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Dehydrogenation of ammonia borane to well-defined products is
an important but challenging reaction. A dinuclear ruthenium
complex with a Ru—Ru bond bearing a diazadiene (dad) unit and
olefins as non-innocent ligands catalyzes the highly selective for-
mation of conjugated polycondensed borazine oligomers (B,N,H,),
predominantly B,;N2;Hjg, the BN analogue of superbenzene.

Ammonia borane, H3N-BH; (AB) is an interesting chemical
hydrogen carrier (19.6 wt% of hydrogen) and its dehydrogena-
tion has been intensively investigated during the past few years."
To avoid the rather harsh and unselective conditions of thermal
decomposition,” homogeneously metal-catalysed dehydrogena-
tions using Sc,® Y,* Ti,> Cr,® Mo,*” W,° Re,® Fe,’ Ru,'® Os,! Co,"?
Rh," 1r,/>1%¢1% Nj'® Pd,'® Th and U'” complexes have been
studied, under aprotic conditions. Transition metal complexes
are also well-established catalysts for the highly efficient hydro-
lysis of AB, frequently operating at ambient temperature.'® These
reactions give hydrogen (as chemical energy carrier), but also
ammonia - a poison for proton exchange membrane (PEM) fuel
cells - and the formation of multiple borate products, whose
reduction to regenerate the spent fuel is thermodynamically
highly challenging. Numerous catalysts with main group ele-
ment centres as active sites and organocatalysts also dehydro-
genate AB, albeit with lesser efficacy.'® Up to 2.7 equivalents of
hydrogen can be released by the most efficient Ru catalyst at 1
mol% loading (Fig. 1) in aprotic media.'*"° Most catalysts that
dehydrogenate ammonia borane lead to the formation of inso-
luble poly(aminoborane) (NH,BH,),, >4 100¢1114 o1 3 mixture
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of borazine and polycondensated borazines as reaction
products,**1%1%16:19 The selectivity of these transformations
depends on whether aminoborane (H,B—NH,), a highly reactive
intermediate formed in the first dehydrogenation step, remains
coordinated to the metal centre or not. The “on-metal” reaction
path leads to poly(aminoboranes) via a chain-growth mechanism
reminiscent of ethylene polymerisation. In the “off-metal” reac-
tion path, H,B=—NH, is released to give oligomers (H,NBH,),,
which upon further dehydrogenation might afford borazine,
B3;N;H;, and polycondensed borazine molecules (B,N,H,) (x <
n).>* Both compounds, as well as other AB oligomers are suitable
precursors for the generation of thin layers of #-BN (hexagonal
boron nitrides).>*> These have a wide range of applications, for
example, as UV light emitters,> components of polymer nano-
composite membranes for hydrogen separation®* or as precur-
sors to BCN materials.>> To the best of our knowledge, the
synthesis of well-defined BN sheets by catalysed dehydrogena-
tion of ammonia borane has not been reported so far.

Here, we report a dinuclear Ru olefin complex as active and
selective catalyst for the dehydrogenation of ammonia borane
(Fig. 1). The catalyst forms selectively extended but well-defined
polycondensed borazine rings (B.NH,), predominantly BN-
hexabenzocoronene B,;N,;H;g (BN21).

The diruthenium complex 2 was prepared by hydrolysis of
the previously reported ruthenium hydride 1>°“ in THF at 70 °C
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Fig. 1 Selected state-of-the-art catalyst for the dehydrogenation of
HsN-BHs (AB) and new Ru catalyst.
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Fig. 2 (a) Synthesis of complex 2. (b) ORTEP drawing of the molecular
structure of 2. Non-relevant hydrogen atoms, trop-benzo rings, and solvent
molecules are omitted for clarity. Selected bond lengths (A) and angles (°):
Rul-Ru2 2.7119(6), Rul-N2 2.252(2), Rul-N1 2.142(2), Rul-N3 2.119(2), Rul-
N4 2.157(2), Ru2-N3 2.095(2), Ru2-N4 2.086(2), N1-C31 1.488(4), N2-C32
1.499(4), C31-C32 1.510(4), C19-C20 1.344(4), C36-C37 1.452(4), N1-Rul-N2
79.3(1) N3-Ru2-N4 779(1). (c) Drawing of complex 3 [RuxH(u-
H)(Me,dad)(dbcot),].

in a closed reaction vessel (Fig. 2a). Crystals suitable for X-ray
diffraction analysis were obtained directly from the reaction
mixture by slow cooling to room temperature.

Complex 2 contains a dinuclear ruthenium core which is non-
symmetrically bridged by a 1,4-bis(5H-dibenzo[a,d]cyclohepten-5-
yl)-1,4-diazabuta-1,3-diene (trop,dad) ligand (Fig. 2b). As such, 2
has a similar structure to the recently published dinuclear Ru
complex [Ru,H(p-H)(Me,dad)(dbcot),] 3 (Me,dad = N,N’-dimethyl-
1,4-diazadiene, dbcot = dibenzo[a,e]cyclooctatetraene; see Fig. 2¢)**?
and the related Ru carbonyl diazadiene complexes [Ru,(CO)s(R,.
dad)].*” As in these complexes, the structure of 2 is best described
with a folded ruthenadiazacyclopentadienide that undergoes n’-
coordination to a second ruthenium centre (Ru2). This central five-
membered ring is formed from Rul and a trop,dad®>~ enediamido
ligand. The assignment of the electronic configuration of the ligand
is based on the relatively long N-C,,, = 1.389 A and comparatively
short C=C = 1.377 A bond distances, which indicate a reduced
form of a diazadiene ligand. Formally, this results in an oxidation
state of +2 for Rul and consequently a zerovalent Ru2. The
coordination sphere of Ru2 is completed by two olefinic C—=Cip,
units from two trop units pending from the nitrogen centres of the
RuN,C, ring (indicated by the centroids ct2 and ct3 in Fig. 2b). Apart
from the k*N,N’ coordination to one trop,dad ligand, the coordi-
nation sphere of Rul is completed by ¥*-N,N' and C=Cyop
coordination of a trop,dae ligand (dae = diaminoethane), of which
one C—=Cg,p unit remains uncoordinated. The short Ru-Ru dis-
tance (2.714 A) indicates a direct bond (and would support the
formulation of complex 2 with two d’-valence configured Ru(i)
centres).”® It is presently not possible to assign with certainty
oxidation states to Rul or Ru2.>® The relatively long bond distances
of the coordinated olefinic C—=Cop units [1.448(6) A-1.450(6) A]
and significantly low frequency *C chemical shifts assigned
to the olefinic carbons [§(**C) 44.5-69.9 ppm; compare to
values >120 ppm for uncoordinated trop,dad derivatives*’] indi-
cate a substantial m-electron back donation from the metal centres
into the antibonding m*(C=C)-orbitals.>

Ammonia borane (AB) (2.2 M solution in THF) was catalyti-
cally dehydrogenated using 3 mol% of 1 or 2 in THF at 70 °C
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Fig. 3 (a) Synthesis of BN nanosheet BN21, showing the intermediates
CTB, BCDB and BCTB, as observed by B NMR analysis. (b) °N MAS
spectrum of BN21 and assignment of the resonances based on quantum
chemical calculations.3*%°

forming soluble polyborazine within 2.5 h (Fig. 3a). If the
mononuclear ruthenium hydride 1 is used as a catalyst, it
needs to be added to the reaction mixture in three subsequent
separated batches. After each addition of 1 (1 mol%), hydrogen
evolution is observed immediately (without induction period) but
then the activity starts to decrease (see Fig. S6, ESIt). Once catalysts
1 is added, the initial red solution changes rapidly to purple, then
subsequently to yellow and brown, which in combination with the
loss of activity indicates catalyst deactivation. Attempts to analyse
the reaction mixture after catalytic activity ceased failed. Note that
if the total amount of catalyst (3 mol%) is added at once at the
beginning of the reaction, no clear solution is obtained but a white
precipitate appears due to the formation of polyaminoboranes,
(BH,NH,),.. In contrast, the dinuclear complex 2 does not suffer
from deactivation and can be loaded in one batch. Complex 2 is
sparingly soluble in THF but readily dissolves in the presence of
AB. The catalysis proceeds in homogeneous solution: The addition
of mercury has no impact on the conversion rate. But addition of
triphenylphosphine in excess and sub-stoichiometric amounts
(with respect to catalyst concentration) leads to complete or partial
loss of activity, respectively. These experiments exclude metal
nanoparticles as active species and indicate that soluble complexes
with free-coordination sites are responsible for the catalytic activ-
ity. The dehydrogenation reaction with the mono-nuclear ruthe-
nium complex 1 was followed by ""B-NMR spectroscopy (Fig. S7,
ESIt). After the addition of the 1st mol% of catalyst and heating for
1 h at 70 °C, several intermediates were detected, such as
cyclotriborazane (CTB) and its constitutional isomer, B-(cyclodibor-
azanyl)amine-borane (BCDB) with a four-membered B,N, ring
(Fig. 3a). Both are trimers of aminoborane (H,N—BH,). Further-
more, the tetramer B-(cyclotriborazanyl)amine-borane (BCTB) with
a six-membered B;Nj; ring to which an NH,-BH; group is attached
was detected (Fig. 3a).”'*” The same intermediates were detected
in reactions with complex 2. After the second addition of catalyst 1
(1 mol%) and heating for an additional hour, the concentration of

This journal is © The Royal Society of Chemistry 2024
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these intermediates significantly decreased, while the one
assigned to the polyborazine product increased. After addition of
the last 1 mol% of 1 and heating for an additional 1 h, all
intermediates were converted. Only two broad "B NMR signals
were detected in solution characteristic for polyborazylene-type
structures.”® The signal of higher intensity at J(*'B) = 29 ppm
indicates of tertiary boron nuclei in a trigonal planar coordination
sphere bound to three nitrogen centres (BN3). The signal at 5(*'B) =
32 ppm is lower in intensity and is assigned to secondary (BH)N,
units, in agreement with reported literature.'%>*

The ruthenium complexes 1 or 2 do not react with borazine,
B;N;Hg. The catalytic dehydrogenative coupling of the diammoniate
of diborane [H,B(NH,),] [BH,]~ (DADB) by complex 1 or 2 yielded
only insoluble polyaminoborane (Fig. S8, ESIt). The soluble BN
product was isolated by filtration over Florisil™ followed by solvent
evaporation and analysis by MALDI-TOF mass spectrometry and
NMR spectroscopy. Observation of a main signal at 540 m/z and
isotope distribution in the mass spectrum indicates that the main
product of the catalytic reaction is B,;N,;H;g (BN21) (Fig. 3a).
Smaller signals were observed for molecular formulas of
By7No7sHa1, Bii3eNs1aeHaz 23, BasNagHzo and BygsoNaoHps (see
Fig. $10-S15 in ESIt for details). To gain more structural informa-
tion, "’N-MAS solid state NMR spectra were recorded of the
dehydrogenated material formed from the **N-labelled AB, revealing
four signals of different intensities (Fig. 3b). The Dz, symmetric
structure shown in Fig. 3a for this B,;N,;H;g isomer was predicted
by Gastreich et al. using DFT methods and will exhibit four >N
resonances in a 1:2:2:2 ratio (see Fig. S9 and Table S2, ESIf).*®
The relative intensity and experimentally observed chemical
shifts are in good agreement with the proposed BN polycyclic
structure of BN21 - an BN analogue of ‘“‘superbenzene” or
hexabenzocoronene®® - with an estimated diameter of
11.4 A.*® We cannot exclude other structures such as those for
the teranthene isomer but the corresponding BN analogue has
lower symmetry (C,,) and more signals would be expected in the
N-NMR spectrum (see ESI for details). Furthermore, dynamic
light scattering experiments (DLS) were performed. The
observed size distribution (Fig. S16, ESIt) is consistent with
the expected average nanosheet length of BN21.>”*® For the
formation of BN21, 21 ammonia borane molecules have been
coupled leading to the release of 54 molecules of hydrogen. This
corresponds theoretically to the evolution of 2.57 equivalents of
hydrogen, which is in good agreement with the experimentally
measured amount (183.0 mL, 2.52 equiv., TON = 84). On the contrary,
the dehydrogenative coupling reaction of AB catalysed by the related
dinuclear ruthenium complex [Ru,(p-H)(H)Me,dad)(dbcot),] (3)
(Fig. 1c) only produced one equivalent of hydrogen and inso-
luble polyaminoborane as only product (Fig. S18, ESIT).

In summary, the ruthenium complexes (1 or 2) are selective
catalysts for the dehydrogenation of ammonia borane to poly-
condensed borazines compounds of nanometer size such as
BN21. It is likely, that this “superbenzene” BN analogue has also
been formed as soluble polycondensed borazine in previously
investigated reactions, but was never characterized as such. In
accord with previous studies, we assume that the first dehydro-
genation step of AB leads to amino borane, H,N—BH, as highly
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reactive intermediate, which is released into solution forming
cyclic oligomers (CTB, BCDB, and BCTB). These were detected as
intermediates in reactions with the mononuclear Ru complex 1
or dinuclear complex 2. Although no further details on possible
reaction mechanism can be given at this time and remains
unclear whether mononuclear or polynucelar complexes are
responsible for the formation of “superbenzene” type BN com-
pounds, we are confident that our findings will help to find better
catalysts to prepare and isolate these fascinating and potentially
useful BN nanosheets in high yield.
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