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Halide Complexes of 5,6-Dicyano-2,1,3-Benzoselenadiazole

with 1:4 Stoichiometry: Cooperativity between Chalcogen

and Hydrogen Bonding

Ekaterina A. Radiush,” Hui Wang,*™ Elena A. Chulanova,®“ Yana A. Ponomareva,® ® Bin Li,"
Qiao Yu Wei,” Georgy E. Salnikov,” Svetlana Yu. Petrakova,” Nikolay A. Semenov,*® and

Andrey V. Zibarev®

The [M,—Hal]~ (M=the title compound; Hal=Cl, Br, and I)
complexes were isolated in the form of salts of [Et,N]T cation
and characterized by XRD, NMR, UV-Vis, DFT, QTAIM, EDD, and
EDA. Their stoichiometry is caused by a cooperative interplay of
o-hole-driven chalcogen (ChB) and hydrogen (HB) bondings. In
the crystal, [M,—Hal]~ are connected by the n-hole-driven ChB;
overall, each [Hal]™ is six-coordinated. In the ChB, the electro-
static interaction dominates over orbital and dispersion inter-
actions. In UV-Vis spectra of the M +[Hal]~ solutions, ChB-typical
and [Hal]"-dependent charge-transfer bands are present; they

Introduction
Secondary bonding interactions (SBIs),"™ also called noncova-
lent interactions, are important for fundamental chemistry and
its multidisciplinary applications.*'® One of the most interest-
ing applications of SBls is ion recognition, sensing, and trans-
port by neutral compounds; and anion recognition and sensing
are more challenging than those of cations.*”'*'"""*2 Amongst
anions, halides [Hal]™ (Hal=F, Cl, Br, 1) are essentially important
for living beings and their environment.™

Amongst SBls used for anions recognition and sensing,
hydrogen,”"* halogen®~" and chalcogen®®*-*® bondings (HB,
XB and ChB, respectively), are, perhaps, the most important;**?
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reflect orbital interactions and allow identification of the
individual [Hal]". However, the structural situation in the
solutions is not entirely clear. Particularly, the UV-Vis spectra of
the solutions are different from the solid-state spectra of the
[Et,N]*[M,—Hal]~; very tentatively, species in the solutions are
assigned [M—Hal]™. It is supposed that the formation of the
[M,—Hal]~ proceeds during the crystallization of the [Et,N]*
[M,—Hal]". Overall, M can be considered as a chromogenic
receptor and prototype sensor of [Hal]". The findings are also
useful for crystal engineering and supramolecular chemistry.

in the case of chalcogens, they embrace also hypervalent
derivatives, e.g. EF; (E=S, Se, Te).*? Combination of anion- and
cation-receipting moieties in a single scaffold is possible to
provide cooperative ion-pair recognition.2*%

Generally, SBIs contain contributions from electrostatic,
orbital and dispersion interactions. The electrostatic interactions
are associated with electrophilic areas at atoms in molecules. In
molecular electrostatic potential (MEP) theory such areas arising
from the anisotropy of the atomic charge distributions and
corresponding to MEP positive values, are termed o- and =-
holes. The o-holes are spatially located on the outer-side
extensions of the s-bonds, and n-holes are placed above and
below the molecular plane. Due to this, the hole-based SBIs are
highly directional."***'? |n SBls with anions o-holes are mainly
involved.B>»%63-691

Orbital contribution into ChB aligns with the well-estab-
lished Alcock model™ as an overlap of guest anion’s unshared
n-MO with 6*-MO of the chalcogen-containing host accompa-
nied by donation of the electron density (charge transfer-CT)
from the guest onto the host, ie, by their negative
hyperconjugation.””” Dispersion contribution is associated with
high atomic polarizability of heavier atoms® in the host (i.e., Se
and Te) and guest molecules.

Thermodynamics of anion binding by ChB suggests that
both enthalpy and entropy are important, and that its affinity
and selectivity are controlled by a subtle interplay between ChB
host, anion guest and solvent.”®® Importantly, ChB are redox-
switchable, which can be used in anion recognition and
sensing.”

Amongst recently recognized anion receptors, chromogen-
ic/fluorogenic 1,2,5-chalcogenadiazoles (chalcogen=S, Se, and
Te) and their fused derivatives should be highlighted. Their

© 2023 Wiley-VCH GmbH
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ChB-bonded complexes with anions (mostly halides), as well as
with neutral Lewis bases, are characterized by XRD, UV-Vis,
NMR, and quantum chemical calculations; in some cases,
double ChB is observed to be based on simultaneous partic-
ipation of two o-holes at the same chalcogen atom.”'7*? The
capacity of chalcogenadiazoles for the formation of ChB
increases with the atomic number/polarizability’®® of the
chalcogen. The common structural peculiarity of the complexes
is that the ChB is longer than the sum of the covalent radii of
the involved atoms but shorter than the sum of their van der
Waals (VdW) radii, which directly indicates an orbital
contribution.””® In the form of crown ether-annulated
derivatives,®®*¥ chalcogenadiazoles have potential for coopera-
tive ion-pair recognition. In crystalline chalcogenadiazolium
salts,”*% cations and anions are connected by ChB.

In this work, novel [1,—Hal]™ (1=5,6-dicyano-2,1,3-benzose-
lenadiazole, Scheme 1; Hal=Cl, Br, and |, and F"*¥7% js not
involved) complexes are prepared, isolated in the form of
[Et,N]"[1,—Hal]™ salts and structurally defined by a number of
techniques encompassing XRD. The unprecedented 4:1 stoichi-
ometry of the complexes is caused by the cooperative interplay
of two o-hole-driven ChBs and two HBs; in the crystal, [1,—Hal]~
are connected by a longer ChBs driven by the n-holes at 1 and
each [Hall” is six-coordinated. The structural situation in
solution is not entirely clear. One can think that the formation
of [1,—Hal]” proceeds during the crystallization of [Et,N]*
[1,—Hal]” from solutions assumingly containing [1—Hall".

4,7-Dicyano isomer of 1, i.e., compound 2, which does not
form isolable complexes with [Hal]~ under the same conditions,
and reference selenadiazoles 3-7 (Scheme 1) are also discussed.

Results and Discussion
Molecular electrostatic potentials

The MEPs of 1 and 2 reveal typical of 1,2,5-chalcogenadiazoles
two equivalent c-holes at the Se atoms. The value of the MEP
maximum at the c-hole, Vs .., for 1 and 2 is significantly larger
than for the archetypal compound 3;°'% and for 1 Vs, is
~2 kcalmol™ larger than for 2. Besides, 1 and 2 possess m-holes
at both 6- and 5-membered rings (and the holes at the 5-
membered rings are slightly deeper), which are absent in 3.

CN
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Scheme 1. Selenadiazoles 1-7.
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These n-holes are associated with perturbation of the molecular
n-systems by the CN substituents (cf. C¢Hg and C4(CN),). >0
The V., values at the m-holes are notably smaller than at the
o-holes; they are practically equal for 6-membered rings of 1
and 2, and differ by ~1.3 kcalmol™ for 5-membered rings. In
contrast to 3, Vs ., at the H atoms of 1 and 2 is slightly positive
due to the electron-withdrawing effect of the CN substituents
as well as chalcogenadiazole moiety (Figure 1, Table 1). The
MEPs of the Hal™ anions reveal minima whose Vs, magnitudes
decrease in the Hal order Cl>Br>1| corresponding to electro-
negativities.

Comparison with reference compounds 3-7 suggests
that Vs .., values for the c-holes of 1 and 2 are high enough for
this series (Scheme 1, Table 1) whose members, e.g. 6,72
actually form ChB-bonded [Hal]~ complexes; or, e.g. 7, can form
those with various charged and neutral Lewis bases according
to theoretical estimations.'7374808189105106] pagpite electrostatics
is not the only contribution in the ChB, and comparison of Vs,
values is rather simplifying, the MEPs analysis suggests that
compounds 1 and 2 are promising for the field. However, their
[Hal]™ complexes are expected to be weaker bound than those
of compound 6.”” For compounds 3 and 5 with smaller Vg,
values than for 1 and 2 complexation with [Hal]~ was observed
neither in solutions nor in the crystalline phases."*"

[72,104]

2 3

Figure 1. MEPs of selenadiazoles 1-3 in two perspectives from B3LYP/def2-
tzvp calculations for isosurfaces with p=0.001 a. u.

Table 1. B3LYP/def2-tzvp-calculated for isosurfaces with p=0.001a. u.
Vsmax Of selenadiazoles 1-7 at o- and m-holes and Vs, of [Hall”,
kcalmol %!

Compound 1 2 3 4 5 6 7
o-hole 36.6 34.4 19.7 26.7 30.4 422 435
ns-hole®™ 249 250 - 190 211 40.3 -
n-hole™ 279 266 - 173 217  36.1 33.0
[Hall~ [cn- [Br]™ -

—141.2 —132.7 —122.0

[a] This work and refs.®>72%31%" [p] The n-hole at the 6-membered ring. [c]

The n-hole at the 5-membered ring.
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Solution situation and syntheses

For syntheses followed by XRD of the isolated products, [Et,N]*
[Hall~ were used; whereas for spectral monitoring of the
reaction mixtures, better soluble in organics (but possessing
more structurally flexible cation) [Bu,N]*[Hal]~ were applied
(Hal=Cl, Br and I).

Slow evaporation of MeCN solutions of 1 with [Et,N]*[Hal]~
(Hal=Cl, Br, ) in 1:1, 1:2, or 1:4 ratios of the starting materials
invariably yields [Et,N]"[1,—Hal]~ crystalline complexes featur-
ing unprecedented”*”® stoichiometry established by single-
crystal XRD and suggesting ChB and HB participation (see
Section 2.3).

Due to this unexpected result, the solution situation was
studied in detail. UV-Vis monitoring of the reaction mixtures
reveals that interaction of MeCN solutions of 1 and [Bu,N]*
[Hal]~ leads to the appearance of new long-wavelength bands
in the UV-Vis area. The bands reveal typical [Hal]"-depending
bathochromic shift” allowing identification of the individual
[Hall~ (Figure 2). However, high concentrations of 1 and [Bu,N]*
[Hal]™ are necessary to observe them. This indicates a rather
weak interaction between 1 and [Hal]” implying that the
corresponding equilibria are shifted towards 1. The broadened
solid-state UV-Vis spectra of the isolated [Et,N]*[1,—Hal]™ differ
from the spectra of the reaction mixtures of 1 with [R,N]*[Hal]~
(R=Et, Bu) as they are markedly bathochromic-shifted (Fig-
ure 2). At switching from solution UV-Vis spectra to solid-state
ones, band broadening is typical, however, for previously
studied [6—Hal]~ (Hal=Cl, Br, I) the bands’ maxima coincided
fairly well in both incarnations.””

Dissolved in MeCN, the authentic [Et,N]*[1,—Hal]” repro-
duce UV-Vis spectra of the corresponding 1+ [Et,N]"[Hall”
reaction mixtures (Figure 2).

Theoretical UV-Vis spectra of the isolated [1,—Hall™ and
expected [1—Hall™ were calculated by TD-DFT!'®'® for their
optimized geometries (Sl); the double-hybrid B2PLYP
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Figure 2. Left: Solution UV-Vis spectra of the individual 1 (4.33x107° M,
dashed black line; 1.66x107*, solid black line; A, nm/log €: 354/4.18) and
mixtures of 1 (1.66x107%, 1.99x10™* and 3.34x10~* M, respectively) with
[Et,N]*[CI]” (0.47 M, green line; ., Nm: ~385), [Et,N]*[Br]~ (0.98 M, red line;
Amawe NM: ~400), and [Et,N][I]~ (1.06 M, blue line; A,,.,,, nm/log €: 461/3.73) in
MeCN; for Cl and Br containing species, A, are very approximate, and log &
are not specified, due to the overlap of the spectral bands (Sl). Right: Solid-
state UV-Vis spectra of 1 (black line) and [Et,N]*[1,—Hal]~ (Hal=Cl, green
line; Br, red line; and |, blue line) in the form of the Kubelka-Munk
function'”” of diffuse reflectance spectra. Inserts show the 1+ [Et,N]*[Hal]~
reaction solutions and the isolated [Et,N]*[1,—Hal]". Dissolving
[Et,N]*[1,—Hal]” in MeCN provides spectra of the corresponding 1
+ [Et,N]*[Hal]~ reaction mixtures (left).
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functional™” was chosen as performing well for related

compounds.”*""" For [1—Hal]~, the calculations embraced both
gas phase and MeCN solution with the conductor-like polar-
izable continuum model (C-PCM)"'? for the solvent, and for
[1,—Hall~, a gas phase (SI). For [1,—Hal]~, comparison of the
solid-state (Figure 2) and theoretical (SI) UV-Vis spectra reveal
that the calculations strongly underestimate energies of long-
wavelength electronic transitions in a Hal-dependent way,
which should be taken into account in discussing solution
spectra of the reaction mixtures. Without this correction,
calculated UV-Vis spectra of [1—Hal]™ correspond rather to the
experimental solid-state spectra of the isolated [Et,N]"[1,—Hal]~
than to the solution spectra of the reaction mixtures (Figure 2;
SI). Particularly, measured/calculated A, (nm) of the longest-
wavelength band is ~385/429, ~400/503, and 461/644 for Hal =
Cl, Br and |, respectively; gas-phase calculated A, values are
399, 496 and 629 in the same order, i.e., blue-shifted. In any
way, a discrepancy between experimental UV-Vis spectra of the
reaction mixtures and calculated spectra of [1—Hall]” and
[1,—Hall™ is much less for the [1—Hal]". Therefore, taking into
account previous results”>® and very tentatively, the 1+ [Hal]~
—[1—Hal]”~ equilibrium (Scheme 2) can be assumed for the
reaction mixtures, with the formation/synthesis of [1,—Hal]™
occurring during crystallization of the isolated products employ-
ing HB. In this particular study, the conventional solution NMR
and ESI-MS,  which  typically are  reliable and
informative,1*0727476781%4 yialded limited results. With variable-
temperature *Cl and ambient-temperature ’Se NMR, only the
fact of interaction between 1 and [Hal]” in solution was
confirmed; whereas with ESI-MS, no anionic complexes were
detected (SI).

According to TD-DFT, the MOs involved in the lowest-
energy electron excitations are spatially localized at the differ-
ent areas of molecular scaffolds (SI), thus confirming the CT
nature of the corresponding long-wavelength bands in the UV-
Vis spectra (Figure 2); and for [1—Hal]~, the CT values are 0.16,
0.10 and 0.07 e for Hal=Cl, Br and |, respectively. It contradicts
the electronegativities of Hal but is typical.”? Within Alcock
hyperconjugation model,™ it can be tentatively explained by
better overlap of the MOs involved in ChB in [1-Cl]” as
compared with [1—Br]” and [1-1]".

Mixtures of compound 2 with [Et,N]"[Hal]~ (Hal=Cl, Br, I) in
MeCN are also colored and reveal new long-wavelength bands
(SI). As with 1, high concentrations of [Hal]™ are necessary to

NC N [EGNIHall NC N Hal|
I:E 86 ~————=__  [EuN :@[ 5€
NC N N

1 NC
Hal = ClI, Br, |

Scheme 2. Assumed 1:1 equilibrium of compound 1 and [Et,N] "[Hal] in
solution. With this model, spectrophotometric titration affords complex
formation constant K., (Lmol™") of ~17 for Hal=Cl, and ~0.5-0.6 for Hal =Br,
I (SI); previously, K., of ~21 and ~15 Lmol™" were reported for [6—Hal]~ with
Hal =Cl and Br, respectively.” and 0.07 e for Hal=Cl, Br and |, respectively.
It contradicts the electronegativities of Hal but is typical.” Within Alcock
hyperconjugation model," it can be tentatively explained by better overlap
of the MOs involved in ChB in [1—Cl]™ as compared with [1—Br]” and [1—1]".
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observe them; and for Hal=Cl and Br, these bands are not well-
resolved. For Hal=I, the position and intensity of a new band
are about the same as in the case of compound 1 (Figure 2; ESI)
In attempted co-crystallization of compound 2 with [Et,N]*
[Hal]~ (Hal=Cl, Br, I) under the same conditions as with 1,
however, only starting materials were recovered. It independ-
ently highlights the essential importance of HB (see Section 2.3)
for the formation of isolated [1,—Hal]™ for which solitary ChB is
not enough.

XRD structures

Similar to Se...N catemeric 3" and its TCNQ-fused
derivatives® '™ and N-bonded BR, complexes,® XRD crystal
structure of 1 (Figure3; SI) does not feature [Se...N],
supramolecular ~ dimers  observed for many 1,2,5-
selenadiazoles®#286911011021161191 (YR structure of 2 was not
solved due to twinning of available crystals). The [E...N], (E=S,
Se, Te) ChBs are attractive and their total bond strength is
greater than either ChB individually; and neither a pair of CN
substituents in 1,2,5-chalcogenadiazole ring (cf. compound 7)
nor its benzo-annulation (cf. compound 3) has much influence
on those.®

AL L
Poe i es il

1, CCDC 2241710 3, CCDC 2266273
(CCDC 1109027)"4

Figure 3. XRD structure of compounds 1 and 3 (ESI); dotted lines show SBIs
(selected distances, A). Color code: C-grey, H-light grey, N-blue, Se-orange.
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[Et,N]*[1,-CI]-, cation disordered
CCDC 2266274

[Et,N]*[1,—Br]-, cation disordered
CCDC 2241711

Instead of the discussed [Se...N], dimers, the crystal
structure of 1 reveals infinite head-to-tail chains with shortened
Se...NC contacts of ~3.0 A implying the formation of chelate via
two Se...N ChBs between the Se atom of one molecule and
both CN groups of the neighboring molecule; such ChBs are
quite typical of CN-containing selenadiazoles.®”'"*'* These
chains form layers by means of C—H...N(het) HBs; layers are m-
stacked with the interplanar separation of ~3.4A. To some
extent, this pattern resembles the crystal packing of 6 featuring
shortened Se...NC contacts between the Se atom of one
molecule and CN groups of two neighboring molecules."*”

In the XRD structures of [Et,N]"[1,—Hall~ (Hal=Cl, Br, I)
(Figure 4; Sl), the [Se...N], dimers appear. With Hal=Cl and Br,
[1,—Hal]” are almost planar, whilst in [1,—I]" two planar 1,
dimers occupy planes intersecting at an angle of 43°. Each
[Hal]™ feature both in-plane and out-of-plane ChBs, within and
between [1,—Hal]", respectively, and the latter are markedly
longer than the former. The in-plane/out-of-plane ChBs of ~3.1/
3.3, ~3.2/3.4 and ~3.4/3.8 A for Hal=Cl, Br, and |, respectively,
are by ~0.6/0.3, ~0.6/0.3, and ~0.5/0.1 A shorter than the sums
of the corresponding VdW radii (or constitutes 84/90, 85/91 and
87/98% of the VAW radii).'*"'*? Taking into account their
directionalities and distances, the in-plane bonds can be
associated with o-holes, and the out-of-plane bonds with -
holes, at 1. The [1,—Hal]™ feature the cooperative interplay of
two o-hole-based Se...[Hal]” ChBs with two C—H...[Hal]~ HBs
explaining the complexes’ stoichiometry. The HBs involve the H
atoms of 1 in the positions 4 and 7, and C—H...[Hal]™ distance is
~3.0 A for Hal=Cl, Br, and I.

This distance is comparable with the sums of the corre-
sponding VAW radii.'*'* Besides, in all structures, the
neighboring [1,—Hall” are connected by two n-hole-based

e...[Hal]™ ChBs. Thus, each [Hal]~ forms two c- and two n-hole-
based ChBs, and two HBs; and overall crystal structures feature a
network of SBIs wherein individual complex anions [1,—Hal]~
cannot be identified. A similar situation was previously
observed for [Et,N]*[6,—Cl]™ salt; notably, two surroundings of

[EL,NI[1,-1]-
CCDC 2241712

Figure 4. XRD structures of complexes [Et,N]*[1,—Hall™ (ESI); dotted lines show SBIs (selected distances, A). Color code: C-grey, H-light grey, Br-brown, Cl-

green, |-violet, N-blue, Se-orange.
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[CI]” in the crystal lattice revealed tetrafurcate and pentafurcate
ChB."? For [, tetrafurcate bonding was found in its 1:2
complex with a triazole-based synthetic receptor."”!

Previously, the actual or potential interplay of ChB with
other SBls, particularly HB, was discussed for 1,2,5-chalcogena-
diazoles; and in some cases, they are rather competitive than
Cooperative.[4'3°’31'102’123‘1251

Structure and bonding of complex anions
Numerous complexes of 1,2,5-chalcogenadiazoles with anions

assembled by ChB and featuring 1:1 and 1:2 stoichiometry are
extensively characterized by various quantum chemical techni-
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ques before,/27476-798392105108) anq this work is focused on the

isolated [1,—Hal]". To study the bonding situation, DFT
calculations and QTAIM, EDD, and EDA analyses were em-
ployed.

In a gas phase, [1,—Hall” (Hal=Cl, Br, I) were optimized as
minima on their respective PESs with B3LYP/def2-tzvp; the
obtained structures are highly symmetric, which is in contrast
to the asymmetric XRD structure with Hal=1 (SI and Figure 5;
[1,—Hal]” are divided into three interacting parts labeled as /, /I,
and /ll), with | and /I consisting of two molecules of 1, and /ll=
[Hall". In the optimized [1,—Hall”™ (Figure5), the Il...Se
distances increase in the Hal order Cl<Br<I as 2.99, 3.17, and
3.42 A, respectively (Table 2), which match the XRD structures
(Figure 4; SI) and agrees with the trend of the Vs, values of

AN

Figure 5. The bonding situation in [1,—Hal]l"; Hal=Cl, Br, and | are top-to-bottom. Left: The optimized B3LYP/def2-tzvp-structures featuring /, /I, and /il
fragments (/, Il consisting of two molecules of 1 and Ill=[Hal]™) and shortened contacts 1-8 (for distances, see Table 2). Middle: QTAIM diagrams showing 1-8
bcp’s (for properties, see Table 3). Right: The EDD maps with an equivalent value of 0.001 a. u.; the green area near the Se atoms and blue area near [Hal]
correspond to the main regions of increase and decrease of electron density, respectively (cf. similar areas near the H atoms). Color code: C-grey (left),
aquamarine (middle) and light yellow (right), H-light grey, Br-brown, Cl-green, |-violet, N-blue, Se-orange (right) and yellow (middle).

€ o f pd
" = “ 9

Table 2. The E,, between fragments /Il in B3LYP/def2-tzvp-optimized [1,—Hall", together with d distances of the shortened contacts.”

Hal E; kcalmol ™ d, A

Il =1l J/[E=3A] 1 2 3 4 5 6 7 8
cl® —20.67 —20.67 —53.74 2.99 3.11 2.99 3.11 3.12 2.96 2.96 3.12
Br®! —19.66 —19.67 —49.74 3.16 3.08 3.17 3.08 3.19 2.98 2.98 3.19
| —7.56 —-7.29 —34.51 343 349 342 349 3.03 3.05 3.06 3.02

[a] /ll=[Hal]~; for shortened contacts d, see Figure 5. [b] Due to the high symmetry of [1,—Hall~, the /<Ll and lll/Il interaction energies are very close
and match after rounding to two decimal places.
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the [Hal]™ (Table 1). The /ll...H distances are 3.11, 3.08, and
3.49 A, respectively; for Hal=I, they are pretty different from
the XRD values of 3.01 and 3.04 A. The E,, interaction energies
between fragments /Il and | and /I of the [1,—Hal]~ (Table 2)
decrease in the Hal sequence Cl, Br, and |, which agree with the
Vsmin Values of the [Hal]™ (Table 1): the more negative the Vs,
value, the higher the corresponding E;,. This indicates that the
strength of ChB and HBs in the [1,—Hal]~ weakens in the Hal
order CI>Br>I. The EDD analysis"* confirms that the
formation of [1,—Hal]~ by means of ChB and HB is accompanied
by a CT as shown in Figure 5. As above, the discussed CT
reflects an orbital contribution in the ChB in [1,—Hal]".

Despite growing criticism,"¥*% the QTAIM"" topological
descriptors are useful in the context of SBls, obviously in
combination with other specifiers. With QTAIM, SBls in
[1,—Hal]~ are characterized through the properties of bond/
line!?® critical points (bcp’s) between interacting atoms (Fig-
ure 5), such as electron density, energy density, and Laplacian
density values of the bcp’s (Table 3). In general, the larger the
electron density at the bcp’s the stronger the interaction. If
H(r) >0, it means that the interaction is controlled by electro-
statics, while if H(r)<0, it means that the interaction is
controlled by covalent forces. For ChBs in the [1,—Hal]~, eight
bcp’s are recognized (Figure 5). The bcp’s for Se...Hal, Se...N
ChB and Hal...H HB are characterized by V’p(r) >0 and H(r) >0
indicating that the ChB and HB are controlled by electrostatic
interactions (Table 3).'31132

The EDA"™ dividing the E,, of [1,—Hal]l™ into electrostatic,
exchange, dispersion and induction (i.e., orbital) contributions
Euer Eow Egiw and E,y respectively, was performed with
symmetry-adapted perturbation theory (SAPT)™**'3*) commonly
used to disclose the inherent nature of intermolecular
SBIs.'*"38 The EDA revealed that E,, > E,.q>E,, (Table S7; SI).
This indicates that the ChB and HB are mainly dominated by
electrostatic interactions, with inductive (i.e., orbital) and
dispersion energies playing a secondary role. For [1,—Hal]~, the
contribution of Ey; in E;, is 10.6, 12.8, and 11.7 % for Hal =Cl, Br,
and |, respectively (Table S7).

Conclusions

In contrast to its 4,7-dicyano isomer 2, 5,6-dicyano-2,1,3-
benzoselenadiazole 1 forms isolable complexes with [Hal]l~
(Hal=Cl, Br, and 1). Crystalline salts [Et,N]*[1,—Hal]~ feature
unprecedented 4:1 stoichiometry of the anions. The latter are
caused by the cooperative interplay of ChB and HB. Each [Hal]~
features two c-hole-driven and two n-hole-driven ChBs, togeth-
er with two in-plane HBs. Overall, each [Hal]™ is six-coordinated,
and the crystal structures of [Et,N]*[1,—Hal]~ display a network
of SBIs wherein individual [1,—Hall]” cannot be identified.
Besides dominating electrostatic contribution, ChB contains a
CT contribution associated with orbital interactions; dispersion
interaction plays only a secondary role at the level of ~10% of
the total interaction energy.

The structural situation in the solutions is not entirely clear.
Very tentatively, the 1+[Hal]"—[1—Hall~ equilibrium shifted
towards 1 can be assumed for the reaction mixtures, with the
formation/synthesis of [1,—Hal]” occurring during the crystal-
lization of the [Et,N]*[1,—Hal]~ employing HB. Further research
prospects here can be associated with using charge-displace-
ment analysis for theoretical prediction of association constants
of ChB-bonded complexes in solution." In any way, MeCN
solutions of 1 display optical response on [Hal]™ in the form of
CT band in UV-Vis spectra featuring progressive bathochromic
shift in the [CI]~, [Br]” and [l]” series, which allows identification
of the individual [Hal]". Overall, 1 can be considered as a
chromogenic receptor and prototype sensor of [Hall; and the
formation of [1,—Hall”, as anion recognition-driven template
self-assembly during crystallization of [Et,N]*[1,—Hal] .

The findings of this work are useful for crystal engineering
and supramolecular chemistry, the latter embracing optically-
controlled anion recognition and sensing with 1,2,5- chalcoge-
nadiazoles. Amongst those, namely Se derivatives are the most
promising for anion recognition and sensing since much better
studied S congeners are worse donors of ChB, whilst Te ones
are poorly soluble and moisture sensitive. For applications,
anion recognition and sensing in water are especially important.
To this end, water-stable 2,1,3-benzoselenadiazoles"* can be
tailored by means of carbocyclic substitution with hydrophilic
groups, e.g. —[SO,]7,"*"" or/and by annulation with hydro-
philic scaffolds. In the context of crystal engineering, this work

Table 3. The QTAIM topological descriptors of bcp’s in [1,—Hall~ from B3LYP/def2-tzpv calculations.

Hal bcp 1 2 3 4 5 6 7 8

(@] p(r) 0.0237 0.0045 0.0237 0.0045 0.0114 0.0158 0.0157 0.0014
H(r) 0.0005 0.0006 0.0005 0.0006 0.0013 0.0013 0.0013 0.0013
V2o(r) 0.0597 0.0117 0.0597 0.0117 0.0348 0.0482 0.0482 0.0348

Br p(r) 0.0206 0.0059 0.0205 0.0059 0.0099 0.0154 0.0153 0.0099
H(r) 0.0002 0.0006 0.0002 0.0006 0.0013 0.0013 0.0013 0.0013
Vp(r) 0.0454 0.0144 0.0453 0.0144 0.0307 0.0468 0.0468 0.0307

| p(r) 0.0178 0.0040 0.0175 0.0040 0.0141 0.0127 0.0130 0.0138
H(r) 0.0001 0.0004 0.0001 0.0004 0.0013 0.0014 0.0014 0.0013
V2o(r) 0.0323 0.0094 0.0321 0.0093 0.0416 0.0402 0.0409 0.0409
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demonstrates how minor variations of the molecular structure
allow to tune the propensity of chalcogenadiazole derivatives
towards cocrystallization with Lewis bases, while the magnitude
of Vs . Of the o-hole at a chalcogen remains almost the same,
unlike in previous reports, where the main reason of the
cocrystallization is a certain magnitude of Vs, at the c-hole at
a chalcogen. This is achieved by placing an additional SBI site
(HB donor moiety) into the molecule so that both sites can
interact cooperatively with the same Lewis basic site ([Hal]™ in
our case), providing the synergistic effect. This approach may
be further developed as a crystal engineering tool.

Experimental and Computational Section

General

Compounds 1,7 2,13 and 3" were synthesized according to the
literature procedures and their single crystals were suitable for XRD.
Salts [Et,N]*[Hal]~ and [Bu,N]*[Hal]~ (Hal=Cl, Br, I) were obtained
from J&K Scientific and used without purification. MeCN was dried
with P,O, and distilled over CaH,; Et,0 was distilled over sodium
wire/benzophenone.

Solution UV-Vis spectra, including spectrophotometric titration,
were collected in MeCN with SF-2000 spectrophotometer. Solid-
state Vis spectra were obtained as Kubelka-Munk function®” of the
diffuse reflectance spectra measured on a Shimadzu UV-3101
instrument for mixtures of 1 or [Et,N]"[1,—Hal]” with BaSO,
(~5wt.%). FL spectra were collected with Varian Cary Eclipse
fluorescence spectrophotometer.

The 'H, 'C, *Cl, and "Se NMR spectra were measured in MeCN at
600, 151, 59, and 114 MHz, respectively, with a Bruker AV-600
machine using Me,Si (TMS), aqueous [KI*[Cl]", and Me,Se as
standards.

ESI-MS spectra were taken with a Bruker Daltonik micrOTOF-Q
hybrid quadrupole time-of-flight mass spectrometer equipped with
electrospray ionization sources for solutions of 1 in MeCN saturated
with [Et,N]*[Hall".

Elemental analyses (EA) were performed for C, H and N with a
CHNS-Analyzer Euro EA 300; for Cl, Br, and |, with mercurimetric
titration of halides in the combustion products using diphenylcar-
bazone as an indicator; and for Se, with microwave plasma atomic
emission spectroscopy (MP-AES) using Agilent 4100 MP-AES instru-
ment and samples prepared by Schoniger method.

Syntheses

Polycrystalline samples: Stirred solutions of 0.04 mmol of [Et,N]*
[Hal]™ and 40 mg (0.177 mmol) of 1 in 4 ml of MeCN were heated to
boiling, rapidly concentrated to 1 ml under the stream of com-
pressed air, and cooled to —20°C. The precipitates were filtered off
and dried on air.

Complex [Et,N]"[1,—Cl” was obtained in the form of yellow
powder, 24 mg (51%). EA, found/calculated for C,,H,sCIN;,Se,, %: C
43.59/43.75, H 2.21/H 2.57, Cl 3.57/3.23, N 21.58/21.68, Se 28.37/
28.77. UV-Vis (MeCN), A,,.,, NmM: ~385 (SI).

Complex [Et,N]*[1,—Brl]~ was obtained in the form of orange
powder, 28 mg (57 %). EA, found/calculated for C,H,3BrN,,Se,, %: C
41.70/42.05, H 2.29/2.47, Br 7.29/6.99, N 20.58/20.84, Se 27.99/27.65.
UV-Vis (MeCN), Az NM: ~400 (S).

ChemPlusChem 2023, 88, €202300523 (7 of 10)

Complex [Et,N]"[1,—I]" was obtained in the form of red powder,
33 mg (65%). EA, found/calculated for C,HIN,,Se, %: C 39.97/
40.39, H 2.25/2.37,1 10.85/10.67, N 19.74/20.02, Se 26.00/26.55. UV-
Vis (MeCN), Ao NM: 461 (SI).

Attempts of fast precipitation of the complexes from the MeCN
solutions with 4 ml of diethyl ether yielded only starting materials.

Single crystals: Solutions of 1 (9 mg, 0.04 mmol) and 0.04, 0.08, or
0.12 mmol of [Et,N]1*[Hall” in 2ml of MeCN underwent slow
evaporation in air (1-2 weeks). The solid residues were mixtures of
the starting materials with crystals of [Et,N]*[1,—Hall~ complexes.
The mixtures were separated mechanically. The [Et,N]*[1,—Br]~ and
[Et,N]*[1,—1]" were obtained in the form of orange needles and red
plates, respectively, suitable for XRD. The [Et,N]*[1,—Cl]- was
obtained in the form of yellow crystals unsuitable for XRD. In the
form of yellow needles suitable for XRD, [Et,N]"[Cl]~ was prepared
by ambient-temperature diffusion of pentane vapors into an
equimolar solution of the starting materials in CH,Cl,.

X-ray crystallography

The XRD experiments (Figures 3 and 4; SI) were performed with a
Bruker Kappa Apex Il CCD diffractometer by using a graphite-
monochromated MoKa irradiation. The structures were solved by
the direct method using the SHELX-97"* program and refined by
full-matrix least-squares method against all F* in anisotropic
approximation using the OLEX2 program.'* The H atoms positions
were calculated with the riding model. Absorption corrections were
applied using the empirical multiscan method with the SADABS
programs."* The obtained crystal structures were analyzed for
shortened contacts between non-bonded atoms using the
PLATON"® and MERCURY"* programs.

Deposition Numbers 2241710 (for 1), 2241711 (for [Et,N]*[1,—Br]"),
2241712 (for [Et,N]T[1,—1]7), 2266273 (for 3) and 2266274 (for
[Et,N]"[1,—Cl]") contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

Quantum chemical calculations

The geometric configurations of [1,—Hal]™ (n=2, 4) were optimized
at the B3LYP/def2-tzvp level of theory with ECP for |, and frequency
calculations were performed to confirm that the optimized geo-
metries have no imaginary frequencies. The QTAIM™" topological
analysis of bcp’s"® was conducted on the B3LYP/def2-tzvp. The
EDA was performed by means of SAPT'*"* ysing the PSI4
method™® with the def2-tzvpp basis set on the SAPTO level. The
E;.. interaction energy in the [1,—Hal]” (n=2, 4) was calculated as
Eit=Ecomp —NEy+ Epgser Where E . is the energy of the optimized
1,—Hall~, E; is the energy of molecule 1, n is the number of
molecules 1, and E,. is the basis set superposition error assessed
by the Boys and Bernardy counterpoise method."*" For the DFT
calculations and MEP, QTAIM, EDA, and EDD analyses, the
Gaussian09,"*® Multiwfn,"*® and VMD">* software were employed.

TD-DFT!'%'% calculations of UV-Vis spectra of the [1—Hal]” and
[1,—Hall- were performed for the B97-D3/def2-tzvp"*>'*®-opti-
mized geometries at the B2PLYP/def2-tzvp level of theory"® for
gas phase and solution applying the C-PCM"'2"* for MeCN solvent;
for I, ECP was used. The Becke-Johnson damping function and the
Grimme geometrical counterpoise (gCP) correction scheme were
used in all calculations."**'®'¢" The calculations were performed by
using the ORCA 4.2.0 suite of programs."'®*'®%!
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Supporting Information

The Supporting information for this article contains XRD,
solution and solid-state UV-Vis, variable-temperature 3*Cl and
7Se NMR, DFT, TD-DFT, QTAIM, EDD and EDA data. Within the
Supporting Information, the authors have cited additional
references (Ref. "',
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