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This paper discusses hyperconjugative stereoelectronic effects in bor-
azines. A series of alkyl-substituted borazines were synthesized and
analysed by NMR spectroscopy and X-ray diffraction. Supported by
NBO analyses, the significant decreases in 1Jcy coupling constant for
the CH groups adjacent to the boron atoms are consistent with the
presence of 6c_y — m_y and 6c_y — Op_y interactions. These inter-
actions lower the electrophilicity of boron atoms, enhancing moisture
stability and establishing these molecules as valuable scaffolds in
synthetic chemistry and materials science.

The significance of BN-doped molecular scaffolds has recently
surged due to their broad applications in optoelectronic
devices,"™* thermal management materials,” and catalysis.®
Among these, hexasubstituted borazine is an attractive option
for BN-based architectures.” The borazine core’s susceptibility
to hydrolysis in water has hindered its widespread use.® To
prevent borazine hydrolytic decomposition, bulky aryl groups
can be added to the boron atom, where ortho-substituents
create steric hindrance shielding B-atoms from water.’ In
another architecture, amino groups were used to stabilize the
borazine ring within a hybrid cyclomatrix polymer.” In search
of other approaches preventing hydrolysis, we noticed that
B,B’,B"-trialkyl-N,N',N'-triphenyl borazines (alkyl moieties
being i- and n-propyl, i- and n-butyl) exhibit remarkable coun-
terintuitive moisture resistance when compared to its aryl-
substituted congeners."® A comprehensive understanding of
the factors affecting the stability of these molecules is still
lacking. It is possible that hyperconjugative stereoelectronic
interactions occur between the electron-donating alkyl groups
and the electrophilic borazine ring (Fig. 1b),"* similar to what is
seen in trialkyl boranes.”™ With this hypothesis in mind, in
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this paper, we address the presence of such hyperconjugative effects
through NMR spectroscopy and X-ray investigations of a series of
B-alkyl borazine derivatives."> Theoretical modeling further sup-
ported these studies by elucidating the molecular orbitals involved
in those interactions."® Three types of alkyl groups to be attached to
the boron centres were chosen: -CH;, -CH,—, and -CH-. While
molecules 1a-b bear methyl substituents, 2a-e and 3a-b feature
methylene (as —"Bu, -"Hex, -"Oct, benzyl and (trimethylsilyl)methyl
substituents) and methine (as —Pr and cyclohexyl substituents)
substitutions on the boron atoms (Fig. 1a), respectively.

The synthesis for these alkyl borazines have been carried out
by adapting known protocols.’ Intermediate trichloroborazole
(BNCI) was prepared by refluxing aniline with BCl; in toluene
(Scheme S1, ESIt). The reaction of BNCI with the respective
organoalkyl-lithium/Grignard nucleophiles in THF gave the
final product in good yields (61-74%, Fig. 1a and Scheme S2,
ESIt). The structures of all alkyl borazines were characterized
by 'H and "*C NMR spectroscopy, and with high-resolution
mass spectrometry (Fig. S1-S48, ESIt) and selected structures
by single-crystal X-ray diffraction analysis. All B,B’,B"-trialkyl
borazine derivatives exhibited low reactivity towards moisture,
allowing them to be handled in the air without precautions and
purified through column chromatography. Thermogravimetric
analysis (TGA) indicated that all derivatives remain stable above
200 °C (Fig. S49-S51, ESIY).

X-ray diffraction investigations of selected borazine deriva-
tives were first attempted to shed further light on their struc-
tural properties (Fig. 2a-f and Tables S1-S6 and Fig. S52-557,
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Fig. 1 (a) Alkyl borazines studied in this work (*2’,6"-dimethyl-[1,1’ -biphenyl]-

4-amine used for the synthesis). (b) Sterecelectronic interactions in B-aryl and
B-alkyl borazines.
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Fig. 2 Single-crystal X-ray structures of borazines and relevant structural parameters (a) 1a, C2/c, (b) 1b, C2/c, (c) 2a, Cc, (d) 2e, P2,/c, (e) 3a, P1, and (f)
3b, Pna2,. Grey: C, pink: B, yellow: Si, and blue: N. The torsion angles are the average of the values measured for C-H/C/Si bonds that display an

orientation that is close to that of perpendicularity.

ESIt). In all derivatives, the central borazine ring displays a
nearly flat geometry, with average / n_pn and / _n-p) angles
of 116.2(4)° and 123.7(4)°, respectively, and with typical B-C,
bond lengths of 1.575(14) A (Fig. 2).** For molecules 2a, 3a, and
3b, the C,-C, bond lengths (average value ~1.526(4) A) fall
within the expected range for corresponding single bonds.'**
The average torsional angles / (n-p-ci-n/czssi), describing the
relative orientation of the B-C-H/C/Si bonds to the borazine
ring, are ~90° for all borazines (Fig. 2). This perpendicular
arrangement of the C-H/C/Si bonds is to be expected when in
the presence of a hyperconjugation. Moreover, the bond angle
. B-c1-c2) for 2a, 3a and 3b is found to be 113(2)°, 116(3)° and
118(6)°, respectively. Similarly, the bond angle / _ci-si) is

118(2)° for molecule 2e (Fig. 2). These / (p_ci-n/czssi) angles
are wider than those between C(sp®), again suggesting that a
hyperconjugative interaction is at play."**

Considering that one-bond NMR spin-spin coupling con-
stants are experimental probes for determining any stereo-
electronic interactions (Perlin effect),"* we tackled the determi-
nation of the "H-">C coupling constants (Jcy) of the C-H bonds
connected to the B-atoms by analysis of either the carbon
satellite signals in the "H NMR spectra or the doublet cross
peaks in proton-coupled Heteronuclear single quantum coher-
ence (HSQC) experiments (Fig. 3). For 1a and 1b, the experi-
mental “Jcy value for the B-Me groups is 116.4 and 116.6 Hz
(Fig. 3a), respectively, which is lower than that of the Me group
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Fig. 3
values for each alkyl borazines.
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Excerpts of the HSQC spectra displaying the relevant *Jc, coupling constants for (a) 1a, (b) 2a, and (c) 3a and. (d) 1 *Jcy, 2 Jen, 1Y and 2 Ycg;
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in the same molecule (*Jcy = 126.6 Hz, Fig. S8 and S13, ESIY).
Similarly, the Yeu values for molecules 2a-e are within the
112 Hz to 118 Hz range, which is also lower than the other jcy
values (Fig. 3b and Fig. S18, S23, S28, S33 and S38, ESIt).
Further, by examining the *°Si NMR spectrum of molecule 2e,
we could determine the coupling constants “Jgg; for -CH,- and
—-CHj; groups attached to the Si-atom. The results indicate that
Yesi of -CH,— exhibits a value of ~12.3 Hz lower than that
measured with -CH; (Fig. S38, ESIt). This suggests that the
C-Si bond experiences an elongation that one could attribute to
a hyperconjugation. For 3a and 3b, the /¢y values are 116.1
and 112.3 Hz, respectively (Fig. 3c and Fig. S43 and S48, ESIT).
Notably, these couplings were the lowest among the
series. These observations are in line with the X-ray-measured
/_(-c1-c2) angle values (Fig. 2), confirming strong hyperconju-
gative interactions between the B(p,) orbital and the 6y, 0cc
and oc_g; bonds of the relevant substituents.

DFT calculations were employed to explore hyperconjuga-
tion, with bonding analysed via natural bonding orbital (NBO)
analyses."** The findings revealed weak interactions between
the 6oy and oc_¢ orbitals and both the nj;_ and cj_\ orbitals
for all derivatives. The o¢_y orbital, positioned perpendicularly
to the ring, exhibited significant overlap with the n* orbital. For
1la and 1b, the optimised structure contains a C-H lying
orthogonal to the borazine plane (Fig. 2a and b) and two that
are at the midpoint between the orthogonal and parallel planes
(oc_g — mj_yN and occ_y — o_y in Fig. 4a and Fig. S58, ESIT).
Since the overlap between oc y and the given unoccupied
orbitals depends on the orientation of the substituent, the
stabilisation energy (E,) associated with these interactions
was computationally probed as a function of the angle between
the proximal ¢ p/csi orbital and the borazine ring upon
rotation about the B-C bond (molecule 1a in Fig. 4). As
expected, the occ_y — mp_y interaction is the strongest,
6.5 keal mol*, when the C-H bond lies perpendicular to the
BN ring as this orientation gives the most significant orbital
overlap between the oy and nj;_ orbitals. As the Me group is
rotated, E, decreases, and no interaction is detected with
L (n-B-c1-n) Values <20°. Conversely, the cc_y — oj_y inter-
action gives the strongest stabilisation, 3.51 kcal mol ', when

a) b) 74 Ocy=man( @ 12 ® 2a o 3a) .
OchTp=N i Ocy~0'sn( 4 12 4 22 4 3a) -
6 .
& L4 .
Tg 5 . .
A
— L]
g4 4 14y .
—op x N : °
Ocy0B-N RER A o 4
2 4 A
2 o A
. 2 -
L]
14 A,
[ ] A
0 T T T T T
L] 20 40 60 80
N-B-C-H torsion angle / °
Fig. 4 (a) NBO for oc_y — mj_y and oc—uy — op_n la (PBE/def2-TZVP,

orbitals with only one B-atom are shown), (b) hyperconjugative energies
upon rotation of the B-alkyl group.
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the C-H bond lies in the same plane as the BN ring. The effect
is not as pronounced as the cc_y — mp_y, but it contributes
conferring an additional stabilisation. Similarly, NBO analysis
shows both cc_y — ny_\ and cc_y — op_p interactions in
the case of -CH,- and -CH- (3a-b) substitutions (Fig. S59-567,
ESIT). Also, the stabilisation energies were probed for proximal
Gc-cssi bonds (Fig. S61, ESIT).

Interactions between the cc.c and BN ring orbitals are
significant when sterically demanding alkyl groups prevent
the C-H group from lying perpendicular to the ring, and
Gc_c — Op_yn interactions are present in 2a-e and 3a-b
(Fig. S60-S66, ESIT) but offered less of a stabilising effect than
those involving ¢y (Fig. 4b). Notably, cc_si — m5_n and
Gc_si — Op_pn interactions in 2e displayed stronger stabili-
zation than those with o¢_¢ (Fig. S61, ESIT). The maximum E,
value is observed at the torsion angles / (y-p-c1-n/cassi) Of ~90°
and 0° for GcH/cc/csi — TEE:N and GcH/cc/csi — Ging interac-
tions, respectively (Table 1). We evaluate energy changes for 1a
using a different basis set and calculation function (Fig. S67,
ESIt), confirming the reliability of the data.

Further, we calculated the NMR coupling constant using the
GIAO method." The results (Table S7, ESIf) show that the
difference AJ between Jo;i and Yoy is 6 to 10 Hz, which is in
agreement with the experimental values. Similarly, the calcu-
lated AJ between Jcis; and Ycas; in 2e is 12 Hz, matching the
experimental data (Table S8, ESIT). We examined the isodesmic
reactions with borazine 3, which has Me and Ph moieties on the
N and B atoms (ESI,} Section S7.2.3). Our findings revealed
higher values for enthalpy (+18.5 kcal mol™') and Gibbs free
energy (+17.4 kcal mol ') compared to congener 1a, highlight-
ing the significant impact of hyperconjugation. NBO interac-
tions in Me- and Et-substituted benzene congeners (4y and
4g,) yielded oc_py — me_ values of 5.1 and 3.4 kcal mol .
These values indicate that 4y and 4g, exhibit reduced hyper-
conjugation than their BN counterparts, as evidenced by their
higher Y,y and Y,y values than those of 1a and 2b, Table S9,
ESIt).

As a proof of concept exploiting the hyperconjugation to
stabilize borazine derivatives, we successfully prepared cross-
linked borazine-based polymers” using either 1,6-dilithium
hexane or 1,8-dilithium octane as nucleophiles (Fig. 5a). The
insoluble nature of the obtained materials in common organic
solvents suggests the presence of a crosslinked structure. Also,
it exhibits hydrolytic stability. Solid-state *C NMR spectra

Table 1 Stabilisation energies (E;) as a function of the torsional angle (90°
for OGCH/CC/CSi — TI};:N and 0° for GcH/cc/csi — GE—N (PBE/def2-TZVP)

E,/kecal mol™*

Molecule la 1ib 2a 2b  2c 2d 2e 3a 3b
GCc-H — My 6.53 6.48 6.81 6.40 6.40 5.70 5.28 5.57 4.70
Cc-H — Op_N 3.51 3.52 3.98 3.99 3.99 3.96 4.37 4.36 4.39
Gc-C — Mpon — — 3.83 3.87 3.80 2.66 — 3.85 3.47
Gc_c — G)]ng — — 1.28 1.28 1.28 1.04 — 1.52 1.41
ocs =My — — @ — — = — 794 — —
ocs—0hn — — — — — — 222 — —

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Synthesis of cross-linked polymers P1 and P2, (b) solid-state
H - 3C cross-polarization and magic angle spinning (CPMAS) NMR
spectrum of P1, and (c) SEM images of P1 (see CPMAS NMR spectrum
for reference borazine 2a in Fig. S68, ESIT).

(Fig. 5b and Fig. S68-S70, ESIt) distinctly displayed aromatic
and aliphatic signals corresponding to the phenyl ring and
alkyl chain on the borazine structure. Scanning electron micro-
scope (SEM) analyses revealed the morphology of P1 and P2
polymers, showing aggregates and macroscopic porosity
(Fig. 5c¢ and Fig. S71 and S72, ESIT). TGA analysis indicated
approximately 50% weight loss (up to 500 °C), which matches
the alkyl moieties’ loss (Fig. S73, ESIT).

In conclusion, our studies into alkyl borazines using NMR
spectroscopy have revealed key insights into stereoelectronic
interactions. The findings confirm the existence of interactions
between the C,-H, C;-C,, and C;-Si bonds of the B-alkyl group
with the n_y orbital of the BN ring. Computational analyses
provide a nuanced understanding of the interplay between the
Gc-n/c/si orbitals and both the nj;_y and o};_ orbitals. As proof
of principle, we have developed stable crosslinked borazine
polymers that demonstrate moisture resistance. Our findings
enhance the knowledge of borazines and expand their applica-
tions, offering exciting opportunities for using inorganic ben-
zene in new materials and advanced chemistry.
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