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Five Ci–Se…O…Se–Ci atoms in anthraquinone and 9-(me-
thoxy)anthracene bearing phenylselanyl groups at 1,8-posi-
tions align linearly, the origin of which is shown to be a non-
bonded 5c–6e interaction of the five atoms.

Non-bonded interactions1 are of great interest. This is especially
so if they lead to linear bonds longer than the three center–four
electron bond (3c–4e) through direct orbital overlaps containing
group 16 elements.2 Naphthalene 1,8-positions supply a good
system to study such non-bonded interactions, containing 2c–
4e, 3c–4e and 4c–6e interactions.2–5 However, the nature of the
5c–6e interaction is as yet not well understood. Anthracene
1,8,9-positions also serve as a good system for such inter-
actions.6

Five C–Se…O…Se–C atoms are shown to align linearly for
1,8-bis(phenylselanyl)anthraquinone (1)† and 9-(methoxy)-
1,8-bis(phenylselanyl)anthracene (2).†The linear alignment can
be analyzed by the 5c–6e model. The structure of 1,8-bis-
(phenylselanyl)anthracene (3)†is also investigated for conven-
ience of comparison, in which five C–Se…H…Se–C atoms are
not aligned linearly.

Figs. 1–3‡ show the structures of 1–3, respectively.7
Conformations around the two Se atoms are both type B8 (1
(BB)). Consequently, the five C–Se…O…Se–C atoms align
linearly with Se(1)–O(1)–Se(2) 153°. The slightly bent align-
ment is a reflection of the differences in the r(C,O) and r(C,Se)
values. The structure of 1 is close to C2 symmetry. The two

phenyl planes in 1 are perpendicular to the anthraquinone plane.
Conformations around the Se atoms of 2 are also both type B8

(2 (BB)). The five atoms in 2 also align linearly with Se(1)–
O(1)–Se(2) 148°. Indeed, the structure of 2 is very similar to
that of 1, but is closer to Cs symmetry. However, the structure
of 3 is very different from those of 1 and 2. The conformations
around the Se atoms are both type A8 (3 (AA)). Two phenyl
groups are located at the same sides of the plane (3 (AA-cis)).
It is well demonstrated that the double type A structure in 3
changes dramatically to the double type B in 1 and 2 with each
O atom at the 9-position.

The p-type lone pair orbitals of the O atoms (npx
(O)) in 1 and

2 extend toward the Se atoms (the axes in 1 (and 2) are defined
in Fig. 4). Observed non-bonded Se…O distances of 2.67–2.74
Å are about 0.7 Å shorter than the sum of their van der Waals
radii (3.40 Å).9 Therefore, npx

(O) directly overlaps with the
s*(Se–C) orbitals at both sides of npx

(O). If the two non-bonded
O…Se–C 3c–4e interactions are connected effectively through
the central npx

(O), the non-bonded s*(C–Se)…npx
(O)…s*(Se–

C) 5c–6e arrangement is formed. The 5c–6e interaction must
play an important role in the double type B structures of 1 and
2.

† Electronic supplementary information (ESI) available: experimental
procedures, analytical and spectroscopic data for 1–3. See http://
www.rsc.org/suppdata/cc/b2/b209261a/

Fig. 1 Structure of 1. Selected bond lengths (Å), angles (°) and torsion
angles (°): Se(1)–C(1), 1.922(7), Se(1)–C(15) 1.924(6), Se(2)–C(11)
1.917(6), Se(2)–C(21) 1.927(6), C(13)–O(1) 1.225(7), Se(1)–O(1)
2.688(4), Se(2)–O(1) 2.673(4); C(1)–Se(1)–C(15) 98.5(3), C(11)–Se(2)–
C(21) 100.2(3), Se(1)–O(1)–Se(2) 152.5(2); C(14)–C(1)–Se(1)–C(15)
2172.8(6), C(12)–C(11)–Se(2)–C(21) 2171.3(5), C(1)–Se(1)–C(15)–
C(16) 90.5(6), C(11)–Se(2)–C(21)–C(22) 103.5(6).

Fig. 2 Structure of 2. Selected bond lengths (Å), angles (°) and torsion
angles (°): Se(1)–C(1) 1.930(4), Se(1)–C(15) 1.921(5), Se(2)–C(11)
1.932(5), Se(2)–C(21) 1.938(5), C(13)–O 1.387(5), C(27)–O 1.436(6),
Se(1)–O 2.731(3), Se(2)–O 2.744(3); C(1)–Se(1)–C(15) 99.2(2), C(11)–
Se(2)–C(21) 99.9(2), C(13)–O–C(27) 111.7(4), Se(1)–O–Se(2) 147.9(1);
C(14)–C(1)–Se(1)–C(15) –163.1(4), C(12)–C(11)–Se(2)–C(21) 175.8(4),
C(1)–Se(1)–C(15)–C(16) –104.2(5), C(11)–Se(2)–C(21)–C(22) 88.3(5),
C(14)–C(13)–O–C(27) 89.1(5).

Fig. 3 Structure of 3. Selected bond lengths (Å), angles (°) and torsion
angles (°): Se(1)–C(1) 1.923(3), Se(1)–C(15) 1.923(3), Se(2)–C(11)
1.943(3), Se(2)–C(21) 1.931(3); C(1)–Se(1)–C(15) 100.3(1), C(11)–Se(2)–
C(21) 98.3(1); C(14)–C(1)–Se(1)–C(15) 72.6(3), C(12)–C(11)–Se(2)–
C(21) –103.0(3), C(1)–Se(1)–C(15)–C(16) 6.7(3), C(11)–Se(2)–C(21)–
C(22) 85.8(3).
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Quantum chemical calculations are performed on 1–3,
together with 1-(phenylselanyl)anthraquinone (4) and 9-(me-
thoxy)-1-(phenylselanyl)anthracene (5), at the DFT (B3LYP)
level.10 Conformers, AA, AB and BB, are optimized to be stable
for 1 and 2, which correspond to 3c–6e, 4c–6e and 5c–6e,
respectively. The results are collected in Table 1.11 Energies
evaluated for each process from 1 (AA) to 1 (BB) (32–29 kJ
mol21) are very close to that in 4.12 The average value from 2
(AA) to 2 (BB) (18 kJ mol21) is close to that in 5.12These results
demonstrate that the non-bonded s*(C–Se)…npx

(O)…s*(Se–
C) 5c–6e interaction is effectively present in 1 and 2.13 The two
non-bonded 3c–4e interactions are well connected through the
central npx

(O) orbital. Some MOs in 1 and 2 extend over the five
C–Se…O…Se–C atoms as shown in Fig. 4, exemplified by
HOMO2 2 in 1 (BB),14 which supports the above discus-
sion.

It is worthwhile to comment on the through p-bond
interactions between npz

(Se) and npz
(O) via the p-framework of

anthracene in 1. Since the carbonyl group acts as a good electron
acceptor, electron densities at O and Se atoms in 1 become
larger and smaller, relative to those without such interactions,
respectively. This will create advantageous conditions for the
non-bonded 5c–6e interaction, since the character of CT is of
the type s*(C–Se)/npx

(O)?s*(Se–C). The rigid structure in 1,
except for the rotation around the Se–C bonds, must be
advantageous for the p-conjugation. Almost equal stabilization
energies calculated in each process from 1 (AA) to 1 (BB) must
arise from the rigid structure. Lack of the effective p-
conjugation between npz

(Se) and np(O) through the p-frame-
work in 2 must be responsible for the smaller stabilization
energies evaluated for the corresponding processes relative to
those in 1. The additional flexibility around C–O bonds in 2
would also play an important role in its characteristic energy
profile.
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Notes and references
‡ Crystal data: for 1: monoclinic, space group P21/n (#14), a = 7.412(2),
b = 16.002(2), c = 17.682(2) Å, b = 93.58(2)°, V = 2092.9(7) Å3, Z = 4.
For 2: triclinic, space group P1̄ (#2), a = 10.930(3), b = 13.673(4), c =
8.052(2) Å, a = 96.64(2), b = 102.20(3), g = 106.48(2)°, V = 1107.9(6)
Å3, Z = 2. For 3: triclinic, space group P1̄ (#2), a = 10.598(3), b =
11.575(3), c = 9.947(3) Å, a = 113.59(2), b = 95.42(2), g = 109.39(2)°,
V = 1017.6(6) Å3, Z = 2. Rigaku AFC5R four-circle diffractometer, Mo-
Ka radiation (l = 0.71069 Å). The structure analyses are based on 2756
observed reflections with I > 1.50s(I) for 1, on 2795 for 2 and on 3395 for
3 and 271 variable parameters for 1, 271 for 2 and 253 for 3. The structures
of 1–3 were solved by heavy-atom Patterson methods (PATTY) and
expanded using Fourier techniques (DIRDIF94) and refined by full-matrix
least squares on ¡F¡2. R = 0.046, Rw = 0.029, GOF = 1.51 for 1, R =
0.040, Rw = 0.030, GOF = 1.59 for 2 and R = 0.034, Rw = 0.026, GOF
= 2.46 for 3. CCDC reference numbers 175767 (1), 175768 (2) and 175769
(3). See http://www.rsc.org/suppdata/cc/b2/b209261a/ for crystallographic
data in CIF or other electronic format.
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Fig. 4 HOMO2 2 drawn on the optimized structure of 1 (BB).

Table 1 Relative energies of the conformers in 1–3a

Conformation 1 2 3

AA-trans 0.0b 0.0c

AA-cis 0.0d 2.1
AB 231.5 224.4 0.5
BB 260.6 236.5 3.7

a kJ mol21. b E = 25953.9764 au. c E = 25804.6946 au. d E =
25919.2120 au.

125CHEM. COMMUN. , 2003, 124–125


