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Abstract: The chalcogen bond is a nonclassical o-hole-based
noncovalent interaction with emerging applications in medic-
inal chemistry and material science. It is found in organic
compounds, including 2D aromatics, but has so far never been
observed in 3D aromatic inorganic boron hydrides. Thiabor-
anes, harboring a sulfur heteroatom in the icosahedral cage, are
candidates for the formation of chalcogen bonds. The phenyl-
substituted thiaborane, synthesized and crystalized in this
study, forms sulfur--m type chalcogen bonds. Quantum chem-
ical analysis revealed that these interactions are considerably
stronger than both in their organic counterparts and in the
known halogen bond. The reason is the existence of a highly
positive a-hole on the positively charged sulfur atom. This
discovery expands the possibilities of applying substituted
boron clusters in crystal engineering and drug design.

The chalcogen bond is a novel type of noncovalent inter-
action between a chalcogen atom and an electron (e”)
donor."* It belongs to the family of o-hole bonding, where
the halogen bond (X-bond) is by far the most known. Since
chalcogen atoms are electronegative elements, they are
usually negatively charged in organic compounds. The
chalcogen bond, that is, the bond between a (mostly)
negatively charged chalcogen atom and a negatively charged
e~ donor, is thus as counterintuitive as the X-bond. Because
of the unequal occupation of the valence orbitals at the
chalcogen (halogen), the electrostatic potential (ESP) around
the chalcogen atom is strongly anisotropic. Therefore, besides
the expected negative areas, there are also areas of positive
ESP, called o-holes.”!

Although the chalcogen bond is not so well researched
compared to the X-bond, it plays an important role in crystal
engineering and in interactions of drugs or biological
molecules.>>%1% Tt is important for the biological activity of
several organic molecules.®! An analysis of the Protein Data
Bank suggests that the S--O interactions influence protein
structures.*!

A o-hole is characterized by its magnitude (V,,,) and
size.'"] V.., is defined as the value of the most positive ESP
of an e~ density surface and the size as the spatial extent of the
positive region. V.. and the size increases on going from Cl
to I or from S to Te. The chemical environment also plays
arole. V., can be increased by e -withdrawing groups in the
vicinity of the X or chalcogen atom.™'"'?! As also noticed, the
higher the V., value is, the stronger is the X-bond. A
modulation of the X-bond in protein—inhibitor complexes was
used to reduce the ICs, values accordingly.!'*!4

Reference interaction energies (AE) for the X-bond are
obtained using the highly accurate CCSD(T) calculations.
Hartree-Fock (HF) and density funtional theory (DFT)
usually give too low AE values."? Their use should thus be
verified by the CCSD(T) calculations.

Inherently e -deficient polyhedral boron clusters (bor-
anes) exhibit an astonishing variety of stable structures.
Numerous applications include radioactive waste extraction,
nanotechnology and medicinal chemistry.">”) The properties
which make boranes such suitable entities include their
hydrophobicity, shape, 3D aromaticity, stability and ability to
form dihydrogen bonds.'®) An important class of boranes
comprises closo-B,H,>~ (known for n=5-12) dianions. The

[¥] Dr. ). Fanfrlik,"! A. Pecina, Dr. M. Lep3ik, Prof. P. Hobza
Gilead Sciences Research Center and
Institute of Organic Chemistry and Biochemistry
Academy of Sciences of the Czech Republic, v.v.i.
Flemingovo ndm. 2, 16610 Prague 6 (Czech Republic)
E-mail: hobza@uochb.cas.cz
Prof. P. Hobza
Regional Center of Advanced Technologies and Materials
Department of Physical Chemistry, Palacky University
77146 Olomouc (Czech Republic)
A. Pfada, Dr. |. Maché&ek, Dr. ). Holub, Dr. D. Hnyk
Institute of Inorganic Chemistry
Academy of Sciences of the Czech Republic, v.v.i.
25068 Rez u Prahy (Czech Republic)
E-mail: hnyk@iic.cas.cz
Dr. Z. Padélkova,™ Prof. A. Ruzicka
University of Pardubice
Studentskd 573, 53210 Pardubice (Czech Republic)
E-mail: ales.ruzicka@upce.cz

Angew. Chem. Int. Ed. 2014, 53, 10139—10142

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[*] These authors contributed equally to this work.

[**] This work was supported by research projects RVO 61388963
awarded by the Academy of Sciences of the Czech Republic. We
acknowledge the financial support of the Czech Science Foundation
().F., A.P., M.L., P.H.: grant number P208/12/G016; D.H.: grant
number P208/10/2269). We also thank the Gilead Sciences and
IOCB Research Centre for financial support. This work was also
supported by the Operational Program Research and Development
for Innovations—European Science Fund (grant number CZ.1.05/
2.1.00/03.0058). This work was supported by the IT4Innovations
Centre of Excellence project (CZ.1.05/1.1.00/02.0070), funded by
the European Regional Development Fund and the national budget
of the Czech Republic via the Research and Development for
Innovations Operational Programme, as well as Czech Ministry of
Education, Youth and Sports via the project Large Research,
Development and Innovations Infrastructures (LM2011033).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201405901.

Wiley Online Library

10139


http://dx.doi.org/10.1002/anie.201405901

10140 www.angewandte.org

Angewandte

Communications

BH?* vertices can be formally replaced by isoelectronic CH™
or S units and can thus form carboranes or neutral thiabor-
anes, respectively. Apart from the parent thiaborane, closo-1-
SB;H;;, its 12-Cl- and 12-I-variants (CIl-SBy; and I-SBy,,
respectively) were previously prepared in our laboratories.?”
This prompted us to prepare the thiaborane with an antipodal
phenyl exo-substitution, 12-Ph-closo-1-SB,;H;, (Ph-SBy;), in
which 2D and 3D aromatics are connected (see the Support-
ing Information). These substituted compounds enabled us to
analyze the ability of thiaboranes to form chalcogen bonds.

Conceivably, the charge distribution of thiaboranes differs
significantly from that of sulfur-containing organic com-
pounds. The comparison of calculated ESPs and dipole
moments is shown in Figure 1.

A)

Figure 1. Electrostatic potentials (ESPs) on 0.001 a.u. and dipole
moments (arrows) computed at the HF /cc-pVDZ level. The molecular
surfaces of A) H,C=S, B) F,C=S, C) Ph-SB;; and D) CI-SB;;. ESP in
kcalmol ™.

The S atom in H,C=S and F,C=S is divalent and neg-
atively charged (Table 1). The evidence of the o-hole is clearly
visible in Figure 1 and Table 1, which show less negative and
positive o-holes in H,C=S and F,C=S, respectively. The key
role in this respect is played by two e -withdrawing F atoms
here. The most positive regions are localized at the top of the
S atom. In contrast, the S atom in thiaboranes is bound to five
B atoms and is thus positively charged (Table 1). Neverthe-
less, the ESP of Ph-SBy, clearly shows the existence of a less

Table 1: The magnitude of o-holes (V, .,), Mulliken partial atomic
charges on the S atom (g,), and dipole moment (u) in kcal mol™', €7, and
D, respectively.

Compound Vc,max qs u
H,C=S -3 —0.12 2.12
F,C=S 12.6 —0.11 0.31
Ph-SB,; 26.7 0.13 3.29
CI-SB,, 30.7 0.13 5.31%

[a] The experimental u of CI-SBy; is 5.49 D.”

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

positive top of the S atom and of five highly positive o-holes
on its sides (Figure 1 C). The V,,,, is even higher here than in
the majority of halogenated compounds. The V., of Ph-SB;,
is comparable to the V., of Br-benzene with several e -
withdrawing groups.''?! In CI-SB,,, the o-holes are even
bigger and joined into a more positive belt, which ranges from
120° to 150° from the B12-S axis. It shows that the properties
of o-holes can be tuned by introducing e -withdrawing groups
on the 3D aromatic cage. Similar tuning of o-hole properties
on the 2D aromatic are well known for X-bonds. These
findings have important consequences—the resulting chalc-
ogen bond should be strong and bent, unlike the linear X-
bonds. A detailed computational study on o-hole bonding of
heteroboranes is under preparation.

The Ph-SB;; compound was synthesized and crystallized
(see the Supporting Information). The crystal structure
(Figure 2 A) showed several interaction motifs (Figure 2D)
which were investigated using advanced methods of quantum
chemistry (QM) and compared with crystal structures of Cl-
SB,; and I-SB,; (Figure 2).?"
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Figure 2. The crystal structures (A, B, C) and the most stable inter-
actions (D, E, F) in the crystals of Ph-SBy; (A, D), CI-SBy; (B, E), and I-
SBy; (G, F). A, B, C and the central molecules in D, E, F colored by
element (pink: B, yellow: S, black: C, green: Cl, magenta: ). H atoms
omitted for clarity.
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Table 2: The interaction energies (AE) and their decomposition into the
electrostatic (E,"), exchange-repulsion (E,*), dispersion (E*?), and
induction (E;™) terms; all in kcalmol ™.

Motif ~ DFT-D3/CCSD(T) DFT-SAPT
AE E1 pol E]exch Ed'\sp Eind[a] AE
Ph-SB,,
A-B —8.2/-8.6 —-58 1038 -120 -20 838
A-C —7.4/-73 —28 94 -148 0.8 9.1
A-D —5.5/-5.4 —-24 75 -112 05 —6.6
A-E —2.6 -0.7 22 —4.3 -02 3.0
A-F —2.0 —-04 15 -33 —-02 24
Cl-SB,,
A-B —4.9 —35 56 —6.7 -09 55
A-C -39 -1.5 29 —6.1 -03 50
A-D -3.8 -1.5 39 —6.5 —-0.5 —46
I-SB,,
A-B —5.4 -35 6.6 —8.4 -1.1 —6.4
A-C —43 -1.7 32 —6.7 —-04 56
A-D —3.4 —-0.8 34 —6.5 —-0.5 —43

[a] Eind — Ez'md + Ezexch-md +6H F.

The interaction energies of the binding motifs found in the
crystals are shown in Table 2. The strongest AE (—8.2 kcal
mol ") was found for the A-B motif of Ph-SB;, characterized
by the B—S-m chalcogen bond. The DFT-D3 results were
verified by the benchmark CCSD(T)/complete basis set
(CBS) calculations, with a fair agreement. Notice that the
B12-S axes of two Ph-SB,; molecules are not perpendicular
(B12-S-Ph angle is 155°), in agreement with the prediction of
nonlinearity of the chalcogen bond of the thiaboranes. The
AE in the A-C and A-D stacking motifs of Ph-SB,;, which
have no chalcogen bond, are weaker (—7.4 and —5.5 kcal
mol~!, respectively). The A-E and A-F motifs are consider-
ably less stable because of the longer distances between Ph
and the thiaborane cage.

Passing Cl or I, the chalcogen bonds are disfavored by
about 3 kcalmol™' compared to Ph. The B—S-m chalcogen
bond is thus considerably more stable than the B—S--X one.
The most stable motif features the chalcogen bond in all the
crystals studied. The other motifs have head-to-tail and
stacking interactions, and their AE are only slightly weaker.

The total AE is decomposed here using the DFT-SAPT
technique in order to determine the nature of the respective
binding (Table 2). The total AE values at the DFT-SAPT level
are all slightly more negative than the DFT-D3 ones. In the
case of Ph-SB;, the A-C motif became more stable than the
chalcogen-bonded A-B motif but based on the comparison
with the CCSD(T) values this is probably an artifact of the
method. The chalcogen bond in the motifs is dominated by
the dispersion energy. The electrostatic stabilization is also
important. Further, the induction energy is systematically
larger for structures with a chalcogen bond, because of charge
transfer in this motif.

To summarize, the most stable binding motif in the crystal
of Ph-SB,, corresponds to a very strong B—S-m chalcogen
bond exceeding —8 kcalmol ™. It is considerably stronger than
known C—X--m X-bonds. For comparison, the AE of the
trifluoroiodomethane..benzene complex, possessing the X-
bond, is —3.9 kcalmol ".?Y Dominant stabilization of the
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chalcogen bond investigated comes from dispersion and
electrostatic energies. The phenyl group occurs frequently in
proteins (in phenylalanine). The chalcogen bond can thus be
used for designing protein-ligand interactions as well as for
crystal engineering.

Experimental Section

Syntheses, NMR spectroscopies, X-ray diffraction analysis, and
quantum mechanical calculations: The synthetic procedure of Ph-
SB,, is based on the iodination of closo-1-SB;;H,, followed by
Negeshi coupling with Br-benzene. The shielding tensor of Ph-SB,;
was computed and 'H along with "B NMR spectra were recorded.
The X-ray diffraction structure was established. QM calculations
were performed using this structure. All the details are given in the
Supporting Information.
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