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Abstract Chalcogen bonds are noncovalent interactions and are in- the stronger is the corresponding chalcogen bond. Accord-
creasingly coming into focus for the design of complex structures in re- ingly, particularly strong chalcogen bonds are found in elec-
search areas such as crystal engineering, molecular recognition and cat- tron-poor tellurium compounds such as isotellurazole ox-

alysis. Conceptionally, chalcogen l?onds can be c0n5|d§red as interaction ides, 1734 telluradiazoles'43536 and tellurazoles.37:38
between one o-hole and one Lewis base center. Herein, we analyze the

interaction between bidentate chelating ligands having two nucleophilic The most important components contributing to chalco-
centers with one single o-hole of a chalcogenazole (two-lone-pairfone- ~ gen bond strength are electrostatics, orbital mixing (induc-
o-hole interactions). Referring to this, we show by quantum chemical tion interactions) and dispersion.3® Which one of the three
c.alculations and X-ray studie.s that three bond types are possible: in the terms is contributing the most depends on the investigated
first case, a chalcogen bond is formed between the o-hole a'nd only one systems. For example, the dispersion term is most important
of the Lewis base centers. In the second case, a strong bond is formed by B
one nucleophilic center; the second center provides only a small amount in Me;E:--EMe; systems (E = chalcogen) and amounts to 70-
of additional stabilization. In the third case, two equivalent bonds to the 90% of the sum of all attractive terms.3>3* However, SAPT
o-hole are formed by both Lewis base centers. According to the calcula- (symmetry-adapted intermolecular perturbation theory)
tions, the bifurcateq t?onds are stronger than simple chalcogen bonds calculations of chalcogen bonds in isotellurazole oxides, tel-
and lead to a more rigid molecular arrangement in the complex. luradi 1 d tellurazoles reveal that in general the elec-
uradiazoles an g ,
Key words: bifurcated bonds, chelate ligands, chalcogen bonding, DFT t_mStatlc term'reprgsents the main part of attractive mt?rac_
alanlrttams, elhele tions.! Especially in strong chalcogen bonds of tellurium-
containing azoles, the dispersion energies only play a minor
role.3! However, experimental conformation studies of
. chalcogen-containing aromatics lead to the conclusion that
Introduction the dominant interactions represent the n — ¢* orbital de-
localization.*® Two c-hole effects are responsible for the ori-
In the last years, there has been an extremely rapid develop-  entation of the chalcogen bond, which is formed in exten-
ment in the field of chalcogen bonding.!> Meanwhile, chalc-  sion of one of the covalent bonds to the chalcogen atom:
ogen bonds are employed in different research areas such as  the positive electrostatic potential and the low electron den-
crystal engineering,>-° chalcogen-bonded organic frame-  sity. SAPT calculations show that the electrostatic interac-
works,'%1"  molecular recognition in solution,’?-'®  tions are crucial for the geometry of the chalcogen bond in
switches!??0 and catalysis.?1-?8 Chalcogen bonds, analogous  sulfur- and selenium-containing aromatics, whereas in tel-
to halogen bonds, are secondary bonds known as 6-hole in-  lurium-containing aromatics bond geometries are affected
teractions. These are noncovalent bonds between the 6-hole by low steric interactions (Pauli repulsion) due to the low
of one covalently bound atom of the IV-VII groups and one  c-hole electron density.3!
Lewis base lone pair.2?3° The c-hole is a region of positive
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type A type B type C

E = chalcogen atom (S, Se, Te)
X = nucleophilic center (chalcogen bond acceptor)

Figure 1 Possible bifurcated chalcogen bonds between divalent
chalcogen atoms and nucleophilic centers (Lewis bases). In type B two
nucleophilic centers interact with two o-holes, whereas in type C two
nucleophilic centers interact with one o-hole.

The formation of complexes in which one of the two bind-
ing partners is bidental is highly interesting: due to the bi-
dentate ligand bond rotation being restricted and the orien-
tation of the two components in the complex is more fixed
to each other. Divalent chalcogen centers exhibit two -
holes and can therefore form different bifurcated bonds (Fig-
ure 1). In one case, two chalcogen atoms are connected to a
nucleophilic center (type A); in the other case, two nucleo-
philic centers are bound to a chalcogen atom (type B).#! Us-
ing the first strategy (type A), the anion transport with
chalcogen bonds'® and the anion recognition in water by
charge-neutral chalcogen bonding foldamer receptors have
been realized.!® Using this second concept (type B), the syn-
thesis of molecular capsules based on chalcogen bonds has
been achieved.!* Please note, in type B the two Lewis base
centers interact with two c-holes at one chalcogen atom.

In principle, there should be a third option for bifurcated
chalcogen bonds, in which two nucleophilic centers interact
with one c-hole (type C in Figure 1). This bond type is a
three-centered interaction and resembles that found in bi-
furcated hydrogen and halogen bonds.#>-#4 Herein, we ana-
lyze by means of interaction energy maps of chalcogenazo-
les if one single c-hole is theoretically able to form chalco-
gen bonds with more than one nucleophilic center and how
these two centers have to be arranged to each other. After-
wards, we use quantum chemical calculations and X-ray
studies to prove that tellurium-containing benzoazoles can
form such two-lone-pair/one-c-hole interactions.

Results and Discussion

a) Interaction Energy Maps of Chalcogen Bonds

In the first step, we wanted to generate interaction energy
maps of model systems to analyze the angle dependency of
the chalcogen bond and to check if the formation of two
chalcogen bonds to one single c-hole is generally possible.
As reference systems for chalcogen bond donors we used
chalcogenazoles due to their ability to form strong chalco-
gen bonds; furthermore, we already have experience re-
garding the synthesis and investigations of these sys-
tems.1%31 As Lewis bases, the halides-F-, CI~ and Br~ were

d(E1-X)=3.00A
43
50 1%

D Ta=100

0=70°

o=0°
1a:E=S X=F,CI,Br
b:E=Se
C.E=Te

Figure 2 Definitions of the parameters d(E1-X), a and B in the model
1+X to calculate interaction energy maps (left). Visualization of all
possible orientations of chloride in the model 1ce Cl™ (right).

used. These anions have the advantage that they are spheri-
cal and monatomic. Therefore, calculations are simplified. If
polyatomic Lewis bases were used, additional parameters
such as the orientation of all atoms relative to the nucleo-
philic center must be considered.

Model 1+X is defined by three parameters (Figure 2): the
distance d(E1-X) between the halide X and the chalcogen
center E1 and the angles o and . Angle o is formed by the
junction of two straight lines: one passes the centers E1
and X, and the other one passes E1 and the center between
the atoms N3 and C4 (Figure 2). Angle B results from the
junction of the straight line through the centers E1 and X
and the straight line passing E1 and being parallel to the
N3-C4 bond (Figure 2). The distance d(E1-X) was constantly
fixed to the value obtained by optimizing the underlying
system using the B2PLYP* approximation with additional
dispersion correction.?6 The angles o and B were changed in
10° steps; o was variated from -70° to +70° and B from -40°
to +40°. In Figure 2, all possible orientations of model 1¢c*CI~
are depicted. Each chloride corresponds to a conformation
with specific a« and f values.

For model calculations, the CCSD(T) approximation was
applied. This method is renowned as the gold standard in
the field of noncovalent bond determination.#’ The TZVP ba-
sis set was used for all atoms except tellurium. For the latter,
the aug-cc-pVTZ-PP basis set was employed. To eliminate
the basis set superposition error, the counterpoise method
was applied.*® The obtained energies are shown in Tables
S$1-S9. As expected, the energy values for the most favorable
conformations increase with increasing chalcogen atom
sizes and decreasing nucleophile sizes. Thus, the highest
binding energies are found for 1c*F (-37.2 kcal/mol) and
the lowest for 1a*Br~ (-9.6 kcal/mol); the difference between
these systems amounts to 27.6 kcal/mol.

In the following, the relative energies are used to visual-
ize the interaction energy maps of the systems 1¢X. There-
fore, the energies of the most favorable conformation in the
complexes 1+X are set as 100%. The obtained interaction en-
ergy maps of the systems 1+X are depicted in Figures 3 and
S1. A comparison of the maps shows that in the energetically
most favored conformations, |a| amounts to 60° and B is

© 2022. The Author(s). Organic Materials 2022, 4, 43 -52
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Figure 3 a) Interaction energy maps of the model complexes 1a*F (top), 1a<Cl- (center) and 1a*Br~ (bottom). b) Interaction energy maps of the

model complexes 1c*F~ (top), 1c*Cl~ (center) and 1ce*Br~ (bottom).

equal to 0°; the anions are therefore found in the plane of
the aromatic system and in the imagined extension of the
covalent bonds to the chalcogen atom. Interesting is the
change of the interaction energy with variation of the angles
« and B in dependence of the examined system. For exam-

ple, the system 1aF having an angle o of 0° (B is also equal
to 0°) exhibits only 32% of the maximum interaction energy
(Figure 3a). For 1c*F-, on the other hand, it is 50% for this ori-
entation (o = B =0°; Figure 3b). All systems show a stronger
dependence of the energy decrease on the change of o com-
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Figure 4 Definitions of the model systems 1c*2 (top) and 3a*2 (bottom) and their interaction energy maps (left).

pared to B. At an angle of « =-60° and B = £30°, the attractive
interaction is still about 70% (in the case of 1c*F~ even 80%)
of the maximum value. Overall, 1c*F~ shows the smallest
changes, i.e. the whole area is very flat, which should in
principle allow the interaction of two nucleophilic centers
with one c-hole.

As halides cannot form chelating ligands, we tested if
similar interaction energy maps can be found for other nu-
cleophilic centers. Therefore, pyridine was used as a Lewis
base because based on this molecule a lot of chelating lig-
ands can be designed. Due to the above-mentioned results,
tellurium-containing compounds seemed to be most prom-
ising for the intended aim. For this reason, tellurazole 1c and
benzotellurazole 3a were employed. In the case of the latter,
one of the two c-holes is blocked by the adjacent nucleo-
philic oxygen, so that the stabilizing interaction of the pyri-
dine should take place only with the other o-hole. The
B2PLYP* approximation with additional dispersion correc-
tion,* which leads for many systems to comparable results

with the CCSD(T) method,”104950 was applied for model sys-
tem calculations. Again, the counterpoise method and the
basis sets TZVP (for C, H, N, O) and aug-cc-pVTZ-PP (for Te)
were employed. The angle y was fixed to values of 180° to
ensure that the lone pair of the nitrogen atom of the pyri-
dine points directly to the tellurium atom (see Figure 4). In
addition, the orientation of the two aromatic systems with
respect to each other had to be determined; therefore, the
angles 67 und 6, were fixed to values of 90° and -90°, respec-
tively. The thus obtained energies are listed in Tables S10
and S11.

The highest interaction energy amounts to —6.0 kcal/mol
for 1c+2 and to -5.7 kcal/mol for 3a+2. If the interaction en-
ergy maps are viewed regarding the relative energies of
model systems 1c*2 and 3a<2 (Figure 4), the following can
be stated: for both cases, the energy decrease caused by a
change of B is not as pronounced as the decrease affected
by modification of a. The dependence of the energy on « is
strong, so that one finds at an « value of 0° no attractive in-

© 2022. The Author(s). Organic Materials 2022, 4, 43 -52
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teraction (in the case of 1c*2) or only slight (in the case of
3a+2) attractive interactions. In the case of 3a+2, the energy
at a=50° and B = £30° amounts to 52 % of the maximum val-
ue. This means that a bidentate ligand having two nucleo-
philic centers arranged in such a way that they can both in-
teract with the o-hole, where |B| for both is less than 30°,
would preferentially form a two-lone-pair/one-c-hole inter-
action (2 x >52%) as compared to a one-lone-pair/one-c-
hole interaction (100%).

We searched the Cambridge Structural Database to check
whether a two-lone-pair/one-c-hole interaction was found
for similar systems, but we could not find anything corre-
sponding. However, it becomes evident that the deviations
from the ideal geometry are highest for the tellurium-con-
taining compounds, indicating flat interaction energy maps
(see Figures S32 and S33).

b) Interactions of Benzochalcogenazoles with
N-Containing Chelating Ligands

The above-described promising results of the interaction
energy maps prompted us to realize the design of systems,
in which a single c-hole interacts with a chelating ligand
that contains two Lewis base centers, by model calculations
and lab experiments. For our calculations, the benzotellur-
azoles 3a and 4c¢ were used as chalcogen bond donors (Fig-
ure 5). In these compounds, one 6-hole at the chalcogen cen-
ter is blocked by the adjacent oxygen and accordingly only
one is available for the interaction with the chelating ligand.
Additionally, 3a and 4c offer the advantage that they also
represent a chelating ligand with two Lewis base centers.
Thus, on the one hand, they can act as chalcogen bond do-
nors, and on the other hand, they are as well chalcogen bond
acceptors; this means that a dimerization of 3a and 4c¢ can
lead to the desired chelate complexes. The monodentate
Lewis bases 5, 6 and 7a-d and the bidentate systems 3a,
4a-d, 8 and 9 were used as chalcogen bond acceptors (Fig-
ure 5).

For chalcogen bond calculations, the B3LYP>!->3 method
with additional dispersion correction with Becke-Johnson
damping*® (D3B]) was applied. Again, the counterpoise
method and the basis sets TZVP (for C, H, N, O) and aug-cc-
pVTZ-PP (for Te) were used. The most important data are
summarized in Table 1. Besides the calculations, compounds
3b, 3c and 4a-c were synthesized in analogy to already
known compounds (Scheme 1). Compounds 3b, 3c and 4a-
¢ were crystallized in the presence of different chalcogen
bond acceptors. However, only crystals of pure 3b, 3c and
4a-c could be isolated. This shows that the dimerization of
3b, 3c and 4a-c is energetically highly more favorable than
the formation of mixed crystals. The obtained data of the
solid-state structures of 3b, 3¢ and 4a-c are given in Table 2.

chalcogen bond donor chalcogen bond acceptor

5 3
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Figure 5 Chalcogen bond donor (left) and acceptor (right) systems
used in this study.
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Scheme 1 Synthesis of the model systems 3b, 3c and 4a-c. Reaction
conditions: i) H3PO,, HClconc, EEOH/THF, A; ii) LIOH, H,0, THF, 10°C; iii)
BnOH, DMAP, DCC, DCM, RT.

First, we consider the calculated complexes of 3a and 4c¢
with the monodentate Lewis bases 5, 6 and 7a-d (Table 1;
Figures S2-S7 and S15-520). These complexes each exhibit
only one chalcogen bond. The calculated interaction ener-
gies amount to -8 to —9 kcal/mol. The dihedral angles 63
and 64, which correspond to B in the models 1¢X, 1c*2 and
3a<2, are normally not significantly differing from 0°. In the
case of the acceptor systems 7a-d, the strength of the chalc-
ogen bond increases with increasing calculated gas-phase
basicity of the nitrogen atom in 7 (Tables 1 and S12).

Considering the complexes of 3a and 4c with the biden-
tate Lewis bases 3a, 4a-d, 8 and 9 (Table 1; Figures S8-S14
and S21-S27), it turns out that the complexes of naphthyri-
dine (8) exhibit the lowest binding energies. These energies
are similarly high to those of the complexes with monoden-
tate ligands. This is in accordance with the fact that only one
nitrogen atom forms a chalcogen bond with the tellurium
atom. The distance of the second nitrogen atom to tellurium
is significantly higher (3.9 A and 4.5 A, respectively) than the
sum of the van der Waals radii of the two atoms (3.61A).
This arrangement can presumably be ascribed to the fact
that the bite angle in naphthyridines is not suitable for the
formation of two equivalent chalcogen bonds.

© 2022. The Author(s). Organic Materials 2022, 4, 43 -52
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Table 1 Calculated dihedral angles 63(C8-C9-E1-N1') and 64(C8-C9-E1-N2'/02’) [°], chalcogen bond distances d1(E1-N10/010), d>(E1-N1')
and d3(E1-N2'/02') [A] as well as binding energies AE [kcal/mol] of the investigated complexes by means of B3LYP-D3B|/TZVP,aug-cc-pVTZ-PP.

For numbering, see Figure 5

Complex Type di [A] d; [A] ds [A] 63 [°] 04 [°] AE [kcal/mol]
3a-5 3.242 3.061 -2 -8.8
3a+6 3.236 3.096 -4 -7.8
3a+7d 3.236 3.121 -10 -8.0
3a*7a 3.237 3.105 -5 -8.5
3a*7b 3.236 3.114 3 -8.6
3a*7c 3.236 3.134 2 -8.8
3a+8 3.247 3.118 3.895 11 -25 -8.7
3a+9 C 3.243 3.216 3.412 23 -26 -10.7
3a*3a C 3.234 3.231 3.489 9 -39 -10.0
3a+4d 3.243 3.187 3.589 7 -41 -10.0
3a*4a C 3.243 3.209 3.494 15 -34 -10.8
3a<4b C 3.242 3.234 3.461 20 -30 -11.0
3a*4c C 3.241 3.277 3.397 24 -26 -11.3
4ce5 3.131 3.106 -3 -7.9
4c6 3.127 3.141 -5 -7.1
4ce+7d 3.122 3.192 -12 -7.3
4ce7a 3.126 3.142 5 -7.9
4ce7b 3.124 3.156 -6 -8.0
4ce7c 3.124 3.169 2 -8.1
4ce8 3.134 3.242 4.520 19 -6 -7.6
4ce9 3.123 3.303 3.761 3 47 -9.8
4ce3a C 3.122 3.259 3.528 8 -39 -9.4
4ce4d 3.131 3.230 3.616 6 -42 -9.0
4ce4a C 3.131 3.235 3.541 15 -34 -9.9
4c+4b C 3.130 3.257 3.517 20 -29 -10.1
4ce4c C 3.129 3.298 3.451 25 -25 -10.4
4a<4a 2.932 4.999 3.560 1 =22 -7.1
4b+4b 3.003 3.245 3.590 25 -24 -8.5

In systems with more favorable bite angles (3a, 4a-d and
9), the distances of the nucleophilic centers to the tellurium
atom are smaller and, in many cases, even smaller than the
sum of the van der Waals radii of the two atoms so that in
the latter case it can be spoken of two chalcogen bonds to
one single o-hole. Here, the comparison of the systems
3a+4a-d and 4c+4a-d considering the calculated gas-phase
basicity of the nitrogen atoms in 4 (Table S12) is interesting.

The following tendency can be observed: the higher the
calculated gas-phase basicity of the nitrogen atoms in 4, the
more stable is the complex and the smaller is the difference
of the distances between the tellurium atom (Tel) and the
nucleophilic centers (N1’ and N2"). For example, in complex
4c+4d, which contains benzotellurazole (4c) as the donor
and benzoxazole (4d) as the acceptor, the distance d,(E1-
N1’) amounts to 3.23 A and is significantly smaller than ds

(E1-N2') with 3.62 A (Figure 6a). Whereas N1’ with 85 =6° is
almost located in the aromatic plane, N2’ with 64 =-42° lies
significantly above the plane. Considering that the dihedral
angles 65 and 64 correspond to 8 in model 3a<2 (Figure 4),
the interaction energy between the Tel and N2' center
(64=-42°) can be estimated to ca. 20% of the maximum
chalcogen bond energy. However, the chalcogen bond be-
tween the centers Tel and N1’ (63=0°) almost represents
an ideal chalcogen bond. This means, in 3a*2 the second
Lewis center (N2') leads to an additional stabilization of
about 20% of the maximum chalcogen bond energy.

A contrary picture can be found for complex 4c*4c con-
sisting of two identical benzotellurazole units (Figure 6b):
the calculated distances d,(E1-N1") and d3(E1-N2') differ on-
ly slightly (3.30 A and 3.45 A); one nitrogen atom lies below
the plane (65=25°), whereas the other is located above the

© 2022. The Author(s). Organic Materials 2022, 4, 43 -52
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Figure 6 Ball and stick representations (CYLview20°4) of the molecular
structures of the complexes 4c*4d (a) and 4c+4c (b; type C) calculated
by means of B3LYP-D3B|/TZVP,aug-cc-pVTZ-PP. Color codes: grey,
carbon; white, hydrogen; brown, tellurium; blue, nitrogen; red, oxygen
(dashed black lines denote chalcogen bonds at the examined center).

plane (64=-25°) (Figure 6b). This means both nitrogen
atoms form chalcogen bonds to the same o-hole. These
bonds are energetically equivalent, which corresponds to
the description of type C. If model 3a<2 (Figure 4) is again
considered for comparison, it can be recognized that for
B=25° (or -25°) the energy value found amounts to 60-
70% of an ideal chalcogen bond.

To evaluate whether the three-center interaction in 4ce4c
is substantially different from two-center chalcogen bond-
ing, energy decomposition analyses®> (B3LYP-D3BJ/QZ4P)
were performed for 4ce4c and 4ce*7c. Comparison shows
that both are very similar. In 4c*7c, the term of electrostatic
interaction to the total attractive interaction is slightly high-
er (4ce4c: 41%, 4c*7c: 45%), while the fraction of dispersion
energy is lower (4c*4c: 38%, 4c*7c: 35%). The term of total
orbital interactions is the same in both cases (21%).

The experimental confirmation for type C can be found in
the solid-state structures of 3be3b, 3c*3c and 4c*4c (Table 2,
and Figures 7, S30 and S31). The distances between the nu-
cleophilic centers and the tellurium atom (d»(E1-N1") and d3
(E1-N2'/02")) differ only slightly. Moreover, one center is lo-

Table 2 Measured dihedral angles 65(C8-C9-E1-N1') and 04(C8-
C9-E1-N2'/02') [°], and chalcogen bond distances d{(E1-N10/010),
d>(E1-N1") and d3(E1-N2'/02") [A] of the dimeric complexes
3b+3b, 3c*3c, 4a+4a, 4b+4b and 4c+4c. For numbering, see Fi-
gure 5.

Complex  Type Al Al d[A] 657 04[]
3be3b C 3235 3158 3374 14 -36
C 3.225 3301 3538 -6 31
3ce3c C 3243 3416 3406 30 -16
4a+4a 2.853 4531 3184 13 18
4b+4b 2978 3480 3425 29 -16
4cedc C 3154 3344 3288 20 -24

cated significantly above and one significantly below the ar-
omatic plane (Figure 7c). Thus, both nucleophilic centers
form almost equivalent chalcogen bonds to one single c-
hole. For the selenium-containing dimer 4b+4b, a similar
conformation to that of complex 4c+4 d is found: one nitro-
gen atom forms an almost ideal chalcogen bond while the
second one only causes an additional stabilization (Figure
7b). The Se1-N2' distance (3.48 A) is therefore larger than
the sum of the van der Waals radii of the two atoms
(3.45A). In the sulfur-containing dimer 4a4a, only one N
atom of the acceptor forms a chalcogen bond (Figure 7a).

Conclusions

In this work interaction energy maps for chalcogen bonds
between chalcogenazoles and Lewis bases were calculated
by quantum chemical methods. It becomes evident that
two-lone-pair/one-c-hole interactions should in principle
be possible for tellurium-containing compounds, since a
change in the attractive interaction is not very pronounced
when deviating from planarity. These assumptions were
proven by quantum chemical calculations and X-ray studies.

Figure 7 Molecular structures of the dimeric complexes 4a+4a (a), 4b+4b (b) and 4c*4c (c, type C) in the solid state. Ellipsoids are set at 75%
probability (dashed black lines denote chalcogen bonds at the examined center).
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The higher the calculated gas-phase basicity of the nucleo-
philic center, the more likely is the formation of bifurcated
chalcogen bonds. The studied two-lone-pair/one-c-hole in-
teraction fixes the relative orientation of the molecules in
the complex. Thus, these bond types are promising with re-
spect to the formation of more complex and more rigid
structures based on chalcogen interactions.

Experimental Section

General remarks. All chemicals were of reagent grade and
used without further purification. Reactions were moni-
tored by TLC analysis with silica gel 60 F254 thin-layer
plates. Flash chromatography was carried out on silica 60
(40-63 um, 230-400 mesh). 'H, '3C and '>>Te NMR spectra
were measured with Bruker Avance DRX 400, 500 and
Avance HD 600 spectrometers. All chemical shifts (6) are
given in ppm. The spectra were referenced to the peak for
the protium impurity in the deuterated solvents indicated
in brackets in the analytical data. Signal multiplicity for H
NMR was determined as s (singlet), d (doublet), t (triplet),
sext (sextet), sept (septet), m (multiplet), dd (doublet of
doublets) and td (triplet of doublets). 13C NMR spectra were
measured with 'H decoupling and the 13C assignment was
achieved via DEPT 135, HSQC, HMBC, and COSY spectra. 13C
signal multiplicity was determined as p (primary), s (sec-
ondary), t (tertiary), q (quaternary). HR-MS spectra were re-
corded with a Bruker BioTOF III Instrument with ESI as ion-
ization source. UV/Vis absorption spectra were obtained
with a Jasco V-550 spectrophotometer. Ditelluride 10¢>¢
and diselenide 10b°7 were synthesized according to known
procedures. Disulfide 10a was purchased from Alfa Aesar.

Procedures

General procedure for the synthesis of the benzoazoles
3b (R =Et) and 4a-c. To a solution of disulfide (10a), disele-
nide (10b), or ditelluride (10c) in THF (8 mL/mmol starting
material), acid chloride (11 or 12) (2.1 equiv) was added
and the mixture was stirred for 5 min. Afterwards, 50% aq.
hypophosphorous acid (0.2 mL/mmol starting material)
was added and the solution was stirred for 5 min at room
temperature. This step was followed by an addition of 95%
ethanol (3.2 mL/mmol starting material) and 36% hydro-
chloric acid (2 mL/mmol starting material). The resulting
mixture was heated to reflux for 1-2 hours. After cooling to
room temperature, the mixture was chilled in an ice bath for
30 min. Ammonia solution (5% aq.) was added to the cooled
mixture to basify to pH =8 and the solution was repeatedly
extracted with DCM. The organic layers were combined,
dried over MgSQ4, and concentrated in vacuo. The residue

was purified by chromatography on silica gel to provide the
desired product.

Synthesis of benzotellurazole 3b (R = Et). This com-
pound was synthesized according to the mentioned applied
procedure from ditelluride 10c (1.46 g, 3.32 mmol) and acid
chloride 11 (956 mg, 7 mmol). After flash column chroma-
tography with silica gel (n-pentane/EtOAc 6:1), benzo-
tellurazole 3b was obtained as a yellow solid (900 mg,
2.97 mmol, 42%). M.p.77-79°C.

IR (ATR): 2976, 1692, 1493, 1279, 1256, 1053, 766 cm!.

TH NMR (400 MHz, CDCl3): 6 =8.43-8.41 (m, 1 H; C4H),
7.97-7.95 (m, 1 H; C;H), 7.53-7.49 (m, 1 H; C,H), 7.28-
7.24 (m, 1 H; C;;H), 4.48 (q, 2 H; CO,CH>), 1.44 ppm (t, 3 H;
CH,CH3).

13C NMR (101 MHz, CDCl3): 6=165.8 (q; Ca), 165.7 (q;
CO), 161.5 (q; Cap), 137.7 (t; Car), 132.0 (q; Cap), 129.5 (t;
Car), 127.5 (t; Cyp), 126.8 (t; Cyr), 63.4 (s; CH,CH3), 14.4 ppm
(p; CHCH3).

125Te NMR (126 MHz, CDCl3): 8 =976.5 ppm.

HRMS (ESI-TOF): m/z [M + H]* calcd for C1gH{oNO,130 Te*:
305.9768; found: 305.9777.

UV/Vis (CH3CN): Apax (log €) =247 (4.14), 296 nm (3.93).

Synthesis of benzotellurazole 3d (R = H). Benzotel-
lurazole 3b (605 mg, 2 mmol) was dissolved in THF (2 mL)
and the solution was cooled to 10°C. LiOH*H,0O (84 mg,
2 mmol) in water (4 mL) was added at this temperature and
the mixture was stirred for 1h. Afterwards, dilute hydro-
chloric acid (1 N) was added dropwise until precipitation
appeared. The solid was filtered and dried under vacuum to
afford the desired benzotellurazole 3d as a yellow powder
(500 mg, 1.82 mmol, 91%). M.p. 134-136°C.

IR (ATR): 2959, 2849, 1694, 1506, 1250, 1049, 760 cm™.

TH NMR (400 MHz, dg-DMSO): 6 =13.94 (brs, 1 H, CO,H),
8.28 (dd, 3Jyy=8.4Hz, 4yy=0.8Hz, 1 H; C,H), 8.24 (dd,
3Jun=8.4Hz, 4yu=0.8Hz, 1 H; C3H), 7.59-7.55 (m, 1 H;
CirH), 7.36-7.31 ppm (m, 1 H; C;H).

13CNMR (101 MHz, dg-DMSO): 6 =170.1 (q; Car), 167.3 (q;
C0), 161.3 (q; Car), 136.9 (t; Cyp), 133.1(q; Cap), 128.3 (t; Cap),
127.2 (t; C4r), 126.1 ppm (t; Cyp).

125Te NMR (126 MHz, dg-DMSO): § = 968.6 ppm.

HRMS (ESI-TOF): m/z [M + H]* calcd for CgHgNO,!39 Te*:
277.9455; found: 277.9464.

UV/Vis (THF): Apax (log €)=369 nm (3.25).

Synthesis of benzotellurazole 3c (R = Bn). To a solution
of benzotellurazole 3d (274 mg, 1 mmol), benzyl alcohol
(135mg, 1.25mmol), and 4-dimethylaminopyridine
(DMAP; 24.40 mg, 0.2 mmol) in dichloromethane (7 mL), N,
N'-dicyclohexylcarbodiimide (DCC; 1 mmol, 206 mg) was
added and the solution was stirred at room temperature un-
til TLC showed consumption of starting material (1 h). Then,
the solution was concentrated in vacuo and the residue was
repeatedly extracted with ethyl acetate, HCI (1 N) and water.
The combined organic phases were washed with saturated
NaHCOs3 and brine, dried over MgSO4 and concentrated in
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vacuo. The residue was purified by flash column chromatog-
raphy with silica gel (n-pentane/EtOAc 5:1), and benzotel-
lurazole 3¢ was obtained as a yellow solid (310 mg,
0.85 mmol, 85%). M.p.114-116°C.

IR (ATR): 3069, 2961, 1701, 1489, 1248, 1043, 766 cm™.

'H NMR (400 MHz, CDCl3): §=8.45 (dd, 3Jyu=8.4Hz,
4Jun=0.8Hz, 1 H; C3H), 7.99 (d, 3Jyu=8.0Hz, 1 H; C;H),
7.57-7.53 (m, 1 H; C;H), 7.51-7.48 (m, 2 H; CyH, C;H),
7.42-7.36 (m, 3 H; CyH, C;H, C;H), 7.32-7.28 (m, 1 H;
CarH), 5.48 ppm (s, 2 H; OCH).

13C NMR (101 MHz, CDCl3): 6=165.6 (q; Ca), 165.5 (q;
C0), 161.5 (q; Car), 137.9 (t; Car), 135.1 (q; Car), 132.0 (q;
Car), 129.6 (t; Cyp), 128.8 (t; Cyyp), 127.6 (t; Cyp), 127.0 (t; Cap),
68.8 ppm (s; OCH,Ph).

125Te NMR (126 MHz, CDCl3): 8 =980.9 ppm.

HRMS (ESI-TOF): m/z [M + H]* calcd for C;5H{3,NO, 30 Te*:
367.9925; found: 367.9885.

UV/Vis (CH3CN): Apax (log €)=247 (4.17), 297 nm (3.96).

Synthesis of benzothiazole 4a. This compound was syn-
thesized according to the general procedure from disulfide
10a (174 mg, 0.7 mmol) and acid chloride 12 (210 mg,
1.47 mmol). After flash column chromatography with silica
gel (n-pentane/EtOAc 1:2), benzothiazole 4a was obtained
as a white solid (190 mg, 0.89 mmol, 60%). M.p. 128-130°C.

IR (ATR): 3046, 1557, 1504, 1406, 1317, 1015, 762 cm!.

'H NMR (400 MHz, CDCl3): 6 =8.93-8.90 (m, 2 H; Cpyrimi-
dineH, prrimidineH)- 8.25(dd, 3JH,H =8.0Hz, 4]H,H =1.6Hz, 1 H;
CaH), 7.99-7.95 (m, 1 H; C4H), 7.55-7.51 (m, 1 H; CyH),
7.49-7.44 (m, 1 H; C;H), 7.38-7.34ppm (m, 1 H; Cpyrimi-
dineH)-

13C NMR (101 MHz, CDCl3): 6=166.6 (q; Ci), 160.0 (q;
Cpyrimidine), 158.0 (t; Cpyrimidine)s 154.4 (q; Car), 136.6 (q;
Car), 126.8 (t; C4p), 126.7 (t; Cap), 125.0 (t; Cyp), 122.1 (t; Cyp),
121.5 ppm (t; Cpyrimidine)-

HRMS (ESI-TOF): m/z [M + H]* calcd for Cy1HgN3S*:
214.0433; found: 214.0419.

UV/Vis (CH3CN): Apax (log €) =224 (4.28), 299 nm (4.21).

Synthesis of benzoselenazole 4b. This compound was
synthesized according to the general procedure from disele-
nide 10b (225 mg, 0.66 mmol) and acid chloride 12 (200 mg,
1.40 mmol). After flash column chromatography with silica
gel (n-pentane/EtOAc 1:2), benzoselenazole 4b was ob-
tained as a white solid (232 mg, 0.89 mmol, 64%). M.p. 163-
165°C.

IR (ATR): 3055, 1557, 1512, 1406, 1078, 974, 758 cm™.

'H NMR (600 MHz, CDCls): § =8.90 (d, 3Jyy=4.8Hz, 2 H;
CpyrimidineH, prrimidineH)' 8.32 (d, 3]H,]—I=8-4 Hz, 1 H; C3H),
8.00 (d, 3Jyu=7.8Hz, 1 H; C3H), 7.53-7.50 (m, 1 H; C;H),
7.36 ppm (t, 3Jyy=4.8 Hz, 1 H; CoyrimidineH)-

13C NMR (151 MHz, CDCl3): 6=172.1 (q; C4), 161.7 (q;
Cpyrimidine), 158.0 (t; Cpyrimidine)s 156.3 (q; Car), 140.0 (q;
Car), 126.8 (t; C4p), 126.7 (t; Cap), 126.6 (t; Cyp), 125.2 (t; Cap),
121.4 ppm (t; Cpyrimidine)-

77Se NMR (114 MHz, CDCl3): 6 = 658.2 ppm.

HRMS (ESI-TOF): m/z [M + H]* calcd for Cy1Hg N3 Se*:
261.9878; found: 261.9871.

UV/Vis (CH3CN): Amax (log €) =231 (4.24), 301 nm (4.14).

Synthesis of benzotellurazole 4c. This compound was
synthesized according to the general procedure from ditel-
luride 10c (351 mg, 0.80 mmol) and acid chloride 12
(241 mg, 1.70 mmol). After flash column chromatography
with silica gel (n-pentane/EtOAc 1:2), benzotellurazole 4c
was obtained as a yellow solid (215 mg, 0.70 mmol, 41%).
M.p.216-218°C.

IR (ATR): 2918, 1557, 1555, 1501, 1408, 1310. 961,
764 cm™,

H NMR (400 MHz, CDCl3): 8=8.87 (d, 3]y 1 =4.8 Hz, 2 H;
CpyrimidineH,  CpyrimidineH ), 844 (dd, ‘?Jyu=8.0Hz,
3yp=12Hz, 1 H; CyuH), 7.99 (dd, 3Jyy=8.0Hz
3Jyn=1.2Hz, 1 H; CyH), 7.54-7.50 (m, 1 H; C,H), 7.35 (t,
Yun=4.8Hz, 1 H; CpyrimidineH), 7.27-7.22ppm (m, 1 H;
CaH).

13C NMR (101 MHz, CDCls): 8=175.3 (q; Ca), 165.6 (q;
Cpyrimidine), 163.1 (a; Car), 158.2 (t; Coyrimidine)» 136.3 (t; Car),
131.9 (q; Cap), 128.8 (t; Cyp), 127.2 (t; Cyp), 126.1 (t; Cyp),
121.1 ppm (t; prrimidine)-

125Te NMR (126 MHz, CDCl3): 6=918.4 ppm.

HRMS (ESI-TOF): m/z [M + H]* calcd for Cq{Hg N3'30 Te*:
311.9775; found: 311.9776.

UV/Vis (CH3CN): Apax (log €) =251 (4.17), 310 nm (4.05).
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