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Simultaneous Occurrence of Quadruple Lewis Acid-Base
Interactions between Selenium Atoms in Selenocarbonyl

Dimers

Gabriel J. Buralli,®® Dario J. R. Duarte,**! Nélida M. Peruchena,*®® and lbon Alkorta™

High-level quantum chemical calculations are performed to in-
vestigate C=Se--Se=C interactions. Bounded structures are
found with binding energies between —4 and —7 kimol™". An
energy decomposition analysis shows that dispersion is the
more attractive term, and in all cases save one, the electrostat-
ic interaction is attractive despite each selenium atom having a

1. Introduction

Chalcogen bonds (YBs) are noncovalent interactions between
a chalcogen atom (O, S, Se, Te) and a Lewis base. Several types
of these interactions have been reported. Structural, topologi-
cal, and energetic characteristics are very similar to those of in-
teractions categorized as o-hole bonding.!'¥!

A recent search of the Cambridge Structural Database (CSD)
showed that S-S contacts between cysteine fragments
(RCH,SH) prefer parallel orientations. Calculations at the
CCSD(T)/CBS level of theory show that this geometry has an in-
teraction energy of —7.5 kJmol™"." Moreover, selenium is an
essential micronutrient that is incorporated as selenocysteine
at the active sites of a wide range of proteins.”’ Thus, the con-
trol of Se-Se contacts could be of fundamental importance to
human health.

A detailed analysis of several YBs reveals that the hybridiza-
tion of the chalcogen atom can play an important role in their
strength. When the chalcogen atom has sp® hybridization, the
YB is mainly governed by electrostatic and exchange compo-
nents with less contribution from the dispersive compo-
nent.?*%'% When the chalcogen atom has sp® hybridization,
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positive o-hole at the extension of the C=Se bond. The topo-
logical analysis of the molecular electrostatic potential and
L(r)= —Vzp(r) function, and natural bond orbital analysis reveal
that these particular Se--Se contacts can be considered to be
quadruple Lewis acid-base interactions.

dispersive forces can dominate over electrostatic forces."'" In
other cases, such as F,CSe-:NH,;, OCS--Cl-, SCS--Cl-, and
F,CS-Cl~, YBs are dominated by electrostatic forces and elec-
tron charge transfer from the lone pairs of the Lewis base to
an antibonding orbital of the Lewis acid."'? The weak molecu-
lar interactions of O=C=S, S=C=S, F,C=S, and Cl,C=S with sin-
glet carbene have studied by Zhao etal., who used a frag-
ment-based energy decomposition analysis (EDA) for the inter-
action energies to show that that the electrostatic component
is the main stabilizing factor in these complexes."

Guo etal"'? showed through analysis of the molecular
electrostatic potential (MEP) that the selenium atom of the
F,C=Se molecule can act as Lewis acid and Lewis base. They
found that the Se atom has an o-hole (77.9 kimol™") centered
around the extension of the C=Se bond and two regions of
negative electrostatic potential (—40.8 kJmol™') on the two
sides of the C=Se bond in the molecular plane, corresponding
to the lone pairs on the Se atom. According to these authors,
F,C=Se can form YB complexes through the o-hole with N,,
NH,, NCH, NHCH,, NMe;, and NCLi, and can act as a Lewis base
through the MEP minima and form hydrogen bonds with HX
(X=F, Cl, OH, CN) molecules, halogen bonds with dihalogen
molecules (BrCl, CIF, and BrF), and dative bonds with BeH, and
BHS_[H,u]

On the other hand, recently chalcogen-.chalcogen con-
tacts" have been divided into two categories, depending on
their geometry: types | and Il (see Scheme 1), like halogen--hal-
ogen contacts."™ According to an extensive crystallographic
and theoretical analysis performed by Shukla and Chopra, the
(C=S--5=C contacts are of dispersive nature with electrostatics
contributing to the destabilization in some cases." Even
though more than 70% of structures have type | S-S contacts,
there are some indications of linear C=S--5=C contacts that
were not classified (see Figure 3 f in ref. [14]).

Most of the characteristics of YBs are understood in terms of
the o-hole concept. However, in several examples in the litera-
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Scheme 1. Schematic representation of chalcogen---chalcogen contacts.
Type I: 0,226, and type Il, 0,22180°, 6,2290°.

ture it is shown that the o-hole concept fails."*'® Recently,

many of the characteristics of some molecular interactions,
such as beryllium bond," pnicogen bonds,***chalcogen
bond,®® halogen bond,?**! and O-+X (X=0, N) interactions,"
have been explained through the hole-lump concept,®? ex-
tracted from the topology of the L(r)=—V?o(r) function. Ac-
cording to this concept, a molecular interaction involving a
Lewis acid-base interaction is due to a lump-hole interaction,
whereby the full quantum electrostatic potential is used.*”
The electron density and MEP®?""* are observable properties
of the system that can be experimentally and theoretically
studied. In the framework of halogen bonds, we have used the
hole-lump concept to explain the simultaneous occurrence of
Lewis acid-base interactions in halogen--halogen contacts of
types I®® and 112 According to the MEP, it appears that the
R,C=Se molecules cannot form dimers or binary complexes by
facing each other through positive o-holes.""'? However, in
the present work we found stable linear C=Se--Se=C contacts
in which each Se atom simultaneously acts as Lewis acid and
base; a similar situation has been already been described for
phicogen-bonded dimers.®'* This study points out the impor-
tance of molecular interactions in which selenocarbonyl
groups can participate, and may be useful for recognizing at-
tractive Se--Se contacts in crystal structures and biomolecules.

Computational Details

The geometries of monomers and complexes were optimized by
second-order Mgller-Plesset perturbation theory (MP2)®¥ with the
aug-cc-pVTZ basis set. For the Se atom the aug-cc-pVTZ-PP basis
set was used. Frequency calculations were performed at the same
level of theory. All optimization, harmonic vibrational frequency,
and single-point energy calculations at the HF, MP2, and CCSD(T)
levels of theory were performed with the Gaussian 09 program
package.””

The interaction energy was calculated by using the extrapolation
scheme proposed by Helgaker et al. [Egs. (1)-(5)]1%%*" following the

recommendations of Hobza et al. [Eq. (6)]:®

B — €%, + Be m

EHF _ E:lFe4a _ E;lFe3a (2)
CBS e4a _ e3a

Eoorx =B — B (3)
MP2 _ 43E«’:\:‘>’:>2r,4 - 33E2?122r‘3 (4)
coor, lim — W
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where a=1.54 and X is the cardinal number of the employed basis
set: 3 for aug-cc-pVTZ (aug-cc-pVTZ-PP for Se) and 4 for aug-cc-
pVQZ (aug-cc-pVQZ-PP for Se), and CBS denotes complete basis
set.

All complexes were optimized with G,, or D,; symmetry as appro-
priate. If the symmetry is not imposed, type | or Il Se--Se contacts

are obtained with similar interaction energies (e.g., for
H,CSe--SeCH, complexes: typel: —42klmol™, typell:
—6.5kimol™!, and typelll: —52kJmol', calculated at the

CCSD(T)/CBS level of theory).

The interaction energies E,,, were decomposed by following the lo-

calized molecular orbital energy decomposition analysis
(LMOEDA)®" formalism according to Equation (7):
Eir\t = Eelect + Eex-rep + Epol + Edisp (7)

where E,. is the electrostatic term describing the classical Cou-
lomb interaction, E,.., the exchange-repulsion component result-
ing from the Pauli exclusion principle, and E,, and Eg;, are polari-
zation and dispersion terms, respectively. These calculations were
carried out with the quantum chemistry program package GAMESS
(version 2013-R1)"? at the same level of theory as the optimiza-
tion.

The intermolecular distributions of the electron density and L(r)=
—V?0o(r) function were studied in the framework of the quantum
theory of atoms in molecules (QTAIM)?>2*U with the AIMAIl pro-
gram.”? The molecular electrostatic potential V(r) and electric field
lines were calculated with the Multiwfn program.”® The electron-
density shift map was generated as the difference between the
electron density of the complex and the sum of the electron densi-
ties of the isolated monomers.

To better understand the charge transfer between the monomers,
a natural bond orbital (NBO) analysis was carried out at the HF/
aug-cc-pVTZ level of theory with MP2/aug-cc-pVTZ geometries.

The maps of the MEP, the envelope of L(r) function and electron-
density shifts, and contour lines of the electric field were drawn
with JMOL,“*¥ AIMAIL*? and Multiwfn™*® programs, respectively.

2. Results and Discussion

The isolated X,C=Se (X=H, F, Cl, Br, OH, CH;) molecules show
C,, symmetry. The MEP of these molecules shows a o-hole in
the extension of the C=Se bond (Figure 1). The electrostatic
potentials at the o-hole range between 84.0 and 3.4 kimol™'
for F,CSe and (CH;),CSe, respectively (see Table S1 of the Sup-
porting Information).

Selected geometric parameters calculated at the same level
of optimization and the interaction energies of X,C=Se:Se=
CY, complexes are reported in Table 1. The interaction energies
are similar to those of the YB complexes O=C=S--CH,
(=79kJmol™), S=C=S-CH, (-6.8kJmol™"), F,C(=S-CH,
(=5.4kJmol™), and Cl,C=S--CH, (—5.4kimol™") studied by
Zhao et al .
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Figure 1. Electrostatic potential on the 0.001 au electron-density isosurface.
The color code is red =—26.2 kJmol™' and blue = +78.8 kJmol~". The loca-
tion of the o-hole is indicated by a black dot.

Table 1. Selected geometric parameters and interaction energies.
Complex d(Se-Se)®! Ad(Se-Se)®! Epld
H,CSe-SeCH, 3.385 0.515 —5.1
F,CSe-SeCH, 3.415 0.485 —52
Cl,CSe-SeCH, 3414 0.486 —6.5
Br,CSe-SeCH, 3.393 0.507 —7.1
(OH),CSe--SeCH, 341 0.489 —4.1
(CH5),CSe-SeCH, 3.432 0.468 -57
F,CSe--SeCF, 3.508 0.392 —43
Cl,CSe-SeCCl, 3.409 0.491 —6.2
Br,CSe--SeCBr, 3.315 0.585 -7.3
(OH),CSe-SeC(OH), 3.491 0.409 —5.2
(CH,),CSe-+SeC(CH,), 3.436 0.464 —52
[a] d(Se--Se) [Al: intermolecular distances. [b] Ad(Se--Se) [A]: difference
between the sum of the van der Waals radii*”’ of the Se atoms and inter-
molecular distances in the complex. E,, [kJmol™']: interaction energies
calculated at the CCSD(T)/CBS level of theory.

With the aim of discussing the electronic effects of the sub-
stituents on the stabilization of these complexes, we replaced
the H atoms by various groups of different electron-withdraw-
ing/donating capacity. When the H atoms are replaced by hal-
ogen atoms, the interaction energies for heterodimer com-
plexes are ranked according to the size of the substituent: H <
F < Cl<Br. Thus, it appears that the electronic effect of a sub-
stituent is less relevant than its size. However, for homodimer
complexes, the interaction energies follow the order F<H<
Cl<Br. When we compare the heterodimers with the corre-
sponding homodimers, differences are observed only for F and
OH substituents, whereas for the rest of the complexes no sig-
nificant differences were observed.

All systems were optimized with C,, or D,, symmetry as ap-
propriate, with the two planes formed by the monomers per-
pendicular to each other. In most of the complexes studied
here small imaginary frequencies (<20icm™') are observed,
except for the H,(=Se--Se=CH, and (CH,),C=Se--Se=C(CH,),
complexes, which have no imaginary frequencies. In any case,
the systems considered have bounding energies and their dis-
sociation profiles, such as that of the F,C=Se--Se=CF, complex
shown in Figure 2, show a relatively deep well (—8.3 kimol™
calculated at the MP2/aug-cc-pVTZ level of theory). Similar
small imaginary frequencies have been reported for other re-
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Figure 2. Minimum-energy path for the approach of Se atoms of F,C=
Se-:Se=CF, in linear C=Se--Se=C conformation, calculated at the MP2/aug-
cc-pVTZ level of theory.

lated systems such as R,C=S--CI~ (R=H, F) and R,C=S--CH,
(R=F, C1)'"™* complexes.

These Se--Se interactions are of stabilizing nature (,,,<0)
and range from —4.1 to —7.3 kimol™' (see Table 1). These re-
sults are in partial agreement with those reported for S-S in-
teractions by Shukla and Chopra,™ according to whom the
(C=S---5=C contacts are stabilizing in some molecular pairs but
a consequence of crystal packing in others. In the complexes
studied by Shukla and Chopra, the binding energies ranged
from —6.7 to +3.7 kJmol™".

The C=Se--Se=C contacts have intermolecular Se--Se distan-
ces of about 3.4 A, which is shorter than the sum of the van
der Waals radii (3.9 A)* [Ad(Se--Se) >0 A]. The two planes
that contain the monomers are perpendiculars to each other.
This is essentially different to most S-S contacts found by
Shukla and Chopra."™ On the basis of this crystallographic
study by Shukla et al. and the intermolecular Se--Se distances
and symmetries of complexes reported herein, it appears that
there are three types of chalcogen--chalcogen contacts: type |
(6, ~0,~140-160°), type Il (§,~180° and 0,~90°), and type llI
(6,~60,~180°). However, it appears that only typelll H,C=
S-:S=CH, contacts have been found in crystallographic studies
(see Figure 7a in ref. [14]).

Energy decomposition analysis (Table 2) reveals interesting
features of C=Se--Se=C interactions. In general, the stabilizing
electrostatic components E.. and E,, are the least important
terms, whereas in all complexes the most important stabiliza-
tion term is the dispersive component. Moreover, the electro-
static components Eg.. and E,, are attractive (except for
F,CSe-SeCF,, in which E.<0), although the selenium atoms
have a positive o-hole at the extension of C=Se bond. Similar
observations have been made for Y-Y (Y=O, S, Se, Te) con-
tacts, in which the most important stabilization term is the dis-
persion.”? However, these observations are essentially different
from those made for the linear F—Br---Br—F system,””® in which
the two interacting regions also show positive values of the
electrostatic potential and the electrostatic component is
always repulsive.
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Table 2. Energy decomposition analysis of the interaction energy ob-
tained with the LMOEDA partition scheme.”

Complex Ecrect Eexrep Epol Egisp Eine

H,CSe-SeCH, -5.9 20.4 —4.9 —-16.9 -7.2
F,CSe--SeCH, -37 16.4 —4.3 —15.1 —6.8
Cl,CSe-SeCH, —4.3 17.1 —4.6 —16.7 -84
Br,CSe-SeCH, —4.8 18.5 —4.9 —-17.6 -88
(OH),CSe--SeCH, —25 17.2 —4.6 —-17.0 —6.9
(CH,),CSe-SeCH, —4.1 17.6 —4.2 —-17.3 -7.9
F,CSe--SeCF, 0.5 103 —3.1 —13.1 -53
Cl,CSe-SeCCl, -22 16.0 —4.5 —-17.5 -83
Br,CSe--SeCBr, -3.8 223 —6.2 —21.1 -89
(OH),CSe--SeC(OH), —0.5 123 -2.7 —15.3 —6.5
(CH,),CSe--SeC(CH;), -0.3 13.5 -3.1 —174 -7.3

[a] All values in kJmol™".

Table 3 lists the values of the local topological properties at
the Se--Se bond critical points (BCPs) obtained from QTAIM.
Figure S1 shows the presence of a BCP and a corresponding
bond path that links the interacting Se atoms, and thus con-

Table 3. Local topological properties of the electron density at the
Se--Se BCP®

Complex olr,) V2plry) H(r,)

H,CSe--SeCH, 0.0109 0.0349 0.0010
F,CSe--SeCH, 0.0099 0.0326 0.0011
Cl,CSe--SeCH, 0.0102 0.0327 0.0010
Br,CSe-SeCH, 0.0106 0.0339 0.0010
(OH),CSe-+-SeCH, 0.0101 0.0328 0.0011
(CH,),CSe--SeCH, 0.0101 0.0321 0.0010
F,CSe--SeCF, 0.0079 0.0271 0.0011
Cl,CSe--SeCCl, 0.0100 0.0324 0.0011
Br,CSe-SeCBr, 0.0121 0.0380 0.0009
(OH),CSe--SeC(OH), 0.0079 0.0268 0.0011
(CH5),CSe-SeC(CH,), 0.0099 00317 0.0010

[a] p(r,): electron density. Vp(r,): Laplacian of the electron density. H(r,):
total electronic energy density. All values in au.
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firms that there is a bonding interaction between these atoms.
The electron densities, which range from 0.0100 to 0.0121 au,
and V?p(r,) values, which range from 0.0271 to 0.0380 au, are
similar to the values reported for other YB interactions.*”
The small and positive values of p(r,), V20o(r,), and H(r,) are
typical of closed-shell interactions.

The representation of the negative gradient of molecular
electrostatic potential —vV(r) [i.e. the electric field E(r)] indi-
cates the direction of the Coulombic forces acting on r.*® Fig-
ure 3a shows the electric field lines (EFLs) of the H,CSe--SeCH,
complex. Looking at the EFLs at the intermolecular region re-
veals that the electrostatic forces are directed towards the
nuclei of the selenium atoms. Moreover, some of the EFLs that
emanate from the local minima of the topology of V(r) (lone
pairs of the Se atoms) and head towards the nucleus of the
other selenium atom [V ,(Se2)—Nucleus(Se1)]. According to
QTAIM the atomic basins of the selenium atoms are divided by
a interatomic surface (IAS), indicated by a solid black line in
Figure 3a. The topology of V(r) shows that the basin of Se2 is
completely enclosed by a zero-flux surface and the EFLs indi-
cate that there are two regions of high electron density be-
longing to the Se2 atom that feel the attraction of the nucleus
of the other selenium atom (Se1). These regions are defined as
the electrostatic attraction region (EAR)."*’ Due to the symme-
try of the system, all previous discussion is valid for the plane
perpendicular to that in Figure 3a, but in the opposite direc-
tion. In other words, the two lone pairs of a selenium atom
feel the attraction of the nucleus of the other selenium atom
and vice versa.

The L(r) function is a powerful tool for the study of acid-
base interactions, especially when the electrostatic component
plays a minor role.” Figure 3b shows the envelope graph at
L(ry)=0au for the H,CSe--SeCH, complex. The regions with
high electronic charge concentration [lump-L(r) >0] of the Se
atoms are in orthogonal planes. In this way, four hole-lump in-
teractions overcome the unfavorable lump-lump and hole-
hole interactions. It appears that multiple hole-lump interac-
tions are the driving forces of type lll Se--Se contacts. These

(b) (c)

Figure 3. a) EFLs in the plane of a H2CSe molecule of the H,CSe--SeCH, complex. The bond critical points of V(r) are shown (red dots). b) Envelope at
L(r)=0 au. Note that the molecules are oriented so that the hole in the valence-shell charge concentration (VSCC) of a selenium atom is aligned with the
hole in the VSCC of the other selenium atom. c) Electron density shifts for H,CSe--SeCH, complex at the +0.0001 au isosurface. Red and blue regions indicate

decreased and increased electron densities, respectively.
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multiple simultaneous interactions are consistent with earlier
studies performed on other molecular interactions.?%3%3"

The electron-density shifts that accompany formation of the
H,CSe--SeCH, complex were calculated, and the results are il-
lustrated in Figure 3 c. Blue regions represent the accumulation
of additional electron density as a result of the formation of
the complex, and red regions indicate loss of electron density.
An increment of the electron density in the intermolecular
region (blue surface) and a decrease on the lone pairs of the
Se atoms (red surface) are observed. In other words, the lone
pairs of each Se atoms transfer charge to the intermolecular
region, which is attracted by both selenium nuclei. It is logical
to assume that the transferred electron density is channeled
through the EFL. This is probably the main reason why trans-
ferred electronic charge of the lone pairs from each Se atom is
mainly accumulated in the intermolecular region.

Normally, the charge transfer is attributed to interaction be-
tween the molecular orbitals corresponding to the lone pair of
an heteroatom and the antibonding orbitals involving the
atom with the ¢ hole.”” However, the boundary between po-
larization (intrinsic component of the electrostatic interaction)
and charge transfer is not well defined.®***

Selected donor-acceptor orbital interactions and their
second-order perturbation energies calculated by the NBO
method are reported in Table 4. In complexes with D,, symme-
try only the charge transfer from monomer-1 toward mono-
mer-2 is presented, since in these systems the LP(1)Sel—
0*(C—Se2) and LP(2)Se1—m*(C—Se2) interactions are equivalent
to LP(1)Se2—0*(C—Se1) and LP(2)Se2 —n*(C—Se1), respectively.
NBO analysis shows that charge transfer occurs in both direc-
tions, from the two lone pairs of a selenium atom to the anti-
bonding orbitals of the other monomers and vice versa. In ad-

Table 4. NBO analysis for studied complexes, occupation numbers of se-
lected molecular orbitals, and second-order perturbation energies E?
(donor—acceptor).”

Complex LP(1)Se1—0*(C—Se2) LP(2)Se1—m*(C—Se2)
LP1 o* E? LP2 T E?
H,CSe-SeCH, 1.988 0.006 109 1.942 0.004 3.2
F,CSe--SeCH, 1.981 0.005 89 1.888 0.002 2.2
Cl,CSe-SeCH, 1.971 0.005 8.6 1.887 0.003 2.5
Br,CSe-SeCH, 1967 0.005 89 1.880 0.003 2.7
(OH),CSe-SeCH, 1980 0.005 94 1.904 0.003 2.8
(CH,),CSe-SeCH, 1974 0.005 87 1.943 0.004 3.0
F,CSe--SeCF, 1982 0.025 76 1.890 0.161 1.6
Cl,CSe--SeCCl, 1972 0.036 85 1.888 0.211 3.0
Br,CSe--SeCBr, 1966 0.036 11.1 1.880 0.204 3.8
(OH),CSe-SeC(OH), 1.979  0.029 8.9 1.905 0.292 13
(CH,),CSe-+SeC(CH,), 1974 0.023 99 1.943 0.086 2.7

LP(1)Se2 —o0*(C—Se1) LP(2)Se2 —m*(C—Se1)

LP1 o* E? LP2 T E?
F,CSe--SeCH, 1.989 0.027 10.9 1.944 0.159 26
Cl,CSe-SeCH, 1.989 0.036 9.3 1.944 0.208 3.2
Br,CSe--SeCH, 1.989 0.036 9.9 1.943 0.202 3,1
(OH),CSe--SeCH, 1.988 0.023 1.3 1.943 0.235 22
(CH,),CSe-SeCH, 1.989 0.023 10.5 1.943 0.087 25

[a] Energies in kJmol~' and occupation numbers in electrons.
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dition, electron transfer from the LP(1)Se1 to the o*(C—Se2) or-
bital is greater than that from the LP(2)Sel to the m*(C—Se2)
orbital. Figure 4 shows simultaneous orbital interactions of the
lone pairs of a Se atom with the unoccupied antibonding orbi-
tals of the other monomer. It appears that these orbital over-
laps play an important role in determining the geometry of
these complexes.

= ’W ;p-::)) p_ 1 -
LP(1)Sel —oc*(C—Se2) LP(2)Sel —n*(C—Se2)

Figure 4. Orbital interactions between occupied and unoccupied antibond-
ing orbitals of the H,CSe-SeCH, complex.

On the other hand, systems stabilized mainly by the disper-
sive forces such as the dimer of methane or noble gas species
are usually not classified as Lewis acid-base complexes.””
However, in these particular Se-Se contacts, in which the main
attractive component is dispersion, significant magnitudes of
electron transfers are observed. According to Grabowski
et al.®¥ the electron charge transfer, if it is not negligible, is a
signature of Lewis acid-base interactions. It appears to be that
in these complexes both monomers simultaneously acts as
Lewis acid and base.

3. Conclusions

We have investigated the nature of a particular type of inter-
molecular interactions established between two selenocarbon-
yl molecules. Theoretical calculations show that stable com-
plexes with linear structures C=Se--Se=C are formed, although
both selenium atoms have a positive o-hole at the extension
of the C=Se bond. The LMOEDA scheme reveals that the dis-
persive forces play a key role in stabilizing these complexes. In
addition, it is also observed that the electrostatic components
Eeece and E, are stabilizing, although two positive o-holes face
one another. The joint analysis of the electric field lines, the
L(r)=—V?p(r) function, electron-density shift, and NBO analysis
reveal that these particular Se--Se contacts can be considered
to be quadruple Lewis acid-base interactions. Finally, a new
class of chalcogen--chalcogen contacts has been reported in
this study, which we name type Ill (6, ~60,~180°).
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