712 Bull. Chem. Soc. Jpn. Vol. 82, No. 6, 712-722 (2009)

© 2009 The Chemical Society of Japan
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Mechanisms operating in weak interactions are sometimes quite different from those in strong ones. Factors to
control the non-bonded G--Z (Z = O, S, and Se) distances at naphthalene 1,8-positions in 8-G-1-RZC,(Hg are analyzed as
an example to clarify the causality of weak interactions. Structures around Z in 8-G-1-RZCoH¢ are well explained by
three types, A, B, and C, where the Z-Cy bond is perpendicular to the naphthyl plane in A, it is placed on the plane in B,
and C is intermediate between A and B. The r(Z--Z) distances in 1,8-(RZ),C,oHg¢ are observed to increase in an order of
BB < CC < AB < AA. It seems difficult to explain the sequence based on the magnitudes of the closed-shell Z--Z
interactions, since the BB interaction must not be so strong especially for Z of heavier atoms. The mechanism to control
the (Z-Z) distances is demonstrated to be the reflection from the repulsive interactions between R and H at the 2-position
in 1,8-(RZ),CoH¢. Similar phenomena are also detected in the observed and calculated results at the benzene 1,2-,
anthracene 1,8,9-, and anthraquinone 1,8,9-positions, which are explained based on the mechanism. Proposed idea and
mechanism will help us to understand what happens in such weak interactions.

Weak interactions as factors to control fine structures
are of current interest.'” While strong interactions or strong
bonds set up the framework of molecules, weak interactions
control fine structures of molecules or create high function-
alities of materials. We are highly interested in weak
interactions of the closed-shell type* between group 16
elements.’ Atomic orbitals at non-bonded atoms in each
molecule or parts of a molecule will directly overlap, when
the atoms come closer than the sum of the van der Waals
radii (rygw). The direct orbital overlaps at distances less than
the sum of rqw Will be attractive, if the exchange repulsion® is
suitably controlled.>’ An effort has been made to elucidate the
factors to control the fine structures of 1,8-disubstituted
naphthalenes, anthracenes, and/or anthraquinones based on
weak interactions:® It is also clarified how weak interactions
operate to determine the fine structures. However, it is still
often difficult to demonstrate the causality in phenomena
arising from weak interactions, with physical necessity. Each
phenomenon in question should be analyzed as the result of the
weak interaction, if it is the real cause. One could mistake
superficial for the real causes, since weak interactions usually
operate behind other factors of superficial contributions. There
could also exist such cases that phenomena can be well
explained at first glance by a weak interaction, but it is not the
real cause.

Observed phenomena in substantially strong interactions
are well explained by a simple syllogism. Scheme 1 explains
the mechanism. Let result-R1 be strongly coupled with cause-
S1. Result-R1 will give rise to another phenomenon, result-
R2: result-R1 becomes cause-S2 in this process. Namely,

cause-S2, derived from result-R1, gives rise to the next
phenomena, result-R2. Result-R2 will also be well explained
by cause-S2, since result-R2 is strongly coupled with cause-S2,
compared with others. It is easily accepted, if the observed
results in weak interactions are explained similarly to the
case of the strong interactions.>>%!° However, the causality in
weak interactions is sometimes quite different from those
explained in the strong interactions, since weak interactions
usually operate behind other factors of superficial contribu-
tions. We shed light on a typical case of the causality in weak
interactions that originate from the G--Z interactions of the
closed-shell type.
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Scheme 1. Causality in strong interactions.
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Scheme 2. The A, B, and C structures exemplified by 8-G-1-
RZC\¢Hs (2).

Benzene 1,2-, naphthalene 1,8-, and anthracene 1,8,9-posi-
tions provide a good system to study weak interactions.>!!-1?
Anthraquinone 1,8,9-positions are also important to investigate
such interactions. 2-G-1-RZC¢H, (1), 8-G-1-RZC,,Hy (2),5!1°
8-G-1-RZC4Hg (3)," and 8-G-1-RZC 4,Hc0, (4)'>1* are basic
structures of our investigations, where Z=0, S, and Se,
G =H, ZR/, and halogens with R and R’=Me and Ar
(Chart 1). Various types of closed-shell G-Z interactions are
observed for non-H G. Tellurium-containing compounds are
also contained in Chart 1, since the conclusions obtained
based on the oxygen-, sulfur-, and selenium-containing com-
pounds could also be applied to the tellurium-containing
compounds. And Table 2 contains some data for 2 (ZR, G) =
(TeR, TeR").

Structures around Z in 8-G-1-RZC,oHg are well explained by
three types, A, B, and C. Scheme 2 shows the A, B, and C
conformers. The Z-Cg bond is perpendicular to the naphthyl
plane in A, it is placed on the plane in B, and C is intermediate
between A and B.3b»d-505h.12b

Various structures and interactions are observed in bis-
chalcogenides, 1,8-(MeZ),CoHg (5),'>!7 8-PhZ-1-MeZC,,Hg
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Scheme 3. Typical structures for 1-4 with G=ZR’ and
X =H, O, and OMe, Together with the interactions.

(6),°°%°%17 and 1,8-(PhZ),CoHg (7),'"!° where 5-7 corre-
spond to 2 (G = ZMe, ZR = ZMe), 2 (ZPh, ZMe), and 2 (ZPh,
ZPh), respectively. Closed-shell Z--Z interactions have been
widely investigated and discussed in relation to the factors to
control the fine structures of 5-7.3°%10720 G.Type three
center—four electron interactions [0(3c—4e)], 0(2c4e), T(2c—
4e), and distorted m(2c—4e) are the typical cases, which
play an important role to determine the fine structures. The
combined notation, AA-t (A-conformers around two Z-Cy,
bonds with R and R’ being trans configuration with each
other), AB, BB, and CC,>¢!7-20 is applied. Scheme 3 shows
the combined notation for 1-4 where G in 1-4 are ZR/,
X = H and OMe in 3, and X = O in 4. The typical structures of
5-7 are well expressed by the combined notation. Factors to
control fine structures of 57 are of high interest.'” However,
we point out that factors to control the Z--Z distances, r(Z-Z),
are also very important to understand the causality in weak
interactions.

Here, we discuss factors to control the G--Z distances
employing 1-4, containing n(Z--Z) in 5-7, to clarify the
real course to determine the G--Z distances operating around
the G-Z moiety. The consideration will shed light on
the causality in weak interactions and the concept must be
widely applicable to understand and discuss what happens
in weak interactions. Quantum chemical (QC) calculations
are employed to support and clarify the causality in weak
interactions.
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Scheme 4. Structures of 5 (Z = O: BB), 6 (Z = Se: CC), and 7 (Z = Se: AB).

Table 1. Observed and Calculated Non-Bonded #(Z--Z) Distances®

AA-t AB ccC BB Method
5-7 (Z = 0) (3.04 Ab9)
Fobsa” 2.5979) 2.616" 2.5459  X-ray
Argpsa™ —0.44 —0.42 —0.50 X-ray
Featea” 2.759 2.651 2530  5: MP2)
Arcarea? —0.28 —0.39 —0.51 5: MP2)
Featea” 2.758 2.653 2549 5. B3LYPM
Arcaiea” —0.28 —0.39 —0.49  5: B3LYPY
5-7 (Z=S) (3.60 A
Fobsd” 3.0477  3.021" 29279 X-ray
Argpsd” —0.55 —0.58 —0.67 X-ray
Fealed® 3.245 3.059 3.060 2938 5. MP2)
Aregied? —0.36 —0.54 —0.54 —0.66 5: MP2)
Fealed” 3.268 3.032 2.937 29377 5: B3LYPY
Areaiea” —0.33 —0.57 —0.66 —0.66"  5: B3LYPY
5-7 (Z = Se) (3.80 A9)
Fobsd® 3.135) 3.058" 3.070" X-ray
Argpsd” —0.67 —0.75 —0.73 X-ray
Fealea” 3.396 3.166 3.159 3.058  5: MP2)
Aregied? —0.40 —0.63 —0.64 —0.74 5: MP2)
Fealed® 3.436 3.155 3.104 3.0757  5: B3LYPY
Areaiea” —0.36 —0.65 —0.70 —0.73? 5. B3LYPY

a) In A. b) 2r,qw(O). ¢) Ref. 30. d) Non-bonded Z--Z distance. e) For 5 (Z = O), Ref. 15. f) For 6 (Z = O),
Ref. 17. g) For 7 (Z = O), Ref. 17. h) Argpsa = Fobsa — 2Fvaw(Z). 1) Calculations being performed with the
MP2/6-311+G(d) method for O, S, and Se and 6-31G(d) method for C and H. j) Arcyea =
TFealed — 2Fvaw(Z). k) Calculations being performed with the B3LYP/6-311+G(2d,p) method. 1) 2ryqw(S).
m) For 6 (Z = S), Ref. 17. n) For 7 (Z = S), Refs. 17 and 18. o) For 5 (Z = S), Ref. 16. p) Two imaginary
frequencies being given. q) 2ryaw(Se). 1) For 7 (Z = Se), Ref. 17. s) For 5 (Z = Se), Ref. 17. t) For 6

(Z = Se), Refs. 5a, 5c, and Se.

Computational Methodology

QC calculations are performed on 1 (G = H, ZR = SeMe), 2
(H, SeMe), 5 (Z = 0),5(Z =S),and 5 (Z = Se). The 6-311+G(d)
basis sets are employed for O, S, Se, and halogens and the 6-
31G(d) basis sets for C and H in Gaussian 03.2! Structural
optimizations are performed at the Maoller—Plesset second-order
energy correlation (MP2) level.?? The compounds are full
optimized with the basis set system at the MP2 level. Optimiza-
tions are further performed on 1 (H, SeMe) and 2 (H, SeMe) by
fixing the torsional angle of ¢(C,C;ZCg) for 1 (H, SeMe) and
¢(Cs,C1ZCR) for 2 (H, SeMe), employing the Z-matrix. QC
calculations are similarly performed on 1 (H, SeMe), 2 (H, SeMe),
5((Z=0),5((Z=2S), and 5 (Z=Se) at the density functional

theory (DFT) level of the Becke three parameter hybrid functionals
with the Lee—Yang—Parr correlation functional (B3LYP)* using
the 6-311+G(2d,p) basis sets.

Results and Discussion

The observed and calculated structural features in 1-4
necessary for discussion are explained exemplified by 5-7.
The real course to control the G--Z distances in 1-4 will be
elucidated based on the results of QC calculations exemplified
by 1 (H, SeMe) and 2 (H, SeMe).

Structures of 1,8-Bis(chalcogena)naphthalenes.  Three
types of structures are observed for 5-7 by X-ray crystallo-
graphic analysis: BB for 5 (Z = 0),"”> CC for 5 (Z=25),!° 5
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(Z =Se),'” 6 (Z = Se),’>*> and 7 (Z = Te),' and AB for 6
Z=0),"6Z=S8),"72Z=0),"7Z=S),"%and7(Z=
Se).!” Scheme 4 illustrates the typical structures for 5 (Z = O:
BB), 6 (Z = Se: CC), and 7 (Z = Se: AB).

Table 1 shows the observed #(Z--Z) distances of 5-7 (Z =
0, S, and Se) and calculated values for 5 (Z = O, S, and Se) at
the MP2 and DFT (B3LYP) levels. While three structures, AA-¢
(C,), AB (C)), and BB (C3,), are optimized to be stable for 5
(Z = 0), three AA-t (C,), AB (C)), and CC (C,)** are for 5
(Z =S and Se), when optimized at both the MP2 and DFT
levels.?’ Although BB (C,,) are optimized for each of 5 (Z = S
and Se) if calculated assuming C,, symmetry, they corre-
spond to structures with two imaginary frequencies.’ The
(robsda Tcaled:MP2> rcalcd:BSLYP) values are (2545: 2530, 2549)9
(2.927,3.060,2.937), and (3.058,3.159,3.104) in angstroms
for 5 (Z=0: BB), 5 (Z=S: CC), and 5 (Z=Se: CC),
respectively. While the differences (Ar = rcaicd — Fobsd) S€EM
small for 5 (Z = O: BB) (~0.01 A), they become larger for 5
(Z=S: CC) and 5 (Z = Se: CC) (x0.1A).

Observed r(Z--Z) values increase in the order of BB <
CC < AB, as a whole, and the calculated values become
larger in the order of BB < CC < AB < AA-t. If the n(Z--Z)
values decrease as the Z--Z interactions become stronger, the
Z--Z interactions are concluded to be stronger in the order of
AA-t < AB < CC < BB. The order would be acceptable for
AA-t < AB < CC. However, that of BB must not be so strong
especially for Z of heavier atoms. The factor to determine the
non-bonded r(Z--Z) distances should be examined carefully.
The mechanism to control the »(Z--Z) distances must be
common for Z =0, S, Se, and Te.

Consideration of these results led us to a hypothesis: the real
determinant of the non-bonded »(Z-Z) distances is not the
attractive closed-shell Z--Z interactions but the repulsive
interactions between Me or Ph and H at the 2- and/or 7-
positions (*H and/or "H) in 5-7. Similarly, the repulsive
interaction between R and 2H (or °H) plays an important role in
1. The proposed mechanism is suggested to operate to control
the Z--Z distances in 1-7. The mechanism is exemplified by the
behavior of Me and 2H (or °H) in 1 (H, SeMe) and that of Me
and ®H (or 2H) in 2 (H, SeMe), based on the QC calculations.
The case of 1 (H, SeMe) is discussed first.

Repulsive Interaction between Me and 2H in 1 (H, SeMe).
QC calculations are performed on 1 (H, SeMe) at the MP2
level. The A structure is optimized to be stable with ¢ = 90.12°
(=4£C,C;SeCye). While B is also optimized at ¢ = 0 and 180°,
they are predicted to be the transition states between A and the
equivalent. QC calculations are further performed with vari-
ously fixed ¢ values. The results are collected in Table S1 of
the Supporting Information (SI). The plot of the calculated
energies (E) versus ¢ for 1 (H, SeMe) is shown in Figure S1 of
the SI.

Figure 1 shows the plots of #(Se--H) (=r;) and »(Se--°H)
(=ry) versus ZCyC;SeCye (=) in 1 (H, SeMe) and Figure 2
exhibits the plots of ZC,C;Se (=6;) and ZC¢C;Se (=65)
versus ¢ in 1 (H, SeMe). The variables for 1 (H, SeMe) are
shown in Figure 1. Plots in Figures 1 and 2 are very similar
to each other. Consequently, | and r, are expected to change
monotonically depending on 8, and 6,, respectively. Figure 3
displays the plots of r; versus 0, and 7, versus 6, in 1 (H,
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Figure 1. Plots of r; (@) and r, (O) versus ¢ in 1 (H,
SeMe), calculated at the MP2 level.

61 and 62/o

1
0 30 60 90 120 150

180 ¢/°

Figure 2. Plots of 6, (@) and 6, (O) versus ¢ in 1 (H,
SeMe), calculated at the MP2 level.

SeMe), where the x-axis is used commonly for 8, and 6,. The
results demonstrate that r and 7, change linearly depending on
6, and 60,, respectively. Namely, ; and r, change depending
on ¢ through 6, and 6,. The repulsive interaction between
Me and 2H is largest at ¢» & 0° whereas it is smallest when
¢ ~ 180°. The interaction between Me and °H is smallest at
¢ ~ 0° whereas it is largest at ¢ ~ 180°. The two repulsions
are balanced at ¢ ~ 90°. The r(Se--2H) (=r;) and #(Se-C°H)
(=rp) distances are demonstrated to change by the repulsive
interaction between Me and 2H in 1 (H, SeMe): r; and r, are
controlled by the repulsive interaction between Me and *H (and
°H), as expected.

The repulsive interaction between Me and 2H (and °H) is
well established to play an important role to control »; and 7,
in 1 (H, SeMe). The factor to control the non-bonded Z--Z
distances in 5-7 is similarly investigated exemplified by 2 (H,



716  Bull. Chem. Soc. Jpn. Vol. 82, No. 6 (2009)

310

ryand rp/ A

295

290 L I I 1
116 118 120 122 124
6y and 65 /°

Figure 3. Plots of | versus 0 (@) and r, versus 6, (O) in 1
(H, SeMe), calculated at the MP2 level.
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Figure 4. Plots r| (@) and r, (O) versus ¢ in 2 (H, SeMe),
calculated at the MP2.
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SeMe), where 2 (H, SeMe) is not symmetric in respect to the
SeMe group.

Repulsive Interaction between Me and 2H in 2 (H, SeMe).
The A structure is optimized to be stable for 2 (H, SeMe)
(¢ =75.03°) at the MP2 level of calculations. While B’
(¢ = 0°) and B (¢ = 180°) are also optimized, both of them are
predicted to be unstable at the MP2 level. B and B’ are
predicted to be the transition states between A and the
equivalent. QC calculations are further performed on 2 (H,
SeMe) with variously fixed torsional angles of Cg,C;SeCye
(=¢). The results are collected in Table S2 of the SI?* and the
plot of energy (E) versus ¢ for 2 (H, SeMe) is shown in
Figure S2 of the SI.

Figure 4 exhibits the plots of #(Se--*H) (=) and »(Se--2H)
(=ry) versus ZCg,CiSeCype (=¢p) and Figure 5 shows the
plots of /Cg,C;Se (=0;) and ZC,C,Se (=6,) versus ¢ in 2
(H, SeMe). The variables for 2 (H, SeMe) are shown in

Causality in Weak Interactions
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Figure 5. Plots 6, (®) and 6, (O) versus ¢ in 2 (H, SeMe),
calculated at the MP2 level.
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Figure 6. Plots of r| versus 0, (@) and r, versus 6, (O) in 2
(H, SeMe), calculated at the MP2 level.

Figure 4. The figures are similar. Figure 6 displays the plots of
ry versus 6 and r, versus 6, in 2 (H, SeMe), where the x-axis is
used commonly for 6, and 6,, similarly to the case of Figure 3.
The r and r, values are shown to change almost linearly
depending on 0, and 6,, respectively, although the ranges are
not the same. They change depending on ¢ through 6. The 7,
and r, values are demonstrated to be really controlled by
the repulsive interaction between Me and 2H (and °*H) in 2
(H, SeMe).

While plots in Figures 1-3 are symmetric, those in
Figures 4-6 are not, which is the reflection of the geometric
difference between 1 (H, SeMe) and 2 (H, SeMe). While 1
(H, SeMe) is optimized at ¢ = 90.12° (=£C,CSeCye) (Cs
symmetry), 2 (H, SeMe) is at ¢ = 75.03° (=£Cg,C;SeCpe)
(Cy symmetry).

The importance of the closed-shell repulsive interaction
between Me and ®H (and 2H) in 2 (H, SeMe) is well established
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2 (H, SeMe)

2 (H, SeMe)

Scheme 5. Correlation between 7(Se-Se) in 5 (Z = Se) and
7(Se--8H) and #/(Se--%H) in 2 (H, SeMe).
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Figure 7. Plot of optimized r(Se-Se) in 5 (Z = Se) versus
ray(Se--8H) in 2 (H, SeMe).

Table 2. Optimized r(Se-Se), ZCs,C1Se1Cpe (@), £Cs.CsSesChe (@), and /Se CCgSeg (¢”’) for AA-t, AB, CC, and
BB in 5 (Z = Se), Together with #(Se--*H), '(Se--*H), and r,,(Se--*H) in 2 (H, SeMe) at ¢ and ¢’

5 (Z = Se) 2 (H, SeMe)
#(Se-Se)/A @/° @'/° @"/° r(Se~-8H)/A  F(Se~SH)/A  ru(Se-SH)/A
AA-¢ 3.3958 64.12 64.12 24.48 2.7880 2.7880 2.7880
AB 3.1664 73.75 160.42 28.10 2.7746% 2.6786" 2.7266
ccC 3.1557 126.91 126.91 30.84 2.7545 2.7545 2.7545
BB 3.0575 180.00 180.00 0.00 2.6510 2.6510 2.6510

a) At ¢ = 73.75° (A). b) At ¢ = 160.42° (B).

to control the ry and r, values. The next extension is to explain
the r(Se--Se) values in 5 (Z = Se) based on the #(Se--H) values
in 2 (H, SeMe).

Analysis of r(Se--Se) in 5 Based on r(Se--*H) in 2. An
r(Se--Se) value in 5 (Z = Se) is expected to correlate to the
r(Se--8H) and #(Se-H) values in 2 (H, SeMe) which are
evaluated at ¢(Cg,CiSe;Cype) and ¢@'(CgCgSesChe) in 5
(Z =Se): ¢ and ¢’ correspond to those in AA-z, AB, CC,
and BB. Scheme 5 explains the correlation between r(Se--Se)
in 5 (Z=Se) and #(Se-*H) and '(Se--*H) in 2 (H, SeMe),
where the hypothetical #(Se--*H) and #(Se--*H) values in
2 (H, SeMe) are calculated using ¢ and ¢’ in 5 (Z = Se),
respectively.

Table 2 collects the optimized ¢ and ¢’ values for AA-, AB,
CC, and BB in 5 (Z = Se), together with »(Se-Se). The
steric repulsion between Se-Me and 2H in 2 (H, SeMe) at ¢
and ¢ must be reflected in the #(Se~*H) and r'(Se-*H)
distances under the conditions. Consequently, the #(Se--*H) +
#'(Se~8H) value will contain the steric repulsion between Se—
Me and H at both ¢ and ¢’ in 2 (H, SeMe). The hypothetical
r(Se--3H) and #(Se--*H) values are calculated assuming ¢
and ¢’ for 2 (H, SeMe) and the correlation between r(Se--Se)
in 5 (Z=Se) and r(Se--*H) + '(Se~-*H) in 2 (H, SeMe) is
examined. The 7,,(Se--8H) value [=(+(Se--*H) + #/(Se--3H))/
2] is employed in the analysis, since #(Se--*H) + r'(Se-*H)

reaches nearly twice the value of r(Se-Se). The relations
between #(Se--8H) and ¢ shown in Figure 4 are employed in
the calculations. The results are also collected in Table 2. The
7(Se--Se) values for AA-t, AB, CC, and BB in 5 (Z = Se) are
assumed to be correlated to the averaged values at ¢ and
@' [ra(Se~PH) = (r(Se--*H) 4 (Se--*H))/2] in 2 (H, SeMe).
Table 2 also lists the r(Se-*H), #'(Se--8H), and r,(Se--5H)
values in 2 (H, SeMe).

How is the correlation between r(Se--Se) and r,(Se-*H)?
The r(Se-Se) values in 5 (Z=Se) are plotted versus
ra(Se~8H) estimated for 2 (H, SeMe). Figure 7 shows the
results. The 7(Se--Se) values correlate well with 7,,(Se--3H) as
a whole. Data for CC deviate negatively from the correlation
curve, if the correlation curve is drawn for the data of AA-t,
AB, and BB. Why do data for CC deviate? The deviation
could come from the deformation in naphthalene ring. The
deformation results in the flipping of the C—Se bonds from the
top or bottom of the naphthyl plane in 5 (Z = Se). Such
deformation can be estimated by the torsional angle of ¢
(=£Se C1CgSeg). Table 2 also contains the ¢”'(Se;C;CsSeg)
values for AA-#, AB, CC, and BB in 5 (Z = Se). The value is
largest for CC of 5 (Z = Se). The deformation will operate to
avoid the severe repulsion between the Se--Se atoms in 5
(Z = Se: CC). As shown in Figure 7, #(Se-Se) in 5 (Z = Se:
CC) is shorter than that predicted from the correlation curve
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(Se--0)gpsq = 2.652 A
r(Se--Cg)calcq = 3.193 A
(Se--0)gaieq = 2.650 A

Scheme 6. Change in 7(Se-Co) in the formation of C,Se,O 5c—6¢ in I (BB) starting from n,(Se) 1c—2e in II (A).

based on 2 (H, SeMe). The correlation between r(Se--Se)
and r,,(Se-*H) containing the deviation of the data for 5
(Z=Se: CC) can be well explained by considering the
deformation, since such deformation must be very small in 2
(H, SeMe).

The factor to control »(Se--Se) in 5 (Z=Se) is well
explained based on the repulsive interaction between Me and
8H (and ?H) in 2 (H, SeMe). The Se--Se interaction cannot be
the main factor to determine the non-bonded Se--Se distance at
the 1,8-positions of 5 (Z = Se), although the interaction could
be attractive in some cases.?® The shorter #(Z--Z) value in CC,
relative to that in AB, is also observed for Z = O and S, when
calculated at the MP2 level.

The closed-shell Z--Z interactions between 71(Ar) (or C;) and
’H in the aryl derivatives of 2 also give rise to similar
repulsion, which must also control the non-bonded +(Z-Z)
distances. The applicability of the concept for the non-bonded
distances in aryl derivatives is examined next.

Factors to Control r(G--Se) Values. Scheme 6 illustrates
the structures appeared in the formation of 1,8-bis(phenyl-
selanyl)anthraquinone I (4: G = ZR = SePh) starting from 1-
(phenylselanyl)anthracene II (3: G = H; ZR = SePh). The
process contains the formation of extended hypervalent C,Se,O
5c—6e¢ interactions of the 0™(C-Se)«—n,(0)—0*(Se-C) type
in I (BB)"® from ny(Se) (1c-2¢) in II (A).*” A process via 1-
(phenylselanyl)anthraquinone [III (B) (4: G = H; ZR = SePh)]
with the formation of CSeO 3c—4e?® of the 0*(C-Se)«—n,(0)
type is called path a and another one via 1,8-bis(phenylsela-
nyl)anthracene [IV (AA) (3: G =ZR = SePh)] with two
independent ny(Se) (1c-2e) is named path b."?

How are the non-bonded distances at the 1,8,9-positions
changed in the processes? The r(Se--Cy) values are employed

for the discussion. The observed and calculated »(Se--Cy)
values are given in Scheme 6, together with (Se--G) values.?
The calculated and observed r(Se--Cg) values are shown to
decrease in the order of II (A) ~ 1V (AA) > III (B) ~ I (BB).
The results are also well explained by the repulsion mecha-
nism.

A considerable number of observed and calculated non-
bonded r(G--Z) values are reported hitherto. Table 3 displays
the #(G--Z) values at the benzene 1,2- and naphthalene 1,8-
positions suitable for the discussion. Table 4 summarizes those
at the anthracene 1,8,9- and anthraquinone 1,8,9-positions.
Based on the r(G--Z) values shown in Tables 3 and 4, the
non-bonded (G--Z) distances are confirmed to be smaller in
the order of r(AA-f) > r(AB) > r(CC) > r(BB). The results
demonstrate that the non-bonded r(G--Z) distances are not
controlled by the G--Z interactions but by the repulsive
interactions between Ry and H at the backside of G.

Conclusion

Weak interactions control fine structures of molecules and
create high functionalities of materials. However, it is still
difficult to demonstrate the causality of phenomena arising
from weak interactions, since weak interactions usually operate
behind other factors of superficial contributions. Observed
phenomena in weak interactions should be analyzed by a
simple syllogism, similarly to the case of strong interactions.
However, mechanisms operating in weak interactions are
sometimes quite different from those in strong interactions.
Factors to control the non-bonded G--Z distances are analyzed
as a typical case for the causality of weak interactions.

Observed and/or calculated #(Z--Z) values at benzene 1,2-,
naphthalene 1,8-, and anthracene/anthraquinone 1,8,9-posi-
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Table 3. Observed and Calculated Non-Bonded G--Z Distances in Benzene 1,2- and Naphthalene 1,8-

Positions?®

Compound (G, Z)» AA-t AB CcC BB
Observed
Benzene 1,2-positions
1 (OR, OR’) 2.729°) 2.6879 2.5879

117.71, 120.13D 120.27, 115.85 115.14, 115.95D
1 (SR, SR’) 3.3049 3.134M 3.003"

122.12, 122.120 120.86, 117.71D 116.54, 117.15D
Naphthalene 1,8-positions
2 (OR, OR") 2.6049 2.5479

119.75, 116.38" 117.29, 117.299

2 (SR, SR) 3.047Y 2.918™

2 (SeR, SeR’)

2 (TeR, TeR’)

124.65, 121.56"
3.135"
123.39, 122.639
3.287P
123.27, 115.899

121.10, 122.509
3.051%
122.93, 123.899

719

Calculated
Benzene 1,2-positions

1 (OMe, OMe)? 2.830 2.726
1 (SeMe, SeMe)? 3.579 3.332

Naphthalene 1,8-positions

2 (OMe, OMe)? 2.759 2.651
2 (SMe, SMe)” 3.245 3.059
2 (SeMe, SeMe)” 3.396 3.166

2.591
3.259
2.530
3.060 2.938
3.159 3.058

a) In A. b) 1 (G, 'ZR) and 2 (®G, 'ZR). ¢) 1,2-Bis(o-nitrophenoxy)benzene: Ref. 31. d) 2,2'-
Dimethoxydiphenyl ether: Ref. 32. e) 1,2-Dimethoxybenzene: Ref. 33. f) Angles 6; and 6,. g) 1,2-
Bis(o-nitrophenylthio)benzene: Ref. 34. h) 1,2-Bis[o-(phenylthio)phenylthio]benzene: Ref. 35. i) 1,2-
Bis(methylthio)benzene: Ref. 36. j) 1-Methoxy-8-phenoxynaphthalene: Ref. 17. k) 1,8-Dimethoxynaph-
thalene: Ref. 15. 1) 1-Methylthio-8-(phenylthio)naphthalene: Ref. 17. m) 1,8-Bis(methylthio)naphthalene:
Ref. 16. n) 1,8-Bis(phenylselanyl)naphthalene: Ref. 17. 0) 1-Methylselanyl-8-(phenylselanyl)naphthalene:
Refs. Sc and Se. p) 1,8-Bis(phenyltelluro)naphthalene: Ref. 19. q) Calculations being performed with the
B3LYP/6-3114+G(2d,p) method. r) Calculations being performed with the MP2/6-311+G(d) method for

O, S, and Se and 6-31G(d) method for C and H.

tions increase in an order of BB < CC < AB < AA-¢, as a
whole. If the #(Z--Z) values at the positions decrease as
the closed-shell Z--Z interactions become stronger, the Z--Z
interactions are concluded to be stronger in an order of
AA-t < AB < CC < BB. The order could be acceptable for
AA-t < AB < CC. The mechanism for BB is unlikely, since
the BB interaction must not be so strong especially for Z
of heavier atoms. By careful examination of the mechanism
based on QC calculations on 1 (H, SeMe) and 2 (H, SeMe),
the non-bonded Z--Z distances are demonstrated to be
controlled not by the closed-shell G--Z interaction but by the
repulsive interaction between R and ZH in 1,8-(RZ),C;oHs,
for example. The proposed mechanism is shown to explain
the observed and calculated #(Z-Z) values at benzene 1,2-,
naphthalene 1,8-, and anthracene/anthraquinone 1,8,9-posi-
tions. The proposed mechanism and idea will help us to
analyze the weak interactions.
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Optimized structures for 1 (H, SeMe) and 2 (H, SeMe) with
variously fixed torsional angles of C,C;SeCye and Cg,C;SeCyye
(=¢), respectively; plot of E versus ¢ in 1 (H, SeMe) with the
MP2/6-3114+G(d) method: plots of E versus ¢ and 6; and 6,
versus ¢ in 2 (H, SeMe) with the MP2/6-3114+G(d) and B3LYP/
6-3114-G(d) methods; optimized structures given by Cartesian
coordinates for examined compounds. These materials are avail-
able free of charge on the web at http://www.csj.jp/journals/bcsj/.
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Table 4. Observed and Calculated Non-Bonded G--Z Distances in Anthracene 1,8,9- and Anthraquinone

1,8,9-Positions®

Compound (G, Z)» AA-t AB BB

Observed

Anthracene 1,8,9-positions

3 (G, OMe) 2.56899 2.4209-9)
117.26, 115.43 125.15, 114.279

3 (G, SePh) 2.77480 2.7310-D)

120.84, 117.86"

Anthraquinone 1,8,9-positions

4 (O(sp), OR)

4 (O(sp), SR)

4 (O(sp), SeR)

Calculated
Anthracene 1,8,9-positions

3 (OMe, OMe)”
3 (G, SMe)”
3 (G, SeMe)”

2.7880W
3.05599)

Anthraquinone 1,8,9-positions
4 (O(sp), OMe)?
4 (O(sp), SMe)?
4 (O(sp), SeMe)"”

122.57, 117.579

2.618%D
121.52, 119.699
2.6340-m)
120.79, 120.43D
2.650D
121.22, 119.359
2.6361°)
120.47, 120.809
2.6610P)
120.85, 120.399
2.61709
122.57, 117.579

2.57899)
2.7149W)
2.765922)

2.578m
2.626"°)
2.64979

a) In A. b) 3 °G, 'ZR) and 4 (°G, 'ZR). ¢) 1,8-Dimethoxy-9-(trifluoromethanesulfonyloxy)anthracene:
Ref. 37. d) MeO groups at 1,8-positions: type B. e) 1,8-Dimethoxyanthracene: Ref. 38. f) Angles 6, and
6,. g) 1,8-Bis(phenylselanyl)anthracene: Ref. 13. h) PhSe groups at 1,8-positions: type A. i) 9-Methoxy-
1,8-bis(phenylselanyl)anthracene: Ref. 13. j) PhSe groups at 1,8-positions: type B. k) 1-(3-Pentynyl-
oxy)anthraquinone: Ref. 39. 1) Type B. m) 1,8-Dimethoxyanthraquinone: Ref. 14. n) 1-(6-Mercapto-
hexylthio)anthraquinone: Ref. 40. o) 1,8-Bis(methylthio)anthraquinone: Ref. 14. p) 1-(Phenylselanyl)-
anthraquinone: Ref. 28. q) 1,8-Bis(methylselanyl)anthraquinone: Ref. 14. r) Calculations being performed
with the B3LYP/6-3114+G(2df) method for O, S, and Se and 6-3114+G(2d,p) method for C and H. s) 1,8,9-
Trimethoxyanthracene: Ref. 14. t) 1,8-Bis(methylthio)anthracene. u) MeS groups at 1,8-positions: type A.
v) 9-Methoxy-1,8-bis(methylthio)anthracene. w) MeS groups at 1,8-positions: type B. x) 1,8-Bis(methyl-
selanyl)anthracene: Ref. 14. y) MeSe groups at 1,8-positions: type A. z) 9-Methoxy-1,8-bis(methylsela-
nyl)anthracene: Ref. 14. aa) MeSe groups at 1,8-positions: type B.
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