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Abstract: The significance of inorganic main-group polymers
is demonstrated most clearly by the commercial relevance of
polysiloxanes (silicones). Organoboron-based materials such
as p-conjugated organoborane polymers and BN-doped
polycyclic aromatic hydrocarbons are currently attracting
considerable attention. Surprisingly, poly(iminoborane)s
(PIBs; [BRNR’]n), that is, the parent unsaturated BN poly-
mers, which are formally isoelectronic to polyacetylene, have
not been convincingly characterized thus far. Herein, we
present the synthesis and comprehensive characterization of
a linear oligo(iminoborane), which comprises a chain of 12–14
BN units on average. With our synthetic approach, unwanted
side reactions that result in borazine formation are effectively
suppressed. Supporting DFT and TD-DFT calculations pro-
vide deeper insight into the microstructure and the electronic
structure of the oligomer.

Inorganic main-group polymers, that is, polymers with
a backbone exclusively composed of main-group elements
other than carbon, often show useful properties and functions
that complement those of organic macromolecules.[1] Prom-
inent examples are the well-known polysiloxanes (silicones).
Organic–inorganic hybrid polymers with boron atoms incor-
porated into a p-conjugated organic framework are currently
attracting considerable attention, particularly as a result of
their great potential for application in organic optoelectronics
or as sensory or imaging materials.[2,3] The development of
purely inorganic boron-containing polymers, on the other
hand, has proceeded at a markedly slower pace. Well-defined
poly(aminoborane)s (PABs, I ; Scheme 1), that is, polymers
with a main chain of catenated s-bonded boron and nitrogen
atoms, became accessible only very recently through work by
Manners and co-workers.[4, 5] Potential applications suggested
for such compounds include their utilization as polymeric
precursors to shaped BN ceramics[6] or as piezoelectric
materials.[4d] Boron-rich materials are also of interest for use
in boron neutron capture therapy (BNCT) for cancer.[7]

The B�N bond of aminoboranes shows significant double-
bond character. Substitution of C=C units with their isoelec-
tronic and isosteric B�N units in mono- and polycyclic
aromatic hydrocarbons (PAHs) has emerged as a viable
strategy to produce novel molecular hybrid compounds that
show structural similarities to their all-carbon congeners but
in many cases fundamentally altered electronic proper-
ties.[2d, 8, 9] Against this background, it seems surprising that
the current state of knowledge on polymers with unsaturated
BN units is rather limited.[2d, 10, 11] Moreover, the inorganic
parent unsaturated BN polymers, poly(iminoborane)s (PIBs,
II), have never been convincingly characterized so far,
although considerable theoretical interest has been devoted
to such species.[12] Formally, PIBs are isoelectronic to poly-
acetylene, although a considerably larger band gap has been
predicted for the parent system, [BHNH]n.

[12b]

The term “polyiminoborane” has occurred frequently in
the literature in the context of dehydrogenation studies of
ammonia borane (NH3·BH3, AB). The solid-state pyrolysis of
AB proceeds through a series of successive dehydrocoupling
steps[13] to finally yield hexagonal boron nitride above around
1200 8C.[13b,k,l] The intermediate product formed besides the
parent borazine (III, R = R’= H) in the second dehydrogen-
ation step has been described as an insoluble, intractable,
amorphous solid of the approximate composition BNH2. In
various publications, this material has been termed “poly-
iminoborane (PIB)” and/or was referred to with the formula
“[BHNH]n”.[12f,g,13g,j–l,n,o,14] However, whether it is actually
a linear polymer that is formed under these conditions seems
questionable. While IR spectroscopy, Raman spectroscopy,
and solid-state 11B NMR data for such partially pyrolyzed AB
in some cases have been associated with the chemical name
polyiminoborane or the formula [BHNH]n,

[13j,n,o] state-of-the-
art solution- and solid-state 11B and 15N NMR studies have
revealed the presence of N3B and B3N in addition to N2BH
and B2NH sites.[13b,e,i,m,p] Therefore, it was recently proposed

Scheme 1. Poly(aminoborane)s (I), poly(iminoborane)s (II), borazines
(III) (R, R’= aryl, alkyl, or H), and an approximate structure of
polyborazylene (IV).
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that the structure of this material should better be described
as a polyborazylene (IV), that is, a poorly-defined macro-
molecular network of partially fused borazine rings.[13b,i,m,p] In
fact, the provided NMR data are remarkably similar to those
of a polyborazylene sample prepared through a different
route.[15]

Thermolysis of Manners� poly(N-methylaminoborane) (I,
R = CH3) in solution resulted in depolymerization to give
a mixture of low-molecular-weight oligomers and N,N’N’’-
trimethylborazine. The formation of a poly(iminoborane) has
not been described.[4d] In the 1980s, Paetzold and co-workers
reported on the isolation of waxy materials for which
a constitution of linear poly(iminoborane)s (II, R = R’=
alkyl) was proposed.[16] These materials were obtained upon
the generation of monomeric iminoboranes[17] in the gas
phase and subsequent trapping at�196 8C. The products were
found to be insoluble in common organic solvents, so their
structural characterization was limited. Minor amounts of the
corresponding borazines (III) additionally formed could be
separated by extraction. The given assignment was based on
elemental analysis and mass spectrometry data and on the
observation that the compound identified as [EtBNEt]n

transformed into hexaethylborazine upon heating above
150 8C. An analogous transformation of the derivative
[nPrBNnPr]n, however, was not achieved.[16a]

Herein, we present the synthesis and comprehensive
characterization of a processable oligo(iminoborane) with
well-defined microstructure, composed of a chain of 12–14
BN units on average. For this purpose, the unwanted
competing side reaction of potential BN monomers to give
their cyclic trimers, that is, the respective borazine derivatives
(III), seemed to be a major hurdle to overcome. We chose
a strategy by which possible pathways leading to III should be
prevented. For this purpose, we introduced an ethylene bridge
to link the nitrogen atoms of the monomer. This steric
constraint proved effective to preclude any borazine forma-
tion. Related approaches have been followed previously by
Neilson and Retta, but, to the best of our knowledge, the
identification of a poly- or an extended oligo(iminoborane)
was not achieved in these studies.[18]

Recently, we presented a novel class of organic–inorganic
hybrid polymers comprised of alternating diimidoborane and
para-phenylene units.[11] The synthesis thereof was achieved
using a facile polycondensation process through Si/B
exchange with silazane Si�N bond cleavage. For the current
study, we adopted this approach: we employed 1,3-bis(trime-
thylsilyl)-1,3,2-diazaborolidine 1 for polycondensation with
dichloroborane 2 (Scheme 2a). n-Octyl side chains (herein
denoted as Oct) at boron were chosen in order to impart
solubility. Additionally, we prepared compound 7 as a molec-
ular model system (Scheme 2 b).

Monitoring of the reaction of 1 with 2 in CD2Cl2 at
ambient temperature by 11B{1H} and 1H NMR spectroscopy
showed that both 1 and 2 were immediately consumed with
initial selective formation of 3 (see Figure S27 in the
Supporting Information). Even after short reaction times,
the spectra revealed that further oligomerization had oc-
curred. The 11B resonance for the B�Cl end groups of the
growing chain (at around 44.5 ppm) continuously decreased

in intensity. One broad signal remained in the 11B{1H} NMR
spectrum for the bulk boron atoms of the oligomer 4, which in
the course of the reaction was shifted slightly upfield to d =

31 ppm. In the 1H NMR spectrum, a common signal appeared
for the protons of the ethylene bridge, centered at d =

3.32 ppm. Small peaks at d = 3.00–3.25 and 3.45–3.65 ppm
remained, which we assign to the ethylene protons of the rings
at the chain ends. The proton resonance for the SiMe3 end
group was detected at d = 0.15 ppm, and concomitant for-
mation of the volatile condensation byproduct Me3SiCl was
evidenced by its 1H resonance at d = 0.45 ppm. Quantitative
evaluation of the signals over time revealed that conversion of
the reactive groups leveled off at about 85 %, which may be
associated with a rate reduction due to a marked increase in
the viscosity of the solution. An estimation of the degree of
polymerization after 14 days by using Carothers� equation
yielded DPn� 7. Then, Me3SiNMe2 (6 mol%) was added to
deactivate the B�Cl end groups of 4. The end-capped product
4’ was purified by adding the mixture to an excess amount of
anhydrous acetonitrile, which resulted in separation of 4’ from
solution. This afforded oligo(iminoborane) 4’ as a highly
viscous amber fluid in 83% yield.

The hydrolytically sensitive oligomer 4’ was characterized
by multinuclear NMR spectroscopy, including 1H DOSY
(Figure S28), mass spectrometry (MS), elemental analysis, gel
permeation chromatography (GPC), dynamic light scattering
(DLS), small-angle X-ray scattering (SAXS), differential
scanning calorimetry (DSC), and thermogravimetric analysis
(TGA), as well as FTIR and UV/Vis spectroscopy. The GPC
trace suggested molecular-weight averages of Mn = 1800 and
Mw = 1900, respectively (Figure 1a), which is consistent with
the presence of a chain of about 6–7 repeat units, correspond-
ing to 12–14 catenated BN units, on average. DLS gave
a hydrodynamic radius (Rh) of 2.2 nm for particles of 4’ in n-
pentane (Figure 1b). The SAXS measurements revealed that
4’ adopts a slightly anisotropic structure with a small aspect
ratio in n-pentane. The distance distribution indicates an
ellipsoidal structure (prolate) with axes of inertia of 1.7 and
5.0� 1.0 nm and a radius of gyration (Rg) of 0.8 nm (Fig-
ure 1d). Fitting to a worm-like chain model gave a rigid rod
with 2.7 nm for the extended chain length together with

Scheme 2. a) Synthesis of oligo(iminoborane) 4 and end-capped deriv-
ative 4’. b) Synthesis of model compound 7 (Oct= n-C8H17).
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a 2.0 nm “worm” diameter (Figure 1 c), thus indicating
a slightly anisotropic structure due to the longer octyl side
groups (contour length of octyl residue: ca. 1 nm) and the
limited degree of polymerization (contour length along the
backbone of a hexameric structure: ca. 3 nm). By DSC, a glass
transition was observed at Tg =�71 8C. The TGA showed that
pyrolytic mass loss of 4’ occurs in basically two steps. At
350 8C, the sample loses 72.9% of its weight, which points to
an expulsion of the octyl side groups. In the second step,
starting at about 450 8C, a further 9.0% of mass is gradually
lost. This correlates approximately with the mass of the
ethylene bridges. The total ceramic yield obtained at 1000 8C
amounts to 18.1%, which is close to the fraction of BN in 4’
(16.3 %). This demonstrates that the ethylene bridges effec-
tively stabilize the backbone of the oligomer. The UV/Vis
spectrum of 4’ in THF displayed an absorption band in the
UV spectral region at labs,max = 269 nm, that is, slightly red-
shifted with respect to that of the molecular model 7 (labs,max =

248 nm).
To gain deeper insight into the geometric and electronic

structure of 4’, we carried out DFT calculations on model
oligomers (with methyl instead of octyl groups on the boron)
with chain lengths up to n = 6 repeat units. In the optimized
structures, both the B and the N centers show trigonal planar
coordination, with the mean angle sums of 360.08 (at B) and
359.98 (at N), respectively. The N-B-N and the B-N-B planes
are not fully coplanar but have an average torsion angle of
19.58 (in the hexamer). This causes a helical structure with
a translation of about 5 structural units (2.3 nm) as the most
stable conformation.

Vertical singlet excitations were calculated by means of
TD-DFT. This revealed a small but continuous red-shift with
chain elongation, which levels off at about n = 6 to yield an

absorption wavelength of 260 nm. This is in
good agreement with the experimental
absorption maximum of 4’. The correspond-
ing electronic transition from the HOMO to
the LUMO can be classified as a p(N)!
p(B)* process. The HOMO constitutes
a combination of p orbitals of the nitrogen
atoms, while the LUMO is composed of the
vacant p orbitals of the boron atoms (for the
tetramer, see Figure 2; see also Figures S45–
S50). Both orbitals are extended over the
entire molecular chain. Consequently, some
degree of intramolecular charge transfer
(ICT) character from nitrogen to boron is
associated with this transition.

This work has provided access to the first
well-defined oligo(iminoborane). Since the
failure of previous attempts to prepare such
species appeared to be ascribed to the facile
formation of borazines from rational PIB
monomers, we developed an aproach by
which this unwanted side reaction was effec-
tively suppressed through the introduction of
an ethylene bridge between two N atoms of

the monomer. The oligomer obtained comprises a chain of
12–14 BN units on average, which adopts a helical conforma-
tion in solution. It absorbs UV light due to an intramolecular
charge transfer from nitrogen to boron. Currently, we are
exploring routes to high-molecular-weight poly(iminobor-
ane)s, and we are probing the potential of these materials for
potential application as electronic materials and ceramic
precursors.

Acknowledgements

Funding by the German Research Foundation (DFG)
through the Emmy Noether Programme and support by the
COST action CM1302 (SIPs) is gratefully acknowledged. We

Figure 1. a) Molar-mass distribution of 4’ as determined by GPC (in THF, versus
polystyrene standards). b) Intensity-weighted size distribution of 4’ in n-pentane by DLS
(q =308). c) SAXS profile of 4’ in n-pentane, fitted with to worm-like chain model.
d) Bayesian-weighted distance distribution function.

Figure 2. Calculated frontier orbitals (isovalue: 0.032) of an all-methyl-
substituted model for 4’ with n = 4 (B3LYP-D3/def2-SV(P)).

Angewandte
ChemieCommunications

3Angew. Chem. Int. Ed. 2016, 55, 1 – 6 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://www.angewandte.org


thank Dr. Klaus Beckerle for GPC and DSC measurements
and Prof. Dr. Jun Okuda for generous support and helpful
discussions.

Keywords: B�N bonds · boron · hybrid materials ·
inorganic polymers · main-group polymers

[1] a) J. E. Mark, H. R. Allcock, R. West, Inorganic Polymers,
Oxford Univ. Press, Oxford, 2005 ; b) T. Chivers, I. Manners,
Inorganic Rings and Polymers of the p-Block Elements : From
Fundamentals to Applications, RSC, Cambridge, 2009 ; c) A. M.
Priegert, B. W. Rawe, S. C. Serin, D. P. Gates, Chem. Soc. Rev.
2016, 45, 922 – 953.

[2] a) C. D. Entwistle, T. B. Marder, Angew. Chem. Int. Ed. 2002, 41,
2927 – 2931; Angew. Chem. 2002, 114, 3051 – 3056; b) F. J�kle,
Chem. Rev. 2010, 110, 3985 – 4022; c) X. He, T. Baumgartner,
RSC Adv. 2013, 3, 11334 – 11350; d) H. Helten, Chem. Eur. J.
2016, 22, 12972 – 12982.

[3] Selected examples: a) A. Sundararaman, M. Victor, R. Varugh-
ese, F. J�kle, J. Am. Chem. Soc. 2005, 127, 13748 – 13749; b) C.-
H. Zhao, A. Wakamiya, S. Yamaguchi, Macromolecules 2007, 40,
3898 – 3900; c) A. Nagai, J. Miyake, K. Kokado, Y. Nagata, Y.
Chujo, J. Am. Chem. Soc. 2008, 130, 15276 – 15278; d) A.
Lorbach, M. Bolte, H. Li, H.-W. Lerner, M. C. Holthausen, F.
J�kle, M. Wagner, Angew. Chem. Int. Ed. 2009, 48, 4584 – 4588;
Angew. Chem. 2009, 121, 4654 – 4658; e) M. Scheibitz, H. Li, J.
Schnorr, A. S. Perucha, M. Bolte, H.-W. Lerner, F. J�kle, M.
Wagner, J. Am. Chem. Soc. 2009, 131, 16319 – 16329; f) E.
Sheepwash, V. Krampl, R. Scopelliti, O. Sereda, A. Neels, K.
Severin, Angew. Chem. Int. Ed. 2011, 50, 3034 – 3037; Angew.
Chem. 2011, 123, 3090 – 3093; g) X. Yin, J. Chen, R. A. Lalanc-
ette, T. B. Marder, F. J�kle, Angew. Chem. Int. Ed. 2014, 53,
9761 – 9765; Angew. Chem. 2014, 126, 9919 – 9923; h) I. A.
Adams, P. A. Rupar, Macromol. Rapid Commun. 2015, 36,
1336 – 1340; i) M. Grandl, F. Pammer, Macromol. Chem. Phys.
2015, 216, 2249 – 2262; j) X. Yin, F. Guo, R. A. Lalancette, F.
J�kle, Macromolecules 2016, 49, 537 – 546; k) S. Novoa, J. A.
Paquette, S. M. Barbon, R. R. Maar, J. B. Gilroy, J. Mater. Chem.
C 2016, 4, 3987 – 3994.

[4] a) A. Staubitz, A. P. Soto, I. Manners, Angew. Chem. Int. Ed.
2008, 47, 6212 – 6215; Angew. Chem. 2008, 120, 6308 – 6311; b) A.
Staubitz, M. E. Sloan, A. P. M. Robertson, A. Friedrich, S.
Schneider, P. J. Gates, J. Schmedt auf der G�nne, I. Manners, J.
Am. Chem. Soc. 2010, 132, 13332 – 13345; c) A. P. M. Robertson,
E. M. Leitao, T. Jurca, M. F. Haddow, H. Helten, G. C. Lloyd-
Jones, I. Manners, J. Am. Chem. Soc. 2013, 135, 12670 – 12683;
d) N. E. Stubbs, T. Jurca, E. M. Leitao, C. H. Woodall, I.
Manners, Chem. Commun. 2013, 49, 9098 – 9100.

[5] Previous attempts to synthesize a poly(aminoborane) had only
led to less well-defined, mostly insoluble material. See
Ref. [4a,b], and references therein.

[6] Examples of emerging applications of boron nitride: a) K.
Watanabe, T. Taniguchi, T. Niiyama, K. Miya, M. Taniguchi, Nat.
Photonics 2009, 3, 591 – 594; b) L. Ci, L. Song, C. Jin, D. Jariwala,
D. Wu, Y. Li, A. Srivastava, Z. F. Wang, K. Storr, L. Balicas, F.
Liu, P. M. Ajayan, Nat. Mater. 2010, 9, 430 – 435; c) C. R. Dean,
A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K.
Watanabe, T. Taniguchi, P. Kim, K. L. Shepard, J. Hone, Nat.
Nanotechnol. 2010, 5, 722 – 726; d) M. P. Levendorf, C.-J. Kim, L.
Brown, P. Y. Huang, R. W. Havener, D. A. Muller, J. Park,
Nature 2012, 488, 627 – 632.

[7] R. F. Barth, J. A. Coderre, M. G. H. Vicente, T. Blue, Clin.
Cancer Res. 2005, 11, 3987 – 4002.

[8] a) Z. Liu, T. B. Marder, Angew. Chem. Int. Ed. 2008, 47, 242 –
244; Angew. Chem. 2008, 120, 248 – 250; b) M. J. D. Bosdet,
W. E. Piers, Can. J. Chem. 2009, 87, 8 – 29; c) P. G. Campbell,
A. J. V. Marwitz, S.-Y. Liu, Angew. Chem. Int. Ed. 2012, 51,
6074 – 6092; Angew. Chem. 2012, 124, 6178 – 6197; d) M. M.
Morgan, W. E. Piers, Dalton Trans. 2016, 45, 5920 – 5924.

[9] Selected examples: a) M. J. D. Bosdet, W. E. Piers, T. S. Soren-
sen, M. Parvez, Angew. Chem. Int. Ed. 2007, 46, 4940 – 4943;
Angew. Chem. 2007, 119, 5028 – 5031; b) T. Hatakeyama, S.
Hashimoto, S. Seki, M. Nakamura, J. Am. Chem. Soc. 2011, 133,
18614 – 18617; c) S. Xu, L. N. Zakharov, S.-Y. Liu, J. Am. Chem.
Soc. 2011, 133, 20152 – 20155; d) H. Braunschweig, A. Damme,
J. O. C. Jimenez-Halla, B. Pfaffinger, K. Radacki, J. Wolf,
Angew. Chem. Int. Ed. 2012, 51, 10034 – 10037; Angew. Chem.
2012, 124, 10177 – 10180; e) B. Neue, J. F. Araneda, W. E. Piers,
M. Parvez, Angew. Chem. Int. Ed. 2013, 52, 9966 – 9969; Angew.
Chem. 2013, 125, 10150 – 10153; f) X. Wang, F. Zhang, J. Liu, R.
Tang, Y. Fu, D. Wu, Q. Xu, X. Zhuang, G. He, X. Feng, Org. Lett.
2013, 15, 5714 – 5717; g) H. Braunschweig, K. Geetharani,
J. O. C. Jimenez-Halla, M. Sch�fer, Angew. Chem. Int. Ed.
2014, 53, 3500 – 3504; Angew. Chem. 2014, 126, 3568 – 3572;
h) H. Braunschweig, C. Hçrl, L. Mail�nder, K. Radacki, J.
Wahler, Chem. Eur. J. 2014, 20, 9858 – 9861; i) 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; j) K. Edel, S. A. Brough, A. N. Lamm, S.-Y. Liu,
H. F. Bettinger, Angew. Chem. Int. Ed. 2015, 54, 7819 – 7822;
Angew. Chem. 2015, 127, 7930 – 7933; k) X.-Y. Wang, A. Narita,
X. Feng, K. M�llen, J. Am. Chem. Soc. 2015, 137, 7668 – 7671;
l) X.-Y. Wang, F.-D. Zhuang, X.-C. Wang, X.-Y. Cao, J.-Y. Wang,
J. Pei, Chem. Commun. 2015, 51, 4368 – 4371; m) S. Wang, D.-T.
Yang, J. Lu, H. Shimogawa, S. Gong, X. Wang, S. K. Mellerup, A.
Wakamiya, Y.-L. Chang, C. Yang, Z.-H. Lu, Angew. Chem. Int.
Ed. 2015, 54, 15074 – 15078; Angew. Chem. 2015, 127, 15289 –
15293; n) M. Sch�fer, N. A. Beattie, K. Geetharani, J. Sch�fer,
W. C. Ewing, M. Krahfuß, C. Hçrl, R. D. Dewhurst, S. A.
Macgregor, C. Lambert, H. Braunschweig, J. Am. Chem. Soc.
2016, 138, 8212 – 8220.

[10] a) N. Matsumi, K. Kotera, K. Naka, Y. Chujo, Macromolecules
1998, 31, 3155 – 3157; b) N. Matsumi, Y. Chujo, Macromolecules
1998, 31, 3802 – 3806; c) N. Matsumi, K. Kotera, Y. Chujo,
Macromolecules 2000, 33, 2801 – 2806; d) I. Yamaguchi, B.-J.
Choi, T.-a. Koizumi, K. Kubota, T. Yamamoto, Macromolecules
2007, 40, 438 – 443; e) I. Yamaguchi, T. Tominaga, M. Sato,
Polym. Int. 2009, 58, 17 – 21; f) S. Hayashi, T. Koizumi, Polym.
Chem. 2012, 3, 613 – 616; g) A. W. Baggett, F. Guo, B. Li, S.-Y.
Liu, F. J�kle, Angew. Chem. Int. Ed. 2015, 54, 11191 – 11195;
Angew. Chem. 2015, 127, 11343 – 11347; h) X.-Y. Wang, F.-D.
Zhuang, J.-Y. Wang, J. Pei, Chem. Commun. 2015, 51, 17532 –
17535.

[11] T. Lorenz, A. Lik, F. A. Plamper, H. Helten, Angew. Chem. Int.
Ed. 2016, 55, 7236 – 7241; Angew. Chem. 2016, 128, 7352 – 7357.

[12] a) D. R. Armstrong, J. Jamieson, P. G. Perkins, Theor. Chim.
Acta 1978, 49, 55 – 65; b) A. Abdurahman, M. Albrecht, A.
Shukla, M. Dolg, J. Chem. Phys. 1999, 110, 8819 – 8824; c) M.
C�t�, P. D. Haynes, C. Molteni, Phys. Rev. B 2001, 63, 125207;
d) D. Jacquemin, J. Phys. Chem. A 2004, 108, 9260 – 9266; e) D.
Jacquemin, A. Femenias, H. Chermette, J.-M. Andr�, E. A.
Perp�te, J. Phys. Chem. A 2005, 109, 5734 – 5741; f) C. R.
Miranda, G. Ceder, J. Chem. Phys. 2007, 126, 184703; g) J. Li,
S. M. Kathmann, H.-S. Hu, G. K. Schenter, T. Autrey, M.
Gutowski, Inorg. Chem. 2010, 49, 7710 – 7720.

[13] a) M. G. Hu, R. A. Geanangel, W. W. Wendlandt, Thermochim.
Acta 1978, 23, 249 – 255; b) D.-P. Kim, K.-T. Moon, J.-G. Kho, J.
Economy, C. Gervais, F. Babonneau, Polym. Adv. Technol. 1999,
10, 702 – 712; c) J. Baumann, F. Baitalow, G. Wolf, Thermochim.
Acta 2005, 430, 9 – 14; d) A. Gutowska, L. Li, Y. Shin, C. M.

Angewandte
ChemieCommunications

4 www.angewandte.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 1 – 6
� �

These are not the final page numbers!

http://dx.doi.org/10.1039/C5CS00725A
http://dx.doi.org/10.1039/C5CS00725A
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
http://dx.doi.org/10.1039/c3ra40286j
http://dx.doi.org/10.1002/chem.201602665
http://dx.doi.org/10.1002/chem.201602665
http://dx.doi.org/10.1021/ja0537880
http://dx.doi.org/10.1021/ma0702997
http://dx.doi.org/10.1021/ma0702997
http://dx.doi.org/10.1021/ja806939w
http://dx.doi.org/10.1002/anie.200901226
http://dx.doi.org/10.1002/ange.200901226
http://dx.doi.org/10.1021/ja906575s
http://dx.doi.org/10.1002/anie.201007225
http://dx.doi.org/10.1002/ange.201007225
http://dx.doi.org/10.1002/ange.201007225
http://dx.doi.org/10.1002/anie.201403700
http://dx.doi.org/10.1002/anie.201403700
http://dx.doi.org/10.1002/ange.201403700
http://dx.doi.org/10.1002/marc.201500107
http://dx.doi.org/10.1002/marc.201500107
http://dx.doi.org/10.1002/macp.201500337
http://dx.doi.org/10.1002/macp.201500337
http://dx.doi.org/10.1021/acs.macromol.5b02446
http://dx.doi.org/10.1039/C5TC03287C
http://dx.doi.org/10.1039/C5TC03287C
http://dx.doi.org/10.1002/anie.200801197
http://dx.doi.org/10.1002/anie.200801197
http://dx.doi.org/10.1002/ange.200801197
http://dx.doi.org/10.1021/ja104607y
http://dx.doi.org/10.1021/ja104607y
http://dx.doi.org/10.1021/ja404247r
http://dx.doi.org/10.1039/c3cc44373f
http://dx.doi.org/10.1038/nphoton.2009.167
http://dx.doi.org/10.1038/nphoton.2009.167
http://dx.doi.org/10.1038/nmat2711
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1038/nnano.2010.172
http://dx.doi.org/10.1038/nature11408
http://dx.doi.org/10.1158/1078-0432.CCR-05-0035
http://dx.doi.org/10.1158/1078-0432.CCR-05-0035
http://dx.doi.org/10.1002/anie.200703535
http://dx.doi.org/10.1002/anie.200703535
http://dx.doi.org/10.1002/ange.200703535
http://dx.doi.org/10.1139/v08-110
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/10.1039/C5DT03991F
http://dx.doi.org/10.1002/anie.200700591
http://dx.doi.org/10.1002/ange.200700591
http://dx.doi.org/10.1021/ja208950c
http://dx.doi.org/10.1021/ja208950c
http://dx.doi.org/10.1021/ja2097089
http://dx.doi.org/10.1021/ja2097089
http://dx.doi.org/10.1002/anie.201205795
http://dx.doi.org/10.1002/ange.201205795
http://dx.doi.org/10.1002/ange.201205795
http://dx.doi.org/10.1002/anie.201302911
http://dx.doi.org/10.1002/ange.201302911
http://dx.doi.org/10.1002/ange.201302911
http://dx.doi.org/10.1021/ol402745r
http://dx.doi.org/10.1021/ol402745r
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/chem.201403101
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.201502967
http://dx.doi.org/10.1002/ange.201502967
http://dx.doi.org/10.1021/jacs.5b05056
http://dx.doi.org/10.1039/C4CC10105G
http://dx.doi.org/10.1002/anie.201507770
http://dx.doi.org/10.1002/anie.201507770
http://dx.doi.org/10.1002/ange.201507770
http://dx.doi.org/10.1002/ange.201507770
http://dx.doi.org/10.1021/jacs.6b04128
http://dx.doi.org/10.1021/jacs.6b04128
http://dx.doi.org/10.1021/ma971803i
http://dx.doi.org/10.1021/ma971803i
http://dx.doi.org/10.1021/ma971263p
http://dx.doi.org/10.1021/ma971263p
http://dx.doi.org/10.1021/ma990655o
http://dx.doi.org/10.1021/ma062107y
http://dx.doi.org/10.1021/ma062107y
http://dx.doi.org/10.1002/pi.2487
http://dx.doi.org/10.1039/c2py00563h
http://dx.doi.org/10.1039/c2py00563h
http://dx.doi.org/10.1002/anie.201504822
http://dx.doi.org/10.1002/ange.201504822
http://dx.doi.org/10.1039/C5CC06927K
http://dx.doi.org/10.1039/C5CC06927K
http://dx.doi.org/10.1002/anie.201602342
http://dx.doi.org/10.1002/anie.201602342
http://dx.doi.org/10.1002/ange.201602342
http://dx.doi.org/10.1007/BF00552738
http://dx.doi.org/10.1007/BF00552738
http://dx.doi.org/10.1063/1.478945
http://dx.doi.org/10.1021/jp0471195
http://dx.doi.org/10.1021/jp0509111
http://dx.doi.org/10.1063/1.2730785
http://dx.doi.org/10.1021/ic100418a
http://dx.doi.org/10.1016/0040-6031(78)85066-7
http://dx.doi.org/10.1016/0040-6031(78)85066-7
http://dx.doi.org/10.1002/(SICI)1099-1581(199912)10:12%3C702::AID-PAT931%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1099-1581(199912)10:12%3C702::AID-PAT931%3E3.0.CO;2-Q
http://dx.doi.org/10.1016/j.tca.2004.12.002
http://dx.doi.org/10.1016/j.tca.2004.12.002
http://www.angewandte.org


Wang, X. S. Li, J. C. Linehan, R. S. Smith, B. D. Kay, B. Schmid,
W. Shaw, M. Gutowski, T. Autrey, Angew. Chem. Int. Ed. 2005,
44, 3578 – 3582; Angew. Chem. 2005, 117, 3644 – 3648; e) M. E.
Bluhm, M. G. Bradley, R. Butterick, U. Kusari, L. G. Sneddon, J.
Am. Chem. Soc. 2006, 128, 7748 – 7749; f) A. C. Stowe, W. J.
Shaw, J. C. Linehan, B. Schmid, T. Autrey, Phys. Chem. Chem.
Phys. 2007, 9, 1831 – 1836; g) X. Kang, Z. Fang, L. Kong, H.
Cheng, X. Yao, G. Lu, P. Wang, Adv. Mater. 2008, 20, 2756 – 2759;
h) D. J. Heldebrant, A. Karkamkar, N. J. Hess, M. Bowden, S.
Rassat, F. Zheng, K. Rappe, T. Autrey, Chem. Mater. 2008, 20,
5332 – 5336; i) D. W. Himmelberger, L. R. Alden, M. E. Bluhm,
L. G. Sneddon, Inorg. Chem. 2009, 48, 9883 – 9889; j) R. S.
Chellappa, T. Autrey, M. Somayazulu, V. V. Struzhkin, R. J.
Hemley, ChemPhysChem 2010, 11, 93 – 96; k) S. Frueh, R.
Kellett, C. Mallery, T. Molter, W. S. Willis, C. King’ondu, S. L.
Suib, Inorg. Chem. 2011, 50, 783 – 792; l) X. Wang, C. Zhi, L. Li,
H. Zeng, C. Li, M. Mitome, D. Golberg, Y. Bando, Adv. Mater.
2011, 23, 4072 – 4076; m) K. Shimoda, K. Doi, T. Nakagawa, Y.
Zhang, H. Miyaoka, T. Ichikawa, M. Tansho, T. Shimizu, A. K.
Burrell, Y. Kojima, J. Phys. Chem. C 2012, 116, 5957 – 5964;
n) L. H. Jepsen, J. Skibsted, T. R. Jensen, J. Alloys Compd. 2013,
580, S287 – S291; o) L. H. Jepsen, V. Ban, K. T. Møller, Y.-S. Lee,
Y. W. Cho, F. Besenbacher, Y. Filinchuk, J. Skibsted, T. R.
Jensen, J. Phys. Chem. C 2014, 118, 12141 – 12153; p) T.
Kobayashi, S. Gupta, M. A. Caporini, V. K. Pecharsky, M.
Pruski, J. Phys. Chem. C 2014, 118, 19548 – 19555.

[14] For a list of further references in which the term polyiminobor-
ane (PIB) or the formula [BHNH]n is used, see the Supporting
Information. Although the term polyiminoborane or [NHBH]n

should imply a linear polymer, it is not always clear whether this
is actually meant in the papers cited above. In Ref. [13k], the
possibility of a branched or cyclic structure for the “PIB” formed
in their studies is mentioned. A theoretical study (Ref. [12f])
notes the possibility of “interchain interactions” in such “PIB”.

In Ref. [13l], the term “polyiminoborane (PIB)” is used, but
a branched structure is obviously assumed. Presumably, the same
is true for Ref. [13g]. In Ref. [13d], the term “polyiminoborane-
like material” is used.

[15] C. Gervais, F. Babonneau, J. Organomet. Chem. 2002, 657, 75 –
82.

[16] a) P. Paetzold, T. von Bennigsen-Mackiewicz, Chem. Ber. 1981,
114, 298 – 305; b) H.-U. Meier, P. Paetzold, E. Schrçder, Chem.
Ber. 1984, 117, 1954 – 1964; c) P. Paetzold, Adv. Inorg. Chem.
1987, 31, 123 – 170.

[17] Recent reports on iminoborane chemistry: a) F. Dahcheh, D.
Martin, D. W. Stephan, G. Bertrand, Angew. Chem. Int. Ed. 2014,
53, 13159 – 13163; Angew. Chem. 2014, 126, 13375 – 13379; b) H.
Braunschweig, W. C. Ewing, K. Geetharani, M. Sch�fer, Angew.
Chem. Int. Ed. 2015, 54, 1662 – 1665; Angew. Chem. 2015, 127,
1682 – 1685; c) A. K. Swarnakar, C. Hering-Junghans, K. Nagata,
M. J. Ferguson, R. McDonald, N. Tokitoh, E. Rivard, Angew.
Chem. Int. Ed. 2015, 54, 10666 – 10669; Angew. Chem. 2015, 127,
10812 – 10816.

[18] a) S. Y. Shaw, D. A. DuBois, W. H. Watson, R. H. Neilson, Inorg.
Chem. 1988, 27, 974 – 976; b) S. Y. Shaw, G. M. Scheide, C. E.
Davis, P. Mukherjee, R. H. Neilson, Phosphorus Sulfur Silicon
Relat. Elem. 1989, 41, 141 – 146; c) S. Y. Shaw, R. H. Neilson,
Inorg. Chem. 1994, 33, 3239 – 3245; d) N. Retta, R. H. Neilson,
Bull. Chem. Soc. Ethiop. 1999, 13, 51 – 55 and N. Retta, R. H.
Neilson, Bull. Chem. Soc. Ethiop. 1999, 13, 121 – 125 and ibidem
N. Retta, R. H. Neilson, Bull. Chem. Soc. Ethiop. 2000, 14, 123 –
128.

Received: July 22, 2016
Revised: August 25, 2016
Published online: && &&, &&&&

Angewandte
ChemieCommunications

5Angew. Chem. Int. Ed. 2016, 55, 1 – 6 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://dx.doi.org/10.1002/anie.200462602
http://dx.doi.org/10.1002/anie.200462602
http://dx.doi.org/10.1002/ange.200462602
http://dx.doi.org/10.1021/ja062085v
http://dx.doi.org/10.1021/ja062085v
http://dx.doi.org/10.1039/b617781f
http://dx.doi.org/10.1039/b617781f
http://dx.doi.org/10.1002/adma.200702958
http://dx.doi.org/10.1021/cm801253u
http://dx.doi.org/10.1021/cm801253u
http://dx.doi.org/10.1021/ic901560h
http://dx.doi.org/10.1002/cphc.200900829
http://dx.doi.org/10.1021/ic101020k
http://dx.doi.org/10.1002/adma.201101788
http://dx.doi.org/10.1002/adma.201101788
http://dx.doi.org/10.1021/jp212351f
http://dx.doi.org/10.1016/j.jallcom.2013.03.161
http://dx.doi.org/10.1016/j.jallcom.2013.03.161
http://dx.doi.org/10.1021/jp502788j
http://dx.doi.org/10.1021/jp504328x
http://dx.doi.org/10.1016/S0022-328X(02)01586-3
http://dx.doi.org/10.1016/S0022-328X(02)01586-3
http://dx.doi.org/10.1002/cber.19811140133
http://dx.doi.org/10.1002/cber.19811140133
http://dx.doi.org/10.1002/cber.19841170524
http://dx.doi.org/10.1002/cber.19841170524
http://dx.doi.org/10.1016/S0898-8838(08)60223-8
http://dx.doi.org/10.1016/S0898-8838(08)60223-8
http://dx.doi.org/10.1002/anie.201408371
http://dx.doi.org/10.1002/anie.201408371
http://dx.doi.org/10.1002/ange.201408371
http://dx.doi.org/10.1002/anie.201409699
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://dx.doi.org/10.1002/anie.201504867
http://dx.doi.org/10.1002/anie.201504867
http://dx.doi.org/10.1002/ange.201504867
http://dx.doi.org/10.1002/ange.201504867
http://dx.doi.org/10.1021/ic00279a006
http://dx.doi.org/10.1021/ic00279a006
http://dx.doi.org/10.1080/10426508908039702
http://dx.doi.org/10.1080/10426508908039702
http://dx.doi.org/10.1021/ic00093a008
http://www.angewandte.org


Communications

BN Polymers

O. Ayhan, T. Eckert, F. A. Plamper,
H. Helten* &&&&—&&&&

Poly(iminoborane)s: An Elusive Class of
Main-Group Polymers?

B-N-B-N-B-N… : Poly(iminoborane)s are
elusive inorganic-backbone polymers that
are formally isoelectronic to polyacety-
lene. The first oligo(iminoborane) with
a well-defined microstructure was syn-
thesized through an approach that effec-

tively prevents the formation of unwanted
cyclic products. The essentially linear
oligomer adopts a helical conformation in
solution. UV irradiation is associated with
N!B charge transfer.
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