klara Edel, Sarah A. Brough, Ashley N. Lamm, Shih-Yuan Liu, and Holger F. Bettinger*

Dedicated to Professor Wolfram Sander on the occasion of his 60th birthday

Abstract: The BN analogue of ortho-benzyne, 1,2-azaborine,
is generated by flash vacuum pyrolysis, trapped under cryo-
genic conditions, and studied by direct spectroscopic tech-
niques. The parent BN aryne spontaneously binds N2 and CO2,
thus demonstrating its highly reactive nature. The interaction
with N2 is photochemically reversible. The CO2 adduct of 1,2-
azaborine is a cyclic carbamate which undergoes photocleav-
age, thus resulting in overall CO2 splitting.

The chemistry of arynes, aromatic compounds that lack two
hydrogen atoms, can be traced back to 1902.[1] Since then,
significant progress has turned ortho-benzynes, benzene
derivatives that feature a highly strained triple bond, into
invaluable reactive intermediates in all branches of organic
synthesis.[2] Formal substitution of the triply bonded carbon
atoms of ortho-benzyne by an isoelectronic boron–nitrogen
(BN) unit results in the unknown 1,2-azaborine (1;
Scheme 1).[3] The similarity of carbon and its BN derivatives
is well documented in chemistry, including the graphite/
hexagonal boron nitride and benzene/1,2-dihydro-1,2-azabor-
ine pairs, as well as the Dewar forms of the latter.[4] However,
evidence for the existence of BN arynes is scarce and indirect
as it comes from a self-trapping experiment.[5] Here we show
by direct spectroscopic techniques that 1 can exist as a reactive
intermediate. We found that 1 can be generated by flash
vacuum pyrolysis (FVP) from the precursor 2 by thermal
elimination of tert-butyldimethylsilylchloride, and isolated in
cryogenic matrices. 1,2-Azaborine spontaneously binds dini-
trogen N2 (adduct 3) in a photochemically reversible trans-

formation. The reaction of 1,2-azaborine with carbon dioxide
(CO2) and susbsequent irradiation results in CO2 splitting via
a cyclic carbamate (4) intermediate. In contrast, the cyclic
CO2 adduct of the ortho-benzyne, benzoxet-2-one (5) under-
goes, among other reactions, photodecarboxylation
(Scheme 1).[6] Our results show that the two heteroelements,
boron and nitrogen, increase and modulate the reactivity
compared to the all-carbon analogue. Our research introdu-
ces a novel class of reactive intermediates to chemistry. It may
prove useful in materials and medicinal chemistry where the
boron–nitrogen isoelectronic substitution is sought in order to
modify the properties of electronic materials[7] or biologically
active compounds.[8]

The thermally induced elimination of trialkylsilyl chlor-
ides from suitable precursors has proven to be a reliable
method for the synthesis of iminoboranes.[9] Likewise, FVP of
compound 2[10] (Scheme 1) at oven temperatures of 800–
850 88C, and isolation of pyrolysis products in a large excess of
argon at 6 K yielded the corresponding silyl chloride as
demonstrated by comparison with the infrared spectrum of an
authentic sample. Besides the silyl chloride and the uncon-
verted precursor, at least two sets of additional signals were
observed (see Figure S1 in the Supporting Information). One
set of signals decreased in intensity if increasingly larger
amounts of N2 were included into the argon matrix gas, and at
the same time a set of new signals appeared. The most
prominent signal among them is a band at 2266 cm¢1. This
band is reminiscent of the dinitrogen stretching vibration
n(NN) observed previously by Maier et al. for the boraben-

Scheme 1. Generation and trapping of 1,2-azaborine (1) with N2 and
CO2 by flash vacuum pyrolysis (FVP) of 2 at 800–85088C.
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zene-dinitrogen adduct. When employing 15N2, the isotopic
shift is 75 cm¢1, which is in good agreement with Maier
et al.[11] (73.3 cm¢1) for borabenzene-dinitrogen, and with
computations at the CCSD(T)/TZ2P level of theory. The
remaining signals of 3 have, at most, slight isotopic shifts
which are in agreement with theoretical calculations (see
Table S1 in the Supporting Information). The computations
support assignment of the structure as 3, having end-on
coordinated dinitrogen (Scheme 1).

The adduct 3 was found to be photolabile. Irradiation of 3
with the output of a high-pressure mercury lamp (l> 395 nm)
resulted in disappearance of the set of signals assigned to 3
and the concomitant growth of a set of signals which are
assigned to the parent 1,2-azaborine (1; Figure 1). This set of

signals is the same as that observed after thermolysis of 2 in
the absence of dinitrogen. After photogenerating 1 from 3,
the latter could be regenerated by careful annealing of the
matrix from 4 K to 12 K (Figure 1), thus indicating that the
reaction of 1 + N2 is essentially without a barrier. Both 3 and
[15N2]-3 behaved identically during photolysis and subsequent
annealing. As expected, the bands assigned to 1 (see Table S2
in the Supporting Information) do not show any shifts in the
presence of 15N2.

After the successful generation of 1 and trapping with N2,
we used CO2 as another small molecule for studying the
reactivity of 1. FVP of 2 and deposition with neat CO2 at 52 K
gave new signals in the IR absorption spectrum. The new
signals which result from the reaction with CO2 (Figure 2) can
be attributed to the new species 4 by comparison with the
computed spectrum (B3LYP/6-311 + G**) (see Figure S2 in
the Supporting Information). Very prominent is the split band
at 1874/79 cm¢1 which is associated with the carbonyl
stretching vibration n(CO) of the cyclic carbamate. Using
isotopically labelled carbon dioxide, C(18O)2 and 13CO2,
isotopic shifts (Figure 2), which are in good agreement with

calculations (B3LYP/6-311 + G**), were observed (see Fig-
ure S3 and Table S3 in the Supporting Information).

The carbon analogue of 4 is benzoxetone (5), which is
known to be in a photochemical equilibrium with the a-
oxoketene 6 (Scheme 1). Prolonged irradiation of 5 leads to
ortho-benzyne.[6a, b] Recently the reversible rearrangement of
6 into the ketene 7 was reported to proceed at high temper-
atures.[6d] Irradiation of 4 with UV light (l> 305 nm) did not
result in loss of CO2. Rather, 4 underwent ring opening
through a retro [2++2] cycloaddition to give 8, that is, a boron-
nitrogen analogue of 7 (Scheme 1).

All signals of 4 disappeared simultaneously while new
signals in the range 2303–2236 cm¢1 of the isocyanate group of
8 and the signals 1965 and 2208 cm¢1 of the BO unit[12]

appeared (Figure 2). The structure of 8 could be confirmed
again through the use of isotopically labelled carbon dioxide
and is in excellent agreement with the corresponding
computed isotopic shifts (B3LYP/6-311 + G**; see Table S4
in the Supporting Information). Further irradiation with l =

254 nm leads to decomposition of 8 to an unknown product.
The most remarkable structural feature of 1 is the

distortion of the hexagon with a small angle at N and
a wide angle at boron in the singlet ground state, as noted
previously.[3, 5] This feature can be rationalized by the differ-
ence in electronegativity: the more electronegative N atom
prefers to have a lone pair (HOMO-1) in the molecular plane,
while the more electropositive B atom prefers an empty in-
plane orbital (LUMO) which has a strong p character (Fig-
ure 3a). The natural bond orbital (NBO) analysis arrives at
occupancies of 1.80e¢ and 0.22e¢ for the lone pair and empty
orbitals, respectively, and a pronounced n(N)!n*(B) inter-
action [E(2) = 27.6 kcalmol¢1] according to the second-order
perturbation estimate of the donor–acceptor interaction in
the NBO basis. The natural charges obtained from the NBO

Figure 1. Generation of 1 through irradiation of 3 in Ar/N2 (70:30).
a) IR difference spectrum obtained from the pyrolysis products of 2
frozen at 6 K after two hours of irradiation with visible light
(l>395 nm, 4 K). The decreasing signals (pointing downwards)
belong to the dinitrogen adduct 3, and the increasing signals belong
to 1 (*) and 2. b) Difference spectrum after subsequent annealing for
30 min at 12 K (starting from 4 K), thus showing reversibility of the
reaction 3Ð1 + N2. c) Computed IR spectrum of 1 at the CCSD(T)/
TZ2P level of theory.

Figure 2. Difference spectra obtained upon irradiation (l>305 nm,
4 K) of 4, which was generated by trapping of 1 with neat carbon
dioxide at a deposition temperature of 52 K after FVP of 2 at 800 88C.
Carbonyl stretching of 4 disappears (bands pointing downwards) upon
irradiation with UV light, while new bands for 8 are appearing (bands
pointing upwards) for natural (top), C(18O)2 (center), and 13CO2

(bottom) isotopomers.
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analysis on N and B are large (¢0.79 on N and + 0.97 on B)
while the Wiberg bond index between B and N is only 1.46.
These data make the resonance forms (Figure 3b) a more
reasonable description of the electronic structure of 1 than
does the BN triple bond, despite the isoelectronic relationship
with ortho-benzyne. In a sense, the boron and nitrogen
centers in 1 may be regarded as an internal frustrated Lewis
pair.[13] The empty nB* orbital is responsible for the pro-
nounced Lewis acidity of 1 and allows binding of such a poor
Lewis base as N2. According to CCSD(T)/TZ2P + ZPVE
computations, the binding energy is 6.0 kcalmol¢1. The B–N2

distance is 1.602 è, and the N–N distance is hardly elongated
(Figure 3c). In contrast, the endocyclic B–N distance is
increased from 1.318 è in 1 to 1.390 è in 3. Note that the
B–N distance in tert-butyl(tert-butylimino)borane is
1.258(4) è and ranges between 1.330–1.340 è in some of its
N-heterocyclic carbene adducts.[9a, 14] With the ambiphilic CO2

molecule both the electron-deficient boron and the electron-
rich nitrogen centers are involved in binding with an overall
binding energy of 29 kcalmol¢1, as calculated at the
CCSD(T)/TZ2P + ZPVE(B3LYP/6-311 + G**) level of
theory.

In summary, we have established the first synthesis and
characterization of 1,2-azaborine, the BN analogue of ortho-
benzyne. 1,2-Azaborine can be generated by flash vacuum
thermolysis and can exist under cryogenic matrix isolation
conditions as demonstrated by direct spectroscopic tech-
niques. 1,2-Azaborine has a very Lewis-acidic boron center
that undergoes reversible binding of a dinitrogen molecule,
and also spontaneously binds CO2. The research described
herein opens the wide and uncharted field of BN aryne
chemistry and is expected to allow access to novel boron–
nitrogen-doped molecular architectures of importance in
medicinal and materials chemistry.

Keywords: ab initio calculations · arynes · boron ·
matrix isolation · nitrogen heterocycles

How to cite: Angew. Chem. Int. Ed. 2015, 54, 7819–7822
Angew. Chem. 2015, 127, 7930–7933

[1] R. Stoermer, B. Kahlert, Ber. Dtsch. Chem. Ges. 1902, 35, 1633 –
1640.

[2] a) P. M. Tadross, B. M. Stoltz, Chem. Rev. 2012, 112, 3550 – 3577;
b) C. M. Gampe, E. M. Carreira, Angew. Chem. Int. Ed. 2012, 51,
3766 – 3778; Angew. Chem. 2012, 124, 3829 – 3842; c) A. Bhunia,
S. R. Yetra, A. T. Biju, Chem. Soc. Rev. 2012, 41, 3140 – 3152;
d) C. Wentrup, Aust. J. Chem. 2010, 63, 979 – 986; e) T. Kita-
mura, Aust. J. Chem. 2010, 63, 987 – 1001; f) M. Winkler, W.
Sander, Aust. J. Chem. 2010, 63, 1013 – 1047; g) H. H. Wenk, M.
Winkler, W. Sander, Angew. Chem. Int. Ed. 2003, 42, 502 – 528;
Angew. Chem. 2003, 115, 518 – 546; h) H. Pellissier, M. Santelli,
Tetrahedron 2003, 59, 701 – 730.

[3] P. J. Fazen, L. A. Burke, Inorg. Chem. 2006, 45, 2494 – 2500.
[4] a) M. J. D. Bosdet, W. E. Piers, Can. J. Chem. 2008, 86, 8 – 29;

b) P. G. Campbell, A. J. Marwitz, S. Y. Liu, Angew. Chem. Int.
Ed. 2012, 51, 6074 – 6092; Angew. Chem. 2012, 124, 6178 – 6197;
c) E. R. Abbey, A. N. Lamm, A. W. Baggett, L. N. Zakharov, S.-
Y. Liu, J. Am. Chem. Soc. 2013, 135, 12908 – 12913; d) A. W.
Baggett, M. Vasiliu, B. Li, D. A. Dixon, S.-Y. Liu, J. Am. Chem.
Soc. 2015, 137, 5536 – 5541; e) H. Braunschweig, C. Hçrl, L.
Mail�nder, K. Radacki, J. Wahler, Chem. Eur. J. 2014, 20, 9858 –
9861; f) H. Braunschweig, K. Geetharani, J. O. C. Jimenez-
Halla, M. Schaefer, Angew. Chem. Int. Ed. 2014, 53, 3500 –
3504; Angew. Chem. 2014, 126, 3568 – 3572; g) H. Braunschweig,
M. A. Celik, F. Hupp, I. Krummenacher, L. Mail�nder, Angew.
Chem. Int. Ed. 2015, 54, 6347 – 6351; Angew. Chem. 2015, 127,
6445 – 6449; h) S. A. Brough, A. N. Lamm, S.-Y. Liu, H. F.
Bettinger, Angew. Chem. Int. Ed. 2012, 51, 10880 – 10883;
Angew. Chem. 2012, 124, 11038 – 11041; i) H. F. Bettinger, O.
Hauler, Beilstein J. Org. Chem. 2013, 9, 761 – 766.

[5] M. Mîller, C. Maichle-Mçssmer, H. F. Bettinger, Angew. Chem.
Int. Ed. 2014, 53, 9380 – 9383; Angew. Chem. 2014, 126, 9534 –
9537.

[6] a) O. L. Chapman, K. Mattes, C. L. McIntosh, J. Pacansky, G. V.
Calder, G. Orr, J. Am. Chem. Soc. 1973, 95, 6134 – 6135; b) O. L.
Chapman, C. L. McIntosh, J. Pacansky, G. V. Calder, G. Orr, J.
Am. Chem. Soc. 1973, 95, 4061 – 4062; c) J. G. Radziszewski,
B. A. Hess, Jr., R. Zahradnik, J. Am. Chem. Soc. 1992, 114, 52 –
57; d) R. Koch, R. J. Blanch, C. Wentrup, J. Org. Chem. 2014, 79,
6978 – 6986.

[7] a) C. A. Jaska, D. J. H. Emslie, M. J. D. Bosdet, W. E. Piers, T. S.
Sorensen, M. Parvez, J. Am. Chem. Soc. 2006, 128, 10885 –
10896; b) T. Hatakeyama, S. Hashimoto, S. Seki, M. Nakamura,
J. Am. Chem. Soc. 2011, 133, 18614 – 18617; c) T. Hatakeyama, S.
Hashimoto, T. Oba, M. Nakamura, J. Am. Chem. Soc. 2012, 134,
19600 – 19603.

[8] a) C. Baldock, G.-J. de Boer, J. B. Rafferty, A. R. Stuitje, D. W.
Rice, Biochem. Pharmacol. 1998, 55, 1541 – 1549; b) S. J. Baker,
J. W. Tomsho, S. J. Benkovic, Chem. Soc. Rev. 2011, 40, 4279 –
4285; c) A. W. Baggett, Z. Cournia, M. S. Han, G. Patargias,
A. C. Glass, S.-Y. Liu, B. J. Nolen, ChemMedChem 2012, 7,
1286 – 1294; d) D. H. Knack, J. L. Marshall, G. P. Harlow, A.
Dudzik, M. Szaleniec, S.-Y. Liu, J. Heider, Angew. Chem. Int. Ed.
2013, 52, 2599 – 2601; Angew. Chem. 2013, 125, 2660 – 2662; e) F.
Montalbano, P. M. S. D. Cal, M. A. B. R. Carvalho, L. M. Gon-
calves, S. D. Lucas, R. C. Guedes, L. F. Veiros, R. Moreira,
P. M. P. Gois, Org. Biomol. Chem. 2013, 11, 4465 – 4472.

[9] a) P. Paetzold, C. von Plotho, G. Schmid, R. Boese, B. Schrader,
D. Bougeard, U. Pfeiffer, R. Gleiter, W. Schîfer, Chem. Ber.
1984, 117, 1089 – 1102; b) P. Paetzold in Advances in Inorganic
Chemistry, Vol. 31 (Eds.: H. J. Emel¦us, A. G. Sharpe), Aca-
demic Press, New York, 1987, pp. 123 – 170; c) P. Paetzold,
Phosphorus Sulfur Silicon Relat. Elem. 1994, 93, 39 – 50.

[10] A. J. V. Marwitz, M. H. Matus, L. N. Zakharov, D. A. Dixon, S.-
Y. Liu, Angew. Chem. Int. Ed. 2009, 48, 973 – 977; Angew. Chem.
2009, 121, 991 – 995.

Figure 3. a) Natural bond orbitals (NBOs) and their occupation num-
bers which describe the in-plane part of the BN linkage as computed
at the B3LYP/6-311+ G** level of theory. b) Resonance forms of 1,2-
azaborine. c) Structures and selected bond lengths in ç of molecules
1, 3, and 4 as computed at the CCSD(T)/TZ2P level of theory,
r(N2) = 1.103 ç.

Angewandte
Chemie

7821Angew. Chem. Int. Ed. 2015, 54, 7819 –7822 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/cber.19020350286
http://dx.doi.org/10.1002/cber.19020350286
http://dx.doi.org/10.1021/cr200478h
http://dx.doi.org/10.1002/anie.201107485
http://dx.doi.org/10.1002/anie.201107485
http://dx.doi.org/10.1002/ange.201107485
http://dx.doi.org/10.1039/c2cs15310f
http://dx.doi.org/10.1071/CH10179
http://dx.doi.org/10.1071/CH10072
http://dx.doi.org/10.1071/CH10113
http://dx.doi.org/10.1002/anie.200390151
http://dx.doi.org/10.1002/ange.200390119
http://dx.doi.org/10.1016/S0040-4020(02)01563-6
http://dx.doi.org/10.1021/ic051649d
http://dx.doi.org/10.1002/anie.201200063
http://dx.doi.org/10.1002/anie.201200063
http://dx.doi.org/10.1002/ange.201200063
http://dx.doi.org/10.1021/ja4073436
http://dx.doi.org/10.1021/jacs.5b01916
http://dx.doi.org/10.1021/jacs.5b01916
http://dx.doi.org/10.1002/chem.201403101
http://dx.doi.org/10.1002/chem.201403101
http://dx.doi.org/10.1002/anie.201309707
http://dx.doi.org/10.1002/anie.201309707
http://dx.doi.org/10.1002/ange.201309707
http://dx.doi.org/10.1002/anie.201500970
http://dx.doi.org/10.1002/anie.201500970
http://dx.doi.org/10.1002/ange.201500970
http://dx.doi.org/10.1002/ange.201500970
http://dx.doi.org/10.1002/anie.201203546
http://dx.doi.org/10.1002/ange.201203546
http://dx.doi.org/10.3762/bjoc.9.86
http://dx.doi.org/10.1002/anie.201403213
http://dx.doi.org/10.1002/anie.201403213
http://dx.doi.org/10.1002/ange.201403213
http://dx.doi.org/10.1002/ange.201403213
http://dx.doi.org/10.1021/ja00799a060
http://dx.doi.org/10.1021/ja00793a046
http://dx.doi.org/10.1021/ja00793a046
http://dx.doi.org/10.1021/ja00027a007
http://dx.doi.org/10.1021/ja00027a007
http://dx.doi.org/10.1021/jo5011087
http://dx.doi.org/10.1021/jo5011087
http://dx.doi.org/10.1021/ja063519p
http://dx.doi.org/10.1021/ja063519p
http://dx.doi.org/10.1021/ja208950c
http://dx.doi.org/10.1021/ja310372f
http://dx.doi.org/10.1021/ja310372f
http://dx.doi.org/10.1039/c0cs00131g
http://dx.doi.org/10.1039/c0cs00131g
http://dx.doi.org/10.1002/cmdc.201200104
http://dx.doi.org/10.1002/cmdc.201200104
http://dx.doi.org/10.1002/anie.201208351
http://dx.doi.org/10.1002/anie.201208351
http://dx.doi.org/10.1002/ange.201208351
http://dx.doi.org/10.1039/c3ob40614h
http://dx.doi.org/10.1002/cber.19841170324
http://dx.doi.org/10.1002/cber.19841170324
http://dx.doi.org/10.1080/10426509408021797
http://dx.doi.org/10.1002/anie.200805554
http://dx.doi.org/10.1002/ange.200805554
http://dx.doi.org/10.1002/ange.200805554
http://www.angewandte.org


[11] G. Maier, H. P. Reisenauer, J. Henkelmann, C. Kliche, Angew.
Chem. Int. Ed. Engl. 1988, 27, 295 – 296; Angew. Chem. 1988,
100, 303 – 303.

[12] a) D. V. Lanzisera, L. Andrews, J. Phys. Chem. A 1997, 101,
1482 – 1487; b) H. F. Bettinger, Organometallics 2007, 26, 6263 –
6267.

[13] a) G. Kehr, S. Schwendemann, G. Erker, Top. Curr. Chem. 2013,
332, 45 – 84; b) D. W. Stephan, Acc. Chem. Res. 2015, 48, 306 –
316.

[14] H. Braunschweig, W. C. Ewing, K. Geetharani, M. Sch�fer,
Angew. Chem. Int. Ed. 2015, 54, 1662 – 1665; Angew. Chem.
2015, 127, 1682 – 1685.

Received: March 31, 2015
Published online: June 11, 2015

..Angewandte
Communications

7822 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 7819 –7822

http://dx.doi.org/10.1002/anie.198802951
http://dx.doi.org/10.1002/anie.198802951
http://dx.doi.org/10.1002/ange.19881000231
http://dx.doi.org/10.1002/ange.19881000231
http://dx.doi.org/10.1021/jp963749y
http://dx.doi.org/10.1021/jp963749y
http://dx.doi.org/10.1021/om061057i
http://dx.doi.org/10.1021/om061057i
http://dx.doi.org/10.1021/ar500375j
http://dx.doi.org/10.1021/ar500375j
http://dx.doi.org/10.1002/anie.201409699
http://dx.doi.org/10.1002/ange.201409699
http://dx.doi.org/10.1002/ange.201409699
http://www.angewandte.org

