
How Are Non-Bonded G£Z (Z = O, S, and Se) Distances at Benzene
1,2-, Naphthalene 1,8-, and Anthracene 1,8,9-Positions Controlled?
An Approach to Causality in Weak Interactions

Satoko Hayashi and Waro Nakanishi*

Department of Material Science and Chemistry, Faculty of Systems Engineering, Wakayama University,
930 Sakaedani, Wakayama 640-8510

Received October 22, 2008; E-mail: nakanisi@sys.wakayama-u.ac.jp

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-RZC10H6 are analyzed as
an example to clarify the causality of weak interactions. Structures around Z in 8-G-1-RZC10H6 are well explained by
three types, A, B, and C, where the Z­CR 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)2C10H6 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 r(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)2C10H6. 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.1­3 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 type4 between group 16
elements.5 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 (rvdW). The direct orbital overlaps at distances less than
the sum of rvdW will be attractive, if the exchange repulsion6 is
suitably controlled.5,7 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:8 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.2,3,9,10 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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Benzene 1,2-, naphthalene 1,8-, and anthracene 1,8,9-posi-
tions provide a good system to study weak interactions.5,11,12

Anthraquinone 1,8,9-positions are also important to investigate
such interactions. 2-G-1-RZC6H4 (1), 8-G-1-RZC10H6 (2),5f,11b

8-G-1-RZC14H8 (3),13 and 8-G-1-RZC14H6O2 (4)13,14 are basic
structures of our investigations, where Z = O, 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-RZC10H6 are well explained by
three types, A, B, and C. Scheme 2 shows the A, B, and C
conformers. The Z­CR 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.5b,5d­5f,5h,12b

Various structures and interactions are observed in bis-
chalcogenides, 1,8-(MeZ)2C10H6 (5),15­17 8-PhZ-1-MeZC10H6

(6),5a,5c,5e,17 and 1,8-(PhZ)2C10H6 (7),17­19 where 5­7 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 5­7.3,5f,5i,6,7,20 ·-Type three
center­four electron interactions [·(3c­4e)], ·(2c­4e), ³(2c­
4e), and distorted ³(2c­4e) are the typical cases, which
play an important role to determine the fine structures. The
combined notation, AA-t (A-conformers around two Z­CAr

bonds with R and R¤ being trans configuration with each
other), AB, BB, and CC,5c,5g,17,20 is applied. Scheme 3 shows
the combined notation for 1­4 where G in 1­4 are ZR¤,
X = H and OMe in 3, and X = O in 4. The typical structures of
5­7 are well expressed by the combined notation. Factors to
control fine structures of 5­7 are of high interest.17 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 1­4, containing r(Z£Z) in 5­7, 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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Computational Methodology

QC calculations are performed on 1 (G = H, ZR = SeMe), 2
(H, SeMe), 5 (Z = O), 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 03.21 Structural
optimizations are performed at the Møller­Plesset second-order
energy correlation (MP2) level.22 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 º(C2C1ZCR) for 1 (H, SeMe) and
º(C8aC1ZCR) for 2 (H, SeMe), employing the Z-matrix. QC
calculations are similarly performed on 1 (H, SeMe), 2 (H, SeMe),
5 (Z = O), 5 (Z = S), and 5 (Z = Se) at the density functional

theory (DFT) level of the Becke three parameter hybrid functionals
with the Lee­Yang­Parr correlation functional (B3LYP)23 using
the 6-311+G(2d,p) basis sets.

Results and Discussion

The observed and calculated structural features in 1­4
necessary for discussion are explained exemplified by 5­7.
The real course to control the G£Z distances in 1­4 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 5­7 by X-ray crystallo-
graphic analysis: BB for 5 (Z = O),15 CC for 5 (Z = S),16 5

6 (Z = Se: CC) 7 (Z = Se: AB)5 (Z = O: BB)

Scheme 4. Structures of 5 (Z = O: BB), 6 (Z = Se: CC), and 7 (Z = Se: AB).

Table 1. Observed and Calculated Non-Bonded r(Z£Z) Distancesa)

AA-t AB CC BB Method

5­7 (Z = O) (3.04¡b),c))

robsdd) 2.597e) 2.616f) 2.545g) X-ray
¦robsdh) ¹0.44 ¹0.42 ¹0.50 X-ray
rcalcdd) 2.759 2.651 2.530 5: MP2i)

¦rcalcd j) ¹0.28 ¹0.39 ¹0.51 5: MP2i)

rcalcdd) 2.758 2.653 2.549 5: B3LYPk)

¦rcalcd j) ¹0.28 ¹0.39 ¹0.49 5: B3LYPk)

5­7 (Z = S) (3.60¡c),l))

robsdd) 3.047m) 3.021n) 2.927o) X-ray
¦robsdh) ¹0.55 ¹0.58 ¹0.67 X-ray
rcalcdd) 3.245 3.059 3.060 2.938 5: MP2i)

¦rcalcd j) ¹0.36 ¹0.54 ¹0.54 ¹0.66 5: MP2i)

rcalcdd) 3.268 3.032 2.937 2.937p) 5: B3LYPk)

¦rcalcd j) ¹0.33 ¹0.57 ¹0.66 ¹0.66p) 5: B3LYPk)

5­7 (Z = Se) (3.80¡c),q))

robsdd) 3.135r) 3.058s) 3.070t) X-ray
¦robsdh) ¹0.67 ¹0.75 ¹0.73 X-ray
rcalcdd) 3.396 3.166 3.159 3.058 5: MP2i)

¦rcalcd j) ¹0.40 ¹0.63 ¹0.64 ¹0.74 5: MP2i)

rcalcdd) 3.436 3.155 3.104 3.075p) 5: B3LYPk)

¦rcalcd j) ¹0.36 ¹0.65 ¹0.70 ¹0.73p) 5: B3LYPk)

a) In ¡. b) 2rvdW(O). c) 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) ¦robsd = robsd ¹ 2rvdW(Z). i) 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) ¦rcalcd =
rcalcd ¹ 2rvdW(Z). k) Calculations being performed with the B3LYP/6-311+G(2d,p) method. l) 2rvdW(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) 2rvdW(Se). r) For 7 (Z = Se), Ref. 17. s) For 5 (Z = Se), Ref. 17. t) For 6
(Z = Se), Refs. 5a, 5c, and 5e.
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(Z = Se),17 6 (Z = Se),5a,5c,5e and 7 (Z = Te),19 and AB for 6
(Z = O),17 6 (Z = S),17 7 (Z = O),17 7 (Z = S),17,18 and 7 (Z =
Se).17 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 r(Z£Z) distances of 5­7 (Z =
O, S, and Se) and calculated values for 5 (Z = O, S, and Se) at
the MP2 and DFT (B3LYP) levels. While three structures, AA-t
(C2), AB (C1), and BB (C2v), are optimized to be stable for 5
(Z = O), three AA-t (C2), AB (C1), and CC (C2)24 are for 5
(Z = S and Se), when optimized at both the MP2 and DFT
levels.20 Although BB (C2v) are optimized for each of 5 (Z = S
and Se) if calculated assuming C2v symmetry, they corre-
spond to structures with two imaginary frequencies.20 The
(robsd, rcalcd:MP2, rcalcd:B3LYP) values are (2.545, 2.530, 2.549),
(2.927, 3.060, 2.937), and (3.058, 3.159, 3.104) in angstroms
for 5 (Z = O: BB), 5 (Z = S: CC), and 5 (Z = Se: CC),
respectively. While the differences (¦r = rcalcd ¹ robsd) seem
small for 5 (Z = O: BB) (µ0.01¡), they become larger for 5
(Z = S: CC) and 5 (Z = Se: CC) (µ0.1¡).

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 r(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 r(Z£Z) distances must be
common for Z = O, S, Se, and Te.

Consideration of these results led us to a hypothesis: the real
determinant of the non-bonded r(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 (2H and/or 7H) in 5­7. Similarly, the repulsive
interaction between R and 2H (or 6H) plays an important role in
1. The proposed mechanism is suggested to operate to control
the Z£Z distances in 1­7. The mechanism is exemplified by the
behavior of Me and 2H (or 6H) in 1 (H, SeMe) and that of Me
and 8H (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 º = 90.12°
(=¾C2C1SeCMe). While B is also optimized at º = 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 º values. The results are collected in Table S1 of
the Supporting Information (SI). The plot of the calculated
energies (E) versus º for 1 (H, SeMe) is shown in Figure S1 of
the SI.

Figure 1 shows the plots of r(Se£2H) (=r1) and r(Se£6H)
(=r2) versus ¾C2C1SeCMe (=º) in 1 (H, SeMe) and Figure 2
exhibits the plots of ¾C2C1Se (=ª1) and ¾C6C1Se (=ª2)
versus º 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, r1 and r2 are expected to change
monotonically depending on ª1 and ª2, respectively. Figure 3
displays the plots of r1 versus ª1 and r2 versus ª2 in 1 (H,

SeMe), where the x-axis is used commonly for ª1 and ª2. The
results demonstrate that r1 and r2 change linearly depending on
ª1 and ª2, respectively. Namely, r1 and r2 change depending
on º through ª1 and ª2. The repulsive interaction between
Me and 2H is largest at º µ 0° whereas it is smallest when
º µ 180°. The interaction between Me and 6H is smallest at
º µ 0° whereas it is largest at º µ 180°. The two repulsions
are balanced at º µ 90°. The r(Se£2H) (=r1) and r(Se£6H)
(=r2) distances are demonstrated to change by the repulsive
interaction between Me and 2H in 1 (H, SeMe): r1 and r2 are
controlled by the repulsive interaction between Me and 2H (and
6H), as expected.

The repulsive interaction between Me and 2H (and 6H) is
well established to play an important role to control r1 and r2
in 1 (H, SeMe). The factor to control the non-bonded Z£Z
distances in 5­7 is similarly investigated exemplified by 2 (H,

2.90

2.95

3.00

3.05

3.10

0 30 60 90 120 150 180 φ / °

r 1
 a

nd
 r

2 
/ Å

Se2H Me

6H

θ2
θ1

r1

r2

φ = ∠C2C1SeCMe

12

Figure 1. Plots of r1 ( ) and r2 ( ) versus º in 1 (H,
SeMe), calculated at the MP2 level.

0 30 60 90 120 150 180

116

118

120

122

124
θ 1

 a
nd

 θ
2 

/ °

φ / °

Figure 2. Plots of ª1 ( ) and ª2 ( ) versus º in 1 (H,
SeMe), calculated at the MP2 level.

S. Hayashi et al. Bull. Chem. Soc. Jpn. Vol. 82, No. 6 (2009) 715



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)
(º = 75.03°) at the MP2 level of calculations. While B¤
(º = 0°) and B (º = 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 C8aC1SeCMe

(=º). The results are collected in Table S2 of the SI25 and the
plot of energy (E) versus º for 2 (H, SeMe) is shown in
Figure S2 of the SI.

Figure 4 exhibits the plots of r(Se£8H) (=r1) and r(Se£2H)
(=r2) versus ¾C8aC1SeCMe (=º) and Figure 5 shows the
plots of ¾C8aC1Se (=ª1) and ¾C2C1Se (=ª2) versus º in 2
(H, SeMe). The variables for 2 (H, SeMe) are shown in

Figure 4. The figures are similar. Figure 6 displays the plots of
r1 versus ª1 and r2 versus ª2 in 2 (H, SeMe), where the x-axis is
used commonly for ª1 and ª2, similarly to the case of Figure 3.
The r1 and r2 values are shown to change almost linearly
depending on ª1 and ª2, respectively, although the ranges are
not the same. They change depending on º through ª. The r1
and r2 values are demonstrated to be really controlled by
the repulsive interaction between Me and 2H (and 8H) in 2
(H, SeMe).

While plots in Figures 1­3 are symmetric, those in
Figures 4­6 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 º = 90.12° (=¾C2C1SeCMe) (Cs

symmetry), 2 (H, SeMe) is at º = 75.03° (=¾C8aC1SeCMe)
(C1 symmetry).

The importance of the closed-shell repulsive interaction
between Me and 8H (and 2H) in 2 (H, SeMe) is well established
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to control the r1 and r2 values. The next extension is to explain
the r(Se£Se) values in 5 (Z = Se) based on the r(Se£H) values
in 2 (H, SeMe).

Analysis of r(Se£Se) in 5 Based on r(Se£8H) in 2. An
r(Se£Se) value in 5 (Z = Se) is expected to correlate to the
r(Se£8H) and r¤(Se£8H) values in 2 (H, SeMe) which are
evaluated at º(C8aC1Se1CMe) and º¤(C8aC8Se8CMe) in 5
(Z = Se): º and º¤ correspond to those in AA-t, AB, CC,
and BB. Scheme 5 explains the correlation between r(Se£Se)
in 5 (Z = Se) and r(Se£8H) and r¤(Se£8H) in 2 (H, SeMe),
where the hypothetical r(Se£8H) and r¤(Se£8H) values in
2 (H, SeMe) are calculated using º and º¤ in 5 (Z = Se),
respectively.

Table 2 collects the optimized º and º¤ values for AA-t, AB,
CC, and BB in 5 (Z = Se), together with r(Se£Se). The
steric repulsion between Se­Me and 2H in 2 (H, SeMe) at º
and º¤ must be reflected in the r(Se£8H) and r¤(Se£8H)
distances under the conditions. Consequently, the r(Se£8H) +
r¤(Se£8H) value will contain the steric repulsion between Se­
Me and 2H at both º and º¤ in 2 (H, SeMe). The hypothetical
r(Se£8H) and r¤(Se£8H) values are calculated assuming º
and º¤ for 2 (H, SeMe) and the correlation between r(Se£Se)
in 5 (Z = Se) and r(Se£8H) + r¤(Se£8H) in 2 (H, SeMe) is
examined. The rav(Se£8H) value [=(r(Se£8H) + r¤(Se£8H))/
2] is employed in the analysis, since r(Se£8H) + r¤(Se£8H)

reaches nearly twice the value of r(Se£Se). The relations
between r(Se£8H) and º shown in Figure 4 are employed in
the calculations. The results are also collected in Table 2. The
r(Se£Se) values for AA-t, AB, CC, and BB in 5 (Z = Se) are
assumed to be correlated to the averaged values at º and
º¤ [rav(Se£8H) = (r(Se£8H) + r¤(Se£8H))/2] in 2 (H, SeMe).
Table 2 also lists the r(Se£8H), r¤(Se£8H), and rav(Se£8H)
values in 2 (H, SeMe).

How is the correlation between r(Se£Se) and rav(Se£8H)?
The r(Se£Se) values in 5 (Z = Se) are plotted versus
rav(Se£8H) estimated for 2 (H, SeMe). Figure 7 shows the
results. The r(Se£Se) values correlate well with rav(Se£8H) 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 C­Se bonds from the
top or bottom of the naphthyl plane in 5 (Z = Se). Such
deformation can be estimated by the torsional angle of º¤¤
(=¾Se1C1C8Se8). Table 2 also contains the º¤¤(Se1C1C8Se8)
values for AA-t, 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, r(Se£Se) in 5 (Z = Se:
CC) is shorter than that predicted from the correlation curve

Table 2. Optimized r(Se£Se), ¾C8aC1Se1CMe (º), ¾C8aC8Se8CMe (º¤), and ¾Se1C1C8Se8 (º¤¤) for AA-t, AB, CC, and
BB in 5 (Z = Se), Together with r(Se£8H), r¤(Se£8H), and rav(Se£8H) in 2 (H, SeMe) at º and º¤

5 (Z = Se) 2 (H, SeMe)

r(Se£Se)/¡ º/° º¤/° º¤¤/° r(Se£8H)/¡ r¤(Se£8H)/¡ rav(Se£8H)/¡

AA-t 3.3958 64.12 64.12 24.48 2.7880 2.7880 2.7880
AB 3.1664 73.75 160.42 28.10 2.7746a) 2.6786b) 2.7266
CC 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 º = 73.75° (A). b) At º = 160.42° (B).

Se SeMe Me

Se 8HMe 8H Se Me
2H2H

r (Se 8H) r' (Se 8H)

φ' φ

r (Se   Se)

φ' φ
2H7H

2 (H, SeMe) 2 (H, SeMe)

5

8a 18

8a 188a 81

...

... ...

Scheme 5. Correlation between r(Se£Se) in 5 (Z = Se) and
r(Se£8H) and r¤(Se£8H) in 2 (H, SeMe).
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Figure 7. Plot of optimized r(Se£Se) in 5 (Z = Se) versus
rav(Se£8H) in 2 (H, SeMe).
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based on 2 (H, SeMe). The correlation between r(Se£Se)
and rav(Se£8H) 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 r(Se£Se) in 5 (Z = Se) is well
explained based on the repulsive interaction between Me and
8H (and 2H) 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.26 The shorter r(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 ³(Ar) (or Ci) and
2H in the aryl derivatives of 2 also give rise to similar
repulsion, which must also control the non-bonded r(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 C2Se2O
5c­6e interactions of the ·*(C­Se)←np(O)¼·*(Se­C) type
in I (BB)13 from np(Se) (1c­2e) in II (A).27 A process via 1-
(phenylselanyl)anthraquinone [III (B) (4: G = H; ZR = SePh)]
with the formation of CSeO 3c­4e28 of the ·*(C­Se)←np(O)
type is called path a and another one via 1,8-bis(phenylsela-
nyl)anthracene [IV (AA) (3: G = ZR = SePh)] with two
independent np(Se) (1c­2e) is named path b.13

How are the non-bonded distances at the 1,8,9-positions
changed in the processes? The r(Se£C9) values are employed

for the discussion. The observed and calculated r(Se£C9)
values are given in Scheme 6, together with r(Se£G) values.29

The calculated and observed r(Se£C9) values are shown to
decrease in the order of II (A) µ IV (AA) > III (B) µ 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 r(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 r(G£Z) distances are confirmed to be smaller in
the order of r(AA-t) > r(AB) ² 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 RZ 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 r(Z£Z) values at benzene 1,2-,
naphthalene 1,8-, and anthracene/anthraquinone 1,8,9-posi-

I (BB)

II (A) IV (AA)

III (B)

path a path b

path a

path b

r (Se...C9)obsd = 3.226 Å
r (Se...H9)obsd = 2.782 Å
r (Se...C9)calcd = 3.293 Å
r (Se...H9)calcd = 2.809 Å

r (Se...C9)obsd = 3.252 Å
r (Se...H9)obsd = 2.785 Å
r (Se...C9)calcd = 3.283 Å
r (Se...H9)calcd = 2.788 Å

r (Se...C9)obsd = 3.164 Å
r (Se...O)obsd = 2.658 Å
r (Se...C9)calcd = 3.183 Å
r (Se...O)calcd = 2.655 Å

r (Se...C9)obsd = 3.172 Å
r (Se...O)obsd = 2.652 Å
r (Se...C9)calcd = 3.193 Å
r (Se...O)calcd = 2.650 Å

Scheme 6. Change in r(Se£C9) in the formation of C2Se2O 5c­6e in I (BB) starting from np(Se) 1c­2e in II (A).

Causality in Weak InteractionsBull. Chem. Soc. Jpn. Vol. 82, No. 6 (2009)718



tions increase in an order of BB < CC ¯ AB < AA-t, as a
whole. If the r(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 2H in 1,8-(RZ)2C10H6,
for example. The proposed mechanism is shown to explain
the observed and calculated r(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 C2C1SeCMe and C8aC1SeCMe

(=º), respectively; plot of E versus º in 1 (H, SeMe) with the
MP2/6-311+G(d) method: plots of E versus º and ª1 and ª2
versus º in 2 (H, SeMe) with the MP2/6-311+G(d) and B3LYP/
6-311+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/.

Table 3. Observed and Calculated Non-Bonded G£Z Distances in Benzene 1,2- and Naphthalene 1,8-
Positionsa)

Compound (G, Z)b) AA-t AB CC BB

Observed

Benzene 1,2-positions

1 (OR, OR¤) 2.729c) 2.687d) 2.587e)

117.71, 120.13f) 120.27, 115.85f) 115.14, 115.95f)

1 (SR, SR¤) 3.304g) 3.134h) 3.003i)

122.12, 122.12f) 120.86, 117.71f) 116.54, 117.15f)

Naphthalene 1,8-positions

2 (OR, OR¤) 2.604 j) 2.547k)

119.75, 116.38f) 117.29, 117.29f)

2 (SR, SR¤) 3.047l) 2.918m)

124.65, 121.56f) 121.10, 122.50f)

2 (SeR, SeR¤) 3.135n) 3.051o)

123.39, 122.63f) 122.93, 123.89f)

2 (TeR, TeR¤) 3.287p)

123.27, 115.89f)

Calculated

Benzene 1,2-positions

1 (OMe, OMe)q) 2.830 2.726 2.591
1 (SeMe, SeMe)q) 3.579 3.332 3.259

Naphthalene 1,8-positions

2 (OMe, OMe)r) 2.759 2.651 2.530
2 (SMe, SMe)r) 3.245 3.059 3.060 2.938
2 (SeMe, SeMe)r) 3.396 3.166 3.159 3.058

a) In ¡. b) 1 (2G, 1ZR) and 2 (8G, 1ZR). c) 1,2-Bis(o-nitrophenoxy)benzene: Ref. 31. d) 2,2¤-
Dimethoxydiphenyl ether: Ref. 32. e) 1,2-Dimethoxybenzene: Ref. 33. f) Angles ª1 and ª2. 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. l) 1-Methylthio-8-(phenylthio)naphthalene: Ref. 17. m) 1,8-Bis(methylthio)naphthalene:
Ref. 16. n) 1,8-Bis(phenylselanyl)naphthalene: Ref. 17. o) 1-Methylselanyl-8-(phenylselanyl)naphthalene:
Refs. 5c and 5e. p) 1,8-Bis(phenyltelluro)naphthalene: Ref. 19. q) Calculations being performed with the
B3LYP/6-311+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.

S. Hayashi et al. Bull. Chem. Soc. Jpn. Vol. 82, No. 6 (2009) 719



References

1 a) Molecular Interactions: From van der Waals to Strongly
Bound Complexes, ed. by S. Scheiner, Wiley, New York, 1997.
b) K. Müller-Dethlefs, P. Hobza, Chem. Rev. 2000, 100, 143. c) B.
Brutschy, P. Hobza, Chem. Rev. 2000, 100, 3861; U. Buck, F.
Huisken, Chem. Rev. 2000, 100, 3863; B. Brutschy, Chem. Rev.
2000, 100, 3891; H. J. Neusser, K. Siglow, Chem. Rev. 2000, 100,
3921; C. Desfrançois, S. Carles, J. P. Schermann, Chem. Rev. 2000,
100, 3943; E. J. Bieske, O. Dopfer, Chem. Rev. 2000, 100, 3963;
C. E. H. Dessent, K. Müller-Dethlefs, Chem. Rev. 2000, 100, 3999;

C. Dedonder-Lardeux, G. Grégoire, C. Jouvet, S. Martrenchard, D.
Solgadi, Chem. Rev. 2000, 100, 4023; Q. Zhong, A. W. Castleman,
Jr., Chem. Rev. 2000, 100, 4039; G. Niedner-Schatteburg, V. E.
Bodybey, Chem. Rev. 2000, 100, 4059; O. Engkvist, P.-O. ¡strand,
G. Karlström, Chem. Rev. 2000, 100, 4087; P. E. S. Wormer,
A. van der Avoird, Chem. Rev. 2000, 100, 4109; K. S. Kim, P.
Tarakeshwar, J. Y. Lee, Chem. Rev. 2000, 100, 4145; M. Orozco,
F. J. Luque, Chem. Rev. 2000, 100, 4187; G. Chałasiński, M. M.
Szczęśniak, Chem. Rev. 2000, 100, 4227; P. Hobza, Z. Havlas,
Chem. Rev. 2000, 100, 4253.

2 Let us consider a molecular complex (MC) formation from

Table 4. Observed and Calculated Non-Bonded G£Z Distances in Anthracene 1,8,9- and Anthraquinone
1,8,9-Positionsa)

Compound (G, Z)b) AA-t AB BB

Observed

Anthracene 1,8,9-positions

3 (G, OMe) 2.568c),d) 2.420d),e)

117.26, 115.43f) 125.15, 114.27f)

3 (G, SePh) 2.774g),h) 2.731i), j)

120.84, 117.86f) 122.57, 117.57f)

Anthraquinone 1,8,9-positions

4 (O(sp), OR) 2.618k),l)

121.52, 119.69f)

2.634l),m)

120.79, 120.43f)

4 (O(sp), SR) 2.650l),n)

121.22, 119.35f)

2.636l),o)

120.47, 120.80f)

4 (O(sp), SeR) 2.661l),p)

120.85, 120.39f)

2.617l),q)

122.57, 117.57f)

Calculated

Anthracene 1,8,9-positions

3 (OMe, OMe)r) 2.578d),s)

3 (G, SMe)r) 2.788t),u) 2.714v),w)

3 (G, SeMe)r) 3.055x),y) 2.765z),aa)

Anthraquinone 1,8,9-positions

4 (O(sp), OMe)r) 2.578l),m)

4 (O(sp), SMe)r) 2.626l),o)

4 (O(sp), SeMe)r) 2.649l),q)

a) In ¡. b) 3 (9G, 1ZR) and 4 (9G, 1ZR). c) 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 ª1 and
ª2. 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. l) 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/6-311+G(2df) method for O, S, and Se and 6-311+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.

Causality in Weak InteractionsBull. Chem. Soc. Jpn. Vol. 82, No. 6 (2009)720

http://dx.doi.org/10.1021/cr9900331
http://dx.doi.org/10.1021/cr990074x
http://dx.doi.org/10.1021/cr990054v
http://dx.doi.org/10.1021/cr990055n
http://dx.doi.org/10.1021/cr990055n
http://dx.doi.org/10.1021/cr9900578
http://dx.doi.org/10.1021/cr9900578
http://dx.doi.org/10.1021/cr990061j
http://dx.doi.org/10.1021/cr990061j
http://dx.doi.org/10.1021/cr990064w
http://dx.doi.org/10.1021/cr990060r
http://dx.doi.org/10.1021/cr990059s
http://dx.doi.org/10.1021/cr990056f
http://dx.doi.org/10.1021/cr990065o
http://dx.doi.org/10.1021/cr9900477
http://dx.doi.org/10.1021/cr990046e
http://dx.doi.org/10.1021/cr990051i
http://dx.doi.org/10.1021/cr990052a
http://dx.doi.org/10.1021/cr990048z
http://dx.doi.org/10.1021/cr990050q


a selenide with iodine, O(CH2CH2)2Se£I­I, as an example.3 The
attractive interaction between Se and I2 and the formation of the
Se£I bond correspond to cause 1 and result A, respectively. The
Se£I distance should be shorter than the sum of van der Waals
radii of the atoms but longer than the sum of covalent radii of the
atoms: the observed r(Se£I), rvdW(Se) + rvdW(I), and rCO(Se) +
rCO(I) are 2.755, 4.15, and 2.50¡, respectively.3 Therefore, result
A is well explained by cause 1. Result A derives spontaneously
from cause-S1, which produces some phenomena. The I­I distance
in the adduct must be smaller than that of the I2 molecule, which
should be result-R2. The r(I­I) in the adduct and I2 itself are 2.956
and 2.666¡,3 respectively. Result-R2 is also well explained by
cause A.
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