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ABSTRACT: The nature of the transannular E-*-E’ inter-
actions in neutral, radical cationic, and dicationic forms of cyclo-
E(CH,CH,CH,),E’ (1) (E,E’ = S, Se, Te, and O) (1, 1°*, and
1%, respectively) is elucidated by applying QTAIM dual
functional analysis (QTAIM-DFA). Hy(r,) are plotted versus
Hy(r.) — Vi(r.)/2 for the data of E-%-E’ at BCPs in QTAIM-
DFA, where * emphasizes the existence of BCP. Plots for the
fully optimized structures are analyzed by the polar coordinate
(R, 0) representation. Those containing the perturbed

structures are by (6, k,): 6, corresponds to the tangent line of the plot, and k, is the curvature. While (R, §) describes the

static nature, (6,, K

P

PS represents the dynamic nature of interactions. The nature is well-specified by (R, 8) and (91,, KP). E-x-E’

becomes stronger in the order of 1 < 1°* < 1%, except for O-%-O. While E-%-E’ (E, E’ = S, Se, and Te) in 12* are characterized as
weak covalent bonds, except for S-%-Te (MC nature through CT) and Se-#-Te (TBP nature through CT), O-*-E’ seems more
complex. The behavior of E-#-E’ in 1** is very close to that of cyclo-E(CH,CH,CH,)E’ (E, E’ = S, Se, Te, and O), except for O-

*-0.

B INTRODUCTION

Chalcogen—chalcogen interactions (E—E’ and E--E": E, E' = §,
Se, and Te, together with O) are of current and continuous
interest, not only those of the shared-shell (SS) type (E—E’)
but also of the closed-shell (CS) type (E--E’).'”® The E—F'
bonds play an important role in all fields of chemical and
biological sciences. They maintain peptide structures and
biological activities in enzymes, especially for E, E' = §,
Se.”~'! The E—E’ bonds in dichalcogenides (RE—E'R’) supply
low-lying vacant orbitals of the o-type (o#(E—E’)), where the
E/E’ atoms contain lone pair orbitals of s- and p-types (n (E/
E’) and np(E/ E’), respectively) of relatively high energy levels.
Consequently, the E=E’ bonds in RE—E'R’ are easily oxidized
and reduced, which is important to develop highly function-
alized materials. On the other hand, the intermolecular E---E’
interactions of the CS type are often encountered in crystals of
organic compounds containing chalcogen atoms, which must
be the important driving force to grow the crystals, and they
create useful properties of materials. 1,8-(Dichalcogena)-
naphthalenes and the related species must be the typical
systems for the intramolecular E-~-E’ interactions."”
1,5-(Dichalcogena)canes and the related species also supply a
typical system to study the E---E’ interactions. Research groups
of Furukawa'’™>* and Glass”*™*’ have investigated the
transannular E--E’ interactions in cyclo-E(CH,CH,CH,),E’
(1) with some (E, E’) of (S, S: a), (S, Se: b), (S, Te: c), (Se, Se:
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d), (Se, Te: e), (Te, Te: f), (O, O: g), (O, S: h), (O, Se: i), and
(O, Te: j) (Chart 1). E and E’ are chosen so that the

Chart 1. 1,5-(Dichalcogena)canes and the Related Species

Cocoricer
a

2

(E,E)=a: (S, S), b: (S, Se), c: (S, Te)
d: (Se, Se), e: (Se, Te), f: (Te, Te)
g:(0,0), h: (0, S),i: (O, Se), j: (O, Te)

electronegativity of E (yg) is larger than or equal to that of E’
(re) (g > xe).>® The transannular E-E’ interactions at the
1,5-positions of the eight-membered ring in 1 are expected to
be highly advantageous due to the formation of two fused five-
membered rings. One-electron oxidation of 1,5-dithiocane (1a)
will give a radical cation 1a**, which can be described as a rather
stable species. Its EPR spectrum persists for at least 72 h at
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room temperature.”” Two fused five-membered rings through
the transannular S—S interaction in 1a®" must be responsible
for the remarkable stability of 1a®*.*”*° Three energetically
favored cis-fused conformers are predicted through the
conformational analysis, which are chair—boat (CB), chair—
chair (CC), and boat—boat (BB) conformers. The CB
conformer is shown to be the global minimum, which is
more stable than CC and BB by about 8 kJ mol™.>"*" 1a*" is
further oxidized to give a dication 1a**, and the structure is
determined by X-ray crystallographic analysis."> The trans-
annular interactions are also investigated for 1b—1f. Among the
species, the structure of 1d** is reported,'* together with those
of [1b—1b]** and 1¢*".*° Dimer dications could be produced in
the dimerization of the corresponding monomer radical cations
or the reaction of the monomer dications with the
corresponding neutral monomers.

Figure 1 shows the structures of 1a**, 1c¢**, and 1d*,
determined by X-ray analysis,'”'* where the counteranions are

(a) top view side view
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Figure 1. Observed structures of 1a>* (CC: KAGHOP)"? (a) and 1d**
(CB: KIVHIG)' (b), together with 1b** (CB) (half structure of [1b-
1b]*: GUYRUO)*® (c) and 1¢* (CB: GUYSID)*® (d).

neglected. Figure 2 draws the structures of 1a** (CB), la**
(CC), and 1a** (BB), optimized at the MP2 level as a
beginning of this work. 1a®* (CB) is shown to have C,
symmetry and to be more stable than 1a** (CC) and 1a**
(BB) by 12.0 and 10.1 kJ mol™, respectively, under the
calculation conditions employed in this work. The optimized
structure of 1a®* (BB) has C, symmetry, which is somewhat
twisted from the C,, symmetry. That of 1a®* (CC) also has the
C, symmetry. The results of the calculations on 1a** supported
the previous observations. While the observed structure of 1a**

1a™ (CB: Cy)

1a™ (CC: Cy) 1a™* (BB: Cy)

Figure 2. Optimized structures of 1a** (CB: C,) (a), 1a*" (CC: C,)
(b), and 1a** (BB: C,) (c).

is the CC type with substantial deformation (twisted:
KAGHOP),"” those of 1d** (KIVHIG) and 1c** (CB)
(GUYSID)*® are the CB type without substantial deforma-
tion."* The structure of 1b** (GUYRUOQ) is also the CB type
as shown in Figure 1, although the half structure of [1b—1b]*"
is drawn for 1b®*. Substantial deformations are not found in the
components, although the environmental conditions must be
different for the head and tail positions in the components
when dimers are formed from the corresponding monomers. As
a result, the CB type must be most important for the structures
of 1°* and 1**. The CC structure should also be taken into
account in some cases, since the structure of 1a>* is observed as
CC. Figure 3 illustrates MO descriptions for the chalcogen—
chalcogen interactions in 1, 1°*, and 1**, which are to be

clarified in this work.
q§ A F :szr:!v#

o(2c—4e)in1

o(2c-3e)in 1+

o(2c—2e) in 12+

Figure 3. MO descriptions for the chalcogen—chalcogen interactions
in 1, 1**, and 1** of the CB type (cf, Figure 8).

QTAIM (the quantum theory of atoms-in-molecules)
approach, introduced by Bader,””* enables us to analyze the
nature of chemical bonds and interactions.”*”** Lots of
QTAIM investigations have been reported so far;*"™*
however, there are not many from the viewpoint of
experimental chemists. We searched for such methods that
enable experimental chemists to analyze their own results,
concerning chemical bonds and interactions, by their own
image and recently proposed QTAIM dual functional analysis
(QTAIM-DFA)."~" QTAIM-DFA will provide an excellent
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possibility to evaluate, understand, and classify weak to strong
interactions in a unified form.

We consider QTAIM-DFA to be well-suited to clarify the
dynamic and static behavior of the E-E’ and E---E’ interactions
(E, E' = S, Se, Te, and O). The structures of 1°" and 1>* are
investigated, and some pictures for the E---E’ interactions are
proposed, so far. However, the nature of the E---E’ interactions
must be clarified further for better understanding of the
phenomena derived from the interactions, with phsycal
necessity. Here we report the behavior of the E---E’ interactions
in 1°* and 1%*, together with 1, by applying QTAIM-DFA. The
behavior of E---E’ in 1°* and 1** must be closely related to that
of E—E’ in the neutral and ionic forms of cyclo-1,2-EE’(CH,),4
(2: E, E' = S, Se, Te, and O), together with HEE'H and
MeEE'Me, reported recently by applying QTAIM-DFA.>

QTAIM-DFA is surveyed next, together with some basic
concept of the QT'AIM approach.

QTAIM-DFA (QTAIM Dual Functional Analysis). The
bond critical point (BCP; *) is an important concept in
QTAIM. BCP of (@, 6) = (3, —=1)*” is a point along the bond
path (BP) at the interatomic surface, where p(r) reaches a
minimum. It is denoted by p,(r.). While the chemical bonds or
interactions between A and B are denoted by A—B, in general,
which correspond to BPs between A and B in QTAIM, A-*-B
emphasizes the presence of BCP () in A—B.

While py(r.) is locally depleted relative to the average
distribution around the critical points r. if VZpy(r.) > 0, it is
concentrated when V?p,(r.) < 0. Total electron energy
densities at BCPs (H,(r.)) must be a more ap}propriate
measure for weak interactions on the energy basis. 233,649
Hy(r.) expressions are the sum of kinetic energy densities
(Gp(r.)) and potential energy densities (V},(r.)) at BCPs, as
shown in eq 1. Electrons at BCPs are stabilized when Hy(r.) <
0; therefore, interactions exhibit covalent nature in this region,
whereas they exhibit no covalency if Hy(r.) > 0, due to the
destabilization of electrons at BCPs under the conditions.*”
Equation 2 represents the relation between VZpy(r.) and
H,(r.), together with G(r.) and V;(r.), which is closely related
to the virial theorem.

Hy(x) = Gy(x) + Vi(r) 1

(1*/8m)Vp, (r) = Hy(x) = V(x)/2
= Gy(r) + Wi(x)/2 ()

Interactions are classified by the signs of V?py(r.) and Hy(r).
Interactions in the region of V?p,(r.) < 0 are called shared-shell
(SS) interactions,”** and they are closed-shell (CS) interactions
for VZpy(r.) > 0. H,(r.) must be negative when Vpy(r.) < 0
(eq 2); therefore, VZp,(r.) < 0 and H,(r.) < O for the SS
interactions. The CS interactions are especially called pure CS
interactions for Hy(r.) > 0 and V?py(r.) > 0.** Electrons in the
intermediate region between SS and pure CS are locally
depleted but stabilized at BCPs.”* We call the interactions in
this region regular CS,*”*® when it is necessary to distinguish
this from pure CS. The role of V2p,(r.) in the classification can
be replaced by Hy(r.)) — Vi(r.)/2, since (A%/8m)Vpy(r.) =
Hb(rc) - Vb(rc)/2 (eq 2)

We proposed QTAIM-DFA by plotting Hy(r.) versus Hy(r.)
— Vo (r)/2 (=(7*/8m)Vpy(x.)),""* after the proposal of Hy(r,)
versus V2py(r.)."”" Both axes in the plot of the former are given
in energy units; therefore, distances on the (x, y) (=(Hy(x.) —
Vi(r.)/2, Hy(r.)) plane can be expressed in the energy unit.

QTAIM-DFA can incorporate the classification of interactions
by the signs of Vpy(r.) and Hy(r.). Scheme 1 summarizes the

Scheme 1. QTAIM-DFA: Plot of H,(r.) versus Hy(r.) —
Vi,(r.)/2 for Weak to Strong Interactions
Hb(rc)

A

pure CS in first quadrant
—Vo(r) < Go(rc)

No reasonable
relations
Hb(rc) =0

Gi(ro) = —Vi(ro)

Hy(r) = Vi(re)/2

Gi(re) < =Vo(re)/2
sSin Hy(re) —|Vo(re)/2 = 0
third quadrant Gp(re) F —Vp(re)/2

QTAIM-DFA treatment. Interactions of pure CS appear in the
first quadrant, those of regular CS in the fourth quadrant, and
SS in the third one. No interactions appear in the second.

In our treatment, data for perturbed structures around fully
optimized ones are employed for the plots, in addition to those
of the fully optimized structures (see Figure 4)."’~* Plots of

—Vo(re)/2 < Gylre) <~Vy(ro)

regular CS in
fourth quadrant

v+ Hielre) P (ore) — Vo(re)/2, Hore))

= x: Hp(re) = Vp(re)/2

Figure 4. Polar coordinate (R, 0) representation of Hy(r.) versus
Hy(r.) — Vy(r.)/2, with (6,, k,) parameters.

Hy(r.) versus Hy(r.)) — Vy(r.)/2 are analyzed employing the
polar coordinate (R, 6) representation with the (GP, KP)
parameters.”’>***’ Figure 4 explains the treatment. R in (R, )
corresponds to the energy for an interaction at BCP, which is
defined by eq 3. 6 in (R, 0) controls the spiral stream observed
in the plot, as defined by eq 4 and measured from the y-axis.
Each plot for an interaction shows a specific curve, which
provides important information on the interaction (see Figure
4). The curve is expressed by (6, «,). While 6, corresponds to
the tangent line of a plot, measured from the y-direction (eq $),
K, is the curvature (eq 6). We proposed the concept of the
“dynamic nature of interaction” that originated from data of the
perturbed structures. While (R, 6) for the data of fully
optimized structures correspond to the static nature, (6,, k) for
those containing the perturbed structures represent the
dynamic nature of interactions. The method to generate the
perturbed structures is discussed later. While py(r.), V2p,(r.),
Gb(rc)) Vb(rc)) Hb(rc)l Hb(rc) - Vb(rc)/Z) and kb(rc)) defined by
eq 7, belong to QTAIM functions, (R, #) and (6, k,) are called
QTAIM-DFA parameters. ky(r.) will be treated as if it was an
QTAIM parameter, if suitable.

R= (x> +y%)/2 3)
6 = 90° — tan"'(y/x) 4)
6, = 90° — tan™'(dy/dx) (s)
x, = I/ d?l/[1 + (dy/dx)* P/ ()

DOI: 10.1021/acs.joc.5b01794
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kb(rc) = Vb(rc)/Gb(rc) (7)
where
(x, y) = (Hy(r) — Vy(x)/2, Hy(r,))

Criteria for Classification and Characterization of
Interactions: Application of QTAIM-DFA to Typical
Interactions. QTAIM-DFA is applied to typical interactions
of van der Waals interactions (vdW), hydrogen bonds (HBs),
molecular complexes formed through CT (CT-MC), trihalide
ions (X;7), trigonal bipyramidal adducts formed through CT
(CT-TBP), weak covalent bonds (Cov-w), and strong covalent
bonds (Cov-s).*>** Rough criteria are obtained, which
classify and characterize the interactions in question, after
analysis of the plots for the typical interactions according to eqs
3—6.7%%% Scheme 2 shows the rough criteria, which are

Scheme 2. Rough Classification and Characterization of
Interactions by @ and 6, Together with k;(r.)

45° (=~ 75° 90°  (=115° (~150°) 180° 206.6°

0

pure CS | pure CS regular CS regular CS SS

VOW | HB-typical | oty f) CT-MC |GT-TBP + Xg~[Cov-w + Cov-s
6,
: ]
45° 90°  (=125°) (=150°)  180° (= 190°) 206.6°
i E i : f F k(1)
0 (-0.9) —1 (-1.4) -2 (—)
(Origin) ~ (BD-1) (x-Intercept) (BD-2) (y-Intercept)
Weak limit -----eeeeeemeemmeennneens Interactions --------seeeeeeineeiaanns » Strong limit

accomplished by the & and 6, values, together with ky(r.). The
criteria will be employed to discuss the behavior of the E--E’
interactions in 1°*, 1>, and 1, as a reference.

Methodological Details in Calculations. Neutral, radical
cationic, and dicationic forms of 1 (1, 1°*, and 1%, respectively)
were optimized using the Gaussian 09 program package.”'
Calculations are performed employing the 6-311+G(3df)>”
basis sets for O, S, and Se, the (7433111/743111/7411/2 +
1s1p1dif) type> for Te, and the 6-311G+(d,p) basis sets for C
and H at the Moller—Plesset second order energy correlation
level (MP2),** after examination of the calculation method.
Applicability of the basis set systems and levels was examined,
employing the observed E--E distances of 1a** (E = S) and
1d** (E = Se), of which structures were determined by the X-
ray crystallographic analysis. They were the CC form with
substantial deformation'” and the CB form,'* respectively. Two
basis set systems (BSSs) were examined. One is called BSS-A,
which is the 6-311+G(3d) basis set for O, S, and Se with the 6-
311+G(d,p) basis set for C and H (BSS-A). Another is BSS-B,
which is the 6-311+G(3df) basis set for O, S, and Se with the 6-
311+G(d,p) basis set for C and H. Various levels were also
examined for MP2,°* M06-2X,>° M06,>> LC-wPBE,*® CAM-
B3LYP,””** and B3LYP.*”° The results for 1a>* and 1d>* are
given in Tables SI and S2 of the Supporting Information,
respectively. A calculation method with BSS-B at the MP2 level
is selected for the evaluations as mentioned above, since the
magnitudes between the predicted and observed E---E’
distances seem to be less than 0.01 A or around the value,
although the counterions near the cationic species and/or the
crystal packing effect are not considered in the examina-
tions."> **° Unrestricted MP2 method (UMP2)®" is applied to
the odd electron system of 1°*. The structures were confirmed
by the frequency analysis performed on the optimized
structures.

QTAIM functions were calculated using the Gaussian 09
program package”" with the same method of the optimizations.
The results were analyzed with the AIM2000 program.’”
Normal coordinates of internal vibrations (NIV) obtained by
the frequency analysis were employed to generate the
perturbed structures.”” A kth perturbed structure in question
(S,) is generated by the addition of the normal coordinates of
the selected kth internal vibration (N,) to the standard
orientation of a fully optimized structure (S,) in the matrix
representation.”’ The motion of the selected internal vibration
must be most effectively localized on the interaction in
question. We call this method NIV, which is explained by eq
8. The coefficient f;,, in eq 8 is determined to satisfy eq 9,
where r and r, show the distances in the perturbed and fully
optimized structures, respectively, with a, of Bohr radius
(0.529 18 A).*7*** Perturbed structures generated with NIV
correspond to those with 7 in question being elongated or
shortened by 0.05a, or 0.la,, relative to r, (eq 9). The
coefficient f;,, will be adjusted in this process. Ny of five digits
are employed to predict Sy,.*

St =S, +fkw ‘N (8)

r=r, + wa(w = (0), £0.05, and +0.1; a, = 0.52918
A) ©)

y=a,+ ax+ azxz + a3x3
(RCZ: square of correlation coefficient) (10)

Each plot for an interaction with data of five points (w = 0, +
0.05, and +0.1) is analyzed by a regression curve assuming
cubic function as shown in eq 10, where (x, y) = (Hy(r.) —
Vio(r)/2, Hy(r)) (R2 > 0.999 99 for usual situations).*

B RESULTS AND DISCUSSION

Structural Feature in Neutral and Charged Forms of
1,5-Di(chalcogena)canes, 1, 1°*, and 1%'. 1,5-Di-
(chalcogena)canes of the neutral, radical cationic, and
dicationic forms, la—1j, 1a®*—1j**, and l1a**—1j**, are
optimized with BSS-B at the MP2 level. Table 1 collects the
E-E/, E—Cg, and E'—C distances (r(E, E’), r(E, Cc), r(E/,
C¢), respectively) for the CB forms of the optimized structures
of la—1j, 1a**—1j"*, and 1a**—1j**, where C stands for the
carbon atoms adjacent to E and E’ in the chair ring. The
notation, containing points M and M/, is illustrated in the
footnote of Table 1, modeled by 1%**.

It would be instructive to compare the r(E, E’) values of 1la—
1j, 1a**—1j**, and 1a*>*—1j** with the corresponding values of
2a—2j. Therefore, the Ar(E, E’) values [=r(E, E': 1xx) — r(E,
E’: 2x); x = a—j and * = null, e+, and 2+] are also shown in
Table 1, where r(E, E": 2x) are expected to be very close to the
sum of covalent radii of E and E’ (r.,,(E) + r.,(E’)). Table 1
also collects the angles (ZE'EM and £EE’M’) and torsional
angles (¢(MEE'M')) for la—1j, 1la**—1j*", and la**—1j*,
where a point M is put at the midpoint between C. and Cg,
adjacent to E and a point M’ at the midpoint between C¢ and
Cpy, adjacent to E’ (see footenote of Table 1).

Figure S shows the plot of (E, E’) for 1la—1j, 1a**—1j**, and
1a>*—1j*, together with 2a—2j. The r(E, E’) values for 2a—2j
increase in the order 2g < 2h < 2i <2j<2a<2b<2d <2c<
2e < 2f, where the order seems irregular around 2d and 2c (see,
Figure 5 and Table 1). The r(E, E’) values of 1a**—1j*" are very
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Table 1. Distances, Angles, and Torsional Angles for Neutral and Charged Forms of cyclo-E(CH,CH,CH,),E’ (1) (CB),
Together with Relative Energies, Optimized with BSS-B at the MP2 Level”

species (E, E’)

#E E) (A) Ar(E, E)” (A) #(E Co)° (A) r(E, Cp)? (A) <E'EM (deg) <EE'M’ (deg) H(MEE'M’) (deg) AE° (eV) symmetry

Neutral Species

1a (S, S) 3.4093 1.3270 1.8172 1.8172 69.7 69.7 0.0 as 0.00 C
1b (S, Se) 3.7499 1.5081 1.8160 1.9510 72.1 39.5 114 as 0.00 ol
Ic (S, Te) 3.7372 1.3243 1.8185 2.1495 78.3 414 11.3 as 0.00 C,
1d (Se, Se) 3.5740 1.0422 1.9555 1.958S 67.5 67.5 0.0 as 0.00 C
le (Se, Te) 3.8176 1.2769 1.9808 2.2062 78.5 45.0 11.9 as 0.00 G,
1f (Te, Te) 3.8244 1.0946 2.1541 2.1541 474 46.4 0.0 as 0.00 C
1g (O, O) 2.8557 1.3941 14211 14211 79.6 79.6 0.0 as 0.00 C,
1h (O, S) 3.096S 1.3965 1.4206 1.8172 91.3 612 -0.5 as 0.00 C
1i (O, Se) 3.1740 1.3292 1.4209 1.9546 96.1 54.8 18 as 0.00 (o
1j (O, Te) 3.247S 1.2497 1.4216 2.1511 103.8 47.4 2.8 as 0.00 C,
Radical Cationic Species
1a** (S, S) 2.7049 0.6226 1.8145 1.8145 85.8 85.8 0.0 6.81 C,
1b** (S, Se) 2.7783 0.5365 1.8180 1.9522 883 80.7 -04 6.69 G
1c** (S, Te) 2.9068 0.4939 1.8216 2.1439 92.4 72.7 -0.5 6.47 C,
1d** (Se, Se) 2.8730 0.5059 1.9552 1.9552 82.7 82.7 0.0 6.53 C
Le** (Se, Te) 3.0094 0.4687 1.9587 2.1465 863 74.6 -0.1 626 ol
1f** (Te, Te) 3.1814 0.4516 2.1504 2.1504 77.6 77.6 0.0 6.09 C,
1g** (0, O) 2.3546 0.8930 1.4118 1.4118 95.1 95.1 0.0 8.35 C
1h** (O, S) 2.3410 0.6410 1.4470 1.8014 115.1 78.7 -3.0 7.49 o
1i** (O, Se) 2.4232 0.5784 1.4462 1.9419 1182 73.1 -3.6 7.25 C
1** (O, Te) 2.5096 0.5118 1.4479 21333 124.3 66.0 -5.8 6.80 ol
Dicationic Species
1> (S, S) 2.1373 0.0550 1.8353 1.8353 99.0 99.0 0.0 18.16 C
1b** (S, Se) 2.2619 0.0201 1.8398 1.9712 99.5 924 -13 17.87 G
1c** (S, Te) 2.4513 0.0384 1.8482 2.1476 99.7 84.5 =22 17.36 C
1d** (Se, Se) 2.3770 0.0099 1.9768 1.9768 93.3 93.3 0.0 17.54 G
1e** (Se, Te) 2.5592 0.0185 1.9856 2.1536 93.7 85.7 -12 16.97 C,
1£* (Te, Te) 2.7504 0.0206 2.1639 2.1639 86.1 86.1 0.0 16.53 C
1g** (0, 0) 2.3257 0.8641 1.4054 1.4054 952 952 0.0 21.72 C,
1h** (O, S) 1.7271 0.0271 1.5616 1.8030 1312 97.0 -0.7 19.62 C,
1i%* (O, Se) 1.8690 0.0242 1.5479 1.9419 130.0 89.7 -39 19.26 C
1j** (O, Te) 2.0396 0.0418 1.5373 2.1199 131.5 80.9 =54 18.42 C

“For BSS-B: The 6-311+G(3df) basis set for O, S, and Se and that of the (7433111/743111/7411/2 + 1s1p1d1f) type for Te with the 6-311+G(d,p)
basis set for C and H. ®Ar(E, E') = r(E, E': 1ax) — r(E, E': 2x), where x = a—j and * = null, e+, and 2+. “r(E, Cc) = #(E’, Cc). “r(E, Cp) = (¥,

Cy). °AE = E (lxx) — E (1x), where x = a—j and * = e+ and 2+.

2+

close to the corresponding values of 2a—2j, except for 1g** (O,
0). The Ar(O, O) value of 0.86 A for 1g>" is only slightly less
than Ar(O, O) for 1g** (0.89 A), where Ar(E, E’) values are
0.01-0.06 A for 1a**—1j**, except for 1g**. The E-~E’ 6(2c—
2e) interactions in la’*—1j** must be very close to the
corresponding interactions in 2a—2j, respectively, except for
that in 1g** (O, O) versus 2g (O, O). The O---O interaction in
1g** (O, O) must be analyzed carefully. The plot for 1a®*—1j**
seems parallel to that of 2a—2j, although the data for 1g** (O,
O) deviate somewhat from what is expected (Figure 5). The
Ar(E, E’) values are 0.45—0.64 A for 1a*"—1f"* and 1h**—1j*,
although Ar(E, E') = 0.89 A for 1g*". The value for 1g** is
somewhat larger than the value of 0.78 A for HOOH*~.>°
The plot for 1a—1j seems almost parallel to that of 2a—2j
(Figure S). The Ar(E, E’) values are predicted to be 1.04—1.51
A for 6(2c—4e) in 1a—1j, where the values are small for 1d (Se,

11967

Se) (1.04 A) and 1f (Te, Te) (1.10 A) but large for 1b (S, Se)
(1.51 A). The disadvantageous conditions are suggested for S---
Se of 1b. Indeed, the large values must be the reflection of the
weak E--E’ transannular interactions, but some sterically
disadvantageous conditions must also be important for the
predicted values. The Ar(E, E’) values of 6(2c—4e) in la—1j
(1.04—1.51 A) decrease in the formation of 6(2c—3e) in 1a*"—
1f*", with values of 0.45—0.64 A and 0.89 A for 1g** (O, O).
The values become much smaller for the formation of 6(2c—
2e) in 1a**—1j** (0.01-0.06 A), except for 1g** (O, O) (0.86
A). The behavior of E-E’ 6(2c—2e) in 1a**—1j** must be very
close to that in 2a—2j, except for 1g** (O, O) versus 2g (O, O).

The «E'EM and £EE’'M’ values are closely related to the
directions of n,(E) and n,(E’) toward E” and E, respectively.
They will overlap effectively if the angles are close to 90°. While
ZE'EM and £EE'M’ in 1a**—1g** are 86°—100° and 85°—99°,
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Figure 5. Plots of r(E, E') for la—1j, 1a**—1j**, and la**-1j*,
together with 2a—2j.

respectively, those in 1h**—1j*" are 130°—132° and 81°—97°,
respectively. The values are the desirable range of around 90°,
except for ZE'EM in 1h**—1j**. Similarly, £ZE’'EM and ZEE'M’
in 1a**—1g"" are 77°—95° and 72°—95°, respectively, whereas
those in 1h*"—1j*" are 115°—125° and 66°—79°, respectively.
The values seem acceptable. ZE'EM in 1h**—1j*" of 130°—
132° are larger than 90° by over 40°, which seem too large to
be accepted at first glance, although the differences are less than
45°, While £E’EM (=4£EE'M’) values for 1a (S, S), 1d (Se,
Se), and 1g (O, O) are close to 70°, 70°, and 80°, respectively,
that for 1f (Te, Te) is 47° on average. On the other hand,
ZEE’'M’ for 1b (S, Se) is close to 39.5°, which is the smallest as
shown in Table 1. Some ZE’EM and/or ZEE'M’ values seem
smaller than the acceptable range for la—1j. The disadvanta-
geous geometry for the S---Se interaction in 1b must decrease
the effective overlap between the p-type lone pair orbitals of S
and Se. On the other hand, the values for the torsional angle
¢(MEE'M’) are less than 12° for all the species.

How are the energies in the formation of the radical cations
(1a®*—1j°") and dications (1a**—1j**) from the corresponding
neutral species (1a—1j)? The AE values are evaluated for 1a**—
1j** [AE (1a**-1j**) = E (1a**—1j*") — E (1la—1j)] and
1a*—1j*" [AE (1a**-1*") = E (1a®*-1j*") — E (1a—1j)],
using the E values in Table 1. Similarly, AE (1a’**—1j"**) [= E
(1a’**=1j"**) — E (1la—1j)] and AE (1a’**-1j**) [= E
(1a*=1j"**) — E (1a—1j)] are also evaluated, where E
(1a’**—1j"**) and E (1a’**—1j'*") stand for the energies of the
radical cations and dications evaluated employing the fully
optimized structures of la—1j. The AE (1a**-1j**), AE
(1a**—1j**), AE (1a’**—1j'**), AE (1a’**—1j"**), and —&yomo0
(1a—1j) values are collected in Table S3 in the Supporting
Information, together with the differences between them.
Figure 6 shows the plot of AE (1a®*—1j""), AE (1a**—1j*"),
AE (1a**—=1j'**), AE (1a"*'=1j"*"), and —eyomo (la—1j).
The Aeyomo (1a’**—1j**) values in Table S3 correspond to
the differences between —eyono (la—1j) and AE (1a'**—
1j'**) in Figure 6 (for the longitudinal axis direction).

Each of the species 1a’*"—1j"*" is stabilized through the
redistribution of the remaining electrons after the removal of an
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Figure 6. Plots of AE (1a**—1j**) (blue A), AE (1a’**—1j"**) (blue
A), AE (1a*~1j*") (red W), AE (1a"**—1j"**) (red O), and —eyomo
(1a—1j) (black ®). The solid lines connect the energies or energy
differences for the optimized structures, whereas the dotted lines
connect those evaluated employing the optimized structures of la—1j.

electron from each of la—1j, in the same structure, which is
estimated to be 0.13—1.83 eV through Aeyopo (12"*"—15*%)
[=—énomo (la—1j) — AE (1a’**—1j'**)]. The stabilization
energies for 1a®*—1j*" from 1a’**—1j’*" through the structural
change with the redistribution of the remaining electrons after
one-electron removal are also estimated by AAE (1a’**—1j"*")
of 0.25—1.21 eV. Similarly, the stabilization energies for 1a*"—
1j*" from 1a’>*—1j"*" through the structural change with the
redistribution of the remaining electrons are estimated to be
0.61-2.89 eV by AAE (1a’**—1j"*"), which occur after two-
electron removal from each of the species 1la—1j.

Figure 7 shows the plot of AE (1a’**—1j"*") versus —eyonmo,
which is well-analyzed by dividing the data into three groups:
Data from a (S, S), d (Se, Se), and f (Te, Te) make group I

AE (1a"+-1j"*)
(ev)

T T T T

—®—y =2839 +0.554x R.?=0.997 4
—&—y=2265+0663x R.’=00998 ’
—®—y =2276 +0674x R.’=0.968 ’
————— y = x, as a reference. ,

7 8 9 10
—eromo (1a-1j) (eV)

Figure 7. Plots of AE (1a’**—1j"*") versus —eyopmo (la—1j), which
are analyzed as three correlations.
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(G(I)), those of b (S, Se), ¢ (S, Te), and e (Se, Te) are group
11 (G(II)), and those of g (O, O), h (O, S), i (O, Se), and j (O,
Te) belong to group III (G(III)). The correlations are given in
the figure. The removal of an electron and the redistribution of
the remaining electrons will occur equally on E and E’ in G(I).
The properties of E would be close to those of E' in G(II);
therefore, the process is expected to occur not equally but not
so differently on E and E'. As a result, the behavior in G(II)
would be different from that in G(I), although slightly. The
mechanism in G(III) would be substantially different from that
in G(I) and G(II). The process for the removal of an electron
and the redistribution of the remaining electrons would hardly
occur on E = O in G(III), where (E, E’) = (O, O) also belongs
to G(III).

The plot of AE (1a**—1j*") versus —&yopmo is drawn in
Figure S1 of the Supporting Information, which is very similar
to that shown in Figure 7. The plot in Figure S1 is similarly
analyzed as three correlations. The correlations are shown in
Table S4 of the Supporting Information (entries 1—3). The
plot of AE (1a**—1j"") versus AE (1a’*"*—1j’"**) is similarly
shown in Figure S2 of the Supporting Information. A good
correlation is obtained for G(I) + G(III), although data of
G(II) deviate from the correlation. The correlation is given in
Table S4 (entry 4). The plot of AE (1a**—1j**) versus AE
(1a**—1j**) is displayed in Figure S3 of the Supporting
Information. The plot is well-analyzed as a correlation without
deviation, which is given in Table S4 (entry S). It is worthwhile
to comment that AE (1a**—1j*") values are well-correlated to
AE (1a*"—1j*"), irrespective of the irregular behavior of (O,
0) in 1g*.

Survey of the E-~E’ Interactions in 1, 1°*, and 1%*. The
E---E’ interactions are surveyed as exemplified by E = E’ = Se in
the CB structures of 1, 1°*, and 1**, which are denoted by 1d
(CB), 1d** (CB), and 1d** (CB), respectively. The structures
are optimized retaining the C; symmetry; therefore, the E---E’
interactions can be easily visualized. Figure 8 draws energy
diagrams of y,—ys, for 1d (CB), 1d** (CB), and 1d** (CB).
HOMO—4, HOMO-3, HOMO-2, HOMO-1, HOMO, and
LUMO correspond to 1d (CB), ws,(a)—wse(a) and
weu(B)—wso(B) to 1d** (CB), and HOMO—-3, HOMO-2,
HOMO-1, HOMO, LUMO, and LUMO+1 to 1d** (CC).
Each () is more stable than y;,(f8) in 1°*, since the number
of a-spin electrons is assumed to be larger than that of f-spin
electrons by one, resulting in the larger contribution from the
exchange integrals between the a-spin electrons to the a-spin
MO energies. Consequently, sz (HOMO) of 1d (CB) will
split into yig(a) and wsg(B) in 1d** (CB), after removal of an
electron from 1d (CB). In this case, yg(@) and yi5(f3) have the
characters of HOMO and LUMO, respectively, although
Wsg(@) should be called SOMO (singly occupied molecular
orbital).

Figure 9 shows ys;(HOMO—1) and w5(HOMO) of 1d
(CB), e (f: HOMO—1: SOMO) and wes(a: HOMO:
SOMO) of 1d** (CB), and w,(HOMO-3) and
ws(LUMO) of 1d** (CB). The Se:-Se interactions in
wee(HOMO) of 1d (CB), ye(a: HOMO) of 1d** (CB),
and y5(LUMO) of 1d** (CB) have the n,(Se) — n,(Se)
character, whereas those in yg,(HOMO—-1) of 1d (CB), 1/157(ﬁ
HOMO-1) of 1d** (CB), and y,(HOMO-3) of 1d** (CB)
have the n,(Se) + n,(Se) character. One may expect that the
typical interactions of the n (Se) + n,(Se) character should
appear in the HOMO for 1d* (CB), at first glance. However,
the character in 1d** (CB) is not predicted for HOMO but
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Figure 8. Energy diagram, drawn as exemplified by 1d (CB), 1d**
(CB), and 1d** (CB).

mainly for HOMO=3 by the MP2 calculations. The n,(Se)
orbitals in 1d** (CB) are so stabilized, due to the high p051t1ve
charge developed on each Se (Qn(Se) = 0.877), that they
interact with MOs of the CH, groups. Consquently, the MO
character of the n,(Se) + n,(Se) type will spread over not only
HOMO-3 but also HOMO— 2, and HOMO-1 in 1d** (CB),
although not shown.

The Se-#-Se interactions in 1d (CB), 1d** (CB), and 1d**
(CB) can be explained by the 6(2c—4e), 6(2c—3e), and 6(2c—
2e) models, respectively (cf, Figure 3 for the E---E’ interactions
in 1, 1°*, and 1%*). It must be difficult for the E---E’ interactions
in 1 to stabilize through the orbital overlaps, due to the high
disadvantageous exchange repulsive factors of 6(2c—4e). On
the other hand, the E---E’ 6(2c—2e) interactions in 12* will be
much stabilized through the orbital overlaps due to the
advantageous exchange factors. The E-+E’ o(2c—3e) inter-
actions in 1°* must be intermediate between 6(2c—4e) in 1 and
6(2c—2e) in 1%,

After clarifying the basic structural feature, QTAIM-DFA is
applied to the E---E’ interactions in la—1j, 1a®—1j**, and
1a** —1j*, next.

Molecular Graphs, Contour Plots, Negative Lap-
lacians, and Trajectory Plots Around the E-x-E’
Interactions. Figure 10 shows the molecular graphs,
exemplified by 1d (CB), 1d** (CB), and 1d** (CB). All
BCPs expected are detected, containing those between the Se-
*-Se atoms. Figure 11 shows the contour plots, exemplified by
1d (CB), 1d** (CB), and 1d** (CB). The maps are drawn on
the planes constructed by the C—Se—Se—C atoms in 1d (CB),
1d** (CB), and 1d** (CB), where two Se atoms, two C atoms,
a BCP on the Se-*-Se interation, and two BCPs on the Se—C
bonds are located on each plane. The contour plots for 1d
(CB), 1d°* (CB), and 1d** (CB) create the characteristic Se-
*-Se interactions of the o(2c—4e), 6(2c—3e), and 6(2c—2e)
types, respectively.
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Figure 9. Typical n,(Se)--n,(Se) interactions in 1 (CB), 1°* (CB), and 1** (CB). Orbital energies, distances of Se--Se, and charges developed on Se

are also given.

(b)

Figure 10. Molecular graphs for 1d (CB) (a),

(c)
Lj ®

1d** (CB) (b), and 1d** (CB) (c). Bond paths are denoted by solid lines, and BCPs are denoted by

small red balls on the bond path, together with ring critical points (small yellow balls) and cage critical points (small lime green balls).

Figure 11. Contour plots of py,(r.) drawn on the C—Se—Se—C plane for 1d (CB) (a), 1d** (CB) (b), and 1d** (CB) (c), together with BCPs (red
solid circles on the plane and pink solid circles out of the plane), ring critical points (cyan solid squares out of the plane), cage critical points (lime
green solid circles), critical points of (@, 6) = (3, —=3) (corresponding to atoms: black solid circles on the plane and gray solid circles out of the

plane), and bond paths. The contours (ea, ) are at 2! (I =

+8, +7, ..,

0) and 0.0047 (heavy line).

Figure 12 shows negative Laplacians, exemplified by 1d
(CB), 1d** (CB), and 1d** (CB). The BCPs between Se-*-Se
of 1d (CB) and 1d** (CB) exist in the blue area, whereas that
of 1d** (CB) is in the red area, which means that the Se-%-Se
interactions are classified as the CS interactions for the former
two, whereas that of the latter is classified as the SS interactions.
Trajectory plots are similarly drawn for 1d (CB), 1d** (CB),
and 1d** (CB) in Figure S5 of the Supporting Information,

where each space around the species are well fractionalized to
the atoms. Figure S6 of the Supporting Information depicts the
Se--Se stretching modes of 1d (CB), 1d** (CB), and 1d*
(CB), necessary to generate the perturbed structures around
the fully optimized structures, for example.

QTAIM-DFA Parameters of (R, 0) and (0, «),
Evaluated for E-+-E’ in 1, 1°*, and 1?*. QTAIM functions
are calculated for p(r.), Hy(r.) — Vi,(r.)/2, H(r.), and k,(r.)

11970 DOI: 10.1021/acs.joc.5b01794
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Figure 12. Negative Laplacians drawn on the C—Se—Se—C plane for 1d (CB) (a), 1d** (CB) (b), and 1d** (CB) (c), where the negative areas are

shown in red and positive areas in blue.

Table 2. QTAIM Functions and Parameters Evaluated for the Neutral, Radical Cationic, and Dicationic Forms in cyclo-
E(CH,CH,CH,),E’ (1) Calculated Employing QTAIM-DFA with NIV at the MP2 Level”

interaction (E-+-E') pu(r) (au) cV2py(r)? (au) Hy(r) (au)  ky(r)" R (au) 6 (deg) v, (W (em™) Kk (mdyn A7) 0, (deg) «, (au™)
Neutral Species

S-%-S/1a 0.0130 0.0043 0.0002 —-0.973 0.0043 87.0 146.6 (2) 0.087 113.2 127

S-%-Se/1b e e e e e e e e e e

S-x-Te/lc 0.0106 0.0032 0.0003 —0.954 0.0032 84.9 59.7 (1) 0.009 170.8 0.0
Se-x-Se/1d 0.0127 0.0036 0.0002 —0.969 0.0036 86.6 974 (2) 0.089 110.3 178

Se-x-Te/le 0.0106 0.0029 0.0002 —0.967 0.0029 86.4 54.9 (1) 0.014 142.1 0.0
Te-x-Te/1f 0.0133 0.0027 —0.0003 —1.060 0.0027 97.3 77.8 (2) 0.077 121.0 259

0-%-0/1g 0.0130 0.0058 0.0000 —0.998 0.0058 89.8 196.7 (2) 0.131 92.6 199

O-%-S/1h 0.0135 0.0052 0.0000 —0.996 0.0052 89.5 1909 (3) 0.111 101.8 383
O-%-Se/1i 0.0130 0.0048 0.0001 —-0.987 0.0048 88.5 169.5 (3) 0.076 102.5 21.1
O-%-Te/1j 0.0138 0.0045 —0.0003 —-1.029 0.0045 93.4 150.5 (3) 0.080 104.1 379

Radical Cationic Species
S-x-S/1a** 0.0472 0.0074 —0.0075 —1.338 0.0105 135.6 2539 (4) 0.284 162.3 43.1
S-x-Se/1b** 0.0464 0.0062 —0.0083 —1.400 0.0103 143.1 222.8 (4) 0.231 165.8 89.7
S-x-Te/1c™* 0.0441 0.0043 —0.0092 -1.516 0.0102 154.9 184.1 (3) 0.099 177.3 4.8
Se-x-Se/1d** 0.0439 0.0052 —0.0080 —1.434 0.0096 146.9 173.6 (3) 0.344 175.7 26.6
Se-x-Te/le®* 0.0417 0.0038 —0.0083 —1.524  0.0091 155.5 154.9 (3) 0.373 179.8 50.4
Te-x-Te/1f* 0.0385 0.0028 —0.0072 —1.563 0.0077 158.8 129.0 (2) 0.069 181.6 54.3
0-%-0/1g** 0.0323 0.0162 0.0035 -0.879 0.0166 77.8 176.9 (2) 0.125 77.6 24.5
O-%-S/1h** 0.0547 0.0150 —0.0065 -1.178 0.0164 1134 295.1 (4) 0.138 135.6 60.9
O-%-Se/1i** 0.0500 0.0130 —0.0070 -1.213 0.0148 118.4 211.0 (3) 0.136 141.7 45.9
O-%-Te/1j** 0.0473 0.0106 —0.0092 —1.302 0.0141 130.9 187.7 (3) 0.127 151.1 4.4
Dicationic Species

S-%-S/1a* 0.1351 —0.0133 —0.0708 —2.601 0.0720 190.6 425.6 (8) 0.551 198.1 0.5
S-%-Se/1b* 0.1155 —0.0078 —0.0558 —2.387 0.0563 187.9 377.0 (8) 0.565 192.0 0.8
S-x-Te/1c** 0.0923 —0.0013 —0.0419 —2.067 0.0420 181.8 3552 (8) 0.456 171.9 229
Se-%-Se/1d* 0.1032 —0.0070 —0.0471 —2.427 0.0476 188.5 263.3 (S) 0.238 192.3 0.6
Se-x-Te/le** 0.0867 —0.0046 —0.0390 —-2.313 0.0392 186.8 2494 (6) 0.275 184.9 24.7
Te-%-Te/1££* 0.0760 —0.0054 —0.0313 —-2.530 0.0318 189.8 196.7 (4) 0.781 193.4 1.1
O->|<-O/1gZ+ 0.0325 0.0158 0.0041 —0.850 0.0163 754 252.1 (3) 0.161 74.1 20.8
0-%-S/1h** 0.1765 —0.0240 —0.1774 -2.370 0.1790 187.7 586.3 (10) 1.274 172.3 23
O-#-Se/1i** 0.1407 0.0171 —0.0877 -1.720 0.0894 169.0 5189 (9) 0.801 166.4 5.6
O—*—Te/lj“ 0.1079 0.0416 —0.0368 -1.307 0.0555 131.5 506.6 (9) 0.754 110.4 1.2

“For BSS-B: The 6-311+G(3df) basis set for O, S, and Se and that of the (7433111/743111/7411/2 + 1s1p1d1f) type for Te with the 6-311+G(d,p)
basis set for C and H. bc = #%/8m. Uy(r) = Vi(r)/Gp(xo). dCorresponding to the E—E’ bond in question. “BCP being not detected.

(=V4(r)/Gy(r.) of E-%-E’ at BCP? in 1la—1j, 1a*—1j**, and
1a**—1j**. Table 2 collects the values, although BCP of S-#-Se
is not detected for 1b, maybe due to the disadvantageous steric
reason. Figure 13 shows the plots of Hy(r.) versus Hy(r.) —
Vy(r.)/2 for the data of the fully optimized structures, together
with those of the perturbed structures around the fully
optimized ones. Figure 13a—c corresponds to the plots for
la—1j, 1a**—1j**, and 1a?*—1j*, respectively. Data of a plot for
each E-*-E’ interaction are connected by a regression curve,
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assuming the cubic function shown in eq 10, for la—1j, 1a* —
1j**, and 1a**—1j*". However, data of some plots are described
as the line graph type if data cannot be connected as one-valued
functions, such as those of 1h>* (O-%-S).% Figure 13d shows
the similar plots for 2a—2j, for convenience of comparison.
Plots for 1a>*—1j** in Figure 13c are very similar to those for
2a—2j in Figure 13d, except for the plot for 1g** (O-%-O)
versus that 2g (O-#-O).
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Figure 13. Plots of Hy(r.) versus Hy(r.) — Vy(r.)/2 for 1 (a), 1°* (b), and 1** (c), together with 2 (d).

As shown in Figure 13a, all data of 1a—1j appear in the pure
CS region (Hy(r.) — Vi,(r.)/2 > 0 and Hy(r.) > 0), except for
those of 1f (Te-#-Te) and 1j (O-*-Te), which appear in the
regular CS region (Hy(r.) — Vi,(r.)/2 > 0 and Hy(r.) < 0). In
the case of 1a®*—1j°", all data appear in the regular CS region,
except for those of 1g** (O-#-O), which appear in the pure CS
region (Figure 13b). On the other hand, data of 1a®*—1f** and
1h** (O-#-S) appear in the SS region (Hy(r.) — V(r)/2 < 0
and Hy(r.) < 0), whereas those of 1i** (O-#-Se) and 1j** (O-
x-Te) drop in the regular CS region with those of 1g** (O-
*-0) in the pure CS region.

QTAIM-DFA parameters of (R, §) and (6,, k) are obtained
through analysis of the plots for la—1j, 1a**—1j*", and 1a**—
1j**, according to eqs 3—6. The (R, #) and (9},, KP) values are
collected in Table 2, together with the frequencies (¢s) and
force constants (ks) corresponding to the E-+-E’ interactions
in question.

The behavior of E-+-E in 1la—1j, 1a**—1j**, and 1a**—1j*" is
examined, next, by employing the R, 6, and 9P values, mainly,
together with those in Scheme 2, as a reference.

Nature of E-«-E’ in 1, 1°*, and 1%*, Elucidated with (R,
0) and (0, k). It is instructive to survey the criteria, before a
detailed discussion of the nature of E-#-E’. Scheme 2 tells us
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that @ < 180° for the CS interactions, whereas 8 > 180° for the
SS interactions. The CS and SS interactions correspond to
Hy(r.) — Vi,(r)/2 > 0 and Hy(r,) — V;,(xr.)/2 < 0, respectively.
The CS interactions are divided into pure CS and regular CS
interactions for 45° < @ < 90° and 90° < @ < 180°, respectively,
which correspond to Hy(r.) > 0 and Hy(r.) < 0, respectively,
with Hy(r.) — V;(r.)/2 > 0. The 0, value will play an important
role to determine the characters of the interactions. In the pure
CS region of 45° < 6 < 90°, the character of interactions will be
the vdW type for 45° < 6, < 90° or the typical HB type with no
covalency for 90° < 6, < 125°, although 0, of 125° tentatively
corresponds to 6 = 90°. The CT interactions will appear in the
regular CS region of 90° < 6 < 180°. Interactions of the CT-
MC and CT-TBP types will appear in the ranges 150° < 6, <
180° (115° < @ < 150°) and 180° < 6, < 190° (150° < 6 <
180°), respectively. Typical HB interactions with covalency will
appear in the region of 125° < 91, < 150° (90° < 0 < 115°).CT
will contribute to typical HBs in this region. The value of R
classifies SS, further. Classical chemical bonds of SS are strong
when R > 0.15 au, but they will be weak if R < 0.15 au.
Table 3 collects the characters of the E-*-E’ interactions in
la—1j, 1a*"—1j"", and 1a®*—1j*", determined using the R, 6,
and 6, values, together with 2a—2j, for convenience of
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Table 3. Classification and Characterization of E-~E’ in the Neutral, Radical Cationic, and Dicationic Forms in cyclo-1,5-
E(CH,CH,CH,),E’ (1), Together with the Neutral forms of cyclo-1,2-E (CH,CH,CH,)E’ (2), Evaluated with NIV at the MP2

Level”
interaction (E-+-E’) R (au) 0 (deg) 6, (deg) classification/character interaction (E-#-E') R (au) 6 (deg) 0, (deg) classification/character
Neutral Species
S-%-S/1a 0.004 87.0 113.2 p-CS/t-HB 0-%-0/1g 0.006 89.8 92.6 p-CS/t-HB
S-%-Se/1b b b b b O-%-S/1h 0.005 89.5 101.8 p-CS/t-HB
S-x-Te/lc 0.003 84.9 170.8 p-CS/t-HB O-%-Se/1i 0.005 88.5 102.5 p-CS/t-HB
Se-x-Se/1d 0.004 86.6 110.3 p—CS/t—HB O-%-Te/ 1j 0.005 93.4 104.1 r-CS/t-HB
Se-x-Te/le 0.003 86.4 142.1 p-CS/t-HB
Te-%-Te/1f 0.003 97.3 121.0 r-CS/t-HB
Radical Cationic Species
S-%-S/1a%* 0.011 135.6 162.3 r-CS/CT-MC O-%-0/1g*" 0.017 77.8 77.6 p-CS/vdW
S-%-Se/1b** 0.010 143.1 165.8 r-CS/CT-MC 0-%-S/1h** 0.016 1134 135.6 r-CS/CT-MC
S-x-Te/1c** 0.010 154.9 177.3 r-CS/CT-MC O-%-Se/1i** 0.015 118.4 141.7 r-CS/CT-MC
Se-#-Se/1d** 0.010 146.9 175.7 r-CS/CT-MC O—*-Te/ljvr 0.014 130.9 151.1 r-CS/CT-MC
Se-x-Te/1e** 0.009 1558.5 179.8 r-CS/CT-MC
Te-%-Te/1f* 0.008 158.8 181.6 r-CS/CT-TBP
Dicationic Species
S-#-8/1a" 0072 1906 198.1 SS/Cov-w 0-%-0/1g* 0.016 75.4 74.1 p-CS/vdW
S-#-Se/1b** 0.056 187.9 192.0 SS/Cov-w O-#-S/1h* 0.179 187.7 1723 SS/CT-MC
S-x-Te/1c* 0.042 181.8 171.9 SS/CT-MC O-#-Se/1i** 0.089 169.0 166.4 -CS/CT-MC
Se-x-Se/1d** 0.048 188.5 192.3 SS/Cov-w O-%-Te/1j** 0.056 1315 1104 r-CS/t-HB
Se-x-Te/le* 0.039 186.8 184.9 SS/CT-TBP
Te-%-Te/1£* 0.032 189.8 193.4 SS/Cov-w
Neutral Species
S-%-S/2a 0.068 190.2 198.1 SS/Cov-w 0-%-0/2g 0.175 173.9 191.5 p-CS/CT-TBP
S-%-Se/2b 0.047 183.5 189.8 SS/CT-TBP O-%-S/2h 0.170 185.1 165.9 SS/CT-MC
S-%-Te/2c 0.042 174.8 165.5 r-CS/CT-MC O-%-Se/2i 0.088 167.3 167.8 r-CS/CT-MC
Se-#-Se/2d 0.038 184.1 188.9 SS/CT-TBP O-%-Te/2j 0.063 135.4 117.0 r-CS/t-HB
Se-x-Te/2e 0.036 182.3 180.3 SS/CT-TBP
Te-*-Te/2f 0.030 187.1 190.2 SS/Cov-w
“Data from Table 2. "BCP being not detected.
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Figure 14. Plot of @ for 1a”*—1j* versus those for 2a—2f (a) and that of 0, for 1a®*—1j** versus those for 2a—2f (b). Data for 1g** and 2g are not

shown in the plots.

comparison. The interactions become stronger in the order of
la—1j < 1a*—1j*" < l1a**—1j*, if the same E-%-E’ are
compared, except for O-%-O. The O-%-O interaction seems

weaker in the order of 1g (O-%-0) > 1g** (O-#-0O) > 1g** (O-
#-0), judging from the € and 0, values. The trend is inverse,
relative to the cases of other E-%-E’ interactions in Table 3. All
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E-*x-E’ in 1a—1j are characterized as typical HB nature with no
covalency appearing in the pure CS region, except for Te-*-Te
in 1f and O-*-Te in 1j, which are characterized as typical HB
nature with covalency appearing in the regular CS-region. BCP
is not detected for S-*-Se in 1b. Similarly, E-+-E’ in 1a*"—1j"*
are all characterized as CT-MC appearing at the regular CS
region, except for Te-#-Te in 1f** and O-#-O in 1g**, which are
characterized as CT-TBP appearing at the regular CS region
and the vdW nature appearing at the pure CS region,
respectively.

In the case of E-+-E’ in 1a**—1f**, they are all classified by
the SS interactions (6 > 180°) and characterized to have the
Cov-w nature (9 > 180° R < 0.1S au), except for S-#-Te in
1 (6,=172°) and Se-#-Te in le** (6, = 185°), which should
be characterlzed to have the CT- MC and CT-TBP nature,
respectively (appearing in the SS region). On the other hand,
the behavior of O-%-E’ in 1g*"—1j*" seems somewhat complex.
The interactions of O-#-O in 1g**, O-%-S in 1h**, O--Se in
1i**, and O-x-Te in 1j*" are classified and characterized as
(pure CS; vdW), (SS; CT-MC), (regular CS; CT-MC), and
(regular CS; typical HB with covalent nature), respectively.
Indeed, S-#-Te in 1c** and O-%-S in 1h*" are characterized as
CT-MC with their 6, values, but the interactions should be
characterized as Cov-w and Cov-s, respectively, if @ values are
mainly considered. The dynamic behavior of S-#-Te in 1c** and
O-x-S in 1h*" seems very complex, which should be clarified
turther.

The (R, 6, 6,) values for O-+-S in 1h*" are (0.179 au, 187.7°,
172.3°). The (R 0) values seem to satisfy the requirements for
O-%-S in 1h%* to be classified by Cov-s, of which data appear in
the SS region. However, the 6, value of 172.3° corresponds to
the CT-MC region for O-#-S in 1h*". The O--S in 1h*" is
characterized by CT-MC as shown in Table 3, as are other
cases of interactions. However, the results strongly suggest that
the O-#-S interactions must be more complex than those
clarified in this work. This discrepancy must be the reflection of
the fact that 0, is less than 6 for O-*-S in 1h*, although 0, are
larger than 6 for usual cases. The complex behavior in O-*-S in
1h** (and 2h) can be confirmed in the plot shown in Figure
13c (and Figure 13d). The reason and/or mechanisms should
also be elucidated further.

As mentiond above, the behavior of E—E’ in 1a**—1j** is
very similar to that in 2a—2f, respectively, except for 1g** (O-
#-0)/2g (O-%-0). Figure 14ab shows the plot of & and 0, for
1a**—1j*" versus those for 2a—2f, respectively. The plot in
Figure 14a gives a very good correlation, which is shown in the
figure. The @ values of 1a**—1j*" are linearly well-correlated
with those of 2a—2f, although the correlation would be better
analyzed as parabolic (y = —202.4 + 3.426x — 0.007x*: R” =
0.993, without data for 1g**/2g). Similarly, the plot for 6, in
Figure 14b shows a very good correlation, which is given in the
figure. The correlation would also be better analyzed as
parabolic (y = —110.4 + 2.356x — 0.004«”: R = 0.992, without
data for 1g**/2g). The € and 0, values for 1a**—1j** are
demonstrated to be linearly correlated to those in 2a—2j,
respectively, as a whole. The R values in (R, 6) for 1a*'—1j*"
are also plotted versus those of 2a—2f, which is shown in Figure
S7 of the Supporting Information. The plot gives a very good
correlation (y = 1.027x + 0.0017; R = 0.986), where data for g
(O-%-0) are neglected from the correlation, again. The results
clarify well the similarities in the behvior of E—E’ between
1a?*—1j** and 2a—2f except for 1g**/2g. The E—E’
interactions in 1** and 2 can be described by 6(2c—2e),

which must be the main reason for the similarity, although
n,(E) and n,(E’) in 2 are replaced by E—~C o(2c—2e) and E'—
C’ o(2c— 2el)> in 1**, respectively.

The behavior of E—E’ in 1, 1°*, and 1** is well-clarified by
QTAIM-DFA, and the similarities in E—E’ between 1> and 2
are confirmed by the QTAIM-DFA parameters, except for O-
*-0.

Bl CONCLUSION

The nature of the E—E and E---E’ interactions in neutral, radical
cationic, and dicationic forms of 1,5-cyclo-E(CH,CH,CH,),E’
(1) (B, E) =a(S,S),b (S, Se), c (S, Te), d (Se Se), e (Se,
Te), f (Te, Te), g (O, 0), h (O, S), i (O, Se), and j (O, Te))
(1a—1j, 1a**=1j**, and 1a*>*—1j*, respectively) are elucidated
by applying QT AIM-DFA. Structures are optimized with BSS-B
at the MP2 level for la—1j, 1a®*—1j"*, and 1a**—1j*" of the
chair-boat (CB) forms. QTAIM functions are calculated with
the same basis set system at the MP2 level. The molecular
graphs, contour plots, negative Laplacians, and trajectory plots
are drawn for the species, which depicts the basis nature of E-
*-E’ in the species. H,(r.) are plotted versus Hy(r.) — V;,(r.)/2
for the data of E-#-E’ at BCPs of fully optimized structures and
perturbed structures around the fully optimized ones. The plots
are analyzed according to the definitions in QTAIM-DFA. Plots
for the data of fully optimized structures are analyzed by the
polar coordinate (R, 6) representation. The (HP, Kp) parameters
are derived from those containing the perturbed structures: 6,
corresponds to the tangent line of each plot, and «, is the
curvature. While (R, ) correspond to the static nature, (6,, k)
represent the dynamic nature of interactions.

QTAIM parameters of R, 8, and 6, are mainly employed to
clarify the nature of E-%-E’ in 1la—1j, 1a'+—1]°+, and 1a>*—1j*,
using those of the standard values as a reference. Each E-%-E’
becomes stronger in the order la—1j < 1a**—1j** < 1a*"—1j*",
if the same E-#-E’ is compared, except for O-*-O. The O-%-O
interactions become weakened in the order 1g > 1g** > 1g**,
judging from the 6 and 6, values. All E-#-E' in la—1j are
characterized as typical HB with no covalency appearing in the
pure CS region, except for Te-*-Te in 1f and O-*-Te in 1j,
which are characterized as the typical-HB with covalency
appearing in the regular CS region. BCP is not detected for S-
*-Se in 1b. Similarly, all E-#-E" in 1a®*—1j*" characterized as
CT-TBP appeared in the regular CS region, except for Te-*-Te
in 1f*"* and O-#-O in 1g**, which are characterized as CT-TBP
appearing in the regular CS region and the vdW type appearing
in the pure CS region, respectively. The E-#-E’ interactions in
1a**—1f* are all classified by SS (6 > 180°) and characterized
to have the Cov-w nature (HP > 180°: R < 0.1S5 au), except for
S-x-Te in 1c¢* (6, = 172°) and Se-*-Te in le* (6, = 185°),
which should be characterized to have the CT-MC and CT-
TBP nature, respectively (appeared in the SS region). On the
other hand, the interactions of O-%-O in 1g**, O-*-S in 1h*,
O-%-Se in 1i**, and O-*-Te in 1j** are classified and
characterized as (pure CS; vdW), (SS; CT-MC), (regular CS;
CT-MC), and (regular CS; typical HB with covalent nature),
respectively. The (R, 6, 6, ) values for O-#-S in 1h** are (0.179
au, 187.7°, 172.3°). The (R 0) values satisfy the requirements
for O-#-S in 1h** to have the Cov-s nature appeared in the SS
region. However, it should be classified to have the CT-MC
nature, if ¢, of 172.3° is mainly considered. The O-%-S
interaction must be analyzed carefully. The behaviors of E—E’
in 1a®*—1j>" are very similar to those in 2a—2j, respectively,
except for 1g**/2g (O-%-O). The E—E’ in 1** and 2 can be
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described by E—E’ 6(2c—2e), which must be the main reason
for the similarity, although n,(E) and n,(E’) in 2 are replaced
by E—C 6(2c—2e) and E'—C’ 6(2c—2e) in 1*', respectively.
Indeed, the nature of E—E’ is well-clarified with QTAIM-DFA,
but some seem in the dark, which should be elucidated further.
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