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ABSTRACT: A borazine derivative functionalized by nitroxide free radicals, N,N’,N”-(tris(4-Bromophenyl))-B,B’,B"-tris((2,6-
dimethyl-4-(N-tert-butyl-N-oxyamino)phenyl) borazine (TriBNit), was synthesized as a milestone of open-shell inorganic benzene.
The crystal structure determined from X-ray diffraction on a single crystal ascertains the grafting of three nitroxide radicals. The
temperature dependence of the magnetic susceptibility evidences weak intramolecular antiferromagnetic interactions between the
radicals with strong intermolecular antiferromagnetic interactions between two nitroxide moieties of two neighboring molecules.
EPR spectroscopy at 80 K on a frozen glassy solution evidences the coexistence of S = 1/2 and S = 3/2 ground-spin state species.
This is ascribed to the nitroxide radicals having different orientations with respect to the borazine core giving rise either to
antiferromagnetic interaction with a low ground-spin state S = 1/2 or to ferromagnetic interaction with a high ground-spin state S =
3/2 as supported by theoretical data. At room temperature, because of nitroxide mobility, the EPR spectrum is averaged to a ground-

spin state S = 1/2.

O pen-shell molecules are an active research topic due to
their promise in the field of molecule-based magnets,
spintronic and quantum computing.l_4 Here, we report the
first example of an open-shell borazine. The six-member ring
borazine core (B;N;H4) with alternating B and N atoms and
the B=N bond isoelectronic to the C=C one is known as the
“inorganic benzene”.”'" Nevertheless, the electronic proper-
ties of borazine demark from those of benzene due to the
significant difference of boron and nitrogen electronegativ-
ities.'* Though it has long been questioned, it is now well-
established that borazine has a much lower aromaticity with
the m-electron charge density mainly located on nitrogen
atoms. This is supported by many theoretical studies'® and a
recent high-resolution X-ray diffraction study showing
accumulation of the electron density at the nitrogen
positions.14

Borazine (B;N3H,) is extremely sensitive to moisture and
can readily decompose into boric acid and ammonia."®
Protection from hydrolysis is achieved through functionaliza-
tion by bulky groups on the boron atoms,'®™"” among which is
the industrial use of borazine and functionalized derivatives as
a precursor of hexagonal boron nitride ceramic (h-BN) that is
isoelectronic to graphite but white and an electrical
insulator.””*" Recently, borazine derivatives deserve most
interest for doping graphene with hybrid boron carbon nitride
(BCN) fragments for optoelectronic and semiconductor
properties,”>® but also as precursors for BN-doped polymers
for their promising applications for gas storage and separation
applications.”***

As part of our investigations on nitroxide radicals as
precursors of molecule-based magnets”*~>® and on borazine
as a precursor of boron nitride and borophene,””*° we were
interested to explore how much borazine could couple
nitroxide radicals comparatively with other reported -
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conjugated systems based on benzene,’' s-triazine,’"** and s-
triazine’”*® and trioxytriphenylamine®* cores. Moreover,
reported DFT calculations have predicted the borazine core
to be a better spin coupler, as compared to benzene.” This
prompted us to design stable nitroxide-functionalized
borazines, and we describe herein the synthesis and character-
ization of N,N’,N”-(tris(4-Bromophenyl))-B,B’,B"-tris((2,6-
dimethyl-4-(N-tert-butyl-N-oxyamino)phenyl)borazine, re-
ferred to hereafter as TriBNit (§), where the functionalization
is on the boron atoms.

B,B’,B”-Trichloro-N,N’,N”-tri(4-bromophenyl)borazine (1)
and the O-silylated hydroxylamine 2 were first prepared with
slight modifications of reported protocols.'™*"***” 1 was
chosen because bromine facilitates characterization by mass
spectrometry and weighing while opening the way to further
substitutions on the nitrogen atoms. First 2 was lithiated with
an excess of tert-butyllithium and then coupled with 1/3 equiv
of 1 to afford the protected functionalized borazine 3. This was
reacted with tetrabutylammonium fluoride (TBAF) in THF for
desilylation to give compound 4. TriBNit 5 was finally
obtained after oxidation of 4 with NalO, in a biphasic system
of water and dichloromethane and further purification by silica
column chromatography (Scheme 1).

TriBNit 5 shows remarkable stability to hydrolysis as is
illustrated by the oxidation done in aqueous media. The crystal
structures of precursors 2a and 2 and triradical TriBNit § were
determined by X-ray diffraction on single crystals grown by
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Scheme 1. Synthetic Pathway for the Preparation of a
Nitroxide-Bearing Borazine
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“BCly/Toluene (1 M), reflux 24 h, 70% vyield. “TBDMSCI,
Imidazome, DMF, 60 °C for 16 h, 53% yield. bToluene, BuLi/
hexane (1.7 M), —78 °C to RT, 40% yield. “TBAF/THF (1 M), reflux
48 h, 27% yield. “CH,Cl,/NalO, aq, 22% yield.

slow evaporation of solution of the compounds in acetone
(2a), methanol (2) and dichloromethane (). Crystallographic
data are listed in Table S1. Crystallographic data of precursors
2a and 2 and views of their asymmetric units in Figure S11 are
provided for additional information. TriBNit § crystallizes in
the triclinic P1 space group (Figure 1). The asymmetric unit
comprises one complete molecule of 5 with one-half molecule
of cocrystallized dichloromethane. As expected, the molecule

01/

N1

Figure 1. View of molecule TriBNit S from the crystal structure
represented with thermal ellipsoid plot at a 50% level. Hydrogen
atoms and atoms from dichloromethane are omitted for clarity. Atoms
are colored as follows: B in yellow; N in blue; O in red; Br in green; C
in gray.

shows a quasi-orthogonal arrangement of the aryl moieties due
to steric hindrance. Tilted angles are reported in Table S2.

The three para substituted 4-bromophenyl groups labeled A,
B, and C (Figure 1) are tilted by 67.99° 67.18°and 68.04°
respectively to the B;N;-core. The tilt angles are even larger for
B-aryls groups carrying the nitroxide moieties, labeled 1, 2, 3
(Figure 1), with values of 80.47°, 77.39° and 80.59°. These
values are higher than those reported for trinitroxide radicals
with benzene,®' s-triazine,”"*” and s-triazine®>*® with tilted
angles of aryl groups in the range of 5°—19.5°. Regarding
torsion angles between the O—N—C,,, plane and the aryl
group to which it is attached, N1-O1 and N2—0O2 make a
torsion angle in the same direction of 38.82° and 42.78°
respectively. The third nitroxide group N3—03 is oriented in
the opposite direction with dihedral angle 37.87°. The angles
are slightly larger than 5°-37.5° reported in the litera-
ture.”' ***® The N—O bond lengths are between 1.279 and
1.286 A and are similar to values reported on CSD for para-
phenylene and para-aryl substituted nitroxide groups, which
are found between 1.26 and 131 A (Figure S11). This
definitively rules out any hydroxylamine form and confirms the
presence of three nitroxide radicals in compound 5. Through
space intramolecular distances between the oxygen atoms of
the nitroxide groups are 14.080 A (01—02), 12.913 A (01—
03) and 14.151 A (02—03).

In the crystal, TriBNit 5 makes 2D sheets separated by
11.89 A and parallel to the (120) Miller plane with the
borazine ring in plane (Figure S13). Within the 2D sheets,
molecules 5 are like paired putting one of their NO groups at
short intermolecular distances 2.376 A (O3a—N3a’) in a
head to tail arrangement. The other NO groups show greater
spacing with 4.290 and 7.769 A found for Ola—Nla’ and
02a—N2a’, respectively. The dichloromethane molecule is
not involved in significant contact with the NO groups but
exhibits a #-halogen interaction with a 4-bromoaniline
fragment. (dc_¢_, = 4.386 A) (Figure S14)

Room temperature continuous wave EPR (cw-EPR)
spectrum of degassed toluene solution of $ shows a typical
seven-line hyperfine structure centered at g = 2.0068 (Figure
2a), accounting for an intramolecular spin exchange interaction
J larger (in absolute value) than J = —0.02 cm™" ca. between
two nitroxide pairs while the third pair should have a much
smaller interaction. No half-field resonance corresponding to
Amg = +2 was detected near 1720 G ascribed to the too small
dipolar coupling between the nitroxide moieties: they are
situated far apart as revealed by the crystallographic structure.
In order to determine the ground-state spin, we performed
EPR nutation experiments. For on-resonance spins, in the
absence of spin relaxation, the nutation is a precessional
motion of the equilibrium macroscopic magnetization about
the rotating microwave field B;.”” The nutation frequency
depends on the ma%netic microwave fleld B, and on the S-
value of the species."”*' Nutation experiments can therefore be
used to differentiate the different spin states in a molecule by
plotting the echo intensity of a 2-pulse experiment as a
function of the magnetic microwave field B,*’ For more
details, see SI section 5.2. A solution of nitroxide radical
TEMPO in toluene at equal concentrations was the reference.
At room temperature, the nutation profile of TriBNit 5 and
TEMPO are nearly equal suggesting a spin state of S = 1/2,
and a J-value smaller than kzT (200 cm™ ca. at room
temperature), which do not contradict cw-EPR measurements,
suggesting an interaction larger (in absolute value) than —0.02
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Figure 2. (a) X-band room-temperature cw-EPR spectra of TriBNit § in a 0.1 mM solution of toluene (black) together with its simulation J > S00
MHz (0.02 cm™ ca). (b) Two-pulse electron spin echo nutation as a function of the microwave B, intensity for TEMPO (black squares) and 5 in
frozen toluene solution (0.1 mM) at 80 K. The lines are the relative simulations (the model is described in the SI).

cm™ ca. At 80 K, in frozen solution, the cw-EPR spectrum of 5
was much less informative with a nearly structureless bell-
shape (Figure S12), while the echo nutation experiment gives a
complex profile rather different from that of the TEMPO
(Figure 2b). Fitting of the echo nutation spectrum with a
model based on the solution of the Bloch equations*” and
taking into an account spin diffusion mechanisms of type T, *’
highlighted the coexistence of an S = 1/2 spin state (73%) and
an S = 3/2 spin state (27%). It is likely that these two
components result from different conformations of the
nitroxide moieties on the molecule coexisting in the frozen
state, causing the interactions between the radicals to be either
antiferromagnetic (S = 1/2) or ferromagnetic (S = 3/2). At
room temperature, the free motion of the nitroxide radicals in
the fluid solution modulates the spin—spin interaction so that
the ground state is averaged as an S = 1/2 ground-state spin
(Figure S15).

Magnetic properties of TriBNit 5 were investigated on a
powder sample check by X-ray diffraction (Figure S19). At
300 K the product of the magnetic susceptibility with
temperature yT (~0.91 emu-K-mol™) is slightly lower than
the expected value (~1.125 emu-K-mol™" assuming g = 2) for
three magnetically independent nitroxide radicals with spin
S = 1/2 (Figure 3). Upon cooling, yT decreases continuously
to 0.71 emu-K-mol™! at 80 K. From there, it remains almost
constant down to 30 K and then decreases abruptly to reach
0.14 emu-K-mol™" at 3 K.

This behavior suggests the presence of antiferromagnetic
(AF) interactions in the crystalline state. This was fitted using
the PHI program”’ and considering a six-spin model which
holds for intermolecular exchange coupling in between two
paired molecules 5 (Figure 4). The best fit evidence the
presence of weak intramolecular antiferromagnetic interactions
with J;_, = J;_3 = =54 cm™ and J,_; = —0.4 cm™", dominated
by a strong intermolecular antiferromagnetic interaction
between two nitroxide moieties with J,_, = —214 cm™.
Then, the plateau of yT below 80 K is consistent with two
independent spin S = 1/2 per molecule. These results are
consistent with analysis of the crystal structure that shows
short intermolecular distances of 2.376 A between the N—O
groups of two neighboring molecules in a head-to-tail fashion
which favors the strong antiferromagnetic coupling.**

Ab initio calculations were additionally conducted on one
isolated molecule TriBNit $ taken from the X-ray structure.
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Figure 3. Temperature dependence of the yT observed for $

measured at 0.1. The solid blue line is simulated the PHI program.43

O-N N-O
2 3
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Figure 4. Scheme of two paired molecules 5 holding for a six-spin
model (bottom) with a view of the nitroxide groups leading to the
intermolecular antiferromagnetic coupling exchange (top).

https://doi.org/10.1021/jacs.4c10736
J. Am. Chem. Soc. 2024, 146, 32906—32911


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c10736/suppl_file/ja4c10736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c10736/suppl_file/ja4c10736_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c10736/suppl_file/ja4c10736_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c10736/suppl_file/ja4c10736_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10736?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c10736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

Successive Domain-Based Local Pair Natural Orbital State-
Averaged N-Electron Valence Perturbation Theory at second
order (DLPNO-SA-NEVPT2) calculations were undertak-
en, ™ averaging over two doublet and one quartet states,
and using DFT (B3LYP/def2-TZVP) Quasi-Restricted
Orbitals for the quartet state as a guess (Figure 21S). The
size of the active space was gradually increased from the
minimal active space (3 electrons in 3 orbitals) to a 17
electrons, 11 orbitals active space. Throughout the calculations,
at the CASSCF level almost no intramolecular coupling is
found from calculations, the energy gap between the
degenerate doublets and the quartet being only 0.1 cm™.
Including the NEVPT?2 correction leads to small stabilization
of the quartet state, resulting eventually in an energy splitting
with the two doublets of +1.1 cm™' and +1.2 cm™' for the
DLPNO-SA-NEVPT2(17,11).

This very small energy splitting thus indicates the borazine
core is not providing here any support to spin coupling, at
variance with predicted DFT calculations.” It also suggests
that the sign of the coupling may be altered by conformational
changes providing explanation to the observed “mixture of
states” in EPR experiments in frozen solutions, but also by
crystal packing and Madelung field."®

In summary, this paper reports the first example of an open-
shell borazine synthesized after boron functionalization by
three nitroxide radicals, as supported by the crystal structure of
the solid-phase crystallized from a dichloromethane solution.
Study of the temperature dependence of the magnetic
susceptibility of this crystalline material evidences intra- and
intermolecular antiferromagnetic interactions both contribu-
ting to an S = 1/2 ground-state spin. At 80 K when solution is
frozen, the EPR evidences a mixture of S = 1/2 and S = 3/2
spin states. In agreement with calculations, this reflects that, at
80 K, molecules are frozen with different conformations of the
nitroxide radicals relative to the borazine core, giving rise either
to antiferromagnetic or ferromagnetic interaction between the
three nitroxide radicals to give, respectively, a doublet or a
quartet ground-state spin. This work contributes to a better
understanding of how the borazine core can couple spins.
Further works dealing with functionalization on nitrogen
atoms and on both boron and nitrogen atoms are in progress,
as well as trials to crystallize the solid-phase exhibiting a
quartet ground state as inspired by EPR on frozen solution.
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