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In this manuscript we have combined a CSD (Cambridge Structural Database) analysis with theoretical calculations (RI-
MP2/def2-TZVP level of theory) to study the importance of polarizability in chalcogen bonding interactions. It is well
DOI: 10.1039/x0xx00000x known that chalcogen bonds are stronger for less electronegative chalcogen atoms, i.e. S < Se < Te and in the presence of
electron-withdrawing substituents at the chalcogen. Herein, we report experimental and theoretical evidence (RI-
MP2/def2-TZVP) that the chalcogen bond acceptor (Lewis base) has preference in some cases for the o-hole that is

opposite to the more polarizable group instead of the more electron withdrawing one, as confirmed by Natural Bond

Orbital (NBO) and the

Introduction

The understanding of noncovalent interactions is vital to keep
progressing in many areas, especially supramolecular
chemistry, crystal engineering, and materials science.’ These
areas usually rely on traditional hydrogen bonding“—7 and,
more recently, halogen bonding (XB) interactions.® During the
last decade also other noncovalent o/m-hole interactions
involving p-block elements have accomplished a captivating
progress” > and in this field chalcogen bonding (ChB) has been
receiving the greatest attention. ChB is the interaction of the
o-hole family wherein an electron donor attractively interacts
with an electrophilic region of a group 16 element (typically S,
Se, Te).zs'28 The strength and directionality of ChB is
comparable to XB.?' Distinctive features of o—hole
interactions involving Groups 17 and 16 elements with respect
to hydrogen bonds are the greater hydrophobicity and
directionality. These characteristics have been recently used to
design high—precision catalysts that function in apolar media.
For instance, benzodiselenazoles have been used for ChB
based catalysis that takes advantage of o—holes on
conformationally rigid selenium atoms pointing to the same
region (active catalytic site).>*>> Moreover, Beer and
coworkers have used rotaxane-based receptors containing
tellurium that are able to recognize anions efﬁciently.36

The most studied ChBs are those of divalent S or Se derivatives
that engage in noncovalent interactions with lone pair donor
atoms atom like N or 0.”7° The strength of this type of ChBs is
comparable to (sometimes stronger than) that of HBs.*® But
the S atom frequently engages in higher order bonding, as, for
example, the tetravalent S in SF,. As a matter of fact, strong
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theory of “atoms-in-molecules” computational tools.

ChBs between SF, and amines have been reported, up to 14
kcal/mol for trimethylamine.“'1 As detailed in Fig. 1a, the SF,
has two symmetrically located o-holes (+36 kcal/mol at the
MO06/6-31+G* level of theory) which are adequate for
interacting with Lewis bases. The X-ray characterization of
highly directional 1:1 adducts between SF, and pyridine (Fig.
1b), triethylamine (Fig. 1c) and cyclopentanone (Fig. 1d)
provide strong experimental support to ChB in hypervalent
sulfur derivatives.*’® The S--N distance is shorter in the
triethylamine adduct, consistent with its stronger basicity. It is
also interesting to mention the X-ray co-crystal structures of
SF, adducts with cyclopentanone, tetrahydrofurane, and
dimethoxyethane where two highly directional ChBs are
formed (they are 174° and 176° in the cyclopentanone
complex).‘ud In all cases SF, adopts the seesaw conformation
and the electron rich atom sits precisely opposite to one of the

two equatorial F atoms of SF,.
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Fig. 1 (a) MEP (Molecular Electrostatic Potential) surface (0.001 a.u.) of SF,. (b,c) X-ray
solid state structures of SF, adducts with pyridine (BOYGED) and triethylamine
(WEBQAX). (d) X-ray co-crystal structure of SF, and cyclopentanone (UCAPAS).
Distances in A

Similar to pnictogen bonding and ChBs formed by trivalent and
¢ ChBs formed by hypervalent
sulfur are strongly affected by steric effects. To this respect,

divalent atoms, respctively,

Scheiner and Lu have recently reported an interesting study
dealing with the issue of steric crowding in hypervalent
halogen, chalcogen and pnicogen atoms in the context of
noncovalent bonds.*” The effect is not limited to the issue of
steric repulsions of the substituents with the electron donor
molecule. The substituents also influence the position and
intensity of any o-holes and provoke a certain degree of
geometrical deformation occurring when the Lewis acid and
base approach one another. In this manuscript we deal with
another aspect of the
interactions. It is usually assumed for o-hole interactions (X—

substituents effects on o-hole
D---:A) that their strength depends on two factors: a o-hole
becomes more positive when D is more polarizable (heavier
atoms) and when X is more electron withdrawing. Herein we
show that the polarizability of X is also an important aspect
that it is usually not considered. We provide theoretical and
experimental indications (retrieved from the Cambridge
Structural Database, CSD) that ChBs involving hypervalent
chalcogens may be located preferentially opposite to the more
polarizable substituent
withdrawing one.

instead of the more electron

Results and discussion
Preliminary CSD search

An inspection of the CSD (Conquest 1.23) reveals seventeen X-
ray structures containing the SF, unit and all of them are
multicomponent crystals wherein sulfur exhibits one or two
ChBs (Table 1). Other twelve structures contain the moiety
SRR’F, (R,R’= organic fragment); systems
substituents at sulfur adopt a seesaw conformation with the

in all these
two F atoms in the axial positions. In nine of these structures R
= R’ and as these residues form two identical o-holes at sulfur,
to analyze a possible
competition between the two ChBs involving these holes.

these structures are not useful

Finally, the search reveals only two different compounds
containing the SRF; moiety, i.e. XEKYOD(01) and CUVSOB.
However only the former is particularly adequate for analyzing
the ability of two different o-holes (one opposite to the
electron withdrawing F atom and the other opposite to R) to
interact with electron rich sites. The CUVSOB structure is not
adequate to study the competition between the two o-holes
because the two intramolecular chalcogen bonding are
necessarily opposite to the F-atom due to the (E) geometry of
the carbon-carbon double bond, namely of the relative
arrangement of the involved —CF; and —SF; groups (see Fig.
2a). There are three CSD structures containing the SRR’F, (R #
R’) fragment, which are in principle adequate for analyzing the
competition of both o-holes. However, in one of them (refcode
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QAKWAA, see Fig. 2b) the SRR’F, fragment is an anion and, no
surprise, it does not function as chalcogen bond donor.
Therefore, only EHAWAL and HUFEL in addition to XEKYOD
refcodes are commented below.
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Fig. 2 1D supramolecular chains linked by intermolecular S:--O (a) and S-:N (b,c) ChBs.
Distances in A.

In Fig. 2c-e we show the three unique examples retrieved from
the CSD that are adequate to analyze the competition
between both o-holes. The refcode XEKYOD (RSF; family) is
morpholinosulfur trifluoride, a well-known fluorinating agent
endowed with a stability43 higher than the
diethylamino analogue (diethylaminosulfur trifluoride, DAST)44
In the solid
state (see Fig. 2c) each morpholine-SF; adduct establishes a

thermal
that has the potential to decompose violently.

S---:O ChB with a nearby adduct and the interaction governs the
formation of an infinite 1D supramolecular chain. The
equatorial lone pair (LP) of the O-atom of the morpholine ring
approaches sulfur on the extension of the N-S bond (instead
of the F-S bond); namely, the ChB is not established with the
o-hole that is opposite to the more electronegative F atom. An
analogous behavior is observed in HIUFEL and EHAWAL X-ray
structures (Fig. 2b,c). The CF; group is even more electron
withdrawing than an F-atom, but in both these structures
infinite 1D supramolecular chains are formed in the solid state
where the S:-:N ChBs are established opposite to the N-S
bonds instead of the CF;—S bonds.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. CSD reference codes for tetravalent SF, cocrystals, SRR’,F, (in parenthesis
those with R # R’)and SRF; (in italics) X-ray structures

SF, adducts SRR’F, & SRF; adducts
OTIRAM BOYGIH (EHAWAL) XARFEB
OTIREQ BOYGON MAFSUL XARFAX
OTIRIU UCANOE MAFSULO1 XARFAX01
OTISAN UCANUK KIMMUO
OTISER UCAPAS EHAVUE
OTISOB UCAPEW (HUFEL) CUVSOB
OTIROA UCAPIA QAHTEY XEKYOD
BIBRUB WEBQAX QAHTIC XEKYODO1
BOYGED (QAKWAA)

Theoretical study

For the theoretical study, we have considered three SRF;
molecules wherein R groups have different properties (Scheme
1). In compound 1 R is the N-morpholino residue and in
compounds 2 and 3 it is a phenyl and a 2-isoindolyl group,
respectively. These three R moieties allow to explore the effect
on the o-holes at sulfur of pendants possessing quite different
degrees of polarizability and resulting in different types of
bonds to S-atom (i.e., C=S and N-S). For each compound 1-3,
we have computed at the RI-MP2/def2-TZVP level of theory
ChB complexes using two possible binding modes, by pointing
the electron donor to either o-hole. We have used several
Lewis bases and chloride anion as electron donors (ChB
acceptors) and we have compared their geometric and
energetic features (see Scheme 1 for the whole set of
complexes studied herein).

First of all, we have computed the MEP surfaces of compounds
1-3 (Fig. 3). From the inspection of the results, several
interesting issues arise. First, for the morpholinosulfur
trifluoride (1), the MEP values at both o-holes are similar,
being the one opposite to the S—F bond slightly more positive.
For the phenyl substituted compound (2), the o-hole opposite
to the C atom is 7.2 kcal/mol smaller than that opposite to the
F atom, consistent with the different electronegativity of C and
F. Finally, in case of compound 3, the o-hole opposite to the
N-S bond is similar but unexpectedly more positive than that
opposite to the F-S bond. Therefore in this compound we may
anticipate that the ChB will be stronger when the electron rich
atom is located opposite to the N-S bond. It is also worth
mentioning the MEP energy differences at the o-hole opposite
to the F=S bond. That is, in compound 1 the MEP value (+13.9
kcal/mol) is significantly smaller compared to either 2 (+18.4
kcal/mol) or 3 (+22.2 kcal/mol). This is likely due to the fact
that in 1 the lone pair at the sp3 N atom and the o-hole oposite
to S—F are pointing to the same region. Therefore, there is a
significant orbital overlap between the filled LP orbital at the N
atom and the antibonding o* S—F orbital that has its maximum
amplitude in the same location as the o-hole, thus increasing
electron density in the o-hole.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 MEP open surfaces of compounds 1 to 3. Energies at selected points of the
surface (0.001 a.u.) are given in kcal/mol. Maximum indicated with asterisk

R, '|: F L R = 4-morpholinyl
5" 2,R=phenyl
'|: 3, R = 2-isoindolyl
F
R, | WF
,?‘\\
E “X

4a, R = 4-morpholinyl, X = OH,
5a, R = 4-morpholinyl, X = NH3
6a, R = 4-morpholinyl, X = Py
7a, R = 4-morpholinyl, X = NCCH3
8a, R = 4-morpholinyl, X = CI~
9a, R = phenyl, X = OH,

10a, R = phenyl, X = NH3

11a, R = phenyl, X = Py

12a, R = phenyl, X = NCCH3
13a, R = phenyl, X = CI~

14a, R = 2-isoindolyl, X = OH,
15a, R = 2-isoindolyl, X = NH3
16a, R = 2-isoindolyl, X = Py
17a, R = 2-isoindolyl, X = NCCH3
18a, R = 2-isoindolyl, X = CI~

Electron donors:

X = NHg; OH,; CH4CN; Py, CI-

F
R, | WF
'S

Xt

4b, R = 4-morpholinyl, X = OH,
5b, R = 4-morpholinyl, X = NH3
6b, R = 4-morpholinyl, X = Py
7b, R = 4-morpholinyl, X = NCCH3
8b, R = 4-morpholinyl, X = CI~
9b, R = phenyl, X = OH,

10b, R = phenyl, X = NH3

11b, R = phenyl, X = Py

12b, R = phenyl, X = NCCHj
13b, R = phenyl, X = CI”

14b, R = 2-isoindolyl, X = OH,
15b, R = 2-isoindolyl, X = NH3
16b, R = 2-isoindolyl, X = Py
17b, R = 2-isoindolyl, X = NCCH3
18b, R = 2-isoindolyl, X = CI~

Scheme 1. Compounds and complexes 1 to 18 used in this study.
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Fig. 4 Optimized geometries of some representative complexes at the RI-MP2/def2-
TZVP level of theory. Ancillary interactions represented by black dashed lines.
Chalcogen bonding interactions represented in red dashed lines

The LP of isoindolyl nitrogen is involved in the aromatic
delocalization thus it is less prone to overlap with o* S—F
orbital.

The energy values (RI-MP2/def2-TZVP) for
complexes 4-18 (see Scheme 1) are gathered in Table 2. The
complexes of type b (opposite to S—F bond) are systematically
more stable [negative values of AAE(b-a), see Table 2] than
those of type a (opposite to S—N/C), apart from complexes
18a,b as further discussed below. The energies for the neutral
complexes are moderately strong, ranging from —-8.2 to —1.3
kcal/mol. For the anionic complexes, the energies are stronger,
ranging from —29.2 to -9.4 kcal/mol. It is interesting to
highlight that the energy differences AAE(b-a) are very small
for the R = 4-morpholinyl complexes. In addition, for most of
these complexes the equilibrium distance (S---X) is shorter
when the electron donor is opposite to the S—R bond. This fact
is unexpected taking into consideration the electron
withdrawing ability of F. In addition, a close examination of the
geometries of the complexes type b reveals that they exhibit
ancillary interactions which contribute to the stabilization of
the complex and which are not present in the complexes
opposite to the N/C-S bond. In Fig. 4 we have represented
some selected examples. In complex 6a, the pyridine N atom
interacts with the axial C—H bonds of the morpholine ring, and
these interactions further contribute to the binding energy of
the adduct. In complex 17a, the methyl group of the donor
molecule interacts with the m-system of the organic moiety. In
contrast to complexes 5b and 18b, the directionality of the
ChB is ideal in 5a and 17a, where the LP of the ChB acceptor
points to the o-hole opposite to the S—R bond.

interaction

4| J. Name., 2012, 00, 1-3

Table 2. Interaction energies and the energy difference between type a and b [AE
and AAE(b-a) in kcal/mol], $--+X equilibrium distances (R, A) and C/N-S---X angles (°)
at the RI-MP2 /def2-TZVP level of theory for complexes 4 to 18.

Complex AE AAE(b-a) R £C/N=S-+-X (°)
4a (1 + OH,) -2.5 3.363 170.6
4b (1 + OH,) -2.8 -0.3 3.288 176.6
5a (1 + NHs) 2.7 3.059 175.2
5b (1 + NH3) -3.0 -0.3 3.331 172.3
6a (1 + Py) -4.1 2.909 177.9
6b (1 + Py) -45 -0.4 3.094 177.5
7a (1 + NCCHs) -1.3 3.194 179.3
7b (1 + NCCHs) -5.0° -3.7 3.771 172.4
8a(1+Cl) 9.4 2.644 178.6
8b (1+Cl) -19.8 -10.4 3.035 174.7
9a (2 + OH,) -2.6 3.159 170.8
9b (2 + OH,) -3.4 -0.8 3.004 176.9
10a (2 + NH3) -3.2 2.992 174.7
10b (2 + NHs) -4.8 -1.6 2.940 176.4
11a (2 + Py) -4.8 2.839 175.4
11b (2 + Py) -8.2 3.4 2.772 172.7
12a (2 + NCCHs) -2.7 3.356 178.2
12b (2 + NCCHs) -4.8 -2.1 3.166 178.8
13a(2+Cl) -10.6 2.640 176.3
13b (2 +CI") -22.1 -11.5 2.492 172.6
14a (3 + OH,) -3.7 2.905 177.7
14b (3 + OH,) -5.8 =-2.1 3.580 161.9
15a (3 + NH;) -5.0 2.855 176.1
15b (3 + NH3) -6.6 -16 2.944 173.6
16a (3 + Py) -6.8 2.681 175.8
16b (3 + Py) -10.4 -3.6 2.686 166.8
17a (3 + NCCHs) -3.1 3.083 176.9
17b (3 + NCCH3) -9.3 -6.2 3.222 168.0
18a (3 +CI") -29.2 2.340 174.1
18b (3 + CI") -29.0 +0.2 2.398 173.3

# C-H--N instead of S:-N complex, see text.

For the anionic complexes, it is interesting to note the
different behavior of phenyl and 2-isoindolyl substituted
compounds. For the former, the type b chalcogen bonded
complex (13b) is significantly more favored than type a (13a),
in agreement with the MEP surface analysis. For the latter, the
type a chalcogen bonded complex (18a) is slightly more
favored than type b (18b) once again in agreement with the
MEP analysis. It is worthy to comment that complexes 18a and
18b do not present ancillary interactions and consequently the
energetic and geometric results demonstrate that the ChB can
be more favored opposite to a highly polarizable group than
opposite to a strong electron withdrawing atom.

We have also performed the Bader’s “atoms-in-molecules”
analysis of the morpholine complexes in order to characterize
the interactions and also compare the electron density at the
bond critical point that characterizes the ChB. It is well known
that the charge density at the bond CP is a good indication of
the strength of the interaction. The distribution of critical
points and bond paths for complexes 4-8 is given in Figs. 5 and
S1. Fig. 5 shows that the chalcogen bonded complexes 4a, 5a
and 8a are characterized by only one bond critical point (green
sphere) and bond path that interconnect the electron donor

This journal is © The Royal Society of Chemistry 20xx
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atom and the sulfur atom. However, in complexes 4a, 5b and
8b, the distribution is more complicated and the electron
donor atom is connected to 1 by means of three bond critical
points and bond paths. Two of them are symmetrically
distributed and connect the electron rich atom to both axial H-
atoms of the morpholine ring. The third bond critical point
connects the sulfur atom to the lone pair donor atom or anion,
thus characterizing the ChB.

ARTICLE

Table 3. Electron charge density [p(r), a.u.] and Laplacian [Vzp(r), a.u.] at the bond
critical point that connects the S atom to the electron rich atom in complexes 4-8.
Second order perturbation energy E? (kcal/mol) assigned to the LP->c* donor-
acceptor orbital interaction in complexes 4-8.
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8a

Fig. 5 (a-f) Distribution of bond, ring and cage critical points (green, pink and blue
spheres, respectively) and bond paths for types a and b of complexes 4, 5 and 8 at the
MP2/def2-TZVP.

Complex p(r) v2p(r) LP->0*(N/F-S)
4a (1 + OH,) 0.0054 0.0225 0.26
4b (1 + OH,) 0.0068 0.0265 0.35
5a (1 + NHs) 0.0128 0.0418 1.56
5b (1 + NHs) 0.0062 0.0249 0.17
6a (1 + Py) 0.0172 0.0557 2.15
6b (1 + Py) 0.0084 0.0277 0.42
7a (1 + NCCHs) 0.0082 0.0324 0.42
7b (1 + NCCH;) 2 2 -
8a(1+Cl) 0.0469 0.0765 12.2
8b(1+ClN) 0.0208 0.0542 5.13

#No S-N bond critical point found, see Fig. S1

In Table 3 we gather the values of the charge density [p(r)] and
its Laplacian [Vzp(r)] at the bond CP that characterizes the ChB
for complexes 4-8. Quite remarkably, apart from the water
complexes 4a and 4b where the values are similar, the rest of
complexes present larger values of p(r) and Vzp(r) when the
electron rich atom is located opposite to the N-S bond, thus
suggesting a stronger ChB. This is further confirmed by the
natural bond order (NBO) analysis that is also included in Table
3. The NBO tool is adequate for studying orbital effects in o-
hole interactions. In fact, it has been recently used to analyze
multivalent pnicogen, chalcogen, and halogen bonding
interactions.”” We have focused on the second order
perturbation analysis to evaluate donor-acceptor interactions.
The results summarized in Table 3 show that, apart from the
water complexes, the @ energies are significantly larger in the
type a chalcogen bonded complexes than in type b ,in good
agreement with the AIM analysis. Interestingly, there is a
strong linear correlation between the p(r) values at the bond
critical point versus the @ energies [LP->0*(N/F-S)] with a
regression coefficient r = 0.9903. Thus both NBO and AIM
verify that the ChB is stronger opposite to the organic
substituents in most of the complexes.

This journal is © The Royal Society of Chemistry 20xx

As explained above, all chalcogen bonded complexes of 1
where the electron rich atom is oriented toward the o-hole
opposite to the F-S bond (type b) establish additional
interactions and make it difficult a direct energetic and
geometric comparison with type a complexes. To further
analyze this issue, we have used an additional model of
morpholine where the axial H-atoms have been replaced by
fluorine atoms (see Fig. 6). We have computed the complexes
with chloride, because it showed the largest energy difference
between both orientations (10.4 kcal/mol, see Table 2). As
shown in Fig. 6b, upon substitution of both Hs by fluorine
atoms the complex opposite to the F-S bond shows a highly
directional S--:Cl chalcogen bond without additional
interactions and, consequently, a direct comparison is
possible. Remarkably, the energy difference between both
orientations is drastically reduced to 1.3 kcal/mol, thus
suggesting that both o-holes have a similar ability to interact
with Lewis bases. Therefore in the solid state, crystal packing
effects can easily compensate the energy difference between
the two possible orientations. These results are nicely
consistent with the X-ray structures wherein unexpected ChBs
opposite to the organic substituent instead of the most
electron withdrawing F group are observed.

(@) (®) @
2.410!

|
2.543 ¢ |

<9
b 9

= . -1
AE =-14.1 kcal-mol AE = -15.4 kcal-mol*1

Fig. 6 MP2/def2-TZVP geometries and interaction energies of difluoride substituted
morpholine sulfur trifluoride

Conclusions

In conclusion, we have provided theoretical (RI-MP2/def2-
TZVP level of theory) and experimental evidence (X-ray crystal
structure analysis) of the existence of unexpected ChBs in

J. Name., 2013, 00, 1-3 | 5
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crystalline structures where the electron rich atom points to
the o-hole opposite to the R—S (R = C and N atoms) instead of
the F-S bond. When using a highly polarizable group at sulfur
like 2-isoindolyl and a chloride anion as ChB acceptor, the ChB
opposite to the N=S bond is more favorable than that opposite
to the F=S bond. We believe that these results may function as
useful heuristic principles of ChBs in crystal engineering and
chemistry where these interactions are
increasingly recognized as functionally relevant.
Morpholinosulfur trifluoride (1) and analogous
aminosulfuranes are common reagents used for fluorine for
oxygen substitution in alcohols and ketones. These reactions
proceed through the nucleophilic attack of oxygen on sulfur to
give alkoxy-aminosulfurane intermediates. Results described in
this paper give new insight of this attack and may thus help in
optimizing these fluorination reactions.

supramolecular

Theoretical Methods

The energies of all complexes included in this study were
computed at the RI-MP2/def2-TZVP level of theory. The
geometries have been fully optimized imposing C; symmetry
constraints by using the program TURBOMOLE.* All complexes
and monomer are true minima, as confirmed by frequency
analysis. The interaction energy (or binding energy in this
work) AE, is defined as the energy difference between the
optimized complex and the sum of the energies of the
optimized monomers. For the calculations we have used the
Weigend def2-TzvP*®* basis set and the MP2*® ab initio
method. The MEP (Molecular Electrostatic Potential)
calculations have been carried out by means of the SPARTAN
software at the MO06/6-31+G** level of theory.”> The AIM
formalism elucidated bond paths via analysis of the topology
of the electron density,so’51 making use of the AIMALL
program.52 Charge transfer effects were assessed by the
Natural Bond Orbital (NBO) methodology.>
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