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The structures of 1,8-bis(phenylselanyl)anthraquinone (1a), 1,8-bis(phenylselanyl)-9-methoxyan-
thracene (2a), and 1,8-bis(phenylselanyl)anthracene (3a) are determined by X-ray crystallographic
analysis, together with the derivatives. The Se—C; (Ph) bonds in 1a are placed on the anthraquinone
plane (both type B) and the phenyl planes are perpendicular to the anthraquinone plane. The
structure around the Se atoms in 2a is very close to that of 1a: the conformations of the PhSe
groups are both type B. Consequently, the five Ci—Se- - -O- - -Se—C; atoms in la and 2a align
linearly. The nonbonded Se- - -O distances in la and 2a are 2.673—2.688 and 2.731—-2.744 A,
respectively, which are about 0.7 A shorter than the sum of van der Waals radii of the atoms. The
extended hypervalent o*(Ci—Se)- - -ny(0)- - -0*(Se—C;) 5c—6e interactions are strongly suggested
for the origin of the linear alignment of the five atoms in 1a and 2a. The 5¢c—6e must be constructed
by the connection of the two hypervalent ny(O)- - -0*(Se—C;) 3c—4e interactions through the central
Np(O). The five Ci—Se- - -H- - -Se—C; atoms never align linearly in 3a. To reveal the nature of 5¢c—
6e in la and 2a, QC calculations are performed on HyHp”Se- - -O(=CH,)- - -BSeH,H, (model a)
and H Hp”ASe- - -OH,- - -BSeH,H, (model b) with the B3LYP/6-311++G(3df,2pd) method, where
the nonbonded Se- - -O distances are fixed at 2.658 A. Four conformers, a (AA-cis), a (AA-trans),
a (AB), and a (BB), are optimized to be stable for model a, where a (AA) shows both type A for the
ASe—Hyp and BSe—Hy bonds in model a. Three conformers, b (AA-cis), b (AB), and b (BB), are
stable for model b. The bonding models in AA, AB, and BB correspond to 3c—6e, 4c—6e, and 5¢c—
6e, respectively. The models become more stable by 42 4+ 5 kJ mol %, if the type A conformation of
each Se—H bond changes to type B. No noticeable saturation is observed in the stabilization for
each change. QC calculations are also performed on 1a—3a at the B3LYP level. Three conformers
are evaluated to be stable for 1a and 2a. The relative energies of 1a (AA-trans), 1a (AB), and la
(BB) are 0.0, —31.5, and —60.6 kJ mol~1, respectively, and those of 2a (AA-cis), 2a (AB), and 2a
(BB) are 0.0, —24.4, and —36.5 kJ mol~1, respectively. These results demonstrate that the origin
of the linear alignment of the five C—Se- - -O- - -Se—C atoms in 1la and 2a is the energy lowering
effect by the extended hypervalent 5¢c—6e interactions of the 0*(C—Se)~—n,(O)—0c*(Se—C) type. The
m-conjugation between 7z(C=0) and np,(Se) through the z-framework of anthraquinone must also
contribute to stabilize the BB structure of 1la, where z is the direction perpendicular to the
anthraquinone plane.

Introduction

Weak interactions are of current interest. van der
Waals interactions are typical examples of weak interac-
tions.! If nonbonded atoms in a molecule approach with
each other closer than the sum of van der Waals radii of
the atoms, orbitals at the atoms will directly overlap,
which usually results in the large exchange repulsion.
However, attractive interactions brought by the direct
orbital overlaps can also be observed at distances less
than the sum of van der Waals radii, if the exchange
repulsion is suitably controlled. Naphthalene 1,8-posi-
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tions supply a good system to study such phenomena,?-¢
since the nonbonded distances between atoms of main
group elements at the 1,8-positions are close to the sum
of van der Waals radii minus 1.0 A. Various types of
nonbonded interactions are expected for group 16 ele-
ments since they have both s- and p-type lone pair
orbitals.” We have been highly interested in the non-
bonded interactions that leads to linear bonds higher
than the three center-four electron bonds (3c—4e). The
extended hypervalent 4c—6e interactions of the linear
four S and four Se atoms are investigated by the
naphthalene system,?-f together with the nonbonded 2c—
4e and 3c—4e interactions.?*¢%h Anthracene 1,8,9-posi-
tions also serve as a good system for the interactions.®
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To reveal the nature of 5¢c—6e is the next extension of
our investigations on the extended hypervalent mc—ne
(m = 4). 5c—6e are the o-type linear bonds constructed
by five atoms with six electrons, of which an approximate
molecular model is shown in Scheme 1. How can 5c—6e
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SCHEME 1. Approximate Molecular Orbital
Model of Zs 5c—6e
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be constructed? Our strategy is to employ the nonbonded
interactions containing lone pairs. Lone-pair orbitals
interact with others when they approach nearby and
various types of charge-transfer (CT) will contribute to
the nonbonded interactions containing lone pairs. Al-
though the interactions are usually repulsive, they
become attractive if all orbitals taking part in the
interactions are not filled with electrons. CT from lone
pairs to acceptors is accompanied by the attractive
interactions. The driving force for the formation of
X—Z—-X 3c—4e is CT from the central atom Z to the
outside atoms X, resulting in the highly polar X%~—2z%t—
X%~ bonds.?%1° That of X- - -Z—Z- - -X 4c—6e is CT from
outside atoms X to the central 0*(Z—Z), which forms polar
XOF- - -70=—70=- - -X%F ponds.22-F11 The direction of CT in
4c—6e is just the opposite to that in 3c—4e. They are
typical examples of the interactions. The bonds in Brs~
and Is~ are expected to be analyzed by the 5c—6e model,
if the five atoms align linearly. Indeed, both linear'?® and
bent'?* structures are reported for Is-, but the bent
structures seem more stable than the linear ones for Brs~
and Is~ by QC calculations.’® Environments of the anions
must be important for the linear alignments. The infinite
chain of (O- - -Br—Br- - -), in an Me,CO- - -Br, 1:1 com-
plex** forms a long linear chain. However, the O- - -Br—
Br- - -O bond in the adduct should be analyzed by the
4c—6e model 3 since the infinite chain is bent at each
oxygen atom with OBrOBr of 110°.
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CHART 1
Y—Q8e o] Se—@—Y Y@Se R Se—OY

0 H

1a (Y = H) 2a (R =0OMe, Y = H)
1b (Y =Cl) 3a(R=H,Y=H)
3b (R=H, Y =Cl)

Here, we report the linear alignment of five C;—Se- - -
O- - -Se—C; atoms in 1,8-bis(arylselanyl)anthraquinones
[1,8-(p-YCsH4Se),C14Hs02: 1la (Y = H) and 1b (Y = CI)]
and 1,8-bis(phenylselanyl)-9-methoxyanthracene [1,8-
(CsHsSe)»-9-MeOCy4H7: 2a] (Chart 1).% The linear align-
ment is analyzed by the 5c—6e model of the o*(Ci—Se)- - -
np(0)- - -0*(Se—C;) type based on QC calculations. The
structures of 1,8-bis(arylselanyl)anthracenes [1,8-(p-
YCsH,Se),Ci4Hg: 3a (Y = H) and 3b (Y = Cl)] (Chart 1)
are also investigated for convenience of comparison.
However, the five C;—Se- - -H- - -Se—C; atoms in 3a and
3b never align linearly.

Results

X-ray Crystallographic Analysis. Single crystals of
1la,b, 2a, and 3a,b were obtained via slow evaporation
of benzene solutions containing 10—30 v/v% of ethanol.
X-ray crystallographic analysis was carried out for the
suitable single crystals. Only one type of structure
corresponds to each compound in the crystals. Crystal-
lographic data, together with the selected interatomic
distances, angles, and torsional angles, are collected in
the Supporting Information.’® Figures 1—3 show the
structures of 1a—3a, respectively. Structures of 1b and
3b are shown in the Supporting Information.®

QC Calculations. To reveal the nature of 5c—6e in 1
and 2, QC calculations are performed on model a and
model b and the real system, la—3a.

Model Calculations. Model a (HyHy"Se- - -O(=CHy)- - -
BSeH,Hy) and model b (H,HyASe- - -OH,- - -BSeH,Hy,) are
devised based on the structures of 1 and 2, respectively
(Chart 2). QC calculations are performed on the models,
using the Gaussian 947 and/or 988 programs with the
B3LYP/6-311++G(3df,2pd) method.

The O atom of model a is placed at the origin, the
O=C bond on the y-axis, and two H atoms on the xy
plane. Two Se atoms are located on the x-axis of the
opposite side. Nonbonded Se- - -O distances are fixed at
r(*Se,0) = r(®Se,0) = 2.658 A.29 The ASe—H, and BSe—
Ha bonds are placed on the y direction. Consequently,
eight atoms are placed on the xy plane. Valuables are
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S1 and the structures of 1b and 3b are shown in Figures S1 and S2,
respectively, in the Supporting Information. The structures of 1b and
3b are substantially the same as those of 1a and 3a, respectively.
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FIGURE 1. Structure of 1a. Selected bond lengths (A), angles
(deg), and torsion angles (deg): 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)—0(1), 1.225(7); Se(1)—0(1), 2.688(4), Se(2)—0(1), 2.673-
(4); C(1)—Se(1)—C(15), 98.5(3); C(11)—Se(2)—C(21), 100.2(3);
Se(1)—0(1)—Se(2), 152.5(2); C(14)—C(1)—Se(1)—C(15), —172.8-
(6); C(12)—C(11)—Se(2)—C(21), —171.3(5); C(1)—Se(1)—C(15)—
C(16), 90.5(6); C(11)—Se(2)—C(21)—C(22), 103.5(6). Thermal
ellipsoids drawn at 50% probability level.

optimized for r(C,0), r(C,H) OOCH, r(Se,H), OH,ASeH,
(= 0a), OH.BSeHy (= 60g), and torsional angles of OH,-
ASeHy, (= ¢a) and OH,BSeHy (= ¢g). Four conformers, a
(AA-cis), a (AA-trans), a (AB), and a (BB), are optimized
to be stable, where a (AA) shows the type A-type A
pairing for ASe—H, and BSe—Hy in model a, for an
example.?° Conformers, a (AA-trans), a (AB), and a (BB),
are more stable than a (AA-cis) by 0.5, 45.7, and 87.4 kJ
mol~1, respectively. Figure 4 exhibits the stable conform-
ers of model a, together with the relative energies.?
Similarly, the O atom of model b is placed at the origin
and the O—!H bond on the y-axis. Two Se atoms are
located on the x-axis of the opposite side. Nonbonded
Se- - -O distances are fixed at the r(*Se,0) = r(Se,0) =
2.658 A.19 The ASe—H, and BSe—H, bonds are placed on
the y direction. Therefore, six atoms are placed on the
xy plane. Valuables are optimized for r(O,H), OHOH,
r(Se,H), OHASeH, (= 64), OH,BSeHy (= 6g), and tor-
sional angles of ASe'HO?H (= ¢o), OH,ASeH, (= ¢a), and
OH4BSeHy (= ¢g). Three conformers, b (AA-cis), b (AB),
and b (BB), are optimized to be stable for model b:?2 The
relative energies are 0.0, —45.4, and —82.7 kJ mol1,

(18) Gaussian 98, Revision A.9: Frisch, M. J.; Trucks, G. W.;
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M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
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Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
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(19) The fixed value of 2.658 A is obtained by averaging the observed
values for 1,8-bis(p-chlorophenylselanyl)anthraquinone (1b). The value
is slightly different from that in the Supporting Information. A revised
value is given in the Supporting Information where the accuracy of
the measurement have been improved.

(20) Structures of the naphthalene system, 8-G-1-(ArSe)CioHs, are
well classified using type A, type B, and type C, where the Se—Ca,
bond is placed almost perpendicular to the naphthyl plane in type A,
the bond is located on the plane in type B, and the type C structure is
the intermediate between type A and type B. See ref 2 and: Nakanishi,
W.; Hayashi, S. Eur. J. Org. Chem. 2001, 3933—3943.

(21) The optimized structures and the calculated natural charges
(Qn) of model a and model b, together with the components, are given
in Tables S2 and S3, respectively, in the Supporting Information.

(22) The conformer b (AA-trans) converges to b (AB), if the
calculations are started with the C; symmetry.
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FIGURE 2. Structure of 2a. Selected bond lengths (A), angles (deg), and torsion angles (deg): 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)—0, 1.387(5); C(27)—0, 1.436(6); Se(1)—0, 2.731(3); Se(2)—0, 2.744(3);
C(1)—Se(1)—C(15), 99.2(2); C(11)—Se(2)—C(21), 99.9(2); C(13)—0O—C(27), 111.7(4); Se(1)—0O—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)—0—C(27), 89.1(5). Thermal ellipsoids drawn at 50% probability level.

FIGURE 3. Structure of 3a. Selected bond lengths (A), angles
(deg), and torsion angles (deg): 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). Thermal ellipsoids drawn at 50% probability
level.

CHART 2 Model a and Model b

’H
A B A ! B 4
Hg— Te --------- ﬁ --------- Te—Hb- Hs— Te ---------- T --------- Te—Hbl
1 J— x
Fla o Flar B, H By z
model a model b

respectively. Figure 4 exhibits the stable conformers of
model b, together with the relative energies.?

Natural charges (Qn) are also calculated for the stable
conformers of the models shown in Figure 4, together
with the components, SeH,, O=CH,, and OH,, by the
natural population analysis of the Gaussian program.?
Table 1 shows the Qn values for the SeH,, O=CH,, and
OH, molecules in the stable conformers of model a and
model b. Details of the calculations are shown in the
Supporting Information.?!

How do the energies of model a and model b correlate
with the structures? The angular dependence of the
energy E of model a is calculated with variously fixed ¢a
(¢ for OH,ASeHy) in a range of 45° < ¢a < 315°. The
conformations around ASe are type A, type B, and type
A when the ¢, value is given nearly 90°, 180°, and 270°,
respectively. Energies (E; and E;) and angles (¢g; and
¢B2) are obtained in the optimization for each fixed value

S o fee -4919.9955
AA-cis (3c-6e . au
( ) H' L.i- ’H (0.0 kd mol™)
Hb'L Ch,
S 4919.9957
AA-t 3c-6 e f = . au
rans (3c-6e) ’L L;.L 9 (~0.5 kJ mol")
-4920.0129 au
AB (40-6e) @ @ g7 ks moi )
(S8 o
-4920.0288 au
BB (Sc-6e) @ " e, 19 (—87.4 kd mol™)
model a

- Hso P -4881.9301
AA-ci c—6 Y . au
cis (3c-6e) y " ’H (0.0 kJ mol™

¢
—-4881.9474 au
AB (4c-6¢) QL @€ ouiimor

- . -4881.9616 au
B8 (s6e)  © Q ; ’ ¢ (-82.7 kJ mol™)

model b

FIGURE 4. Stable conformers and the energies for model a
and model b, calculated with the B3LYP/6-311++G(3df,2pd)
method.

of ¢a: E; and E; correspond to the structures with ¢g;
and ¢g,, respectively. The ¢g; and ¢g, values are nearly
90° and/or 180°, respectively: ¢g; and ¢g, are almost
maintained at the values even when the fixed value of
¢a is changed. This means that the conformation around
the BSe atom is stable when it is type A or type B. Figure
5 shows the results, that explain well the energy profile
of model a.

Molecular orbitals are drawn for the optimized struc-
tures of a (BB) and b (BB) given in Figure 4. Single point
calculations are performed using the MacSpartan Plus
program?* with the 3-21G basis sets. Figure 6 shows some
MOs of a (BB) and b (BB), which correspond to 1, 3,
and y, of HSeOSeH 5c—6e. Figure 6 also contains an
approximate molecular orbital model of 5¢c—6e of the
linear five H—Se- - -O- - -Se—H atoms.

QC Calculations on la—3a. QC calculations are
performed on la—3a, with the B3LYP/Gen method

(23) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F.
NBO Ver. 3.1, equipped in Gaussian programs.

(24) MacSpartan Plus program Ver. 1.0 is used, Hehre, H. J.
Wavefunction Inc., Irvin, CA 92612.
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TABLE 1. Qn Values for the SeH;, OCH;, and OH, Molecules in Model a and Model b, Calculated with the B3LYP/

6-311++G(3df,2pd) Method

model a

model b

Qn(ASeHy) Qn(BSeHy)

Qn(OCHy)

Qn(ASeHy) Qn(BseHy) Qn(H20)

a (AA-cis)

a (AA-trans)
a (BA)

a (BB)

0.0094
0.0093
—0.0225
—0.0170

0.0094
0.0093
0.0135
—0.0170

—0.0188
—0.0186
0.0090
0.0340

b (AA-cis) —0.0008 —0.0008 0.0016

b (BA)
b (BB)

—0.0345
—0.0285

0.0059
—0.0285

0.0283
0.0570

-4920.00

a (AA-cis)

a (AA-trans)

-4920.01 A

-4920.02

E/au

-4920.03 -+

-4920.04 -

1 1T 1T 1T T T T 1
30 60 90 120150180210240270300330

oa/ deg

FIGURE 5. Torsional angular (¢a: OH.*SeH,) dependence
of energy in model a, calculated with the B3LYP/6-311++G-
(3df,2pd) method.

(6-311+G(d) basis sets being employed for Se and O and
6-31G(d) basis sets for C and H at the B3LYP level). The
results are collected in Table 2. Three conformers around
the two Se atoms, type A—type A, type A—type B, and
type B—type B pairings, are essentially optimized to be
stable for the three compounds: Only the trans conformer
of type A—type A is optimized for la, only the cis
conformer for 2a, and both the cis and trans conformers
for 3a. The conformers are named na (AA-cis) (and/or
na (AA-trans)), na (AB), na (BB), respectively, where n
= 1-3. While the observed structures are well repro-
duced to be most stable for 1a and 2a by the calculations,
the observed 3a (AA-cis) is predicted to be slightly less
stable than 3a (AA-trans) and 3a (AB). Figure 7 shows
the results.

Molecular orbitals are also drawn?* for the optimized
structures of 1a (BB), 2a (BB), and 3a (AA-cis). Figure
8 shows some MOs: HOMO-2 of 1a, HOMO-9 of 2a, and
HOMO-1 and HOMO-3 of 3a. The MOs are extended over
the linear five C—Se- - -O- - -Se—C atoms in la and 2a,
but they are mainly localized on each Se atom or PhSe
group in 3a.

Discussion

Structures of 1—3. The structure of 1a is close to the
C, symmetry and the conformations around the two Se
atoms are both type B (Figure 1):?° The torsional angles
of C(14)C(1)Se(1)C(15) and C(12)C(11)Se(2)C(21) are
—172.8(6)° and —171.3(5)°, respectively. Two phenyl
planes are perpendicular to the anthraquinone plane.
Consequently, the five Ci—Se- - -O- - -Se—C; atoms align
linearly with JSe(1)O(1)Se(2) = 152.5(2)°. The slight
bend structure of the alignment is a reflection mainly of
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the differences among r(C(13)—0(1)), r(C(1)—Se(1)), and
r(C(11)—Se(2)), although the structure is also affected by
the angles around the atoms. The structure of 1b, shown
in the Supporting Information, is very close to that of
la.

The structure of 2a, bearing an MeO group at the
9-position, is close to the Cs symmetry with the confor-
mations around the two Se atoms being both type B
(Figure 2):?° The torsional angles of C(14)C(1)Se(1)C(15)
and C(12)C(11)Se(2)C(21) are —163.1(4)° and 175.8(4)°,
respectively. Two phenyl planes are perpendicular to the
anthracene plane. The five Ci_Se- - -O- - -Se—C; atoms in
2a also align almost linearly with [0Se(1)O(1)Se(2) =
147.9(1)°, which is also mainly the results from the
differences among r(C(13)—0(1)), r(C(1)—Se(1)), and
r(C(11)—Se(2)). The smaller value of 0Se(1)O(1)Se(2) in
2a relative to 1a must come from the differences in the
angles around the atoms since r(C(13)—0(1)) of 2a is
larger than that of 1a. Indeed, the structure of 2a is very
similar to that of 1a, but the Me group in 2a makes it
close to the Cs symmetry contrary to the C, like one in
la.

On the other hand, the structure of 3a is very different
from those of 1a and 2a (Figure 3). The conformations
around the Se atoms in 3a are both type A,?° and two
phenyl groups are located at the same side of the plane
(cis-conformation): OC(14)C(1)Se(1)C(15) = 72.6(3)° and
0C(12)C(11)Se(2)C(21) = —103.0(3)°. The conformations
of the phenyl groups around the Se—C; bonds are
characteristic. The phenyl planes are nearly perpendicu-
lar with each other: The Se(1)—C(1) bond is on the Ph
plane bearing the ipso C(15) carbon but the Se(2)—C(11)
bond is perpendicular to that with the ipso C(21) carbon.
The five Ci—Se- - -H- - -Se—C; atoms in 3a never align
linearly. The structure of 3b, shown in the Supporting
Information, is also very close to that of 3a. One easily
realizes that the double type A structure of 3 dramati-
cally changes to the double type B structures in 1 and 2
by the oxygen atom at the 9-position of each compound.

The nonbonded Se- - -O distances in 1a, 1b, and 2a are
2.673—2.688, 2.643—2.662, and 2.731—2.744 A, respec-
tively, which are 0.66—0.76 A shorter than the sum of
the van der Waals radii of the atoms (3.40 A).25 Such
shorter nonbonded Se- - -O distances result in the direct
orbital overlaps between those at the atoms. The exten-
sion of the ny(O) orbital toward ¢*(Se—C) orbitals must
be most important to determine the structures of 1 and
2 among a lot of nonbonded orbital interactions. If
hypervalent n,(O)- - -0*(Se—C) 3c—4e type interactions
occur toward both side of the central ny(O) orbital, and
if they are connected by the common ng(O) orbital, the
resulting 0*(C—Se)- - -ny(0)- - -0*(Se—C) interaction can

(25) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960; Chapter 7.
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FIGURE 6. Molecular orbitals for linear five H—Se- - -O- - -Se—H atoms: (a) HOMO-4 (y1), HOMO-2 (y3), LUMO+3 (y4) of
model a, and (b) HOMO-6 (y1), HOMO-2 (y3), and LUMO (4) of model b, and (c) approximate molecular orbital model of HSeOSeH

2a (AA-cis)
E=-5919.2120 au

As 0.0

5c—6e.
AE/ kJ mol™
0.0 — 1a (AA-trans) As 0.0
' E = -5053.9764 au
-50.0 —
(o)
1a (BB)
~60.6 ——

3a (AA-trans)
E =-5804.6946 au

FIGURE 7. Stable conformers and relative energies for 1a, 2a, and 3a, calculated with the B3LYP/Gen method: 6-311+G(d)

basis sets were employed for Se and O and 6-31G(d) for C and H.

TABLE 2. Energies of Various Conformers in 1a, 2a, and 3a, Calculated with the B3LYP/Gen Method: 6-311+G(d) Basis
Sets Employed for Se and O and 6-31G(d) Basis Sets for C and H

la 2a 3a
conformation E/au (AE/kJ mol~?1) E/au (AE/kJ mol~1) E/au (AE/kJ mol~1)
AA-trans —5953.9764 (0.0) —5804.6946 (0.0)
AA-cis —5919.2120 (0.0) —5804.6938 (2.1)
AB —5953.9884 (—31.5) -5919.2213 (—24.4) —5804.6944 (0.5)
BB —5953.9995 (—60.6) —5919.2259 (—36.5) —5804.6932 (3.7)

be totally analyzed by the 5¢c—6e model. Consequently,
the linear alignment of five C—Se- - -O- - -Se—C atoms
in 1 and 2 is well explained by the extended hypervalent
5c—6e interaction.

Extended Hypervalent HSeOSeH 5c—6e in Mod-
els. The optimized structures for model a and model b
are shown in Figure 4. Four conformers, a (AA-cis), a
(AA-trans), a (AB), and a (BB), are optimized to be stable

for model a: a (AA-trans), a (AB), and a (BB) are more
stable than a (AA-cis) by 0.5, 45.7, and 87.4 kJ mol™%,
respectively. On the other hand, three conformers, b (AA-
cis), b (AB), and b (BB), are stable in model b: b (AB)
and b (BB) are more stable than b (AA-cis) by 45.4 and
82.7 kJ mol 1, respectively.?? The characters of interac-
tions in AA, AB, and BB of the models are 3c—6e,?% 4c—
6e, and 5¢c—6e, respectively. The conformers become more
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JOC Article

(a)

FIGURE 8. Some molecular orbitals of 1a, 2a, and 3a: (a)
HOMO-2 of 1a, (b) HOMO-9 of 2a, (c) HOMO-1 of 3a, and (d)
HOMO-3 of 3a.

stable by 42 4+ 5 kJ mol~%, if the type A conformer of each
Se—H changes to type B, irrespective of the different
central groups of H,C=0 and H,0.?” No noticeable
saturation is observed in the stabilization for the con-
formational changes. The results show that two hyper-
valent np,(O)- - -0*(Se—H) 3c—4e interactions operate
effectively together in o*(H—Se)- - -np(0)- - -0*(Se—H)
through the central ny(O) orbital in the models, which
must be the nature of the extended hypervalent 5c—6e
interactions.

The energy profile of model a clarifies the nature of
the extended hypervalent H—Se- - -O- - -Se—H 5c—6e
interaction (Figure 5). The conformation around ASe is
determined by the fixed value of ¢a. The optimization
with a fixed ¢a yields two different energies E (E; and
E,) and angles ¢z (¢s1 and ¢gy): E; and E; correspond to
the structures with ¢g; and ¢g,, respectively. The con-
formations around the BSe atom are determined by ¢g;
and ¢g», respectively. The conformers are type A or type
B, since ¢g; and ¢, are predicted to be close to 90°or
180°. Conformers of a (AA-cis), a (BA), and a (AA-trans)
are on an E; curve and those of a (AB), a (BB), and a

(26) Large deviation of a bromine atom from the anthracene plane
is reported for 1,8,9-tri(bromo)anthracene.82 The 3c—6e nature of the
o-type interaction between atomic p-orbitals of the three bromine atoms
in 1,8,9-tri(bromo)anthracene must play an important role in the
deviation, in addition to the steric repulsion between the bromine
atoms.

(27) Model ¢ (H,C=0- - -ASeH.H}) and model d (H,O- - -ASeHHy)
are also constructed similarly to model a and model b, respectively.
The type B structures are optimized to be more stable than the type
A by 43.3 and 39.6 kJ mol~! for model ¢ and model d, respectively.
The details will be reported elsewhere.

1682 J. Org. Chem., Vol. 69, No. 5, 2004

Nakanishi et al.

(AB) are on an E, curve. Figure 5 tells that (1) the
conformation around BSe maintained nearly 90° or 180°
under the calculated conditions when energy sweep is
carried out with the variously fixed ¢, and (2) the
conformation around ASe well controls that of BSe. The
two curves are almost coincident with each other, which
shows that the saturation of the energy lowering effect
is negligible in model a: the lowering effect is determined
mostly by the conformations around ASe and BSe.

Some molecular orbitals of a (BB) and b (BB) seem
well correspond to i, 3, and vy, of HSeOSeH 5c—6e
(Figure 6). An approximate molecular orbital model of
5¢c—6e for the linear five H—Se- - -O---Se—H atoms,
containing the characters of the models, is also depicted
in Figure 6. It is well supported that the linear o*(H—
Se)- - -ny(0)- - -0*(Se—H) interactions in a (BB) and b
(BB) is analyzed by the 5c—6e model.

The character of CT in 5¢c—6e of 0*(H—Se)- - -ny(O)- - -
0*(Se—H) interactions in the models is further examined
by the natural charges (Qn). Table 1 exhibits the Qn
values for the ASeH,, BSeH,, O=CH,, and/or OH, mol-
ecules in model a and model b calculated by the natural
population analysis of the Gaussian program.?® Table 1
tells that the direction of CT in model a is from H,Se to
O=CHj, in type A and from O=CH, to H,Se in type B.
The magnitude of the latter is about two times larger
than that of the former. CT is negligible in b (AA-cis)
and from H,"Se to H,O in type A of b (BA), although
not so large, and it is from H,O to H,Se in type B of b
(BA) and b (BB). The magnitude of CT from H,O to H,-
Se in b (BB) is about 1.7 times larger than that from
CH,=0 to H,Se in a (BB). The model calculations clarify
the extended hypervalent 5¢c—6e character of the o*(H—
Se)- - -ny(O)- - -0*(Se—H) type in model a and model b.

After establishment of the extended hypervalent HSe-
OSeH 5c—6e character of the models, QC calculations are
also performed on la—3a in order to elucidate the
CSeOSeC 5c—6e nature in 1 and 2. The importance of
the through m-conjugation to stabilize 1 (BB) is also shed
light by the calculations, together with that of o-type 5¢c—
6e, on the structure.

Extended Hypervalent CSeOSeC 5¢c—6e in 1 and
2. Three conformers around the two Se atoms, type
A—type A, type A—type B, and type B—type B pairings,
are optimized to be stable for 1a—3a when QC calcula-
tions are performed on la—3a (Table 2 and Figure 7).
Only the trans conformer of type A—type A is optimized
for 1a, only cis for 2a, and both cis and trans for 3a. While
the observed structures are well reproduced to be most
stable for 1a and 2a by the calculations, the observed
3a (AA-cis) structure is predicted to be slightly less stable
than 3a (AA-trans) and 3a (AB).

The conformers, 1a (AB) and 1a (BB), are evaluated
to be more stable than 1a (AA-trans) by 31.5 and 60.6
kJ mol~?, respectively. Similarly, 2a (AB) and 2a (BB)
are more stable than 2a (AA-cis) by 24.4 and 36.5 kJ
mol~1, respectively. While the stabilization energies for
the two processes from la (AA-trans) to 1a (BB) via la
(AB) are predicted to be almost equal (29—32 kJ mol™1),
that from 2a (AA-cis) to 2a (AB) and that from the latter
to 2a (BB) are very different, which are 24 and 12 kJ
mol~?%, respectively. On the other hand, 3a (BB) is
evaluated to be most unstable among the four conform-
ers, although the energy differences are very small
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CHART 3 #&-Conjugation between x(C=0) and
Npz(Se) through #-Framework in 1

(<4 kJ mol™), which would be the reflection of the
slightly disadvantageous steric effect in type B relative
to type A in 3. One may recognize that the contribution
of 5¢c—6e to 1a (BB) is larger than that to 2a (BB) and
the contribution is saturated in the process from 2a (AB)
to 2a (BB), at first glance. However, we must be careful,
since the contributions of 5¢c—6e are predicted to be very
similar in the models, as discussed above.

Through s-interaction between np,(Se) and n,(O) via
m-framework of anthraquinone in 1 must contribute to
stabilize 1 (BB). Since the carbonyl groups in 1 act as
good m-electron acceptors, the through z-interaction
increases and decreases the electron densities at the O
and Se atoms in 1, respectively, relative to those without
interactions. This will make advantageous conditions to
strengthen the extended hypervalent 5¢c—6e interaction
in 1, since the 5c—6e interaction is of the o*(C—
Se)—n,(0O)—0o*(Se—C) type. Namely, the type B—type B
pairing becomes more stable in 1. Such through s-bond
interaction contributes little in 2 (BB).

Molecular orbitals are shown to extend over the linear
five C—Se- - -O- - -Se—C atoms in HOMO-2 of 1la (BB)
and HOMO-9 of 2a (BB), whereas two ny(Se) orbitals
appear in the different molecular orbitals in HOMO-1
and HOMO-3 of 3a (AA-cis) (Figure 8). The results
demonstrate well the 5c—6e character of the linear
0*(C—Se)- - -np(0)- - -0*(Se—C) interactions in la (BB)
and 2a (BB).

The results of MO calculations on la—3a are sum-
marized as follows: (1) The type B structure is evaluated
to be more stable than the type A for both 1a and 2a. (2)
The type B structure is less stable than the type A in
3a, although the energy difference is very small, which
may come from the disadvantageous steric conditions in
type B relative to those in type A. (3) The stability of
type B relative to type A is greater in la than that in
2a, which must partly come from the z-conjugation
between 7(C=0) and np,(Se) through the w-framework
of anthraquinone in 1a: The z-conjugation is larger in
la (type B) of the rigid structure (Chart 3). (4) The
magnitude of the s-conjugation would be almost equal
in each process from 1a (AA) to 1a (BB) via 1a (AB). On
the other hand, (5) the more flexible structure around
the MeO group in 2a must be responsible for the different
stabilization energies evaluated for the two processes in
2a. The lack of the effective m-conjugation between
np(O) and ny(Se) through z-framework in 2a (BB) must
also play an important role in the energy profile of 2a.

It is well demonstrated that the energy lowering effect
of the extended hypervalent o*(C—Se)- - -ny(0)- - -0*(Se—
C) 5¢—6e interaction is the main factor for the double
type B structures of 1 and 2. The contribution of the
m-conjugation between z(C=0) and np,(Se) through
m-framework of anthraquinone also plays an additional
role in 1 (BB).
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Experimental Section

1,8-Bis(phenylselanyl)anthraquinone (1a). To 3.00 g
(9.61 mmol) of diphenyl diselenide in 40 mL of ethanol was
added 1.10 g (29.10 mmol) of NaBH,4 under Ar atmosphere.
To the solution was added 40 mL of benzene, and the solution
was then distilled to ca. 25 mL. Then 80 mL of DMF was
added, and the solution was distilled until the temperature of
the solution was 110 °C. After the solution was cooled to 45
°C, 2.40 g (8.66 mmol) of 1,8-dichloroanthraquionone and 4.30
g (22.58 mmol) of Cul were added. The mixture was refluxed
over 20 h and cooled to room temperature. After usual workup,
the crude product was chromatographed on silica gel that was
covered with a basic alumina layer on the top and recrystal-
lized from ethanol—chloroform. 1a gave 78% yield as dark red
prisms: mp 199.0 °C (DSC); *H NMR 6 7.30 (d, J = 8.1 Hz,
2H), 7.41 (t, J = 7.8 Hz, 2H), 7.42—7.52 (m, 6H), 7.73—7.80
(m, 4H), 8.11 (d, J = 7.5 Hz, 2H); *3C NMR (CDCls) 6 124.6,
129.2, 129.5, 129.8, 129.9, 132.5, 134.5, 134.6, 137.5 (*Jse-c =
10.0 Hz,), 143.2,182.9, 184.3. Anal. Calcd for CsH160,Se,: C,
60.25; H, 3.11. Found: C, 60.32; H, 3.15.

1,8-Bis(p-chlorophenylselanyl)anthraquinone (1b). Fol-
lowing a method similar to that for 1a, 1b gave 65% yield as
dark red prisms: mp 278.4 °C (DSC); *H NMR ¢ 7.26 (dd, J =
1.1, 8.1 Hz, 2H), 7.44 (t, 3 = 8.1 Hz, 2H), 7.44 (d, J = 8.3 Hz,
4H), 7.68 (d, J = 8.4 Hz, 4H), 8.12 (dd, J = 1.1, 7.5 Hz, 2H);
3C NMR (CDCl3) 6 124.9, 127.4, 129.8, 130.2, 132.8, 134.8,
134.3, 134.6, 136.1, 138.8 (?3Jse-c = 10.0 Hz,), 142.2, 182.6,
184.3. Anal. Calcd for CysH14Cl,0,Se,: C, 53.18; H, 2.40.
Found: C, 53.22; H, 2.48.

1,8-Bis(phenylselanyl)-9-methoxyanthracene (2a). To
a solution of 2.00 g (5.45 mmol) of 1,8-dibromo-9-methoxyan-
thracene (4) in 30 mL of dry THF at —78 °C was added
dropwise 7 mL of n-BuLi (1.6 M in hexane) via syringe, and
the mixture was stirred at the same temperature for 2 h.
Freshly prepared phenylselanyl bromide (2.84 g, 12.02 mmol)
in 10 mL of dry THF was added to the orange suspension at
—78 °C dropwise using canuula. The reaction mixture was
maintained with stirring at —78 °C for 1.2 h, and then the
temperature was raised to 65 °C slowly for 1 h. After usual
workup, the crude product was chromatographed on silica gel
with benzene/hexane = 1:1—4:1 eluent and recrystallization
from ethanol—chloroform. 2a gave 48% yield as yellow
needles: mp 221.6 °C (DSC);, *H NMR (CDCIs) 6 4.03 (s, 3H),
6.88 (dd, 3 = 0.6, 7.2 Hz, 2H), 7.10 (t, 3 = 7.8 Hz, 2H), 7.41—
7.49 (m, 6H), 7.70 (d, J = 8.3 Hz, 2H), 7.77—7.84 (m, 4H), 8.17
(s, 1H); **C NMR (CDCls) ¢ 67.0, 123.7, 123.8, 125.3, 125.4,
125.8, 129.0, 129.3, 129.8, 131.6, 133.7, 137.9 (?Jse-c = 10.6
Hz), 154.5. Anal. Calcd for Cx;H2,0Se;: C, 62.56; H, 3.89.
Found: C, 62.61; H, 3.88.

1,8-Dibromo-9-methoxyanthracene (4).2® To a solution
of 77.74 g (1943.61 mmol) of NaOH and 3.82 g (11.84 mmol)
of (Nn-Bu)sNBr in 250 mL of H,O was added, dropwise and with
vigorously stirring during 45 min, a solution of 13.29 g (37.74
mmol) of 1,8-dibromo-9-anthrone (5) and 19.92 g (157.92 mmol)
of dimethy! sulfate in 215 mL of CH,Cl,. The resulting mixture
was stirred at 25 °C for an additional 1.5 h. After usual
workup, the crude product was recrystallized from chloroform—
acetone to give 6.45 g of 4 as orange prisms (47% yield): mp
178.6 °C (DSC); *H NMR (CDCls) 6 3.86 (s, 3H), 7.24 (t, J =
7.7 Hz, 2H), 7.85 (d, J = 7.2 Hz, 2H), 7.91 (d, J = 8.3 Hz, 2H),
8.23 (s, 1H).

1,8-Dibromo-9-anthrone (5).226 A 17.00 g (46.45 mmol)
portion of 1,8-dibromoanthraquinone (6) was dissolved in 155
mL of concentrated sulfuric acid with vigorous stirring. Then
4.01 g (148.63 mmol) of Al powder was added, and the mixture
was stirred for 42 h, while the temperature of the mixture was
maintained at 30—40 °C. The resulting yellow suspension was
poured onto 500 mL of ice—water and, after standing for 20
min, filtered. After usual workup, the crude product was

(28) House, H. O.; Hrabie, J. A.; VanDerveer, D. J. Org. Chem. 1986,
51, 921-929.
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recrystallized from CH,Cl,—ethanol to give 13.54 g of 5 as tan
needles (83% yield): *H NMR (CDClz) 6 4.17 (s, 2H), 7.29 (d,
J=7.7Hz, 2H), 7.34 (t, I = 7.7 Hz, 2H), 7.64 (d, J = 7.7 Hz,
2H).
1,8-Dibromoanthraquinone (6).2° To a suspension of
10.00 g (36.09 mmol) of 1,8-dichloroanthraquinone, 21.47 g
(180.44 mmol) of KBr, and 0.43 g (2.53 mmol) of CuCl,-2H,0
in 87 mL of nitrobenzene was added 11 mL of 85% H3;PO, with
vigorously stirring, and then the solution was refluxed for 42
h. After one-third of the solution was steam distilled, cooled,
and filtered, the residue was recrystallized from chloroform—
ethanol to give 7.81 g of 6 as yellow prisms (59% yield): mp
235.9 °C (DSC); '*H NMR (CDCl3) 6 7.55 (t, 3 = 7.9 Hz, 2H),
8.03 (d, J = 7.9 Hz, 2H), 8.24 (dd, J = 1.3, 7.7 Hz, 2H).
1,8-Bis(phenylselanyl)anthracene (3a).2 To 2.00 g (3.86
mmol) of 1a in 60 mL of 1,4-dioxane were added 2.52 g (38.6
mmol) of zinc powder and 0.096 g (0.39 mmol) of CuSO,4-5H,0,
and then 120 mL of 28% NHs3(aq) was added slowly. The
solution was heated to reflux over 4 h. The solvent was
removed in vacuo. The residue was dissolved in 80 mL of
ethanol and 1 mL of 36% HCI(aq). The solution was heated to
reflux during 1 h. The reaction mixture was concentrated in
vacuo. The crude product was chromatographed on silica gel
and recrystallized from ethanol. 3a gave 86% yield as bright
yellow prisms: mp 126.8 °C (DSC); *H NMR ¢ 7.12—7.18 (m,
6H), 7.32 (dd, J = 7.4, 8.4 Hz, 2H), 7.42—7.46 (m, 4H), 7.74
(dd, 3 = 1.1, 7.0 Hz, 2H), 7.94 (dd, J = 1.1, 8.5 Hz, 2H), 8.42
(s, 1H), 9.48 (s, 1H); *C NMR (CDClg) 6 125.8, 127.1, 127.4,
127.9,128.9, 129.2, 131.0, 131.1, 132.2, 132.2, 132.8 (?Jse-c =
11.8 Hz,), 133.3 (3Jse—c = 8.7 Hz). Anal. Calcd for CysH1sSe;:
C, 63.95; H, 3.72. Found: C, 63.89; H, 3.64.
1,8-Bis(p-chlorophenylselanyl)anthracene (3b).? Fol-
lowing a method similar to that for 3a, 3b gave 28% yield as
bright yellow prisms: mp 167.1 °C (DSC); *H NMR ¢ 7.06 (d,
J = 8.6 Hz, 4H), 7.27 (d, 3 = 8.6 Hz, 4H), 7.35 (t, J = 8.4 Hz,
2H), 7.80 (dd, J = 0.9, 6.8 Hz, 2H), 7.98 (d, J = 8.4 Hz, 2H),
8.40 (s, 1H), 9.41 (s, 1H), 3C NMR (CDCls) ¢ 125.8, 127.6,
128.2, 129.3, 129.5, 129.6, 130.1, 132.2, 132.3, 133.2, 133.4
(Jse-c = 11.8 Hz,), 134.3 (3Jse-c = 10.6 Hz,). Anal. Calcd for
Ca6H16Cl,Se;: C, 56.04; H, 2.89. Found: C, 56.22; H, 2.98.
X-ray Structural Determination. The intensity data were
collected on a Rigaku AFC5R four-circle diffractometer with
graphite-monochromated Mo Ka radiation (1 = 0.710 69 A)
for 1a, 2a, and 3a. The structures of 1a, 2a, and 3a were solved
by heavy-atom Patterson methods, PATTY® and SAPI1913! and

(29) Farbenindustrie, 1. G. D. R. P. 1931, 597259. Frdl. 21, 1112.
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expanded using Fourier techniques, DIRDIF94.%2 All the non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were included but not refined. The final cycle of full-matrix
least-squares refinement was based on a total of 2756 reflec-
tions for 1a, on 2795 for 2a, and on 3395 for 3a with 271
observed reflections (I > 1.500(1)) for 1a, 271 for 2a, and 253
for 3a, respectively. Variable parameters and converged with
unweighted and weighted agreement factors of R = (Z||Fo| —
IFc|)/ZIFo| and R, = {Zw(|Fo| — |Fe))?=wF,2} Y2 were used. For
least squares, the function minimized was Zw(|Fo|-|F¢|)?, where
o = (02|Fo| + p?|F,|%/4)~1. Crystallographic details are given
in the Supporting Information.

MO Calculations. Ab initio molecular orbital calculations
are performed on an Origin computer using Gaussian 947 and
98'8 programs with 6-311+G(3df,2pd) basis sets at the DFT
(B3LYP) level for models. The 6-311+G(d) basis sets are
employed for Se and O atoms, together with the 6-31G(d) basis
sets for C and H atoms, in the MO calculations of 1a, 2a, and
3a, using the B3LYP/Gen method.
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