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ABSTRACT: Borylated triazenes were synthesized by
dehydrocoupling of triazenes with 9-borabicyclo(3.3.1)nonane, by
condensation of triazenes with BEts, or by reaction of sodium
triazenides with dialkyl- or diarylboron halides. The structures of
the products were found to depend on the size of the substituents.
Sterically demanding mesityl groups at boron or nitrogen gave rise
to open chain structures, whereas smaller substituents led to the
formation of novel BN3 heterocycles.

Introduction

Four-membered heterocycles containing alternating boron and
nitrogen atoms (BNBN) are known for more than 50 years,' and
ring systems of this kind have been studied in the context of main
group chemistry,? hydrogen economy,® polymer chemistry,* and
photochemistry.> The chemistry of other four-membered BxNy
rings is less developed. An isomeric B2N2 heterocycle was
described in 1992 by Paetzold and coworkers.® A third member of
this series, B3N, was reported in 2001 by N&th and co-workers
(Figure 1).7 To the best of our knowledge, isolated heterocycles
containing three N-atoms and one B-atom have not been described
so far,2 even though there are examples of BNCN ring systems.®
Striving to fill this gap, we have investigated the borylation of
triazenes.
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Figure 1. Four-membered boron-nitrogen heterocycles.

Selected examples of borylated triazenes were recently
reported by Braunschweig and coworkers. Thermally unstable
azaborinines of type A (Figure 2) were obtained by insertion of
organic azides into the carbon-boron bond of boroles.’® Organic
azides were likewise used for the synthesis of diboryl-substituted
triazenes of type B and C (Figure 2).1

Our interest in borylated triazenes was triggered by the
following question: how do Lewis-acidic boron compounds bind to
triazenes? This question is of relevance for the synthetic organic
chemistry of triazenes,*? because Lewis acids such as BFz can
promote triazene substitution reactions.'® At low temperature, we
were able to crystallize adducts of tri-substituted triazenes and
B(CsFs)s, and crystallographic analyses revealed coordination to

the N1 atom of the triazene (Figure 2, D). In the course of these
studies, we realized that disubstituted triazenes can be used for the
synthesis of novel BNs ring systems (Figure 2, E), and details of
these investigations are summarized below.
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Figure 2. Examples of borylated triazenes.

Results and Discussion

Inspired by a recent study of Bertrand and co-workers on
catalyst-free dehydrocoupling of 9-borabicyclo(3.3.1)nonane
(9-BBN) with amines,’®> we investigated the reaction of readily
available 1,3-dimesityltriazene'® with 9-BBN (Scheme 1). The
reaction was carried out in THF at room temperature and gave the
B-N coupling product 1, which could be isolated as a colorless
solid in 38% yield after recrystallization.
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8 Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability. Selected bond lengths (A) and angles (°)
of 1: B1-N3 = 1.4204(14), N2-N3 = 1.4006(11), N1-N2 =
1.2495(12); N1-N2-N3 = 112.71(8), N2-N3-B1 = 116.38(8).

A crystallographic analysis of 1 confirmed that the acidic
hydrogen of 1,3-dimesityltriazene was replaced by a dialkylborane
substituent. However, the targeted BNs ring system had not formed.
Instead, an open-chain structure with a three-coordinate boron
center was observed. The N-B bond length of 1.4204(14) Ain 1 is



significantly shorter than what was observed for the dative N->B
bonds in compounds of type D (~1.62 A). The triazene groups
shows the expected bond length alternation with a short N1-N2
bond of 1.2495(12) A and a longer N2—N3 bond of 1.4006(11) A.

A likely mechanism for the dehydrocoupling reaction leading
to 1 involves an initial coordination of 9-BBN to the N1 atom of
1,3-dimesityltriazene (as observed for adducts of type C, Figure 2),
followed by coupling of the hydridic B-H with the acidic N-H to
give hydrogen. The formation of a gas was evidenced by bubbles,
which formed during the reaction.

We hypothesized that the sterically demanding mesityl groups
could prevent an intramolecular coordination of N1 to the Lewis-
acidic boron center. Therefore, we examined the reaction of the less
bulky 1,3-diphenyltriazene with 9-BBN (Scheme 2). As before, we
observed the formation of bubbles, indicating dihydrogen
formation. From the reaction mixture, we were able to isolate the
borylated triazene 2 in 90% yield as a yellow crystalline solid.

Scheme 2. Synthesis of 24 (Top) and Crystal Structure
(Bottom) of 2.2
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@ Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability. Selected bond lengths (A) and angles (°)
of 2: B1-N1 = 1.6226(15), B1-N3 = 1.6259(15), N1-N2 =
1.3155(13), N2-N3 = 1.3161(13); N1-N2-N3 = 99.34(8), N2-N3-
B1 =92.10(8), N1-B1-N3 = 76.27(7).

A crystallographic analysis of 2 revealed that the reduced steric
demand of the phenyl group did have the desired effect: a BNs ring
system had formed. The triazenyl group is bound to the borane in
a symmetric fashion, with two nearly equally long N-B bonds of
1.6226(15) A and 1.6259(15) A. Accordingly, we observe two
equidistant N-N bonds of 1.3155(13) A and 1.3161(13) A. The two
phenyl groups and the N3 unit are co-planar, allowing for electron
delocalization over the triazenyl fragment. A similar co-planar
arrangement is found for transition metal complexes containing the
(PhN3Ph)- ligand.Y

The results of NMR spectroscopic analyses showed that the
BN ring system is maintained in CsDs solution. Only one set of 'H
and 3C NMR signals was observed for the two phenyl groups,
which is in contrast to what was found for 1 (two sets of signals for
the two mesityl groups). Furthermore, the tetracoordinate boron
environment of 2 lead to a high field shift of the !B NMR signal
when compared to what was found for the trigonal boron in 1 (1:
57 ppm, 2: 28 ppm).

In order to expand the scope of the coupling, we have
performed reactions between 9-BBN and triazenes containing
p-tolyl and p-fluorophenyl substituents. The corresponding
borylated triazenes 3 and 4 could be isolated in yields of 75% and
80%, respectively (Scheme 2). The NMR data were in line with the
formation of BNs rings, as evidenced by the high apparent
symmetry and by !B NMR signals at 30 ppm (3) and 37 ppm (4).
Compounds 3 and 4 were also analyzed by single crystal X-ray
crystallography. The structures were found to be similar to that of
2, and details are given in the Supporting Information (SI).

Subsequently, we have explored different reaction pathways
for the synthesis of triazene-derived BNs heterocycles. It is known
that BEts can undergo catalyst-free condensation reactions with
NH-acidic compounds.’®1® A related reaction could be realized
with 1,3-diphenyltriazene. Gentle heating of a solution of BEtz and
1,3-diphenyltriazene in hexane lead to the formation of the
borylated triazene 5, which was isolated in 60% yield (Scheme 3).
The formation of a BNs ring was evidenced by single crystal X-ray
crystallography. The bond length and angles observed for 5 are
similar to what was found for 2—4. As in the case of 1-4, we assume
that the reaction is initiated by coordination of BEts to the N1 atom
of the triazenes. Proton transfer to the ethyl group could then occur
via a six-membered transition state, as suggested for the reaction of
BEts with amidines!® or with carboxylic acids.?
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8 Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability. Selected bond lengths (A) and angles (°)
of 5: B1-N1 = 1.6103(19), N1-N2 = 1.3177(15); N1-N2-N3 =
97.29(14), N1-N2-B1 = 93.46(9), N1-B1-N3 = 75.79(12).
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8 Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability. Selected bond lengths (A) and angles (°)
of 6: B1-N1 = 1.6240(16), B1-N3 = 1.6128(15), N1-N2 =
1.3179(14), N2-N3 = 1.3161(14); N1-N2-N3 = 97.75(9), N2-N3-
B1 = 93.60(8), N1-B1-N3 = 75.62(7). Compound 7: B1-N1 =
1.5966(15), B1-N3 = 1.5945(16), N1-N2 = 1.3224(13), N2-N3 =
1.3142(13); N1-N2-N3 = 97.18(9), N2-N3-B1 = 93.32(8), N1-B1-
N3 = 76.58(8).

Next, we have investigated if BN3 heterocycles can be prepared
by reaction of triazenide salts with boron chlorides. Deprotonation
of 1,3-diphenyltriazene with NaH in THF affords sodium
triazenide (Ph2NsNa), which was used directly for the reaction with
dicyclohexylboron chloride. From the reaction mixture, we were
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able to isolate the borylated triazene 6 as an orange solid in 56%
yield (Scheme 4). In a related fashion, we prepared the
9-borafluorenyl-containing compound 7 (isolated yield: 40%).

The presence of four-membered BNs rings in 6 and 7 was
established by single crystal X-ray crystallography. In terms of
bond length and angles, compound 6 shows similar values as found
for 2-5. Compound 7, on the other hand, shows slightly shorter B—
N bonds (1.5966(15) A and 1.5945(16) A). The difference can be
attributed to electron-withdrawing character of the aromatic groups
attached to boron.

The possibility to use diarylboron halides inspired us to use
commercially available dimesitylboron fluoride (Mes2BF) for the
reaction with sodium diphenyl triazenide (Scheme 5). Work-up
gave the borylated triazene 8 in 65% yield. NMR spectroscopy and
X-ray crystallography showed that 8 adopts an open-chain
structure. As in the case of 1, the presence of sterically demanding
mesityl substituents prevents the formation of a four-membered
ring system. Furthermore, we employed the asymmetric 3-methyl-
1-(p-tolyl)triazene in the reaction with Mes2BF. Despite the
reduced steric demand of this triazene, we again isolated an open-
chain product, 9. The structural and spectroscopic data of 9 are
similar to those of 8.

Scheme 5. Synthesis (Top) and Crystal Structure (Bottom) of
8.a
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@ Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability. Selected bond lengths (A) and angles (°)
of 8: B1-N3 = 1.4204(14), N3-N2 = 1.4006(11), N2-N1 =
1.2495(12); N1-N2-N3 = 112.71(8), N2-N3-B1 = 116.38(8).
Compound 9: B1-N3 = 1.4308(17), N3-N2 = 1.3836(14), N2-N1
=1.2588(14); N1-N2-N3 = 112.55(10), N2-N3-B1 = 117.47(10).

Interestingly, the open-chain compound 1, 8 and 9 show a
different photophysical behavior than the cyclic compounds. The
heterocycles 2—7 all display bright luminescence in the solid state
(2-6: yellow-green emission; 7: orange emission), whereas solid 1,
8 and 9 are non-emissive. The luminescence of 2—7 is restricted to
the solid state. In solution (THF, toluene, CHsCN), the emission of
2 is very weak. This behavior can be linked to aggregation-induced
emission (AIE), a phenomenon which has received substantial
attention in recent years.?! Since the borylated triazenes display a
high  susceptibility to hydrolysis, further photophysical
investigations of the solids were not performed.

Borylated triazenes are structurally close to boron amidinates
and guanidinates.?? These compounds have been studied in the
context of frustrated Lewis pair (FLP) chemistry, and they were
found to undergo insertion reactions in the B-N bond.%1%
Preliminary studies show that BNs heterocycles can display a
related reactivity. For example, 2,6-dimethylphenyl isocyanide
(Xyl-NC) readily reacts with 2 at room temperature in hexane. The
insertion product 10 was isolated in 67% yield as an orange-red
crystalline solid, and it was characterized by single crystal X-ray
diffraction (Scheme 6). To the best of our knowledge, five-
membered BNsC rings like in compound 10 have not been reported
before.

The insertion reaction was found to be reversible. In toluene-ds,
a dynamic equilibrium between 10 and the corresponding starting
materials 2 and Xyl-NC was observed. At room temperature, the
1B NMR spectrum showed two broad peaks corresponding to 10
(0 ppm) and 2 (26 ppm). Cooling the solution to — 50 °C led to full
conversion into 10, whereas heating to 80 °C led to complete
dissociation into 2 (for details see SI).

We have also examined the reactivity of 2 towards different
gases (CO2, Hz, N20, and CO; RT, 1 atm, CsDs) and phenyl
acetylene (RT, CsDs). In all cases, no conversion was observed
when the mixture was analysed by NMR spectroscopy.

Scheme 6. Synthesis (Top) and Crystal Structure (Bottom) of
10.2
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& Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability. Selected bond lengths (A) and angles (°)
of 10: B1-N1 = 1.6065(17), B1-C1 = 1.6221(17), N1-N2 =
1.2796(14), N2-N3 = 1.3309(14), C1-N3 = 1.4535(16); N1-N2-
N3 =111.13(10), N2-N1-B1 = 115.33(9), N2-N3-C1 = 113.14(10),
N3-C1-B1 = 105.92(9).

Scheme 7. Synthesis (Top) and Crystal Structure (Bottom) of
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& Hydrogen atoms are omitted for clarity. Thermal ellipsoids are
shown at 50% probability. Selected bond lengths (A) and angles (°)
of 11: B1-N3 = 1.570(2), N3-N2 = 1.333(2), N2-N1 = 1.279(2),
B1-N4 = 1.635(2); N1-N2-N3 = 116.42(14), N2-N3-B1 =
115.55(13).

We have also examined ring-opening reactions of 2 with Lewis
bases (Scheme 7). While compound 2 was unreactive towards
pyridine  and  acetonitrile,  the utilization of  4-
dimethylaminopyridine (DMAP) gave adduct 11 in almost
quantitative yield. The structure of 11 was confirmed by single-
crystal X-ray crystallography. A noteworthy structural feature of
11 is the significantly longer B1-N3 bond (1.570(2) A) when
compared to what was found for the open-chain triazenides 1
(1.4204(14)), 8 (1.4204(14) A), and 9 (1.4308(17) A). The bond
length extension can be ascribed to the reduced Lewis acidity of
the boron center. Similar to what was observed for 1, 8 and 9,
compound 11 is non-emissive when excited by UV light.



Conclusions

The borylation of disubstituted triazenes was achieved via three
distinct routes: a) by dehydrocoupling of triazenes with 9-BBN, b)
by condensation of triazenes with BEts, and c) by reaction of
sodium triazenides with dialkyl- or diarylboron halides. The
structures of the products was found to depend on the steric demand
of the substituents. In the presence of bulky mesityl groups at
nitrogen or boron, open chain structures were obtained. For smaller
substituents, BNs rings were formed. The BNs heterocycles
complete the series of four-membered BxNy ring systems, for which
all possible combinations are now described. Preliminary reactivity
studies show that the BNs heterocycles can undergo ring-opening
reaction with DMAP and insertion reaction, as evidenced by the
formation of a five-membered BNsC ring in a reaction with an
isocyanide. Notably, the BNs heterocycles exhibit solid state
luminescence with green to orange emission.
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