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Structure of 1-(Arylselanyl)naphthalenes 2 Y Dependence in
1-(p-YC6H4Se)C10H7

Warô Nakanishi,*[a] Satoko Hayashi,[a] and Tetsutaro Uehara[b]
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The structures of 1-(arylselanyl)naphthalenes [1-(p-YC6H4-
Se)C10H7 (1), where Y = H (a), OMe (b), Me (c), Cl (d), Br (e),
COOEt (f), and NO2 (g)] were determined. The structures of
1 were well classified using types A, B, and C, where the
Se−CAr bond in 1 is placed almost perpendicular to the naph-
thyl plane in type A and is located on the plane in type B.
The type C structure is intermediate between type A and
type B. The structures of 1d−1f are demonstrated to be type
A whereas that of 1b is type B by X-ray crystallographic ana-
lysis. The type B conformer is suggested to be favorable in
solutions for 1a and 1c based on the NMR-spectroscopic data.
The structure of 1g is assumed to be type A. These results
show that the stable structure of 1 must be type A or type B,
contrary to early observations of type C for 1,8-bis(alkyl- or
arylchalcogeno)naphthalenes. Consequently, the structure of
1 changes dramatically depending on Y in the solid state. We
propose that these structures can be explained by the elec-
tron affinities, together with the energies of LUMO and

Introduction

Much attention has been paid to the chemistry brought
about by the lone pairs of heteroatoms from group-16 ele-
ments.[1] The nonbonded interactions caused by the lone
pairs are also of current interest.[226] Lone pair2lone pair
interactions have been demonstrated to play an important
role in the nonbonded spin2spin couplings between the
heteroatoms.[3,4c,4d,4f,729] We have investigated the nonbon-
ded interactions arising from direct orbital overlaps con-
taining lone pair orbitals of group-16 elements.[4] It is im-
portant to set up the system to show detectable interactions,
since the interactions are usually very weak. A nonbonded
G···M distance of nearly the sum of van der Waals radii
minus 1 Å is desirable for the obvious orbital overlap. The
naphthalene 1,8-positions should provide a good system to
investigate such nonbonded interactions, since the nonbon-
ded distances between G and M in 8-G-1-MC10H6 are very
close to the sum of van der Waals radii minus 1.0 Å.[10]

Characteristic structures have been reported for 8-G-
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LUMO+1 of benzene, substituted benzenes, and naph-
thalene, which are the components of 1. In order to clarify
the reason for the dramatic change in the structure of 1 with
change in Y, ab initio MO calculations were performed on 1
and related compounds. The type A and type B conforma-
tions were optimized as stable molecules. Although 1a (type
A) is predicted to be more stable than 1a (type B) by 1.3 kJ
mol−1, the latter becomes more stable than the former by
8.4 kJ mol−1 if the solvent effects of chloroform are taken into
account in the calculations, which was done by applying the
IPCM method. The transition state between type A and type
B in 1a is similar to type C, which must prevent the mono-
tonical change in the structure of 1. Compound 1 would be
in equilibrium between type A and type B in solutions. The
results of the MO calculations on 1 suggest that type A is
exclusive for 1g, and probably exclusive for 1f, and predom-
inant for 1d and 1e, while type B is predominant for 1b. The
type A and type B would be comparable for 1a and 1c.

1-(p-YC6H4Se)C10H6, together with the factors used to de-
termine the structures, based on the nonbonded G···Se in-
teractions.

As further work is done on the nonbonded G···Se inter-
actions in 8-G-1-(p-YC6H4Se)C10H6, it becomes imperative
to establish the basic structure with no influence of the non-
bonded interactions. The structures were determined for 1-
(p-YC6H4Se)C10H7 [1: Y 5 H (a), OMe (b), Me (c), Cl (d),
Br (e), COOEt (f), and NO2 (g)]. The structures of 1b and
1d21f were investigated by X-ray crystallographic analysis,
and those of 1a and 1c were studied based on NMR-spec-
troscopic data. Ab initio MO calculations were also per-
formed on 1a and related compounds to clarify the struc-
tural feature of 1.
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The structures of 8-(MeSe)-1-(p-YC6H4Se)C10H6 [2a

(Y 5 H)],[4e] 1,8-bis(methylsulfanyl)naphthalene (3),[2b] and
1,8-bis(phenyltelluro)naphthalene (4)[3a] are reported. They
have a common character among a number of structures
studied for 1,8-disubstituted naphthalenes by X-ray crystal-
lographic analysis.[2b,3a,4c,4d,4f,10,11] The chalcogen2carbon
bonds decline 30250° from the naphthyl plane. The struc-
ture is called type C as shown in Scheme 1.[4e] The type C
structure has been demonstrated to avoid the severe ex-
change repulsion between lone pairs in 2a.[4e] One may ima-
gine from the observations that the type C structure is the
basic one for compound 1. The structure of pseudo C2 sym-
metry reported for ditolyl selenide (5)[12] might also support
the type C structure for 1. Nevertheless, the structure
around the Se atom in 1 could be very different from those
of 2a, 3, and 4.

Scheme 1. Types of structures in 8-G-1-(p-YC6H4Se)C10H6

Recently, type A and type B structures (type A2type B
pairing) have been reported around the PhSe and Se2Se
moieties, respectively, in 1-[8-(p-YC6H4Se)C10H6]Se-
Se[C10H6(SeC6H4Y-p)-89]-19 [6a (Y 5 H)].[4e] The type
A2type B pairing is also found in 2b (Y 5 OMe) and 2d
(Y 5 Cl),[4g] although 2b contains some type C character
observed in 2a. The type A2type B pairing must be stabil-
ized by the electron donor2acceptor interaction through
the nonbonded Se···Se2X three centers 2 four electrons
interactions (3c24e), where X 5 Se for 6a and X 5 C for
2b and 2d. The type B structure is also confirmed around
the Se atom in 8-fluoro-1-(p-anisylselanyl)naphthalene
(7b),[4d] together with the 8-chloro- and 8-bromo derivatives
of 1 (8 and 9, respectively).[13,14]

A plot of 77Se NMR chemical shifts [δ(Se)] of 8-G9-1-(p-
YC6H4Se)C10H6 versus those of 8-G-1-(p-YC6H4Se)C10H6

should give a very good correlation[14] if the structures
around the Se atoms of the compounds are substantially
the same. However, the plots of δ(Se) of p-YC6H4Se groups
in 2 and 6 versus those of 1 did not give good correla-
tions.[4c,15a,15b] The δ(Se) values of p-YC6H4SePh (10) gave
a better correlation instead, when δ(Se) of 10 were used as
the abscissa.[15c] These observations must be a reflection of
the characteristic structure of 1, relative to those of 2 and 6.
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The results led us to a working hypothesis that stable
conformers of 1 must be very different from those in 10.
The latter are commonly described by the fourfold torsional
potential with nonplanar and nonperpendicular stable
structures.[16] The type A and type B structures must be the
basic ones for 1, in spite of earlier observations of type C
in 2a, 3, and 4.

Results and Discussion

Structures of 1-(p-YC6H4Se)C10H7 (1)

Single crystals of 1b and 1d21f were obtained by slow
concentration of hexane solutions, and one of the suitable
crystals from each compound was subjected to X-ray crys-
tallographic analysis. Their crystallographic data are sum-
marized in Table 1. Only one type of structure corresponds
to each of them in the crystals. The structures of 1b and
1d21f are shown in Figures 1, 2, 3, and 4, respectively. The
selected interatomic distances, angles, and torsional angles
of 1b and 1d21f are collected in Table 2. The X-ray crystal-
lographic analysis could not be carried out for 1a and 1c,
because of their oily property at ambient temperatures
(around 20 °C). The single crystal of 1g was too thin to
determine its structure by the X-ray crystallographic ana-
lysis.

As shown in Figure 1, the planarity of the naphthyl
(Nap) and anisyl (An) planes in 1b is very good: It is little
perturbed by substitution with the Se atom. The anisyl
plane is perpendicular to the naphthyl plane, with the tor-
sional angle C(1)2Se2C(11)2C(16) being 277.6(3)°. The
Se2CAn bond lies on the naphthyl plane, and the
torsional angles of Se2C(1)2C(10)2C(9) and
C(11)2Se2C(1)2C(10) are 3.9(4)° and 178.9(2)°, respect-
ively. The CNap2Se2CAn angle [C(1)2Se2C(11)] is
102.1(1)°. The structure of 1b belongs to type B; it is de-
scribed as 1b (type B).

On the other hand, the structures around the selenium
atoms in 1d21f are very different from that of 1b. The
structures of these compounds are explained using 1d,
which is shown in Figure 2. The planarity of the naphthyl
and p-chlorophenyl planes (p-ClC6H4: Ar) is also good. The
Se2CAr bond is perpendicular to the naphthyl plane with
torsional angles of Se2C(1)2C(10)2C(9) and
C(11)2Se2C(1)2C(10) being 22.0(4)° and 79.3(3)°, re-
spectively. The p-chlorophenyl plane is perpendicular to the
naphthyl plane [the torsional angle C(1)2Se2C(11)2C(16)
is 25.9(3)°]. The CNap2Se2CAr angle [C(1)2Se2C(11)] is
99.3(1)°. The structure of 1d, together with those of 1e and
1f, belongs to type A.

Table 3 collects bond lengths, angles, and the torsional
angles around the selenium atoms in 1b and 1d21f, to-



Structure of 1-(Arylselanyl)naphthalenes FULL PAPER

Table 1. Selected crystal data and structure analysis results for 1b and 1d21f

1b 1d 1e 1f

Empirical formula C17H14OSe C16H11ClSe C16H11BrSe C19H16O2Se
Molecular mass 313.26 317.68 362.13 355.29
Crystal system monoclinic triclinic triclinic monoclinic
Space group P21/c (no.14) P1̄ (no.2) P1̄ (no.2) P21/a (no.14)
a [Å] 7.908(2) 11.515(2) 11.215(2) 8.1968(9)
b [Å] 22.662(2) 11.202(2) 11.268(2) 13.179(2)
c [Å] 8.378(2) 5.7735(9) 5.8068(7) 14.583(2)
α [°] 92.51(1) 100.83(1)
β [°] 113.81(1) 101.07(1) 92.93(1) 96.125(8)
γ [°] 74.01(1) 73.68(1)
V [Å3] 1373.7(4) 680.3(2) 691.7(2) 1566.3(3)
Z 4 2 2 4
Dcalcd. [g cm23] 1.515 1.551 1.739 1.507
µcalcd. [mm23] 272.2 293.4 559.0 240.2
No. of observations 1977 2334 1998 2363
No. of variables 172 164 164 200
F000 632 316 352 720
R 0.036 0.043 0.039 0.041
Rw 0.026 0.036 0.026 0.032
G.O.F. 1.73 3.26 2.65 1.73

Figure 1. Structure of 1b

Figure 2. Structure of 1d

gether with those of 2a, 6a, and 7b. Some bond lengths (r1

and r2) and angles (θ12θ3) are defined below. The θ1 and
θ2 values of 1b are larger and smaller than those of 1d21f,
respectively, while the θ3 values are almost constant among
the compounds. These results show that the steric effect[17]

around the Se atom is larger for type B than for type A,
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Figure 3. Structure of 1e

Figure 4. Structure of 1f

since the aryl group and the H atom at the 2-position are
close in type B, but it far apart in type A. The trends in the
angles for 6a and 7b lie in the same line. The type C struc-
ture is well established for 2a, whose torsional angle
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Table 2. Selected interatomic lengths, angles, and torsional angles
of 1b and 1d21f

1b 1d 1e 1f

Interatomic lengths [Å]
Se2C(1) 1.914(3) 1.919(4) 1.922(5) 1.920(4)
Se2C(11) 1.913(3) 1.912(3) 1.968(4) 1.913(3)
C(1)2C(2) 1.364(4) 1.364(5) 1.363(7) 1.360(5)
C(1)2C(10) 1.435(4) 1.420(4) 1.429(6) 1.415(5)
C(9)2C(10) 1.415(4) 1.409(4) 1.413(6) 1.413(5)

Angles [°]
Se2C(1)2C(2) 123.5(3) 118.2(3) 118.4(4) 118.3(3)
Se2C(1)2C(10) 116.8(2) 121.6(3) 121.2(4) 121.1(3)
Se2C(11)2C(12) 119.2(3) 117.9(2) 118.2(3) 116.7(3)
C(1)2Se2C(11) 102.1(1) 99.3(1) 99.4(2) 101.2(1)
C(1)2C(2)2C(3) 121.5(3) 121.0(4) 121.0(5) 121.2(4)
C(1)2C(10)2C(9) 122.9(3) 123.2(3) 123.9(5) 123.7(4)
C(1)2C(10)2C(5) 118.5(3) 118.2(3) 117.6(4) 118.4(4)

Torsional angles [°]
Se2C(1)2C(2)2C(3) 176.2(3) 2178.5(3) 178.6(4) 2175.2(3)
Se2C(1)2C(10)2C(5) 2175.4(2) 177.2(2) 2177.2(3) 175.3(2)
Se2C(1)2C(10)2C(9) 3.9(4) 22.0(4) 2.0(6) 25.2(5)
C(1)2Se2C(11)2C(12) 110.6(3) 174.3(3) 2174.3(4) 2179.1(3)
C(1)2Se2C(11)2C(16) 277.6(3) 25.9(3) 6.2(4) 3.0(3)
C(2)2C(1)2Se2C(11) 3.4(3) 100.3(3) 2100.8(4) 299.5(3)
C(10)2C(1)2Se2C(11) 2178.9(2) 279.3(3) 78.8(4) 85.9(3)
C(2)2C(1)2C(10)2C(5) 2.4(5) 22.4(5) 2.4(6) 0.8(5)
C(2)2C(1)2C(10)2C(9) 2178.4(3) 178.4(3) 2178.3(4) 2179.6(3)
C(5)2C(10)2C(9)2C(8) 0.6(7) 20.5(5) 0.3(7) 0.1(6)

Table 3. Bond lengths, angles, and torsional angles around the selenium atom in 1b and 1d21f, together with those in 2a, 6a, and 7b

1b[a] 1d[a] 1e[a] 1f[a] 2a[b] 6a[b] 7b[c]

r[C(1)2Se] (r1) [Å] 1.914(3) 1.919(4) 1.922(5) 1.929(4) 1.937(8) 1.909(9) 1.928(4)
r[Se2C(11)] (r2) [Å] 1.913(3) 1.912(3) 1.908(4) 1.913(3) 1.933(8) 1.927(9) 1.918(4)
C(1)2Se2C(11) (θ1) [°] 102.1(1) 99.3(1) 99.4(2) 101.2(1) 98.4(3) 100.6(4) 100.8(2)
C(10)2C(1)2Se (θ2) [°] 116.8(2) 121.6(3) 121.2(4) 121.1(3) 123.1(6) 124.7(6) 120.5(3)
C(1)2C(10)2C(9) (θ3) [°] 122.9(3) 123.2(3) 123.9(5) 123.7(4) 126.4(7) 127.5(8) 125.9(3)
Se2C(1)2C(10)2C(9) [°] 3.9(4) 22.0(4) 2.0(6) 25.2(5) 28(1) 6(1) 0.9(6)
C(11)2Se2C(1)2C(10) [°] 178.9(2) 79.3(3) 78.8(4) 285.9(3) 143.2(6) 70.0(8) 2162.8(3)
C(1)2Se2C(11)2C(12) [°] 77.6(3) 5.9(3) 6.2(4) 3.0(3) 87.7(7) 2162.0(7) 89.0(4)
Type of structure B A A A C A[d] B

[a] G 5 H for the structure shown in the text. 2 [b] One of the structures in ref.[4e] 2 [c] One of the structures in ref.[4d] 2 [d] Type B for
the Se2Se moiety.

C(11)2Se2C(1)2C(10) of 143.2(6)° is intermediate be-
tween those of 1b and 1d21f.

Conformations of 1a and 1c Examined by NMR

Since the structures of 1a and 1c could not be determined
by X-ray crystallographic analysis, 1H NMR chemical shifts
at the 2- and 8-positions [δ(2-H) and δ(8-H), respectively]
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of 1 were examined in discussing the conformations in solu-
tions. The δ(2-H) and δ(8-H) values of 1 should be useful
for determining the conformations as type A or type B,
since they are significantly affected by the orientation of the
aryl group in the compounds. Table 4 shows δ(2-H), δ(8-
H), δ(C-1), δ(C-i), and δ(Se) values of 1 and 10, measured
in CDCl3 solutions.

δ (C-i) of 1 5 0.993 3 δ(C-i) of 10 1

1.408 (r 5 1.000) (1)
δ(2-H) of 1 5 0.0236 3 δ(C-i) of 1 1

4.662 (r 5 0.999) for g(m) (2)
δ(2-H) of 1 5 0.0084 3 δ(C-i) of 1 1

6.687 (r 5 1.000) for g(n) (3)
δ(8-H) of 1 5 0.0053 3 δ(C-i) of 1 1

7.638 (r 5 1.000) for g(m) (4)
δ(8-H) of 1 5 20.0030 3 δ(C-i) of 1 1 8.676 (r 5 0.896)

for g(n) (5)

Variables in the plots for the conformational determina-
tions should be free from orientational effects, or should
contain as little of such effects as possible. The δ(C-i) values
of the p-YC6H4Se groups in 1 were ideal for these variables
since an excellent correlation is observed in the plot of δ(C-
i) of 1 versus those of 10 [Equation (1)].[18] The correlation
must show that δ(C-i) of 1 are only slightly affected by the
conformation around the Se atom in this case. Figure 5
shows the plots of δ(2-H) and δ(8-H) versus δ(C-i) in 1.

The plots were analyzed as the two correlations. The points
corresponding to Y 5 OMe, Me, and H make up group m
[g(m)], and those of Y 5 NO2, COOEt, Cl, and Br belong
to another group n [g(n)].[4f,16a] The correlations of δ(2-H)
and δ(8-H) versus δ(C-i), classified by g(m) and g(n), are
given in Equations (2) to (5), respectively. The excellent cor-
relations by g(m) and g(n) support the fact that the con-
formations of 1a and 1c are closely related to that of 1b,
whose structure is type B in the solid state. Similar results
were obtained in the plots of δ(2-H) and δ(8-H) versus δ(Se)
in 1.[19] Compound 1a could belong to g(n) since the point
for 1a is very close to those for 1d and 1e (Figure 5). The
conformation of 1a is discussed again in the following sec-
tions.
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Table 4. Some 1H, 13C, and 77Se NMR chemical shifts of 1 and 10

Chemical shifts[a] Y 5 H (a) OMe (b) Me (c) Cl (d) Br (e) COOEt (f) NO2 (g)

1
δ(2-H) 7.764 7.496 7.654 7.781 7.792 7.866 7.899
δ(8-H) 8.335 8.275 8.312 8.286 8.285 8.274 8.238
δ[C-i(Ar)] 131.57 120.25 127.29 130.11 131.02 139.85 144.01
δ[C-1(Nap)] 126.81 131.68 130.38 128.79 128.63 127.21 125.91
δ(Se) 361.0 354.2 356.2 359.4 359.3 368.0 379.6
10
δ[C-i(Ar)] 131.10 119.85 126.75 129.33 130.40 139.25 143.80
δ(C-1(Ph)] 131.10 133.05 131.93 130.52 130.44 128.78 127.11
δ(Se) 423.6 408.1 415.0 421.9 422.3 433.3 446.3

[a] Chemical shifts are relative to TMS and MeSeMe in [D]chloroform.

Figure 5. Plots of δ(2-H) and δ(8-H) versus δ(C-i) in 1: s, d, h and
j stand for g(m) of δ(2-H), g(n) of δ(2-H), g(m) of δ(8-H), g(n) of
δ(8-H), respectively

Factors in the Structure Determination of 1

Scheme 2 shows the perspective drawings of the type A
and type B structures of 1, together with the p-type lone
pair orbitals of Se and the p-type orbitals of Y. Why are the
structures of 1d21f type A, while that of 1b is type B?
Which conformation is more stable in 1a or 1c? The energy
difference between 1a (type A) and 1a (type B) must contain
both steric and electronic effects in the two structures of 1a.
The steric effect would not be so different for all members
in 1, if the structures are the same type. Therefore, the Y
dependence in 1 must mainly be a reflection of electronic
effects. We discuss the structures of 1 based on the electron
affinity (EA) of C6H6, C6H5Y, and C10H8, the components
of 1. Their LUMO and LUMO11 energies [ε(LUMO)
and ε(LUMO11), respectively], calculated with the
B3LYP/623111G(d,p) method, are also employed for the
discussion.

The system will be stabilized when the electrons filled in
the p-type lone pair of the Se atom in 1 are effectively deloc-
alized. The p-type lone pair of the Se atom of 1 (type A) is
parallel to the π-orbitals of the benzene ring and the p-
type orbital of Y, but it is perpendicular to those of the
naphthalene ring. Therefore, the p-type lone pair of the Se
atom interacts more effectively with the p-type orbital of Y
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Scheme 2. Perspective drawings of 1 (type A) and 1 (type B) and
the correlation diagram between LUMO and LUMO11 of ben-
zene and substituted benzenes, together with their energies and EA,
containing those of naphthalene

through the π-orbitals of the benzene ring relative to the π-
orbitals of the naphthalene ring in type A. On the other
hand, the p-type lone pair of the Se atom interacts more
strongly with the π-orbitals of the naphthalene ring in 1
(type B), since the two orbitals are parallel. The interaction
of the p-type lone pair of the Se atom with the p-type or-
bital of Y through the π-orbitals of the benzene ring must
be difficult in type B because of their orthogonality. It is
natural to suppose that the structure should be type A, if
the aryl group can delocalize the electrons at the Se atom
more effectively than the naphthyl group in 1. The structure
will be type B if the former is less effective than the latter.

The EA of naphthalene, benzene, and the substituted
benzenes can be a good measure for the electron-delocaliz-
ing ability of the corresponding groups, which are collected
in Scheme 2.[20] The EA of naphthalene is estimated to be
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about 20.2 eV and that of methyl benzoate is estimated to
be 0.0 eV based on ε(LUMO).[21,22] The estimated EA of
naphthalene is smaller than those of methyl benzoate and
nitrobenzene, which is in good agreement with the type A
structures for 1f and 1g. The type B structure for 1b is also
rationalized since the EA of anisole is much smaller than
that of naphthalene. One might expect the type B structures
for 1d and 1e, since the EA of the halobenzenes are smaller
than that of naphthalene, which is just the opposite of what
was observed. This discrepancy may come from the steric
effect. The steric effect should be more severe for type B
than for type A, as suggested by the observed structures.
The EA of benzene and toluene are very close to that of
anisole. The type B structure is expected for 1a and 1c.

We must be careful, however, in the discussion on the
structures employing EA. While LUMO and LUMO11
are degenerate in benzene, the levels separate in substituted
benzenes. The two levels become more stable in chloroben-
zene and bromobenzene, although they are almost degener-
ate. Only LUMO11 becomes less stable in toluene and
anisole. LUMO becomes much more stable than the
LUMO11 in methyl benzoate and nitrobenzene. It is
worthwhile to note that the LUMO of toluene and anisole
have no coefficients of atomic p-orbitals on Y nor ipso- and
para-carbon atoms in PhY. This shows that the LUMO of
the C6H4Y group in 1b (type A) and 1c (type A) cannot
effectively interact with the filled p-type lone pair orbital of
the Se atom in the compounds. LUMO11 must work
instead of LUMO. Therefore, the driving force for the
formation of 1b (type B) is larger than that expected based
on EA, since EA is closely related to ε(LUMO) not
ε(LUMO11). Indeed, the type B structures are suggested
for of 1a and 1c based on EA, but the contribution of the
steric effect must also be carefully considered.

Parthasarathy et al. have suggested that there are two
types of directional preferences for nonbonded atomic con-
tacts with divalent chalcogens such as sulfur[23a] and selen-
ium,[23b] R2Z2R9 (Z 5 S and Se). Type I contacts are with
electrophiles that have Z···X directions in RR9Z···X where
n-electrons of sulfides or selenides are located. Type II con-
tacts are with nucleophiles tending to lie along the exten-
sion of one of sulfur’s or selenium’s bonds. Electrophiles
and nucleophiles will interact preferentially with the
HOMO of the n(Z) and with the LUMO of the σ*(Z2R)
or the σ*(Z2R9), respectively. Therefore, the type A and
type B structures belong to type I and type II contacts in
Parthasarathy’s definition, respectively, if G in 8-G-1-
(RZ)C10H6 is assumed to be an electrophile or nucleophile
(Scheme 1).[24] The type C structure around the chalcogen
atom corresponds to the intermediate structure between
type I and type II contacts.

Parthasarathy’s considerations are very useful in dis-
cussing the structures of 224 and 629 where G in 8-G-1-
(RZ)C10H6 possesses lone pair orbitals and the Z2R bond
contains a relatively low-lying σ*(Se2C) bond or a low-
lying σ*(Se2Se) bond. However, G in 8-G-1-(RZ)C10H6 is
H for 1. The H atom in a C2H bond will act neither as a
good nucleophile nor as a good electrophile.[25] Therefore,
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the orbital interactions between the p-type lone pair orbital
of the Se atom and π-orbitals of the naphthalene ring or π-
orbitals of the aryl group becomes the main factor in deter-
mining the structure of 1. In order to clarify the structural
difference between 1 and 10, molecular orbital calculations
were performed on 1a, 10a, and the related compounds.

Results of MO Calculations

Ab initio MO calculations were performed using the
Gaussian 94 and 98 programs[26,27] on 1a, 10a,[28] and 1-
naphthaleneselenole (11) with the 623111G(d,p) basis set
at the B3LYP level. The estimated conformers were further
optimized with the B3LYP/623111G(2df,2p) method.
Thermal and solvent effects were evaluated for 1a with
623111G(d,p) basis set at the B3LYP level. Type A and
type B notation is employed for 11 similarly to the case of
1, when the Se2H bond is perpendicular to and in the
plane of the naphthalene ring, respectively. The stable con-
formers and transition states were assigned based on the
results of the frequency analysis.

Table 5 collects the results of the MO calculations on 1a
with the B3LYP/623111G(d,p) and B3LYP/
623111G(2df,2p) methods. Almost the same energy profile
was predicted for 1a with the two methods. The results of
the frequency analysis performed on 1a with the B3LYP/
623111G(d,p) method are also given in Table 5. Table 5
contains similar results for 11 with B3LYP/
623111G(2df,2p) method. Table 6 summarizes the results
of the calculations on 10a with the 623111G(2df,2p)
method, containing the data of the frequency analysis.[29]

All positive frequencies were predicted for 1a (type A), 1a
(type B), 10a (C2), 11 (type A), and 11 (type B), while only
one imaginary frequency was predicted for each of 1a (TS),
10a (Cs), 10a (C2v), and 11 (TS). The motion corresponding
to the imaginary frequency for 1a (TS) was characterized
mainly by the rotation around its two Se2C bonds leading
to 1a (type A) or 1a (type B). The motion in 11 (TS) is to
11 (type A) or 11 (type B). The motion for each of 10a (Cs)
and 10a (C2v) is the rotation around the two Se2C bonds
toward 10a (C2). Figure 6 exhibits the correlation diagrams
for 1a, 10a, and 11, together with the thermal corrections
to Gibbs free energy at 298.15 K assuming 1a (type A), 10a
(C2), and 11 (type A) as the standards.

The conformer 1a (type A) was evaluated to be slightly
more stable than 1a (type B) by 0.0005 au (1.3 kJ mol21)
and 1a (TS) as less stable than the former by 0.0011 au
(2.9 kJ mol21) based on the B3LYP/623111G(d,p) method
(Table 5). The sum of electronic and thermal free energies
at 298.15 K of 1a (type B) and 1a (TS), relative to that of
1a (type A), were evaluated to be 0.0005 au (1.3 kJ mol21)
and 0.0032 au (8.4 kJ mol21), respectively, as shown in
Table 5. The solvent effect of chloroform on the energies
of 1a was also calculated by applying the static iso-density
surface-polarized continuum model (IPCM).[30] The results
are shown in Table 7. The energies of 1a (type B) and 1a
(TS) were evaluated to be 28.4 and 3.9 kJ mol21, respect-
ively, relative to that of 1a (type A). Consequently, the relat-
ive energies of 1a (type B) and 1a (TS) to that of 1a (type
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Table 5. Results of ab initio MO calculations for 1a and 11 with the B3LYP/623111G(s,t) method

1a (type A) 1a (type B) 1a (TS) 1a (type A) 1a (type B) 1a (TS) 11 (type A) 11 (type B) 11 (TS)

Looking for minimum minimum TS[a] minimum minimum TS[a] minimum minimum TS[a]

Method/G(s,t) G(d,p) G(d,p) G(d,p) G(2df,2p) G(2df,2p) G(2df,2p) G(2df,2p) G(2df,2p) G(2df,2p)
E [au] 23018.6355 23018.6350 23018.6344 23018.6792 23018.6789 23018.6781 22787.5588 22787.5589 22787.5576
∆E [kJ mol21] 0.0[b] 1.3 2.9 0.0[b] 0.8 2.9 0.0[b] 20.3 3.2
r[Se2C(1)] [Å] 1.9427 1.9481 1.9491 1.9349 1.9401 1.9406 1.9379 1.9307 1.9475
r(Se2X) [Å] 1.9433[c] 1.9391[c] 1.9411[c] 1.9348[c] 1.9319[c] 1.9327[c] 1.4731[d] 1.4685[d] 1.4717[d]

r[Se2H(8)] [Å] 2.8001 2.6615 2.7570 2.7967 2.6510 2.7522 2.8148 2.6714 2.7637
C(1)2Se2X [°] 101.19[c] 100.70[c] 100.05[c] 101.65[c] 100.93[c] 100.60[c] 96.49[d] 93.99[d] 94.99[d]

H(8)2Se2X [°] 77.35[c] 172.26[c] 123.59[c] 76.04[c] 172.59[c] 122.80[c] 62.17[d] 165.18[d] 112.46[d]

C(8)2C(9)2C(1)2Se [°] 22.80 0.00 23.18 23.12 0.00 3.12 22.10 0.00 22.32
C(1)2C(9)2C(8)2H(8) [°] 0.77 0.00 21.23 0.80 0.00 1.10 1.93 0.00 20.94
C(9)2C(1)2Se2X [°] 73.32[c] 180.00[c] 125.36[c] 71.84[c] 180.00[c] 2124.22[c] 57.31[d] 180.00[d] 114.45[d]

C(1)2Se2C(i)2C(o) [°] 23.82 291.75 243.67 24.17 91.71 39.20
ν1 (character)[e] [cm21] 17.25 (?A) 11.92 (A") 215.47 (?A) [f] [f] [f] 100.10 (?A) 51.13 (A") 2157.46 (?A)
ν2 (character)[g] [cm21] 26.64 (?A) 37.82 (A") 23.42 (?A) [f] [f] [f] 160.05 (?A) 109.12 (A") 98.91 (?A)
ZPC [au][h] 0.2269 0.2270 0.2269 [f] [f] [f] 0.1448 0.1444 0.1442
TCF [au][i] 0.1836 0.1835 0.1857 [f] [f] [f] 0.1098 0.1085 0.1097
E(F) [au][j] 23018.4518 23018.4513 23018.4486 [f] [f] [f] 22787.4489 22787.4504 22787.4479
∆E(F) [kJ mol21] 0.0[b] 1.3 8.4 0.0[b] 23.9 2.6
Meaning minimum minimum TS[a] minimum minimum TS[a]

[a] Between type A and type B. 2 [b] Taken as the standards for the same molecule and the calculation method. 2 [c] X 5 C. 2 [d] X 5
H. 2 [e] Lowest frequency obtained by the frequency analysis. 2 [f] Not calculated. 2 [g] Second-lowest frequency obtained by the
frequency analysis. 2 [h] Zero-point correction. 2 [i] Thermal correction to Gibbs free energy at 298.15 K. 2 [j] Sum of electronic and
thermal Gibbs free energies at 298.15 K.

Table 6. Results of ab initio MO calculations for 10a with the
B3LYP/623111G(2df,2p) method

10a (C2) 10a (Cs) 10a (C2v)

Looking for minimum minimum minimum
E [au] 22864.9927 22864.9925 22864.9910
∆E [kJ mol21] 0.0[a] 0.5 4.5
r[Se2C(1)] [Å] 1.9323 1.9326 1.9445
r[Se2C(19)] [Å] 1.9323 1.9349 1.9445
C(1)2Se2C(19) [°] 101.03 101.31 99.10
C(2)2C(1)2Se2C(19) [°] 46.50 0.00 90.89
C(29)2C(19)2Se2C(1) [°] 46.50 91.42 90.89
ν1 (character) [b] [cm21] 12.25 (B) 221.00 (A") 229.48 (A2)
ν2 (character) [c] [cm21] 30.77 (A) 28.75 (A") 16.47 (B1)
ZPC [au][d] 0.1809 0.1809 0.1808
TCF [au][e] 0.1410 0.1429 0.1427
E(F) [au][f] 22864.8518 22864.8497 22864.8483
∆E(F) [kJ mol21] 0.0[a] 5.5 9.2
Meaning minimum saddle point saddle point

[a] Taken as the standards. 2 [b] Lowest frequency obtained by the
frequency analysis. 2 [c] Second-lowest frequency obtained by the
frequency analysis. 2 [d] Zero-point correction. 2 [e] Thermal cor-
rection to Gibbs free energy at 298.15 K. 2 [f] Sum of electronic
and thermal Gibbs free energies at 298.15 K.

A) were revised to be 28.4 and 9.4 kJ mol21, respectively,
if both thermal and solvent effects were taken into account.

In the case of 11, the type B conformer was evaluated to
be slightly more stable than type A by 0.0001 au (0.3 kJ
mol21) and 11 (TS) higher in energy than the former by
0.0012 au (3.2 kJ mol21) based on the B3LYP/
623111G(2df,2p) method (Table 5). The difference in the
energy profile between 1a and 11 may come from that of
the steric effect in type B brought by the phenyl group. The
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thermal effect works to stabilize 11 (type B) and 11 (TS)
relative to 11 (type A): Their relative energies become
20.0015 au (23.9 kJ mol21) and 0.0010 au (2.6 kJ
mol21), respectively.

On the other hand, as shown in Table 6, the energies for
10a (Cs) and 10a (C2v) were optimized to be higher than
that of 10a (C2) by 0.0002 au (0.5 kJ mol21) and 0.0017 au
(4.5 kJ mol21), respectively (Figure 6). The frequency ana-
lysis demonstrates that 10a (C2) is an energy minimum and
10a (Cs) and 10a (C2v) must be saddle points. A fourfold
transition potential without planar and perpendicular
stable conformers is confirmed for 10a, which was expected
as a common characteristic for Ar2Se2R moieties. Con-
sequently, the energy minimum of 10 is suggested to change
monotonically depending on Y. The energy of 10a (Cs) is
very close to that of 10a (C2), which exhibits the very gentle
potential curve between 10a (C2) and 10a (Cs). The results
must also be advantageous for the monotonical change of
the structure.[16b] The relative energies of 10a (Cs) and 10a
(C2v) to that of 10a (C2) become 0.0021 au (5.5 kJ mol21)
and 0.0035 au (9.2 kJ mol21), if the thermal effect is taken
into account.

Scheme 3 shows the correlation between 1a and 10a. The
attachments of a benzene ring to 10a (Cs), by increasing the
butadienyl skeleton, produce 1a (type A) and 1a (type B) as
shown by (i) and (ii), respectively: The new benzene rings
are drawn as dotted ones. The attachment to 10a (C2) yields
1a (TS) as shown in (iii). While the attachment of the ben-
zene ring in (i) slightly stabilizes the product relative to that
in (ii),[17] a similar process (iii) destabilizes the product.
These results may show that the benzene ring without the
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Figure 6. Energy profiles for 1a (a), for 10a (b), and for 11 (c);
thermal corrections to Gibbs free energy at 298.15 K are also
shown by arrows, where the levels are connected by dotted lines,
supposing 1a (type A), 10a (C2), and 11 (type A) as the standards
for each

Table 7. Solvent effects on the structures of 1a

Full optimization[a] Solvent effect[b]

au (kJ mol21) au (kJ mol21)

E (type A) 23018.6355 (0.0[c]) 23018.6405 (0.0[c])
E (type B) 23018.6350 (1.3) 23018.6437 (28.4)
E (TS) 23018.6344 (2.9) 23018.6390 (3.9)

[a] For the energy surface. 2 [b] For chloroform calculated by IPCM
method. 2 [c] Taken as the standards.
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PhSe group in the naphthyl group of 1a plays an important
role in the energy profile of 1.

Scheme 3. Structural correlation between 1a and 10a

Table 8 shows the results of MO calculations performed
on 1a21g with the B3LYP/623111G(d,p) method, al-
though thermal and solvent effects are not considered for
1b21g. Both type A and type B structures were optimized
for 1a21g, except 1f (type B); 1f (type B) would not be an
energy minimum. The results of MO calculations suggest
that type A is exclusive for 1g and probably exclusive for 1f,
predominant for 1d and 1e, but that type B is more stable
for 1b. The two structures would be comparable for 1a and
1c. However, 1a (type B) was predicted to be substantially
more stable than 1a (type A), if thermal and solvent effects
are contained in the calculations. Table 8 collects the results
of MO calculations on 10a210g with the same method. The
successive change in the torsional angle on Y was predicted
for the stable conformers in 10a210g.[31] These results are
in accordance with the observations.[32]

The structural feature is well established for 1. The stable
structures are type A and type B, which change dramatically
depending on Y in the solid state, although they must be in
equilibrium in solutions in some cases.[33] On the other
hand, the structure of 10 is shown to change monotonically
depending on Y, as expected. This must be one of the
reasons why the δ(Se) values of 1 cannot be a good measure
for those of 8-G-1-(p-YC6H4Se)C10H6, such as 2 and 6.
Further studies on the nonbonded interactions between Se
and G in 8-G-1-(p-YC6H4Se)C10H6 are in progress in our
laboratory.

Experimental Section

General: Chemicals were used without further purification unless
otherwise noted. Solvents were purified by standard methods. 2

Melting points are uncorrected. 2 1H, 13C, and 77Se NMR spectra
were measured at 400, 100, and 76 MHz, respectively. The 1H, 13C,
and 77Se chemical shifts are given in ppm relative to those of in-
ternal CHCl3, a slight contaminant in CDCl3 solvent, internal
CDCl3 in the solvent, and external MeSeMe, respectively. 2 Col-
umn chromatography was performed on silica gel (Fujisilysia BW-
300) and acidic alumina (E. Merck). 2 1-(p-Anisylselanyl)naph-
thalene (1b)[4d] and phenyl (p-substituted phenyl) selenides (10)[16a]

were prepared according to literature methods.

1-(Phenylselanyl)naphthalene (1a): To a solution of the sodium 1-
naphthaleneselenate, prepared by the reduction of the 1,19-dinaph-
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Table 8. Calculated energies (E) for type A and type B of 1 and those of 10, and torsional angles around the selenium atom in 10 with
the B3LYP/623111G(d,p) method

Compound Y 5 OMe Me H Cl Br COOMe NO2

1
E (type A) [au] 23133.1912 23057.9630 23018.6355 23478.2580 25592.1778 23246.5833 23223.2005
E (type B) [au] 23133.1922 23057.9630 23018.6350 23478.2573 25592.1769 [a] 23223.1962
∆E[b] [kJ mol21] 2.6 0.0 21.3[c] 21.8 22.4 [a] 211.3
10
E [au] 22979.5164 22904.2873 22864.9593 23324.5818 25438.5015 23092.9073 23069.5243
C(2)2C(1)2Se2C(i) [°] 2.67 20.04 48.68 57.97 73.15 89.06 91.46
C(o)2C(i)2Se2C(1) [°] 89.38 91.41 48.68 40.50 24.39 1.54 0.10

[a] The type B structure was not optimized as a stationary point. 2 [b] ∆E 5 E (type A) 2 E (type B). 2 [c] The value was almost the
same if the thermal effect was considered, but it became 28.4 if the solvent effect was calculated by the IPCM method.

thyl diselenide (990 mg, 2.40 mmol) with NaBH4 (272 mg,
7.20 mmol) in aqueous THF (30 ml, 50 %, was added benzenedi-
azonium chloride (6.00 mmol) under argon at low temperature
(022 °C). After the usual workup, the solution was purified by
chromatography on silica gel covered acidic alumina layer on the
top. This gave 1a (925 mg, 3.30 mmol, 68% yield) as a colorless oil.
2 1H NMR (CDCl3, 400 MHz): δ 5 7.1827.21 (m, 3 H),
7.3327.36 (m, 3 H), 7.37 (t, J 5 7.8 Hz, 1 H), 7.4827.53 (m, 2 H),
7.76 (dd, J 5 1.2 and 7.1 Hz, 1 H), 7.8227.86 (m, 2 H), 8.34 (dd,
J 5 2.7 and 7.1 Hz, 1 H). 2 13C NMR (CDCl3, 100.4 MHz): δ 5

125.9, 126.2, 126.7, 126.8, 127.5, 128.5, 129.1, 129.2, 129.3, 131.6,
131.6, 133.7, 134.0, 134.0. 2 77Se NMR (CDCl3, 76.2 MHz): δ 5

361.0. 2 C16H12Se (283.22): calcd. C 67.85, H 4.27; found C 67.93,
H 4.25.

1-(p-Tolylselanyl)naphthalene (1c): According to a method similar
to that for 1a, 1c (67% yield) was obtained as a colorless oil. 2 1H
NMR (CDCl3, 400 MHz): δ 5 2.29 (s, 3 H), 7.04 (d, J 5 7.8 Hz,
2 H), 7.31 (d, J 5 8.1 Hz, 2 H), 7.33 (t, J 5 7.7 Hz, 1 H), 7.4727.53
(m, 2 H), 7.65 (dd, J 5 1.2 and 7.3 Hz, 1 H), 7.7827.84 (m, 2 H),
8.31 (dd, J 5 2.7 and 7.1 Hz, 1 H). 2 13C NMR (CDCl3,
100.4 MHz): δ 5 21.1, 126.0, 126.3, 126.8, 127.3, 127.4, 128.5,
128.6, 130.2, 130.4, 132.7, 132.7, 133.8, 134.1, 137.1. 2 77Se NMR
(CDCl3, 76.2 MHz): δ 5 356.2. 2 C17H14Se (297.24): calcd. C
68.69, H 4.75; found C 68.72, H 4.78.

1-(p-Chlorophenylselanyl)naphthalene (1d): According to a method
similar to that for 1a, 1d (73% yield) was obtained as colorless
prisms. 2 M.p. 54.0255.0 °C. 2 1H NMR (CDCl3, 400 MHz): δ 5

7.15 (d, J 5 8.7 Hz, 2 H), 7.24 (d, J 5 8.4 Hz, 2 H), 7.39 (t, J 5

7.7 Hz, 1 H), 7.4927.54 (m, 2 H), 7.78 (dd, J 5 1.1 and 7.1 Hz, 1
H), 7.8327.88 (m, 2 H), 8.29 (dd, J 5 3.3 and 6.7 Hz, 1 H). 2 13C
NMR (CDCl3, 100.4 MHz): δ 5 126.0, 126.4, 127.1, 127.5, 128.6,
128.8, 129.4, 129.6, 130.1, 132.7, 132.8, 134.0, 134.2, 134.2. 2 77Se
NMR (CDCl3, 76.2 MHz): δ 5 359.4. 2 C16H11ClSe (317.68):
calcd. C 60.49; H 3.49; found C 60.35; H 3.53.

1-(p-Bromophenylselanyl)naphthalene (1e): According to a method
similar to that for 1a, 1e (69% yield) was obtained as colorless
prisms. 2 M.p. 82.0283.0 °C. 2 1H NMR (CDCl3, 400 MHz): δ 5

7.16 (d, J 5 8.4 Hz, 2 H), 7.29 (d, J 5 8.2 Hz, 2 H), 7.39 (t, J 5

7.6 Hz, 1 H), 7.4827.53 (m, 2 H), 7.79 (d, J 5 7.2 Hz, 1 H),
7.8327.89 (m, 2 H), 8.29 (dd, J 5 3.4 and 6.1 Hz, 1 H). 2 13C
NMR (CDCl3, 100.4 MHz): δ 5 120.8, 126.0, 126.5, 127.2, 127.6,
128.6, 128.7, 129.7, 131.0, 132.3, 132.8, 134.1, 134.2, 134.5. 2 77Se
NMR (CDCl3, 76.2 MHz): δ 5 359.3. 2 C16H11BrSe (362.13):
calcd. C 53.07, H 3.06; found C 53.11, H 3.11.
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Ethyl p-(1-Naphthylselanyl)benzoate (1f): According to a method
similar to that for 1a, 1f (65% yield) wa obtained as colorless
prisms. 2M.p. 90.0291.0 °C. 2 1H NMR (CDCl3, 400 MHz): δ 5

1.33 (t, J 5 7.2 Hz, 3 H), 4.30 (q, J 5 7.2 Hz, 2 H), 7.22 (d, J 5

8.6 Hz, 2 H), 7.44 (t, J 5 7.7 Hz, 1 H), 7.4727.53 (m, 2 H), 7.79
(d, J 5 8.6 Hz, 2 H), 7.87 (dd, J 5 2.2 and 7.1 Hz, 1 H), 7.9027.95
(m, 2 H), 8.27 (dd, J 5 2.2 and 7.6 Hz, 1 H). 2 13C NMR (CDCl3,
100.4 MHz): δ 5 14.3, 60.9, 126.1, 126.6, 127.2, 127.4, 127.9, 128.2,
128.7, 129.4, 130.1, 130.4, 134.3, 134.5, 135.9, 139.9, 166.3. 2 77Se
NMR (CDCl3, 76.2 MHz): δ 5 368.0. 2 C19H16O2Se (355.29):
calcd. C 64.23, H 4.54; found C 64.19, H 4.52.

1-(p-Nitrophenylselanyl)naphthalene (1g): According to a method
similar to that for 1a, 1g (75% yield) was obtained as colorless
prisms. 2 M.p. 92.0293.0 °C. 2 1H NMR (CDCl3, 400 MHz): δ 5

7.20 (d, J 5 9.0 Hz, 2 H), 7.48 (t, J 5 7.7 Hz, 1 H), 7.4827.56 (m,
2 H), 7.90 (dd, J 5 2.1 and 7.6 Hz, 1 H), 7.93 (d, J 5 8.8 Hz, 2
H), 7.99 (d, J 5 7.6 Hz, 2 H), 8.24 (dd, J 5 1.7 and 7.6 Hz, 1 H).
2 13C NMR (CDCl3, 100.4 MHz): δ 5 123.9, 125.9, 126.2, 126.9,
127.8, 128.9, 129.0, 131.3, 134.4, 134.5, 136.8, 144.0, 146.0. 2 77Se
NMR (CDCl3, 76.2 MHz): δ 5 379.6. 2 C16H11NO2Se (328.22):
calcd. C 58.55, H 3.38; found C 58.62, H 3.34.

X-ray Structural Determinations: The intensity data were collected
with a Rigaku AFC5R four-circle diffractometer with graphite-
monochromated Mo-Kα radiation (λ 5 0.71069 Å) for 1b, 1d, 1e,
and 1f. Their structures were solved by heavy-atom Patterson
methods, PATTY,[34] and expanded using Fourier techniques,
DIRDIF94.[35] All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were included but not refined. The final
cycle of full-matrix least-squares refinement was based on a total
of 1977 reflections for 1b, on 2334 for 1d, on 1998 for 1e, and on
2363 for 1f with 172 observed reflections [I . 1.50σ(I)] for 1b, 164
for 1d, 164 for 1e, and 200 for 1f, respectively. The refinements
converged with unweighted and weighted agreement factors of R 5

(Σ||Fo| 2 |Fc||)/Σ|Fo| and Rw 5 {Σw(|Fo| 2 |Fc|)2/ΣwFo
2}1/2. For least

squares, the function minimized was Σw(|Fo| 2 |Fc|)2, where w 5

(σc
2|Fo| 1 p2|Fo|2/4)21. Crystallographic details are listed in

Table 1.CCDC-162941 to -162944. Copies of the data can be ob-
tained free of charge on applicaton to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336-033; E-
mail: deposit@ccdc.cam.ac.uk].

MO Calculations: Ab initio molecular orbital calculations were
performed with an Origin computer using Gaussian 94 and 98 pro-
grams[26,27] with 623111G(2df,2p) and 623111G(d,p) basis sets
at the DFT (B3LYP) level. The frequency analysis was carried out
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similarly on the structures optimized with the corresponding
method. Thermal (at 298.15 K) and solvent (CHCl3) effects were
also evaluated for 1a by applying the static iso-density surface-po-
larized continuum model (IPCM)[30] with the 623111G(d,p) basis
set at the B3LYP level.
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