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Chalcogens act as inner and outer heteroatoms in
borane cages with possible consequences for
c-hole interactions

Jindfich Fanfrlik*® and Drahomir Hnyk*®

Chalcogen bonds are a subset of o-hole interactions and the number of their applications has been in-
creasing rapidly. While chalcogen bonding in organic compounds has been intensively studied in the past
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decade, it is entirely new in boron cluster chemistry. In this paper, we review the remarkable ability of
chalcogenated boron clusters to form strong chalcogen bonds. Chalcogen atoms have a unique property
to be incorporated in a boron cluster both innerly and outerly. Various molecular shapes (e.g. icosahedral,

bicapped-square antiprismatical) have been computationally analyzed and discussed. No general physical
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trend has been observed and, therefore, it is recommended to tackle each cluster individually.

Introduction

A chalcogen bond is an attractive interaction between an
electrophilic (positive) region associated with a Group VI
atom (abbreviated as Y atoms) in a molecular entity and a nu-
cleophilic (negative) region in another, or the same, mole-
cule. Chalcogen bonds have been intensively studied." Partic-
ularly, the S---O chalcogen bond has been attracting great
attention because of its influence on protein structures® and
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its importance for the biological activities of several organic
molecules.’ Interestingly, the same chalcogen atom can si-
multaneously interact with both positive and negative sites.
This ability has been explained in terms of regions of the
positive electrostatic potential (ESP) on the outer surfaces of
chalcogen atoms.” These regions, called c-holes, are located
along the extensions of their existing covalent bonds.® Chal-
cogen bonds are thus analogous to other c-hole interactions,
termed halogen bonds, which are of considerable importance
in crystal engineering and drug design.® A c-hole is character-
ized by its magnitude (V max) and spatial size.” Vs,max and the
size increase with the atomic number of the chalcogen atom
(from S to Te; analogous to that from ClI to I). They can like-
wise be modulated by changing the chemical environment,
i.e. electron-withdrawing groups also increase the c-hole. It
has been demonstrated that the larger the V.« value, the
stronger the halogen bond.” A modulation of halogen bonds
in protein-inhibitor complexes has been used to reduce the
IC5, values accordingly.®

Partial atomic charges on S atoms usually have negative
values in simple organosulfur compounds where the S atoms
are covalently bound to C and H atoms. Consequently, such
S atoms have very small c-holes. In some cases, the Vmax
can even have a negative value (e.g. Vs max for H,C=S of -3.1
keal mol™).>'® The V; ..« value increases with the introduc-
tion of electron-withdrawing groups as mentioned above (e.g.
Vs,max for F,C=S and S—=C=S of 12.6 and 16.0 kcal mol?, re-
spectively).'® On the other hand, partial atomic charges on S
atoms have positive values when the S atom is bound to
highly electronegative atoms (e.g. halogens). Consequently,
the S atoms in such compounds have c-holes with very large
Vs,max values (e.g. Vs max for SCl,, SCl, and SF, of 28.6, 38.3
and 51.5 kcal mol™, respectively). Nziko and Schneier have
theoretically studied the N---S chalcogen bond between SF,
and a series of amines. They have demonstrated that this
chalcogen bond is very strong. The interaction energies
ranged from -7 to -14 kcal mol™* (for NH; and trimethyl-
amine, respectively).'"' They also compared tetravalent SF,
with divalent SF, and SHF. They found very small differences
between the divalent and tetravalent S complexes.**

Interestingly, there are compounds with very large Vi max
values on the chalcogen atom even though the chalcogen
atom is only bound to highly electropositive B atoms (i.e.
the substituted boron hydrides that are described below).
Closo-1-SB;1H;; has five c-holes with Vj . values of 28.2
keal mol .° Closo-1-SB;;H;; has been shown to form strong
complexes with trimethylamine and benzene (interaction
energy of -6.5 and -6.3 kcal mol™, respectively) in our
computational study.'” As mentioned above, the strength of
chalcogen bonds increases with the atomic number of the
chalcogen. Closo-1-SeB;;H;; thus forms even stronger chal-
cogen bonded complexes: the interaction energies of closo-
1-SeB;;H;; with trimethylamine and benzene are -8.1 and
-7.0 kecal mol™, respectively.'” These are very strong chalco-
gen bonds considering that the interaction energies of the
benzene:--Se=CF,, benzene:--Se(CF3),, trimethyl-
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amine---Se—=CF, and trimethylamine---Se(CF;), complexes
possessing the chalcogen bond are -3.5, -4.5, -4.6 and -3.7
keal mol ™, respectively.?

Boron clusters

Boron atoms have a remarkable ability to form molecules of
unlimited size by covalently bonding to themselves and other
elements. Polyhedral boron clusters (boranes) exhibit an as-
tonishing variety of stable molecular structures due to this
ability."” Boranes have a broad range of applications includ-
ing radioactive waste extraction, nanotechnology and medici-
nal chemistry. Such a wide range of applications are enabled
by the unique properties of boranes, which include high sta-
bility, low toxicity, hydrophobicity'® and the ability to form
nonclassical noncovalent interactions’® such as dihydrogen
bonds*® and o-hole interactions.” Although boron is the
neighbor of carbon in the periodic table, their chemistries
differ dramatically.>® Their geometries are not compatible
even in the case of simple B,Hs and C,He. B,Hg, possessing
the D,, symmetry, differs from the ethane-like structure of
the D34 symmetry with two-center two-electron bond (2c-2e).
Conceivably, B,Hs could be fitted to the electron diffraction
data only if a hydrogen-bridge-based model with the so-called
3-center 2-electron bond (3c-2e) of the D,, symmetry were
considered.>® Further experimental structural studies have
led to the formulation of the unusual bonding principles in
boron clusters (the concept multicenter bonding)** by W. N.
Lipscomb. An important class of boranes comprises closo-
B,H,”” (n = 5-12) dianions. The systematic replacement of
BH (formally neutral) vertices in them by a variety of chalco-
gens such as $>*, Se**, or other heteroatoms (e.g. CH"), leads
to a broad range of so-called heteroboranes.

As opposed to the electronegativity concept, parent boron
hydrides (boranes) are electron deficient and any heteroatom
within a cluster framework (endo substituent) acts as if it
were an electron donor. Consequently, the heterovertex (or a
midpoint of two-heterovertex separation) is a center of a par-
tial positive charge, as evidenced by interpreting experimen-
tal dipole moments. Indeed, it is the midpoint of the CC vec-
tor that is the center of the partial positive charge in closo-
1,2-C,BoH;,, which has been determined experimentally in
an unambiguous way.>* The same applies to another closo
system, closo-1-SB,1H;4, where the S atom bears the partially
positive charge in the icosahedral cage.>> We have modeled
the unsynthesized closo-1-OB;;H;; compound®® in order to
demonstrate the effect of a boron cluster framework for
heteroatoms. Vg . values were positive even on the highly
electronegative O atom (Table 1).

Chalcogens and hydrogenated
chalcogens in boron clusters

As mentioned above, BH vertices in closo-B,H,” (n = 5-12)
can be replaced by various heterovertices. Several parental

CrysttngComm, 2016, 18, 8982-8987 | 8983
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Table 1 The maximum of the electrostatic potential on the surface of the chalcogen atom (V) in kcal mol™. For each compound, all the V; nax
values are listed. In general, the number of V,.x value correlates with the coordination number of the chalcogen atom. Partial atomic charges (gq) on

the chalcogen atom from RESP are in e”. Polarisability () in a.u.

Molecule (symmetry)

Vs max HF/cc-pvVDZ

g B3LYP/cc-pVTZ o B3LYP/cc-pVTZ

H,C=S (Cs) -3.1 (ref. 9)
F,C=S (Cy) 12.6 (ref. 9)
S=C=S (D..1) 16.0 (ref. 14)
SCl, (Cay) 2x28.6

SCl, (Cay)* 2 % 38.3

SF, (Cay) 2 x45.5

SF, (Cay)* 2 % 51.5
Closo-1-SB,H, (Cs, 3x16.9
Closo-1-SBsH; (Cay) 4x11.1
Clos0-1-SBoH, (Cay) 4 % 22.4 (ref. 12)
Closo-1-SBgH;; (Csy) 5x12.3
Closo-1-SBy1Hy; (Csy) 5 x 28.2 (ref. 12)
Closo-1-OB1Hy; (Csy) 5x11.7
Closo-1-SeBy1Hi4 (Csy) 5 x 29.5 (ref. 12)
Closo-1-SB,H, (C¢,)? 6 x 10.4
Closo-1-SB13H; (Cey) 6 % 22.9
12-F-closo-1-SB11Hyq (Csy) 5 % 29.2 (ref. 12)
1,2-(SH),-¢l0s0-1,2-C,B1oH ¢ (Cay) 16.0
1,2-(SeH),-closo-1,2-C,B1oHyo (Cay) 20.4

-0.15 29.5
-0.13 30.7
0.05 49.2
0.07 42.4
0.38 87.3
0.23 18.9
0.44 25.5
0.04 67.9
0.17 771
0.19 122.1
0.17 88.4
0.21 139.7
—-0.07 126.9
0.31 145.8
0.06 101.3
0.15 165.7
0.22 139.7
-0.10 169.2
0.01 181.7

“ Trigonal bipyramidal shape dictated by the so-called quadruple average angle, see. ref. 11h. © A more stable form with C, symmetry has 2
c-holes with a V; .« value of 19.8 keal mol . ¢ Vs max vValues were determined on the 0.001 a.u. molecular surface computed at the HF/cc-pVDZ

level using the Gaussian 09,"® Molekel4.3 (ref. 16a and b) and WFA (wavefunction analysis
basis sets are not needed for these purposes.’®® ¢ It was recently shown that the RESP,

)'6¢ programs. It has been recently shown that larger

'%¢ in contrast to NBO, represents a method of choice for

heteroboranes, as NBO's closely correspond to the picture of localized bonds and lone pairs as basic units of the molecular structure. This is

not true for delocalized heteroboranes.*® ¢

by 1/3 (o + Oy + Ozr)-

heteroboranes with a chalcogen vertex have been synthesized,
specifically closo-1-SB;H,1,%” closo-1-SeB;1H,1,2® closo-1-SBgH,
(ref. 29) and closo-1-TeB;H,1.*" All these neutral parent icosa-
hedral heteroboranes have been geometrically characterized
using gas-phase electron diffraction since their monocrystals
are disordered, which prevents them from X-ray diffraction
analyses. However, this is not the case of some exo-
substituted heteroboranes. We have demonstrated the domi-
nant role of chalcogen bonding in the crystal packing for 12-
Ph-closo-1-SBy,H,, (Fig. 2).°

It would be very tempting to have some guidelines for the
relations of physical properties of thiaboranes going from
closo-SB,H,, to closo-SB,.1H,+1. In order to obtain deeper in-
sight into thiaborane properties, we have analyzed the NMR
chemical shifts and Vs max values of various thiaboranes. The
experimental observation related to a strong downfield ''B
NMR chemical shift of the antipodal boron atom in closo-1-
SByH, (a symmetry of Cy,) and closo-1-SB;;H;; (a symmetry of
Cs,) may, however, lead to unrealistic assumptions.>”** Con-
sidering the Vg max values and NMR shifts of closo-1-SBoHg
and closo-1-SBy;H,; (22.4 and 28.2 kcal mol™ (ref. 12) and 76
and 18 ppm,>”* respectively), we would have expected a
larger computed Vy,.x for the hypothetical closo-1-SB,3H;; (a
symmetry of Cg,,*" J(*'B(antipodal B13)) = -8.4 ppm) than for
closo-1-SB;;H;; because this downfield chemical shift de-
creases with the increasing number of the vertices. However,
the Vg max value of this hypothetical bicapped-hexagon-type
antiprismatic thiaborane closo-1-SB;3H;; is computed to be

8984 | CrysttngComm, 2016, 18, 8982-8987

a is the second-order tensor of the dipole polarizability; the reported average polarizability is given

“only” 22.9 kcal mol™. Conceivably, there is no relation be-
tween the electrostatic potential, i.e. the partial atomic charge
on the S atom, and the B chemical shift of the B atom anti-
podally coupled with the S atom. The same applies to a series
of hypothetical bipyramidal thiaboranes with symmetries of
Csy, Cyy, Csy, and Cg, (see Table 1, the isoelectronic mono-
carbaboranes are experimentally available®'?). These compu-
tational results further support the known fact that there are
no relations as to the physical and chemical properties of
closo-heteroboranes going from closo-YB,H, to closo-
YB,.1H,.11.>> Each cluster thus must be treated individually,
which will also be true for future applications in crystal
engineering.

Chalcogen atoms are able to act as both inner and outer
heteroatoms in boranes. In the form of YH, they can substi-
tute exopolyhedral hydrogens and in the form of Y BH verti-
ces in them. As an example of exo-chalcogenated carboranes,
we can list experimentally known 1,2-(SH),-closo-1,2-
CyB1oH10,>*  9,12-(SH),-clos0-1,2-C,B1oHyp,>*  1,2-(SeH),-closo-
1,2-C,B4oH;o (ref. 35) and still hypothetical 9,12-(SeH),-closo-
1,2-C,B1oH;0.°® The S atom of 9,12-(SH),-closo-1,2-C,B1oHy is
bound to the B vertex. It has a negative ESP surface and it
does not have a c-hole (see Fig. 1). Conversely, the S atom of
1,2-(SH),-closo-1,2-C,B,H;, is bound to the C heterovertex of
the carborane cage. It has a positive c-hole along the exten-
sion of the S-H bond with the V1. value of 16.0 keal mol .
There is an even more positive ESP surface along the exten-
sion of the S-B bond, but it is impossible to determine its

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (A) The structure and numbering scheme of 7-, 8-, 12- and 14-
vertex cages adopting the symmetries of Cs,, Cg,, Cs, and Cg,, respec-
tively. (B) The molecular diagrams and electrostatic potential (ESP) on
the 0.001 a.u. molecular surface computed at the HF/cc-pVDZ level
using the Gaussian 09 (ref. 15) and Molekel4.3 (ref. 16a and b) programs
for selected S-atom possessing molecules. Color range in kcal mol™.

Fig. 2 The crystal packing of 12-Ph-closo-1-SBy1H1o.

Vs,max Value, because the ESP does not have a local maximum
here. The ESP continuously becomes more positive towards
the H atom (see Fig. 1). There is a clear analogy between
carboranes with exopolyhedral chalcogen and halogen atoms.
We have recently computed that the c-hole on Br atoms of
brominated carboranes could be highly positive but only if it
were bound to a C vertex.">*” On the other hand, the V; max
on the Br atom had a negative value when the Br atom was
bound to a B vertex. Interestingly, this observation is also
true in dilute solutions of closo-1-Ph-2-X-1,2-C,B;oH;, (for X =
F, Cl, Br, 1),>® where dipole moments were measured and
subsequently interpreted by a simple vector algebra.*® The
observed dipole-moment anomaly for X = Br, I in contrast to
F, CI could be accounted for only when an additional vector

This journal is © The Royal Society of Chemistry 2016
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pointing from the outer surface of bromine and iodine
(irrespective of the corresponding electronegativities) towards
the negative part of the aromatic quadrupole moment was in-
troduced, which confirmed the anisotropy of heavier halogen
atoms.

A comparison of closo-YBy;H;; with the 1,2-(YH),-closo-1,2-
C,B;0H;, series suggests that the effect of the borane cages is
more pronounced (i.e. higher V; .« values) when the chalco-
gen atom is an endo substituent (see Table 1). This difference
is the most significant when Y = O: the O atom of 1,2-(OH),-
closo-1,2-C,B;0H;, has a negative ESP surface in contrast to
closo-1-OB H,;, where we have computed a positive Vg max
value.

We have recently decomposed several interaction energies
of chalcogen bonded complexes in order to establish the na-
ture of chalcogen bonding." The electrostatic and dispersion
terms were found to be systematically predominant. The
strength of the electrostatic term is predetermined by the
Vs,max value on the Y atom, which was discussed above. The
strength of the dispersion energy is determined in terms of
polarisability. The computed polarisabilities (Table 1) of the
studied compounds are large and even comparable to haloge-
nated carboranes.*”

It should also be mentioned that the c-hole interaction
can play an important role in reaction mechanisms if chalco-
gen atoms are involved. We have recently modeled a syn-
thetic route to 1,7-(SCN),-closo-By,H,o>". We have found that
the c-hole on the elongation of the S-S axis of (SNC), plays a
role when approaching the closo-B;,H;,>” anion.*

Conclusions

The chemistry of chalcogenated boranes is very broad. Chal-
cogen atoms can replace both BH vertices and exopolyhedral
H atoms of boranes and heteroboranes. Due to the electro-
deficiency of boron cages, any heterovertex (endo substituent)
acts as an e~ donor and becomes a center of a partial positive
charge. Consequently, any chalcogen atom within a boron
cluster framework and any heavier chalcogen atom bound to
the C heterovertex of neutral carboranes have highly positive
o-holes. These compounds thus have a remarkable ability to
form strong chalcogen bonds,*® which makes them attractive
for many exciting applications in materials chemistry, crystal
engineering as well as in other fields.
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