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Tetrazole-Functionalized Organoboranes Exhibiting
Dynamic Intramolecular N—B-Coordination and Cyanide-

Selective Anion Binding

Jonas Schepper,” Andreas Orthaber,” and Frank Pammer*®

Starting from two different cyano-functionalized organobor-
anes, we demonstrate that 1,3-dipolar [3 + 2] azide-nitrile cyclo-
addition can serve to generate libraries of alkyl-tetrazole-
functionalized compounds capable of intramolecular N—B-
Lewis adduct formation. Due to the relatively low basicity of
tetrazoles, structures can be generated that exhibit weak and
labile N—B-coordination. The reaction furnishes 1- and 2-
alkylated regio-isomers that exhibit different effective Lewis-

Introduction

The exploitation of intramolecular dynamic processes is of
increasing interest in current chemical research.? For instance
hemilabile coordination of chelating ligands to transition 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 lies is
their large structural variety and that gives rise to a broad range
of physical and electronic properties. Recently, the introduction
of main group elements is being investigated intensively in
materials science and organic electronics to access new
structural scaffolds and to exploit unusual electronic effects.”
Introduction of boron®'® has attracted particular interest in this
regard as it can be incorporated in either the tri-"*""'¥ and
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acidities at the boron centers, and vary in their optical
absorption and fluorescence properties. Indeed, we identified
derivatives capable of selectively binding cyanide over fluoride,
as confirmed by "B NMR. This finding demonstrates the
potentialities of this synthetic strategy to systematically fine-
tune the properties of lead structures that are of interest as
chemical sensors.

tetracoordinate™? form, which gives rise to different elec-

tronic and chemical properties.

Tricoordinate boron centers in pendant groups or
embedded within m-systems®" lead to a lowering of the
Lowest Unoccupied Molecular Orbital (LUMO) and hence
increased electron affinity, due to conjugation with their p*
orbital. Compounds featuring intramolecular N,C*-chelated
tetracoordinate boron,?3*! also exhibit increased electron
affinity, and have therefore been considered as electron-trans-
porting (n-type) materials.”>?* Recently, they have attracted
growing interest, due to promising results in organic light
emitting devices,*® n-channel organic field effect transistors,”
and organic photovoltaic cells.”**?" and have been used to
generate compounds with helical topology,“®=>"

A key limitation in the exploration of organoboranes is the
limited choice of methods for their preparation. Most com-
monly used are step-wise metalation.?**3°1%¢ and electro-
philic C—H-borylation.®”*® Hydroboration of suitable substrates
can also yield a broad range of N—B-heterocycles.®**

Recently we developed strategies for the synthesis of N—B-
heterocycles by building-up the N-heterocyclic component
through cycloaddition-reactions. We found that both 1,3-dipolar
[3 +2] azide-alkyne cycloaddition®”*® and cobalt-mediated [2 +
2+2] cycloaddition between nitriles and alkynes®® are highly
efficient tools for the preparation of electronically and structur-
ally diverse N—B-ladder boranes.

In this paper we report the synthesis of N—B-ladder
boranes through generation of tetrazoles through 1,3-dipolar
[3+2] azide-nitrile cycloaddition. An intriguing feature of
triazole-containing ladders generated through azide-alkyne
cycloaddition is that the N—B-coordination is weak, and the
system therefore exists in dynamic equilibrium with its con-
former (Scheme 1). Labile coordination in N—B rings has also
been observed in sterically congested systems,”® or strained
systems,”"’? when the Lewis acidity at the boron center is
reduced,” or when weaker Lewis bases such as ethers”” or

[19,30-33]
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Scheme 1. Electronic effects in closed ladder boranes and open tricoordinate
boranes. D: Lewis basic donor atom.

carbonyl moieties” are introduced, and if the formation of

seven-membered N—B-"% and O—B-rings”"’® is required.

Labile D—B- coordination (D: N, O, P, donor atom) can have
a strong influence on the electronic properties of a given zn-
system (Scheme 1). In the closed, D—B-conformation, the z-
system is planarized (®~0°), and conjugation along the back-
bone is more effective. Also, the electron-rich tetracoordinate
boron center acts as an inductive electron donor towards its
carbon substituents (41) and towards the n'-ring, while at the
same time exerting an electron withdrawing effect (—I) onto
the donor atom (D) in the n*ring. In the open conformation,
the empty p,-orbital on boron exerts a strong electron with-
drawing mesomeric effect (—M) on the =-system, while
conjugation along the backbone is less efficient due to
increased torsion (I®1>0°). Furthermore, in the open conforma-
tion the boron center can act as Lewis acid that can bind
nucleophiles (Nu—B). This latter property of organoboranes has
been exploited to develop chemical sensors for various
anions.”® |n this report, we demonstrate that 1,3-dipolar
[3+2] azide-nitrile cycloaddition can serve to generate com-
pounds capable of labile intramolecular N—B-coordination and
with vastly differing electronic and optical properties.

Results and Discussion
Synthesis and Structure

In this work we report the modification of two Mes,B-
functionalized arylnitriles (Mes=Mesityl, 2,4,6-trimethylphenyl)
— the previously reported ortho-borylated benzonitrile B1°” and
the 1,8-functionalized naphthonitrile N1 (Chart 1), which is
newly introduced herein. N1 was prepared in 2 steps starting
from 1-naphtonitrile with an overall yield of 22 % (see electronic

supporting information, ESI, for details).
Mes,B CN Mes,B  CN

B1 N1

Chart 1. The boranes used as starting materials in this survey.

N1 shows an chemical shift of in "B NMR of 71 ppm, in the
typical range for tri-aryl boranes (B1: 76 ppm™®). The Lewis-
acidities of N1 and B1 were assessed by determining their
acceptor numbers (AN) according to Gutmann and Becket®'-*
- i.e. via the *'P NMR response of Et,P=0 to the presence of the
respective borane - according to the empirical formula.
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AN = 2.21 x (6(*"Pgapo_s) — 41)

This experiment gave AN-values of 15.3 for B1 and 14.7 for
N1 (for *'P NMR data see Figures ST and S2 in the ESI). Both
compounds therefore exhibit approximately equal Lewis acidity
and are significantly less Lewis acidic than e.g. Ph;B (AN
~65),%¥ but are rather comparable to boric acid esters B(OR;)
(12 to 24).B"

Single crystals of N1 suitable for crystallographic analysis by
X-ray diffraction were obtained by slow evaporation of a THF
solution. The resulting crystal structure shows the presence of a
trigonal planar boron center. The both the BMes,- and the CN-
moiety are bent out of the naphthyl-plane (torsion B—Cg—C,—CN:
25.4°) due to the steric pressure of the mesityl substituents (see
Figure 1). This brings boron and the nitrile carbon atom 0.573 A
above and 0.234 A below the naphthyl-plane, respectively. The
crystal structure of B1 has already been reported elsewhere.*”

B1 and N1 served as starting materials for the preparation
of a series of alkylated tetrazoles via a two-step-one-pot
procedure (Scheme 2). The cyano-groups of both boranes can
be converted into tetrazoles via a silver-mediated dipolar
[3 +2]-cycloadditon.® The initially formed sodium salts (B2,
N2) were alkylated in situ to yield the final products.®® Aqueous
workup of B2 also allowed isolation of the unsubstituted
tetrazole B3 in 86% yield. Subsequent alkylation of B3 is also
possible. However, the one-pot procedure provided much
higher yields.

Alkylation of B2 with sterically unhindered propyl- and
benzyl-bromide generally yields a mixture of the 1- and 2-alkyl-
tetrazoles in an approximate 1:1 ratio and a combined yield of
65-70% (B4a/b; B5a/b). Alkylation with 1-bromomethylpyrene
furnished only the 2-alkyl-product B6b in a much lower yield of
23%. Conversion of the sterically more hindered N1 with
propyl- and benzyl-bromide almost exclusively yielded the 2-
isomers in 20-30%. Still, the isolation of N4a in 2% yield shows
that this regio-isomer can also form. All compounds were
characterized by NMR and high-resolution mass-spectrometry.
The regio-structure of all isomers was confirmed through the
distinctive chemical shift of the tetrazole carbon in *C NMR (see
Figure S7 in the ESI) and 'H NOE-NMR (see Figures S3 through
S6 in the ESI), as well as through solid state structures of B5a,
B5b and N4b obtained via single-crystal X-ray diffraction (see
Figure 2 and Section 2.2.4 in the ESI).
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Figure 1. Crystal structure of compound N1. Top-down (A) and side-view (B).
Ellipsoids shown at 50% probability level. Hydrogen atoms are omitted for
clarity.
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Scheme 2. Syntheses of tetrazole-functionalized boranes.
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Figure 2. Crystal structures of compounds B5a (A) and B5b (B) and N4b (C);
Ellipsoids shown at 50 % probability level. Hydrogen atoms are omitted for
clarity.

"B NMR indicates chemical differences in the N—B-
coordination (Table 1, see also Figure S8 and S9 in the ESI). The
1-substited B-boranes show chemical shifts below 5 ppm (B4a:
1 ppm; B5a: 3.6 ppm both in THF), in the typical range of
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tetracoordinate boron (=5 to +10 ppm).2? Contrarily, 2-
substited B-boranes exhibit signals between 15 and 20 ppm
(B4b: 17 ppm; B5b: 21 ppm; B6b: 18.7 ppm, all recorded in
THF). These latter values lie outside the typical ranges of
tetracoordinate boron® but are still much lower than expected
for triaryl boranes (60-90 ppm),*”®® which indicates weak or
labile N—B coordination. This observation would agree with
the lower base strength of 2- over 1-alkyl tetrazoles.”™

In the N-boranes, tighter N—B-coordination is observed, as
indicated by the upfield shifted ''B NMR signals (5~-2 ppm).
This conjecture is further corroborated by DFT calculations
(Table 2, Scheme 3): A comparison of simulated structures of
open (non- coordinated) and closed (N—B-coordinated) con-
formers consistently shows that closed geometries are highly
favorable (AG,,.~ +32 to + 38 kJ/mol) for N-boranes, while 1-
alkylated B-systems are close to thermo-neutral, and 2-alkylated
B-boranes favor open structures. For 1-alkylated B-boranes the
energetic differences between open and closed is low - ranging
from +7.3kJ/mol for N4a to —7.2kJ/mol for B5a. Both
conformers can therefore exist in dynamic equilibrium at
ambient temperature. The 2-alkylated B-boranes (i.e. the “b”
derivatives) can coordinate either via nitrogen atom N1 or atom
N4. However, coordination via N1 is highly disfavored over N4-
coordination by +25-40 kJ/mol (see Table 2, “AG,,. via N1” vs
"AG,,. via N4").

The computed energetic differences between different
conformers of B5a and B5b helps to explain why B5a adopts a
closed geometry in the solid state, while B5b assumes an open
one. The slightly unfavorable N—B-coordination of B5a (AG,,.=
—7.2 kJ/mol) can be compensated by packing effects, while for
B5b (AG,,.=—15.7 ki/mol) this is not the case anymore.

In order to determine the strength of the rotational barriers
variable temperature NMR (VT-NMR) experiment have been
performed with compounds B4a, B4b, B5a, and B5b (see
Figures S14-516). At lower temperature, the 'H NMR reveals the
splitting of the signal of the aromatic mesityl protons into two,
and later four signals. We assign this splitting-up to the slowing
of the rotation around the Cy.,—B bond. The coalescence
temperatures (To) of 232 K (B4a), 234 K (B4b), 240 K (B5a), and
248 K (B5b) have been determined which correspond to rota-
tional barriers of between 45.4 and 48.5 kJ/mol.

These values only correspond to the rotation of the mesityl-
groups. However, rotation around the Cy..—B-bond is expected
to be much less hindered in the open conformation, because of
reduced steric crowding around B and a generally lower rigidity
of the molecular. To assess the barrier of the actual aryl-

4N\ R R
1-alkyl: —(ON > R\O,R
5 B
\ AN 0
R ?j'\ll AGo N-N
4“"61 :< N o N\';
2-alkyl: ‘" closed R open

Scheme 3. Numbering, coordinating atoms, and open and closed con-
formers.
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Table 1. Electrochemical and optical properties of the synthesized boranes.
Compnd. E,rt! LUMOSE! Amnax® Aonset E P Xem Stokes shift' ol "B-NMRY
Yl [eV] [nm] [nm] [eV] [nm] [em™] [%] [ppm]
B4a —2.58 —2.52 314 352 3.52 444 9325 93 1.0
B4b —2.66 —2.44 337 353 3.51 n. d. - - 17.0
B5a —2.47 —2.63 312 357 3.47 454 10025 97 3.6
B5b —2.39 —2.71 336 354 3.50 n. d. - - 21.0
B6b n.d. n.d. 346 381 3.25 377, 396, 2377 2 18.7
418, 446
N3b —2.56 —2.54 360 392 3.16 n. d. - - —-1.7
N4b —2.43 —2.67 363 393 3.16 n.d. - - -1.7
N4a n.d. n.d. n.d. n.d. n. d. n.d. n.d. n.d. —24
¢ peak-potential relative to FcH/FcH™, determined via Square-Wave-Voltammetrie in THF with 0.1 M [NnBu,][PF], scan-speed 100 mV/s;® LUMO-Energy
relative to Ferrocene (—5.1 eV);*” 9 Longest wave-length absorption maximum. Shoulder bands determined by Gaussian deconvolution; See ESI for
details;"” Derived from the absorption onset;'® Derived from A, and A.;"’ Measured with an integrating sphere;'®’ Recorded in THF-ds.

Table 2. Overview over computational results.

Com- dy_s® AG,, " dy_g® AG,, ™ dy_g? FIA® [kJ/mol] Charges in open conformers'®
pnd. via N4 via N4 via N1 via N1 XRD
vs. open vs. N4-closed Mulliken APT
[A] [ki/moll  [A] [ki/moll  [A] kJ/mol] kJ/mol] Tetra- B Tetra- B
zole-C zole-C

1 B4a 1.657 1.6 326.9 3253 —-0.167 —0.055 0.388 1.118
2 B4b 1.683 -89 1.691 —40.9 300.3 309.2 —0.201 —0.142 0.298 1.114
3 B5a 1.654 —-7.2 1.643(8) 318.2 3254 —-0.210 —0.068 0.406 1.128
4 B5b 1.682 —15.7 1.684 —42.2 286.0 301.6 —0.281 —0.095 0.295 1.1
5 B6b 1.666 —-10.7 1.696 —34.8
6 N3b 1.639 31.6 1.651 -1.9 287.2 255.6 —0.190 0.031 0.334 1.142
7 N4a 1.627 73 298.8 291.5 —0.124 —0.059 0.442 1.146
8 N4b 1.645 375 1.651 —-04 1.637(1) 276.4 238.9 —0.215 0.020 0.34 1.125
9 Mes;B 287.7 —0.411 1.139
10 Mes,BPh 301.8 0.103 1.165
11 MesBPh, 309.4 0.295 1.172
12 BPh, 331.8 0.545 1.212

' N—B-bond lengths in simulated structures. ® AG of open vs. closed conformations; “ Tetrazole-nitrogen coordinated to boron; ¢ Experimental bond
lengths from crystal structures. ' Fluoride ion affinities. Values for entries 1-8 calculated against the most stable conformer. See text for details. ” Summed

into heavy atoms.

tetrazole rotation, the rotation around this bond has been
simulated by DFT calculations of methyl-capped models of B4
(B4a’ and B4b’). The 360°C scan gave two barriers of 25-30 kJ/
mol for the 2-akylated borane B4b’, which is low enough to
allow full rotation of the tetrazole ring. For the 1-akylated
compound B4a’ two barriers of 30 kJ/mol and almost 75 kJ/mol
were found at 336 and 162°, respectively. The higher barrier
corresponds to the 1-methyl group being forced past the
Mes,B-group and effectively blocks full rotations. The system
could still oscillate over a roughly 300° range via the lower
barrier.

Chem. Eur. J. 2024, 30, 202401466 (4 of 8)

Optical and Electrochemical Properties

The optical gaps of the B-tetrazoles (E;°*~3.5 eV, Table 1) are
generally larger than that of the parent borane B1 (3.22 eV).
The only exception is B6b, of which the optical properties are
dominated by features originating from the pyrenyl-moiety (see
Figure 3A). The N-boranes exhibit lower optical gaps, due to the
more extended n-system.

Aside from the already reported borane B1 only B4a and
B5a and B6b were found to be fluorescent (see Figure 3B). The
1-alkylated B-boranes exhibit very similar spectra and with
quantum yields of 93 and 97% respectively. Fluorescence in
B6b is weak (®=2%) and attributed to emission from the

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. UV-vis absorption (A) and fluorescence (B) spectra recorded in
dichloromethane.

pyrene-moiety, which is not conjugated to the m-system
conjugated to boron.

Electrochemical analyses of the boranes by cyclic voltamme-
try (CV) and square-wave voltammetry (SWV) revealed that their
reduction potentials are generally more negative and less
reversible than those of the parent borane (e.g. B1: reversible,
E,=—2.22r V® vs. FcH/FcH™,*® B4a: irreversible, E,=—2.58V,
B4b: quasi-reversible, E,=—2.66 V, E,=peak potentials deter-
mined by SWV). These values lie in the range of non-acceptor-
substituted triarylboranes.””*® Evidently, the alkyl-tetrazole-
substituents are less able to stabilize a negative charge, than
the cyano-group in parent system, even though the m-system is
expanded through conjugation onto the tetrazole. Tailoring of
the properties of the borane through this strategy may there-
fore only serve to lower its Lewis acidity and electron affinity,
unless additional electron withdrawing substituent can be
introduced on the tetrazole ring.

Anion Binding

In order to investigate the different N—B interaction strengths
in the different boranes, [nBu,N]F and [nBu,N]JCN were added in

Chem. Eur. J. 2024, 30, €202401466 (5 of 8)

excess to the different tetrazoles, and the corresponding ''B
NMR spectra were recorded (see Figure 4, see also Figures S10-
S13 in the ESI). The NMR experiments show no reaction of the
boranes B4a, B4b, B5a, B5b to the presence of fluoride, while
the presence of CN™ resulted in the emergence of sharp signals
at —10 to —20 ppm for the same four phenyl-tetrazoles. This
signal shift indicates binding of cyanide to the boron centers.®”
B6b shows the formation of a fluoride adduct upon addition of
[nBu,NJF (see Figure S12). The sterically more crowded naph-
thyltetrazoles N3b and N4b bind neither cyanide nor fluoride.

CN~ and F typically exhibit comparable binding to boron-
based Lewis acids, and examples for selective binding of CN™
are quite rare.”"*?

Following up on the NMR-studies on fluoride and cyanide
binding, the optical response of the boranes B4a, B4b, B5a and
B5b (see Figures S18A-D in the ESI) to the presence of CN™ was
also investigated. In the absorption spectra, binding of CN™ to
boron manifests in the suppression of the respective longest
wavelength absorption bands (312 to 337 nm) and increase of a
band centered around 280 nm. This would be consistent with
the loss of conjugation to the empty p,-orbital on boron, which
generally lowers the LUMO. However, the steric pressure of CN-
binding might also effect a larger torsion between the Mes,B-
substituted phenylene-ring and the tetrazole, which would also
result in a blue-shift due to less effective conjugation.

Titrations of the fluorescent boranes B4a and B5a showed a
successive suppression of the emission that corresponds to CN~
-binding (see Figure 5, see also section 2.2.4 of the ESI). Fitting
with a 1:1 stoichiometry vs. CN™ gave binding constants log(K)
of 4.59 and 5.10, respectively, but showed poor agreement with
the experimental data (see Figure S20). Fitting with a 1:2
stoichiometry vs. CN™ gave quantitative agreement and log(K)
values of 8.50 for B4a and 9.36 for B5a (see Figure S21).

To put these experimental binding constants into context,
fluoride ion binding affinities (FIA®Z®4) were calculated by
DFT for B4a/b, B5a/b, N3b and N4a/b (Table 2). Mes;B,
Mes,BPh, MesBPh, and BPh, (Table 2, entries 9-12) are included
for reference. For the boranes the FIAs are given relative both
open and closed conformers. The most relevant value is of
course the one related to the most stable conformer, which in

A

B4b B4da

B4b+TBAF B4a+TBAF

B4b+TBACN B4a+TBACN

100 50 0 50 100 50 [ -50
& [ppm] 8 [ppm]

Figure 4. "'B NMR spectra of neat boranes and after addition of F~ and CN~
salts.
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Figure 5. Fluorescence spectra showing the titration of phenyltetrazoles B4a
(A), B5a (B) with NBu,CN (TBACN); recorded in DCM.

turns is the lower absolute value given for each compound.
Overall, the 1-alkylated “Ba” compounds’ (B4a=325.3 kJ/mol,
B5a=318.2 kJ/mol) FlAs that were significantly higher than
those of Mes,BPh (301.8 kJ/mol) or MesBPh, (309.4 kJ/mol) but
rather approach the binding strength of BPh; (331.4 kJ/mol), .
The 2-alkylated “Bb” boranes (B4b=300.3 kJ/mol, B5b=
286.0 kJ/mol) gave values between those of Mes,BPh and Mes;
(287.7 kJ/mol). In line with the absence of anion binding in the
experimental tests, FIAs of the naphthylboranes (N3b=
255.6 ki/mol, N4a=291.5 kJ/mol, N4b=238.9 ki/mol.) were
found to be much lower.

These results show that the regio-chemistry on the tetrazole
ring has a significant impact on the Lewis acidity. This may be
owed to an inductive influence of the tetrazole ring. A
comparison of atomic charges (Mulliken and ATP, Table 2)
consistently showed higher (less negative) charges on boron
and on the tetrazole-Cs of B4a and B5a than for B4b and B5b.
Moreover, the calculations indicate that the Lewis acidity of the
tetrazole-functionalized boranes can be varied over a range
comparable to Mes;B vs.- BPh;, even with marginally functional
substituents like alkyl and benzyl. This corroborates our
hypothesis, that a readily functionalized N—B scaffold can serve
to tailor the Lewis acidity of a given lead structure.

Chem. Eur. J. 2024, 30, €202401466 (6 of 8)

Conclusions

We have demonstrated a new and atom economic method to
generate libraries of chemically and structurally diverse organo-
boranes through 1,3-dipolar [3+ 2] azide-nitrile cycloaddition.
The ensuing molecular geometries allow intramolecular N—B-
coordination. However, we have shown that systems exhibiting
strong and static, or weak and labile coordination can be
obtained, depending on the structure of the starting material,
and the regioisomer generated in the cycloaddition reaction.
This allows to tailor the effective Lewis acidity of the organo-
borane with comparative ease.

Of particular interest in this context, is our finding that we
can prepare moderately Lewis-acidic boranes that discriminate
between different types of anions and selectively bind cyanide
(CN") over fluoride (F7) as proven by "B NMR, and monitored
by UV-vis absorption and fluorescence spectroscopy. The
systems investigated in this survey showed only hypsochromic
shifts in absorption spectra and suppression of photolumines-
cence. However, further synthetic exploration of this strategy
may allow to identify compounds with a more distinctive and
practical optical response, like turn-on fluorescence. We are
currently exploring this avenue.

Supporting Information

The supporting information contains descriptions of materials
and instruments used, detailed synthetic procedures, and
additional analytical data not depicted in the main article. The
latter includes NMR ('H, "C, ''B, NOE), optical spectra, electro-
chemical data, mass spectrometry data, optimized computed
structures and detailed results of anion binding studies. The
complete crystallographic data for N1, B5a, B5b, and N4b have
been deposited with the with the Cambridge Crystallographic
Data Centre under CCDC 2314044-2314047 and can be
accessed via www.ccdc.cam.ac.uk/data_request/cif. Comprehen-
sive supporting information has been uploaded to https://
zenodo.org and can be accessed under DOI: 10.5281/zeno-
do.10974307.

Crystallographic data for has also been uploaded at the
Cambridge Crystallographic Data Center (CCDC, https://www.
ccdc.cam.ac.uk/) under deposition numbers CCDC-2314044
through CCDC-2314047 for compounds B5b, N4b, B5a, and N1,
respectively.
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