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M) Check for updates Dynamic N—B coordination and anion-selective

turn-on fluorescence in oxadiazole-functionalized
organoboranes
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A versatile route for the preparation of chemically and electronically diverse Mes,BPh-based boranes (Mes
= mesityl, 2,4,6-trimethylphenyl) is presented that allows the conversion of tetrazolyl rings in a common
borane precursor (2H) into boranes bearing variously substituted oxadiazolyl groups. A series of eight
boranes (4a—4h) was prepared with functional groups on the 5-position of the oxadiazole ranging from
electron donating (4a: 4-Me-phenyl, 4b: 4-MeO-phenyl, etc.) to strongly electron withdrawing (4d:
4-O,N-phenyl, 4e: 3,5-bis(CF3)-phenyl, 4h: CFz) and also including a bifunctionalized example bearing
two Mes,B moieties (49g). A full characterization study of the optical, electrochemical and electronic pro-
perties, both experimentally and by DFT calculations, was carried out. Our investigation shows that the
boranes exhibit dynamic equilibria between closed intramolecularly N—B-coordinated and open non-co-
ordinated conformers, as indicated by variable temperature NMR, B NMR and anion binding studies with
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F~and CN™. The anion binding studies reveal substantial differences in the fluorescence response of the
compounds ranging from differing degrees of quenching to fluorescence shifts (4g) and enhanced emis-
sion (4c) (4-OMe-phenyl). These results show that this synthetic strategy allows easy creation of a series
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Introduction

The exploitation of intramolecular dynamic processes is of
increasing interest in current chemical research.” For
instance, hemilabile coordination of chelating ligands to tran-
sition metals has been recognized as crucial for many catalytic
processes® and was exploited in the development of sensing
applications.*

One of the greatest strengths of organic materials is their
large structural variety and the resulting broad range of physi-
cal and electronic properties. In this context, the introduction
of main group elements into organic scaffolds is being inten-
sively investigated to access new structural motifs and to
exploit unusual electronic effects.” The introduction of
boron®'* has attracted particular interest in this regard as it
can be incorporated in either the tri-"™"" or
tetracoordinate*®® form, which gives rise to different elec-
tronic and chemical properties.
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of compounds with incrementally varied optical properties and Lewis acidities.

Tricoordinate boron centers in pendant groups'’*’* or

embedded within n-systems®™° lead to a lowering of the
Lowest Unoccupied Molecular Orbital (LUMO) and hence
increased electron affinity, due to conjugation with their p,-
orbital. Likewise, tricoordinate boranes with tailored Lewis
acidity are of great interest as catalysts and chemical
sensors.*’™** Compounds featuring intramolecular N,C*-che-
lated tetracoordinate boron (N—B-ladders)*®**™° also exhibit
increased electron affinity and have therefore been considered
as electron-transporting (n-type) materials.'*2*°° Recently,
N—B-ladders have attracted growing interest due to their
promising results in organic light emitting devices,>
n-channel organic field effect transistors,”* and organic photo-
voltaic cells.”***** The N—B-ladder motif has also been
exploited for generating compounds with helical topology.>*~>°

An intriguing feature of ladder boranes is that they can
exist in dynamic equilibria between closed D—B-coordinated
(D = N, O, P) and open non-coordinated conformers
(Scheme 1). This behavior is observed, for instance, when the
donor atom is part of a heterocycle with low basicity, such as a
triazole®”*® or a tetrazole,>® and also in sterically congested
compounds®® or when strained 4-,°"%* 7-°* or 8-membered®***
ring systems are formed. Similarly, reduced Lewis acidity at the
boron center® and weak Lewis bases such as ethers®” or carbo-
nyl moieties®® facilitate dynamic coordination.
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Scheme 1 Conformers of labile coordinated ladder boranes. D: Lewis
basic donor atoms: N, O, P.

Labile D—B-coordination can have a strong influence on
the electronic properties of a given n-system (Scheme 1). In the
closed D—B-conformation, the n-system is planarized (@ =~ 0°),
and conjugation along the backbone is more effective, while
the tetracoordinate boron center acts as an electron-rich induc-
tive donor (+I) towards the n'-ring systems. At the same time,
the D—B-interaction exerts an electron withdrawing effect (—I)
onto the donor atom (D) in the n*ring. In the open confor-
mation, the empty p,-orbital on boron exerts a strong electron
withdrawing mesomeric effect (—M) on the =n-system, while
conjugation along the backbone is less efficient due to
increased torsion (|®| > 0°). Furthermore, in the open confor-
mation, the boron center can act as a Lewis acid that can bind
nucleophiles ([Nu—B]). This latter property of organoboranes
has been exploited to develop e.g. chemical sensors for various
anions®®”’® and to develop fluorescent dyes with extreme
Stokes’ shifts.®”

A key limitation in the exploration of organoboranes is the
limited choice of methods for their preparation. The most
commonly used methods are step-wise metalation®**°** and
electrophilic C-H-borylation.”"”> Hydroboration of suitable
substrates can also yield a broad range of N-B-
heterocycles.>*7*7°

In this report, we demonstrate a versatile synthetic route to
compounds capable of labile intramolecular N—B-coordi-
nation that builds on our previous work on this topic.

We developed strategies for the synthesis of N—B-hetero-
cycles by building up the N-heterocyclic component through
cycloaddition reactions. We found that 1,3-dipolar [3 + 2]
azide-alkyne cycloaddition,>”*® [3 + 2] azide-nitrile cyclo-
addition,> and cobalt-mediated [2 + 2 + 2] cycloaddition
between nitriles and alkynes®® are highly efficient tools for the
preparation of electronically and structurally diverse N—B-
ladder boranes.

In a recent paper on the synthesis of tetrazole containing
organoboranes (Scheme 2A),>° we reported the preparation of
phenyltetrazole 2H, which proved to be a versatile starting
material for the syntheses described herein: in this paper, we
explored the scope of tetrazole/oxadiazole conversion for the
preparation of a broad range of organoboranes with variable
electronic properties (Schemes 2B and 4).

The tetrazole ring in 2H can be acylated to give N-acyl-tetra-
zoles (3), which then rearrange into 2,5-disubstituted 1,3,4-oxa-
diazoles (4) with the concurrent loss of molecular nitrogen due
to their thermal instability (Scheme 3).2"*? 1,3,4-Oxadiazoles
have a wide range of applications in pharmaceuticals®® and as
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Scheme 2 (A) Preparation of tetrazole-functionalized organoboranes®:
and (B) their conversion into 1,3,4-oxadiazoles.
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Scheme 3 Mechanism for the conversion of tetrazoles into 1,3,4-
oxadiazoles.®*

semiconductors in organic light-emitting diodes (OLEDs).**%
Examples of 1,3,4-oxadiazole-based ladder boranes have been
reported®®®” that exhibit thermally activated delayed fluo-
rescence (TADF)®” and can serve as blue-emitter materials in
OLEDs with high electron mobilities.*®

A significant advance over previously reported N—B-ladders
is the full conjugation across the heterocycle in the systems
reported herein (Chart 1A, ‘type 4°). In triazole->"*® (Chart 1B,
‘type 5’) and tetrazole->® (Chart 1C, ‘type 6’) containing N—B-
ladders, substituents could only be introduced on a saturated,

Mes,B

N-N B N=N
I\ )
R MeO =
5a:R=4-Me 5d: R=4-NO,
5c: R =4-OMe 5e: R = 3,5-(CF3),
c Mes,B N=N Mes,B N-N
3 ,N\/Ph | ,‘N
" .
625 645 Ph

Chart 1 Conjugation across the heterocycle in different N—B-ladder
boranes. — : Maximum conjugated pathway starting at boron. (A)
Oxadiazoles in this work. (B) Triazoles adopted from ref. 57 (see also ref.
58). (C) Tetrazoles adopted from ref. 69. N— : Conjugation breaking
atoms/bonds. R: functional groups.
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conjugation-breaking ring nitrogen (N—). Unsaturated peri-
pheral substituents therefore invariably experience only
limited (cross-) conjugation in the z-system. In the case of tet-
razoles (C), the synthesis only allowed the introduction of
alkyl-substituents on the ring nitrogen, which preempts exten-
sion of the conjugated system. Due to a lack of boranes with
directly comparable z-systems, the experimental data only
weakly reflect the improved conjugation in type 4 vs. type 5/6,
as will be discussed further on.

Results and discussion
Synthesis and structure

The oxadiazole synthesis was tested and optimized by acylating
tetrazole 2H *° with p-toluoyl chloride (—3a) at ambient temp-
erature and subsequent conversion into 1,3,4-oxadiazole 4a
(Table 1) at different temperatures. Upon addition of p-toluoyl
chloride to a suspension of 2H in toluene, the reaction
mixture immediately turned intensely yellow in color attribu-
ted to the formation of acyltetrazole 3a. Upon heating,
foaming and gas evolution could be observed as deazotation
set in and the yellow coloring steadily faded. When the deazo-
tation reaction was carried out at 110 °C, the corresponding
oxadiazole 4a could be isolated in a yield of 35% after purifi-
cation by column chromatography (Table 1). Lower (90 °C) and
higher (130 °C) reaction temperatures gave significantly lower
yields of 15% and 13%, respectively (see Table 1). To increase
the yield, different bases (NEt; and K,CO;) were added to trap
the liberated HCI. The use of NEt; did not result in a substan-
tial increase in yield, but the addition of K,CO; allowed near
quantitative isolation (95%) of 4a. A comparison of NMR
experiments with and without the addition of K,CO; (see
Fig. S1A in the SI) showed that mesitylene (Mes-H) was formed
after heating to 110 °C when no base was present, likely due to
protolysis of the B-Mes bonds in 2H, 3 or 4 by HCI (see Fig. 1).
In contrast, Mes-H-formation could not be observed when
K,CO; was added, since the base effectively captured the acid
(see Fig. S1A in the SI). The protolysis would initially produce
boryl-chloride 7 (Fig. 1) which could react further to the more

Table 1 Optimization of the oxadiazole synthesis based on the reaction
of tetrazole 2H with p-toluoyl chloride?

_ O,
Mes,B N J‘I/,\IH @Me [
i /'\\ -’ Cl

Mes,B N—
I

BMes, o ';‘
N o
At vl ENea e oW
PhMe, N-N Me | PhMe,

2H RT,15h 3a AT 4a

z

additive

Temperature [°C] Additive (7 equiv.) Isolated yield [%]

90 — 15
110 — 35
130 — 13
110 NEt; 39P
110 K,CO; 95

“Solvent: toluene, acylation reaction carried out at room temperature.
b Approximate yleld contained an unidentified impurity.
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Fig.1 Top: Example of the formation of borinic acids 8. Bottom:
Crystal structure of borinic acid 8b, which was crystallized during the
workup of compound 4b; ellipsoids are shown with 50% probability;
hydrogen atoms have been omitted for clarity.

chemically robust borinic acids (8) through reaction with trace
moisture or OH™ from the glass of the reaction vessel or
during workup. This was confirmed in the synthesis of com-
pound 4b, with the isolation of 8b (see Fig. 1) when no basic
additive was used.

With the reaction conditions optimized as described above,
seven other 5-aryl-substituted 1,3,4-oxadiazoles could be syn-
thesized using commercially available acid chlorides (see
Scheme 4). Oxadiazoles 4a to 4f were isolated in very good
yields of 84-99%. The diborylated compound 4g, which is
accessible by using terephthalic acid dichloride as an acylating
agent, could be isolated in only 36% yield. Both electron rich
(4a, 4c) and electron poor (4d, 4e) aryl groups work equally
well, with the exception of the 4-dimethylamino derivative (4i),
which could not be generated.

A 5-CF;-substituted oxadiazole (5h) was synthesized by acy-
lation with trifluoroacetic anhydride.®® The corresponding
acyltetrazole 3h is significantly less thermally stable with dea-
zotation occurring at room temperature immediately after its
formation. After purification by column chromatography, the

Mes,B  N=N_H o
MesB  CN 1) NaN,, AgNO;, z N e BMes, i
@ DMF, 120°C, 12h N cl” R+ K2COs Nsn” SR
L REE \
2) H,0 PhMe, RT, 0.5h NN
1 2 3a-h
110°C,15h i
Mes;B Mes,B N Mes;B
O, . O
4a, 95% 4b, 99% 4c, 84%
Mes,B N- Mes,B N Mes,B N7
4d, 98% 4e, 93% 4f, 92%
Mes,B N Mes,B Mes,B
)\ / \
CF,
\ b NMe,
N-N
4g, 36% BMes, 4h, 23% 4i, 0%

Scheme 4 Synthesis of the borylated 1,3,4-oxadiazoles 4a to 4h start-
ing from tetrazole 1. 4i did not form but is included in the computational
survey.
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Fig. 2 B NMR spectra of the synthesized oxadiazoles. Recorded in
either THF-dg (4a—4f, 4h) or DCM (4g); * glass background signal.

CF;-functionalized oxadiazole 4h could be isolated in 23%
yield.

This is immediately apparent from the 'B NMR spectra of
compounds 4a to 4f (Fig. 2: the chemical shifts of the "'B
signals correlate linearly (R* = 0.947) with the Hammett substi-
tuent parameters (o) of the respective substituents on the
phenyl ring, which can serve as measures for electron-with-
drawing or electron-donating effects of the respective
substituents.””®® 4g and 4h have been omitted from Fig. 3,
since o values cannot be given for these compounds. We
included DFT data for 4i (Scheme 4), however, which could
not be synthesized but was included in the computational
survey.

The more electron-rich oxadiazoles exhibit the most upfield
"B chemical shifts with signals at 3.7 ppm (4a) and 3.2 ppm
(4c), which are within the range of four-coordinate boron
centers of the form N—BAr;. Oxadiazoles with more neutral

20 4
<o
-1.670
18 v
3
16+ 1.665
144 v 8"BNMR
¢ d(N—B) by DFT 1.660 =
E 2] © d(N-B)by XRD R4
5 )
m 10 4 1.655 1
= . 4
w g =2 5
4c 4a 4f 1.650
.
6 4
4 1.645
v
24 1 1.640
T T T T T T T T T
08 -06 -04 -02 00 02 04 06 08 1.0

Hammett parameter o,

Fig. 3 Correlation between Hammett parameters and experimental *'B
NMR chemical shifts (¥) and N—B-bond lengths derived using DFT ()
and experimental X-ray diffraction (¢). * 4e: 6 = 2 X 6,,(CF3) = 0.86.
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substituents exhibit slightly downfield ''B chemical shifts of
6.8 ppm (4b) and 6.5 ppm (4f), while for compounds with
strongly electron-withdrawing groups 4d (-NO,) and 4e (m-CFj3)
clearly downfield-shifted ''B signals are observed at 11.8 ppm
(4d) and 18.6 ppm (4e), respectively. The latter values fall into
the range of N-alkylated phenyltetrazoles®® for which labile
N—B-coordination was established. Oxadiazole 4g is only mar-
ginally soluble in THF but shows an ''B chemical shift of
13.1 ppm in DCM, in the same range as 4b and 4e. Compound
4h exhibits the most downfield ''B chemical shift of 67.1 ppm
among the synthesized oxadiazoles. A value in this range
suggests a purely three-coordinate boron center like Mes;B
(79.0°° ppm) or BPh; (60.2°" ppm).”® Therefore, N—B inter-
actions do not occur in 4h.

Single crystals suitable for X-ray diffraction analysis were
obtained for oxadiazoles 4a, 4b, 4c, and 4f. The crystals were
grown either by diffusion of n-pentane into THF solutions or
by slow evaporation of THF solutions. The structures show that
all four compounds adopt closed N—B-coordinated geometries
in the solid state (see Fig. 4). As a result, the n systems are
almost planarized with torsion angles between the oxadiazole
and the PhBMes, unit of 4.5° (4a), 5.1° (4b), 3.8° (4¢c) and 5.6°
(4f). Curiously, unlike the ''B chemical shift, the experimental
bond lengths do not correlate with the substituents on the
phenyl ring. With respect to the N—B bond lengths, 4a
(1.642(3) A) and 4b (1.642(2) A) form comparatively shorter
bonds, while those in 4c¢ (1.667(5) A) and 4f (1.671(2) A) are sig-
nificantly longer. The bond lengths in 4a and 4b are compar-
able to those in N-benzyl-tetrazole-derivative 6, 5 (1.643(8) A,
Chart 1),>° while those in 4c and 4f are far longer than the
N—-B-bonds in the structurally closely related triazole-based
boranes 5a (1.632(2) A), 5d (1.638(4) A) and 5i (1.630(3) A).*”
This broad variation stands in contrast to the bond lengths in
the computed structures, which correlate very well with the
Hammett parameter o (see “s” in Fig. 3, R* = 0.957). At first
glance this correlation in itself might just be a reflection of a
systemic error. However, for the structurally closely related
type 5 boranes® linear correlations (see Table 2, see also

4
p
)

’ [(

Fig. 4 Crystal structures of oxadiazoles 4a (A), 4b (B), 4c (C) and 4f (D);
ellipsoids are shown with 50% probability; hydrogen atoms have not
been shown for clarity.

This journal is © The Royal Society of Chemistry 2026
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“ para-Hammett parameter, see ref. 89 4e: 6 = 2 x o,(CF;) = 0.86. ® Experimental ''B NMR shifts measured in THF-dg. © Experimental N—B-bond lengths derived from crystal structures. “ N—B-bond

lengths in the simulated structures. ¢ Level of theory M06-2X/TZVP./ AG of the open vs. closed conformations in the neutral boranes and radical anions respectively. ¢ Fluoride ion affinities vs. both open

and closed conformers. The lower FIA corresponds to the more stable conformer. See the text for details. % 4g: Does not apply. 4h: 5-CF;-oxadiazolyl. See Scheme 4 for structures. ' Recorded in CD,Cl,.
J [open/open] vs. [closed/closed).  [open/open] vs. [closed/open). ' 4g~" [open/open] vs. [closed|closed). ™ 4g™? singlet, [open/open] vs. [closed/closed). " FIA of 4g: [(F—B)/closed] vs. [open/open]. ° FIA of 4g:

[(F—B)/closed] vs. [closed/closed]. ? Not synthesized. Only included in the DFT survey. ¢ Ref. 43 reported 444 kJ mol™" for this compound using BP86/SV(P). " Data for triazoles adopted from ref. 57.
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Fig. S58 in the SI) were found for both computed and experi-
mental N—B-bond lengths, even though the calculations sys-
tematically overestimated the N-B-distance. We therefore ten-
tatively attribute the large deviations to packing effects in the
solid state.

The rotational barrier around the Cyes—B bond could also
be determined for compound 4a using variable temperature
NMR spectroscopy (see Fig. S17 in the SI), whereby a coalesc-
ence temperature for the aromatic mesityl signal of 242 K was
observed, corresponding to AG¢ = 47.7 + 0.3 k] mol ™", which is
in a range similar to those for tetrazole-based N—B-ladders.*”

Electrochemical properties

The electrochemical properties of the oxadiazoles were
checked by cyclic voltammetry (CV) and square-wave voltam-
metry (SWV) (see section 2.5 in the SI). CV allowed classifying
the irreversibility/reversibility of electrochemical reduction pro-
cesses, while the first peak potentials observed in the SWV
served to calculate the energies of the lowest unoccupied mole-
cular orbitals (LUMOs) (E;ed; see Fig. S40 and S47 in the SI).
The acceptor substituted compounds 4d, 4e, 4g and 4h exhibit
higher electron affinities than the parent borane 1 [E;ecl =
—2.22 V vs. FcH/FcH', Eyypo = —2.88 eV), with 4d showing the
highest electron affinity at —1.38 V (Erymo = —3.72 eV).
Boranes with electron-rich (4a and 4c) or neutral (4b and 4f)
substituents provide electron affinities that are lower than or
comparable to that of borane 1, respectively.

All oxadiazoles show only irreversible reductions (see
Fig. $39), with the exceptions of 4e and 4g, which show quasi-
reversible reductions at —1.99 V and —1.84 V (vs. FcH/FcH"),
respectively. Only one reduction could be observed for com-
pounds 4a, 4c, 4g and 4h. These reduction events are pre-
sumed to involve the empty p-orbital on boron.>”*® For the
other oxadiazoles, between two (4b, 4e, 4f) and four reductions
(4d) were detected. The two-fold reduction of 4b may be
caused by electrochemical dechlorination®® and subsequent
reduction of the defunctionalized borane, whereas the two-
fold reduction of 4e and 4f is deemed to be a combination of
reduction at the boron center and injection of an electron into
the 5-aryl-oxadiazole n-system. The first reduction of 4d (-1.38
V vs. FcH/FcH") is likely associated with a redox process cen-
tered on the nitro group since the potential is in the typical
range of nitro-arenes.”® The origin of the other processes is
unclear but may involve reduction at the boron center, injec-
tion of electrons into the 5-aryl-oxadiazole z-system or reduc-
tive degradation of the nitro group.

Optical and electronic properties

To characterize the optical properties of the boranes, absorp-
tion and fluorescence spectra were recorded in DCM solution
(see Fig. 5A and B). All boranes exhibit absorption maxima
between 292 and 325 nm accompanied by a shoulder band
towards longer wavelengths. The underlying longest wave-
length absorption band (4.,.,) that gives rise to the shoulder
was derived for all compounds by Gaussian deconvolution of
the experimental spectra (see Table 3 and Fig. S3-510 in the
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Fig. 5 UV-vis absorption (A) and fluorescence (B) spectra of the oxadia-
zoles. Recorded in DCM.

SI). Its intensity relative to the main band varies significantly.
We were able to conclude that A, is associated with elec-
tronic transitions involving the empty p,-orbital on boron in
open, non-N—B-coordinated conformers, as it is suppressed in
the presence of strong nucleophiles (see below). An exception
to this is 4d wherein the strongly accepting NO, group rather
than the BMes, group dominates the optical properties. 4h
shows the lowest energy Am.x (385 nm/3.25 V) followed by 4g
(369 nm/3.36 eV) and 4d (362 nm/3.43 eV), while the remain-
ing boranes show values within +0.05 eV of the parent borane
1 (346 nm, 3.58 eV), with the notable exception of the more
electron rich 4a (338 nm/3.67 nm).

With the exception of the NO,-functionalized oxadiazole 4d,
all oxadiazoles synthesized here exhibit fluorescence with emis-
sion maxima between 430 nm (4h) and 544 nm (4g). Compounds
4a through 4g show quantum yields of 33-35% with large Stokes
shifts between 6480 cm™" (4a) and 6542 cm™" (4e). 4h constitutes
an exception with a @ value of 4% and a much smaller Stokes

Table 3 Summary of the optoelectronic properties of oxadiazoles 4a—4h
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shift of 2922 cm™. The latter may be readily explained by the
smaller molecular size of 4h, which consequently allows for less
charge redistribution upon excitation.

Anion binding

Tricoordinate boron centers can bind various nucleophiles
such as fluoride or cyanide anions.’”**7%%° To investigate the
influence of anion binding on the optical properties in more
detail, absorption and emission spectra were recorded after
the addition of an excess of tetrabutylammonium fluoride
(TBAF) and tetrabutylammonium cyanide (TBACN) as fluoride
and cyanide sources, respectively (see Fig. 6). With the excep-
tion of oxadiazole 4d, all oxadiazoles in the survey show a blue
shift in the absorption that corresponds to a suppression of
the Amax band. We attribute this to the binding of the anions
to the boron center, because the empty p,-orbital contributes
strongly to the LUMO of all open-conformers except 4d-open
(see Fig. S51 to S53 in the SI). The LUMO is bound to partici-
pate in the lowest energy excitation. Consequently, binding of
nucleophiles makes this electronic transition inaccessible.
This is corroborated by experimental data on 4d: here, the
main absorption band is suppressed in the presence of
anions, but the onset remains unaffected. Orbital plots show
that the p,-orbital contributes only to the LUMO+1 of 4d-open.
Binding of nucleophiles is therefore expected to affect a higher
energy transition, not the A,.-band.

The nature of the anion does not seem to have a significant
influence on the absorption properties of the oxadiazoles, as
can be deduced from the very similar spectra of the fluoride-
and cyanide-bound oxadiazoles.

Compound B @2 ] LUMO® [eV] Amnax” [NM] Jonset [NM] B ¢ [ev] Jem [NM)] Stokes shift/ [em™] @ [%)]
CN —2.22r —2.88 346 385 3.22 446 6480
4a —2.41i -2.70 338 367 3.38 463 7988 34
4b —2.251 -2.85 342 372 3.33 475 8187 33
—2.361
4c —2.43i —-2.67 345 366 3.39 459 7199 34
ad —1.38qr -3.72 362 380 3.26 — — —
—1.63qr
—1.90i
—2.371
4e —1.96r -3.14 348 378 3.28 521 9542 n.d.
—2.561
af —2.24i —-2.86 349 371 3.34 470 7377 35
—2.81i
4ag —1.85r -3.25 369 397 3.12 544 8718 n.d.
4h —2.09i -3.01 382 408 3.04 430 2922 4
5a’ —2.64r —2.46 330 360 3.44 380 3990 1
5¢” —2.63r —-2.47 350 379 3.27 384 2530 2
5d" —1.52r -3.58 360 417 2.97 — — n.d.
56}'1 —2.19r -2.91 330 386 3.21 — — n.d.
Galv —2.58 314 352 3.52 444 9325 93
6b’ —2.66 337 353 3.51 n.d. — —

“ peak-potential determined via square-wave-voltammetry in THF with 0.1 M [NnBu,][PFe], scan speed 0.1 V s™*. ? Ir-/reversibility determined via
cyclic voltammetry, scan speed 0.2 V s~ © Relative to the LUMO energy of ferrocene (=5.1 eV).* ¢ Derived by deconvolution. See section 2.3 of the
SI. ® Derived from Agpget./ Derived from Apay and Aep. $ Measured with an Ulbricht-integrating sphere. "Data adopted from ref. 57. ‘ Data adopted

from ref. 59.
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Fig. 6 Normalized absorption and emission spectra of the synthesized oxadiazoles without and with the addition of an excess of TBAF or TBACN.

Recorded in DCM.

The situation is somewhat different with regard to the fluo-
rescence behavior. For most compounds (4a, 4b, 4e, 4f and
4h), the fluorescence intensity is partially (4a, 4e, and 4h) or
fully suppressed regardless of the involved nucleophile (see
Fig. 6).

In contrast, in the case of the OMe-substituted oxadiazole
4c, the addition of TBAF and TBACN leads to a blue shift of
the emission from 459 nm to 351 nm (see Fig. 6). However,
while TBAF effects a partial suppression of the emission,
addition of TBACN leads to a significant increase in emission.
The most interesting behavior has been observed for 4g: here,
complete fluorescence quenching is observed upon addition
of TBAF, whereas a blue shift of the emission from 544 nm to
486 nm occurs upon addition of TBACN (see Fig. 6). This
means that oxadiazoles 4c and 4g are generally suitable to
serve as fluorescence-based anion sensors. For 4c the fluo-
rescence spectra of the pristine borane and of the F~'-satu-
rated species (4c¢-F) form an isosbestic point at 395 nm, while
the emission intensity after addition of TBACN is more intense

This journal is © The Royal Society of Chemistry 2026

at this wavelength. Consequently, selective detection at this
wavelength allows discrimination between CN~ and F . A
similar approach is possible for 4g. Below 504 nm the fluo-
rescence of 4g-CN is more intense than that of 4g, while F -
addition quenches the emission altogether. At ca. 408 nm the
residual fluorescence of 4g and 4g-F reaches barely above the
background, while the emission from 4g-CN is significantly
more intense.

Comparison of tetrazole-N— B-systems.
Previously published triazole-based boranes either included
two Mes,B functionalities®® or bore an electron-donating
methoxy substituent on the borylated ring (5a, 5c-e, ‘type 5,
Chart 1B),”” while tetrazoles were invariably equipped with
non-conjugated substituents on the heterocycle (6,,5/65, ‘type
6’, Chart 1C). Direct comparisons therefore need to be
approached with caution. Type 4 systems show higher electron
affinities (E;ed) than type 5 and type 6 systems. However, for
type 5 systems this may be due to the Ome group, which is not
directly conjugated to the Mes,B group but nevertheless

triazole- and
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donates electrons to the n-system as a whole. For N-alkyl-sub-
stituted type 6-boranes, no equivalent exists in the current
dataset. The optical gaps of type 4 and type 5 boranes are com-
parable and thus do not reflect a more effective conjugation.
Again, this may be due to a donor-acceptor interaction
between the Ome group and the electron poor triazole ring.
Type 4 boranes exhibit larger Stokes shifts (4, vs. 5, and 4. vs.
5.), which points towards more pronounced intramolecular
charge redistribution or conformational changes but this is
not the case.

Computational studies

Structure and conformation. In addition to the experimental
studies, DFT simulations of the oxadiazoles were carried out.
The geometry-optimized molecular structures show N—B bond
lengths between 1.652 A (4c) and 1.667 A (4h), which are
longer than the simulated bond lengths of the phenylpyridines
(1.646 A-1.649 A ®°). Oxadiazoles with electron-donating substi-
tuents show shorter N—B bond lengths (4a: 1.652 A, 4c:
1.652 A, 4f: 1.652 A) than compounds with electron-withdraw-
ing substituents (4d: 1.657 A, 4e: 1.659 A, 4h: 1.667 A). These
results are consistent with the experimental ''B chemical
shifts, which suggest a higher electron density at the boron
center for the more electron-rich substituents.

Furthermore, we compared the energies of the open and
closed N—B-coordinated conformers. The correlation of the
Gibbs free energies indicates that the substituents on the oxa-
diazole regulate whether a closed N—B-coordination is favored
over an open conformation (see Table 2). Boranes bearing
strong acceptors (4d: AG,. = —11.8 k] mol™*, 4e: —18.3 KJ
mol ™, 4h: —12.5 k] mol ™) favor the open conformations. This
may be attributed to the lower basicity of the oxadiazole-nitro-
gen due to the electron withdrawing functional groups. The
reduced energetic gain from the N—B coordination cannot
overcome the increased steric crowding around the tetrahedral
boron center. Donor-substituted oxadiazoles (4a: AG,,. =
+4.9 k] mol™, 4¢: +1.8 kJ mol™", 4i: +7.4 k] mol™") slightly
favor the closed conformation. The effect is not large, however,
and lies within a range of thermally accessible states at
ambient temperature. The open and closed conformers of all
compounds can therefore exist in dynamic equilibrium.

The conformers of the compounds introduced herein cover
a slightly broader energetic range of about 25 k] mol™ (+7 kJ
mol ™" to —18 kJ mol™") - comparable to similarly labile N—B
coordinating tetrazolyl-*> (+2 to —16 k] mol™") and triazolyl-
functionalized®*® (0 to —20 kJ mol™") boranes. This may be
due to the more direct conjugation to the functional group but
could equally be caused by subtle differences in the coordi-
nation chemistry of oxadiazoles.

Radical anions. To link the molecular structures with the
electrochemical properties, we also modelled radical anions of
the open and closed conformers (Table 2). This study showed
the almost exactly inverse correlation as the neutral boranes:
in the reduced state, systems with strong acceptors (4d™?,
4e™") strongly favor the closed conformation. This can be
explained by a comparison of the lowest unoccupied orbitals
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(LUMOs) of the neutral boranes (see Fig. S48-S51 in the SI)
and the spin density plots (SDPs) of the radical anions (see
Fig. S53 and S54 in the SI): both the LUMOs and SDPs of the
open conformers generally show strong contributions from the
empty p,-orbital on boron, whereas the closed conformers
exhibit extended delocalization throughout the planarized
n-system. The electron rich or neutral systems (4a, 4b 4c, 4f, 4i)
slightly favor open™ (3.4 to —13.7 k] mol™") in rough corre-
lation with the donor strength of the functional group.
Therefore, interaction with the electron rich donor-substituted
n-system is avoided. In contrast, the presence of strong accep-
tors (4d, +45.3 k] mol™"; 4e, +28.4 kJ mol™") strongly favors
closed conformers wherein the interaction between the func-
tional group and the n-system seems maximized.

The situation is somewhat special in the diborylated 4g.
The neutral borane slightly favors a closed/open (—5.3 k]
mol™') or open/open (—11.6 k] mol™") conformation over a
closed/closed arrangement. This trend is amplified in the
radical anion 4g™" (=69.9 kJ mol™!) which in the open/open™
conformation benefits from stabilization by one empty p,
orbital and delocalization across both oxadiazole rings in the
wider n-system. In contrast, for the singlet dianion 4g~> the
open/open*-conformation is strongly disfavored (+101.3 kJ
mol™"). While the HOMOs of both the open/open™ and the
closed/closed ?-conformers involve delocalization across the
whole n-system (see Fig. S52 in the SI), the closed/closed? con-
formation shows an evidently more effective conjugation
across the planarized ring system.

Compared to other N—B-compounds, the range of ener-
getic de-/stabilization of the closed conformers is broader for
the oxadiazoles investigated herein compared to tetrazoles (2,
Scheme 2°°) but much weaker than in pyridine-based
compounds.®®

Origin of optical properties. To elucidate the origin of the
optical properties of the boranes, time-dependent DFT
(TDDFT) calculations were performed at the MO06-2X/Def2-
TZVP level with the PCM solvent model and dichloromethane
as the solvent. The obtained electronic transition allowed the
generation of UV-vis-absorption spectra that are in qualitative
agreement with the experimental data (see Fig. S55 and S56
and Tables S6 and S7 in the SI). According to the calculations,
the lowest energy transitions in open conformers generally
involve a charge transfer from an electron rich m-orbital
(HOMO or HOMO-1) towards the empty p.-orbital on boron,
which generally dominates the LUMO except when the very
strongly electron-withdrawing -NO, group is present (4d). In
that case, the p,-orbital contributes to LUMO+1.

The HOMO and HOMO-1 tend to be delocalized across the
mesityl rings attached to boron, unless strong donors like
-NMe, (4i), -OMe (4c) or —Ph (4f) are present. Presumably, the
very electron poor oxadiazole ring also lowers the frontier
orbital energies of the n-system across the conjugated neigh-
boring phenyl rings and thereby leaves the more electron rich
mesityl rings to dominate the highest occupied orbitals. This
effect is partially compensated for by donor-acceptor conju-
gation in 4i, 4c and 4f. Because of the very limited spatial

This journal is © The Royal Society of Chemistry 2026
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overlap, the intensity of this transition - as indicated by the
oscillator strength f - is expected to be very low (f = 0.036 (4i)
to 0.125 (4d)).

The lowest energy transitions in closed conformers always
involve a charge transfer from the mesityl groups towards m*-
orbitals delocalized across the Ph-oxadiazole-Ph-r-system
Apparently, the stronger +I-effect of the tetrahedral boron
center makes the Mes groups much more electron rich. Only
the strong donor -NMe, leads to marginal conjugation across
the Ph-oxadiazole-Ph-rn-system in its HOMO.

The lowest energy transitions in most open conformers are
0.1 to 0.24 eV lower in energy than in closed ones, but elec-
tronic coupling seems more efficient in closed conformations,
with f being between 2x (4e) and 34x (4i) higher than those in
the corresponding open conformers. This corroborates the
assumption that the longest-wavelength shoulder band in the
absorption spectra originates from the open conformers.

Fluoride ion affinity (FIA). To further assess the Lewis
acidity of the individual boranes, the fluoride-ion affinities
(FIAs) were calculated at the M06-2X/TZVP level in the gas
phase according to the following model reaction (see Table 2
for results).

[Borane] + F~! — [Borane-F| " (1)

Included in the survey were the oxadiazole-containing
boranes 4a through 4i, along with Mes;B, Mes,BPh, MesBPh,,
BPh;, and B(C4¢Fs); to provide a frame of reference. For
boranes 4a through 4i, the FIAs - expressed as —AG of the
model reaction in k] mol™" -were computed for both open and
closed forms. For the subsequent discussion the lowest FIA of
the two is considered the most relevant because it represents
the transition between the most stable neutral conformer and
the [Borane-F] '-complex.

The four reference boranes cover an FIA range from
287.7 k] mol™ for Mes;B to 331.8 k] mol™* for BPh; and
471.4 kJ mol™" for B(CcFs);. From Mes;B to BPh; the Lewis
acidity increases because the Mes groups are successively
replaced by the less sterically shielding and less electron rich
phenyl rings. Still, BPh; is rated as only moderately Lewis-
acidic, while B(C¢Fs); is a benchmark for strong Lewis acids.

The FIAs of the synthesized boranes cover a range from
302.5 ] mol™" (4a) to 359.5 k] mol™" (4d). Borane 4i, which
could not be accessed via the described route, gave a lower FIA
of 294.1 k] mol ™.

To put these results into perspective, while 4a-4h can be
regarded as more sterically crowded than Mes,BPh, they all
exhibit FIAs equal to (4a) or higher than that of this reference
compound. The FIAs of the acceptor substituted 4d (359.5 kJ
mol ") and the bifunctional 4g (345.1 k] mol™") even exceed
the FIA of BPh;. While even 4d and 4g must still be regarded
as only moderately Lewis-acidic, these results indicate that the
chemical transformation reported herein allows incrementally
varying the Lewis acidity of a given borane precursor over a
very broad range, even in the presence of other highly sterically
shielding substituents on boron.

This journal is © The Royal Society of Chemistry 2026
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Conclusion

In summary, we reported the conversion of a tetrazolyl-functio-
nalized borane precursor into a series of eight boranes bearing
oxadiazolyl groups with chemically and electronically diverse
substituents. The molecular structure allows for intra-
molecular N—B coordination and provides full conjugation
between the boron center and the peripheral substituents.

A full characterization study of the optical, electrochemical
and electronic properties, both experimentally and by DFT cal-
culations, showed that the borane exhibits dynamic N—B
coordination with open and closed conformers of most
boranes existing in dynamic equilibrium. "'B NMR indicates
that only systems with the strongest acceptor (4h, 5-CF;-func-
tionalized  oxadiazole) adopt the open
conformation.

Our most intriguing find is that the fluorescence behavior
in particular varies drastically among the individual com-
pounds in the presence of strong nucleophiles (F~, CN7).
While differing degrees of fluorescence quenching are
observed in most cases, 4c (4-OMe-phenyl) and 4g (bifunc-
tional) exhibit fluorescence shifts and selective enhancement
upon binding to CN™.

These results show that the synthetic strategy would offer a
versatile synthetic route to libraries of tailored dyes, fluo-
rescent sensors and Lewis acids.
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