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The structure, stability and reactivity of E’---E-E.--E’ (E,E’,) 4c—6e are examined employing
naphthalene 1,8-positions in 1-(8-PhE’CyHg)EE(CoHcE'Ph-8')-1’ [1 (E = Se, E’ = S), 2
(E=S,E = Se),3(E =E' =Se)and 4 (E = E' = S)], together with 1-C,(H,EEC,,H;-1’
[5S (E = Se) and 6 (E = S)]. Linear alignments of four Se,S, atoms in 1 and 2 are confirmed by

the X-ray analysis. 1 was not reduced by sodium borohydride, whereas 2 was, contrary to the
expectation. Similarly, E-E in 3, 5 and 6 were cleaved, whereas that in 4 was not, when allowed
to react with NaBH, in aqueous THF. The reactivity of the E-E bonds in E,E’, in 1-4 is not
controlled by the central E atoms but by the outside E’ atoms. Quantum chemical (QC)
calculations are performed on 1-(8-MeE'C;oHg)EE(CoH¢E'Me-8')-1" (13-16: models of 1-4,
respectively), 5 and 6, together with the related species. Conformers having E,E’, 4c—6e
(abbreviated by BA) are the global minima for 13, 15 and 16, which reproduces the observed
structures: BA must be stabilized by the formation of E,E’, 4c—6e. 14 (AB) with double

n(S)- - -6*(Se—C) 3c—4e interactions is the global minimum, which shows that c*(Se-C) plays a
crucial role to stabilize the 3c—4e in AB. The novel reactivity of E-E is considered based on the

QC calculations.

Introduction

Extended hypervalent bonds [m center—n electron bonds
(mc—ne: m > 4)]'° higher than 3c—4e are of current interest.
They play an important role in physical, chemical and biologi-
cal properties in the compounds containing the bonds.'™ Our
strategy to construct the extended hypervalent bonds are to
employ the interactions caused by direct orbital overlaps
between nonbonded atoms.**® The bonds are also shown to
play an important role in the pharmacological activity’ and
development of electronic materials.3 It is inevitable to control
weak interactions to design materials of high functionalities,
since they control fine structures and create delicate properties
of materials.'® The first member of the extended hypervalent
bonds is 4c—6e. Compounds containing 4c—6e with linear four
atoms have been gradually increased by the preparation
and characterization of the compounds,’ although they are
sometimes not recognized as 4c—6e. The nature of 4c—6¢’ is
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demonstrated to be very different from that of 3c—4e. 101112

However, details in the reactivity of extended hypervalent
bonds are still unclear, even recently.

The driving force for the linear alignment in 4c—6e is CT
from two p-type lone pair orbitals of outside E” atoms (n,(E’))
to the central 6*(E-E) orbital. The interaction is analyzed by
the 4c—6e model. Scheme 1 depicts the approximate molecular
orbital model for E4 4c-6e of the ny(E)---c*(E-E)- - -ny(E)
type. The CT in 4c—6e may correspond to ¥, of E4 4c—6e.

Naphthalene 1,8-positions supply an excellent system to
study the interactions between nonbonded atoms, since the
nonbonded distances are close to the sum of van der Waals
radii minus 1 A for those of main group elements. Indeed, four
atoms of the same kind construct extended hypervalent E,4
4c—6e, but those of the different kinds also form E,E’, 4c—6e.
Lots of possibilities would be derived from E,E’, 4c—6e, where
E' = N,13 0% 8,315 ¢ 344 and halogens,”*'® even if E is
limited to S and Se.

OO DD —— V4
OO OD 00 Vs
OO @D 00 V2
OO OABOOD 00 Vi

Scheme 1 Approximate MO model for E4 4c—-6e.
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1(E=Se E'=
3(E=E'=Se),4(E=E'=9)

Chart 1 Naphthalene system containing E,E’, 4c—6¢ (E, E’ = Se, S).

S),2(E=S, E' = Se)

We investigated the structure, stability and reactivity of
E,E’; 4c—6¢ in bis[8-(phenylthio)naphthyl] 1,1’-diselenide (1)
and bis[8-(phenylselanyl)naphthyl] 1,1’-disulfide (2), together
with  bis[8-(phenylselanyl)naphthyl] 1,1’-diselenide (3)*
and bis[8-(phenylthio)naphthyl] 1,1’-disulfide @3
(Chart 1)."7 Those of 1,1’-dinaphthyl diselenide (5)'*'° and
1,1’-dinaphthyl disulfide (6)'® are also discussed for conveni-
ence of comparison.

During the course in the preparation of 1 and 2, we found
the novel reactivity of 1, relative to 2, toward the reduction
with sodium borohydride: 1 was not reduced by sodium
borohydride, whereas 2 was reduced, although 2 is expected
to be less reactive. The observation is the first typical example
caused by E,E’; 4c-6e (E, E' = Se, S), to the best of our
knowledge. The reactivity must arise from the unique bonding
scheme of Se,S; 4c—6e in 1 and 2. Compilation of the results, it
is summarized that the reactivity of the E-E bonds in
E’---E-E---E’ 4c—6e toward the reduction with sodium boro-
hydride is not controlled by the central E atoms but by the
outside E’ atoms in 1-(8-PhE'CoH¢)EE(C,(H¢E'Ph-8')-1".

Here, we report the properties of 1 and 2, together with
those of 3-6. The structures are determined for 1 and 2. The
stability is also clarified, which must be closely related to the
novel reactivity of 1-4. Quantum chemical (QC) calculations
are employed to understand the unique properties of
1-(8-PhE'CoHg)EE(CoHgE'Ph-8')-1".

Results and discussion
Survey of the E-E bond reduction

An almost equimolar mixture of 1 and 2 was obtained in
the reaction of the naphtho[l,8-c,d]-1,2-selenathiolate
dianion with excess benzenediazonium chloride in aqueous
THF at 5 °C. 1-(Methylthio)-8-(phenylselanyl)naphthalene
(7) was isolated, together with 1, after treatment of the
mixture with excess sodium borohydride, followed by excess
methyl iodide. 1-(Methylselanyl)-8-(phenylthio)naphthalene
(8) and 2 were not detected in the reaction mixture, contrary
to the expectation. 1-(Methylselanyl)-8-(phenylselanyl)-
naphthalene (9)**¢ was isolated in the reduction of 3
under the conditions, whereas 1-(methylthio)-8-(phenylthio)-
naphthalene (10) was not obtained in the reduction of 4;
eqns (1) and (2) show the reactions.> As shown in eqn (3),
5 and 6 gave 1-(methylselanyl)naphthalene (11) and
1-(methylthio)naphthalene (12), respectively, under similar
conditions of the reduction. Table 1 summarizes the reactivity
of 1-6 toward sodium borohydride.

Table 1 Reduction of 1-6 with NaBH,, followed by excess Mel?

Entry Compound Product Reactivity Yield” (%)
1 1 (SSeSeS) 1° — 98¢

2 2 (SeSSSe) 7 ++ 96

3 3 (SeSeSeSe) 9 ++ 97

4 4 (SSSS) 4 — 95¢

5 5 (SeSe) 11 +++ >99

6 6 (SS) 12 +++ >99

“ Dichalcogenide (25 mmol) was solved in aqueous THF, then added
sodium borohydride (200 mmol). After stirring for 20 min at 30 °C,
excess methyl iodide (100 mmol) was added. ? Isolated yield.
¢ Recovered.

Ph—E' E——E -

55 e NG

(E,E'=Se, S) ESeE S),2(E=S,E'= Se)
(E=E'=Se),4(E=E'=S
(U
Ph—Se E-Me Ph—S E-Me

1) NaBH,

7(E=5),9(E=Se) | 8(E=Se), 10(E=5)

)

(E= Se) 12(E=1S)

1-4

E—E

1) NaBH, _
2Mel

5 (E= Se), G (E= S)

The disulfide 2 was independently prepared by the reduction
of 1-(8-PhSCC10H6)SS2S(C10H6S6Ph-81)-1/ with NaBH4 in
ethanol, since 2 was not obtained in the reaction shown by
eqn (1). Eqn (4) exhibits the reaction. The tetrasulfide was
obtained in the reaction of 1-Br-8-(PhSe)C,oH¢ with magne-
sium in diethyl ether, followed by addition of excess sulfur,
although the tetrasulfide was contaminated by 2 to some
extent. 2 was confirmed to give 7 in the reduction with NaBH,
in aqueous THF, followed by Mel.

S
Ph-Se Br Ph-Se S7 "™S Se—Ph
1)Mg NaBH, _
e GG o
n=0and?2

4)

The reactivity of E-E in 1-6 is summarized as follows: (1)
The E-E bonds (E = S and Se) in 5 and 6 are cleaved by
sodium borohydride in aqueous THF. (2) The reactivity of the
E-E bonds (E, o(2¢c—2¢)) dramatically changes if the bonds are
incorporated in o(4c-6e) of the ny(E’)---c*(E-E)-- -n,(E)
type. (3) The reactivity of the E-E bonds is not controlled
by the central E atoms but by the outside E’ atoms. The E-E
bonds are cleaved by NaBH,4, when E’ = Se but not if E’ =

Why such a unique reactivity is observed in E-E of 1-6? The
reactivity of the compounds is elucidated, together with the
structures and the stability.
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Fig. 1 Structure of 1 with displacement ellipsoids shown at the 50%
probability level. Selected bond lengths (A) and angles (°): Sel-Se2
2.3561(6), S1-Sel 3.0122(9), S2-Se2 2.9495(9); SI1-Sel-Se2
169.622(13), Sel-Se2-S2 179.225(12).

Structures of 1 and 2

The X-ray crystallographic analyses are carried out for suita-
ble single crystals of 1 and 2, obtained via slow evaporation of
hexane—dichloromethane solutions. Figs. 1 and 2 show the
structures of 1 and 2, respectively. The Se- - -S distances in 1 are
3.0122(9) and 2.9495(9) A, which are shorter than the sum of
the van der Waals radii of Se and S*! by 0.69-0.75 A. The
structure of 2 is essentially the same as that of 1, although the
positions of S and Se are exchanged. The S- - -Se distances in 2
are 3.0458(7) and 3.0662(7) A, which are shorter than the sum
of the van der Waals radii by 0.63-0.65 A. The distances are
slightly shorter in 1, relative to the case of 2 (by 0.075 A in the
average).

Structures of the naphthalene system are well classified using
type A (A), B and C, where the Se—Ca, bond is placed almost per-
pendicular to the naphthyl plane in A, the bond is located on the
plane in B and C is the intermediate between A and B. Scheme 2
shows the notation.>*1%““!2 Playsible conformers of 1-4 are
A(DA(1)AB)A(8’) (abbreviated by AA), A(1)A(1")B(8)B(8)
(AB) and B(1)B(1")A(8)A(8’) (BA). Scheme 3 illustrates the AA,
AB and BA structures. The frameworks of the optimized

Fig. 2 Structure of 2 with displacement ellipsoids shown at the 50%
probability level. Selected bond lengths (A) and angles (°): S1-S2
2.0706(9), S1-Sel 3.0458(7), S2-Se2 3.0662(7); Sel-S1-S2 167.98(3),
S1-S2-Se2 168.12(3).

¢X
@ ETEEx

type A: ¢ < 90° type B: ¢ = 180°

~oreh

type C: ¢ =~ 135°
Scheme 2 Types A, B and C in naphthalene system.

structures for 1-(8-MeSC,oH;)SeSe(CoHsSMe-8')-1'
(13: Chart 2) at the B3LYP level are employed for the
illustration, although the Hy, atoms are removed. The
observed structures are all BA for 1-4. The results strongly
suggest that BA with E,E’; 4c-6e (E, E' = S, Se) are more
stable than AB constructed by double E- - -E’'~C 3c—4e and AA
with double E---E’ 2c—4e, although the crystal packing effect
must also play an important role to determine the structures.

Why are BA observed in 1-4? Why is the reactivity of E-E in
1-4 affected so much by E’? The reason is considered based on
the QC calculations, next.

QC Calculations

QC calculations are performed on 1-(8-MeE'CoH¢)EE-
(CioHgE'Me-8')-1" (E, E' = Se, S) (13-16: models of 1-4,
respectively), together with 5, 6 and 1-(8-MeE'CoHg)E™
(17-20). 17-20 are the anions formed from 13-16, respectively,
by the E-E bond reduction (Chart 2). Calculations are per-
formed using the Gaussian 03 program®? at the DFT
(B3LYP)**** and MP2% levels.

Table 2 collects selected bond lengths, angles and torsional
angles of the optimized structures for BA of 13-16, together
with the observed values of 1-4, necessary for the discussion.
Table 3 shows the results for 13-16, 5 and 6: Energies on the
energy potential surface and the sum of electronic and thermal
free energies at 273.16 K are given for the values at the B3LYP
level and those only on the energy potential surface at the MP2
level. The sum of electronic and thermal free energies corre-
sponds to the Gibbs free energy (G = H-TS), which contains
the zero-point correction. Natural bond orbital (NBO) analy-
sis?®?7 are performed on AB and BA of 13-16 at the MP2
level. Table 4 collects the results. Table 5 shows the energies
for 17-20 on the energy potential surface at the both levels.

AA AB -

Scheme 3 AA, AB and BA structures in 1-4 and 13-16. Frameworks
for optimized structures of 13 being employed with R in replace of Me.
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Me—E' E——E —

COC

13 (E=Se E'=S),14(E=S, E'= Se)
15 (E=E'=Se), 16 (E=E'=S)

Me
Me—FE' -
Me A B

17 (E=Se,E'=S), 18 (E=S, E' = Se)
19 (E=E'=Se), 20 (E=E'=S)

Chart 2 Calculated species.

Table 5 also contains the relative energies assuming that of AB
as the standard for each.

Optimized structures around E,E’; 4c—6e (E, E' = Se, S)

Compounds 13-16 are the models of 1-4, respectively. The
selected bond lengths, angles and torsional angles of the
optimized structures for BA of 13-16 are collected in Table 2,
which correspond to the observed values for BA of 1-4. The
values optimized at the MP2 level are very close to those of
observed values, while 13-16 have two E'—Me groups for each
whereas 1-4 have two E’~Ph groups. Although the (E-E) and
¢(CEEC) values optimized at the B3LYP level are longer and
smaller than those of observed values, structures optimized at
the B3LYP level also reproduced the observed ones as a whole.

Table 3 Energies for AA, AB and BA of 13-16, together with those
for A and B of 5 and 6

Compound AE(AA)™  E(AB)? AEAB)™  AE(BA)"

Calculated at the B3LYP level®

13 (SSeSeS) 5.8 —6448.8883 0.0 —-26.8
8.1" —6448.6170"  0.0" -28.6"
14 (SeSSSe) 21.0 —6448.8768 0.0 10.2/
18.4" —6448.6048"  0.0"* 3.4M
15 (SeSeSeSe)  22.3 —10455.5558 0.0 —11.0
19.7" —10455.2880"  0.0" —21.0"
16 (SSSS) 7.1 —2442.2098 0.0 —42
7.1" —2441.9337"  0.0" —4.5"
5 (SeSe)™ —5573.8510 0.0 11.8
—5573.6273"  0.0" 13.9"
6 (SS)” —1567.1702 0.0 10.2
—1566.9420"  0.0" 11.8"
Calculated at the MP2 level”
13 (SSeSeS) —6439.7877 0.0 -21.0
14 (SeSSSe) —6439.7788  0.0° 17.9”
15 (SeSeSeSe) —10444.5897 0.0 —0.3
16 (SSSS) —2434.9772 0.0 —0.2
5 (SeSe)” —5566.3505 0.0 253
6 (SS)™ —1561.5384 0.0 225

“ Energies on the energy potential surface are given unless otherwise
noted. ® In kJ mol~'. ¢ AE(AA) = E(AA) — E(AB). “ In au. ¢ Taken
as the standard for each.” AE(BA) = E(BA) — E(AB). ¢ The
6-311+G(d) basis sets being employed for Se and S and the
6-311G(d) basis sets for C and H. ” Sum of electronic and thermal free
energies at 273.16 K. 30.2 kJ mol~! from 13 (AB).” 67.2 kJ mol™!
from 13 (BA). © 32.0 kJ mol™' from 13 (AB). / 64.0 kJ mol™' from 13
(BA). " Data for 5 (A) and 6 (A) are given in the column of AB and
those for 5 (B) and 6 (B) are in that of BA. " The 6-311 + G(d) basis sets
being employed for Se and S and the 4-31G(d) method for C and
H. ° 23.4 kJ mol ' from 13 (AB). ” 62.1 kJ mol~" from 13 (BA).

The optimized structures of AA, AB and BA of 13 at the B3LYP
level are employed in Scheme 3, although the methyl protons

Table 2 Selected bond lengths, angles and torsional angles of the optimized structures for BA of 13-16, together with those of 1-4

Compound (E, B HE-E)/A HE---E")/A . (E'EE)/° $(CEEC)/°
Calculated at the B3LYP level?

13 (BA) (Se, S) 2.4264 3.0125° 174.83 85.68
14 (BA)'7 (S, Se) 2.1614 3.0587¢ 167.31 85.56
15 (BA) (Se, Se) 2.4476 3.0849 172.68 85.94
16 (BA) S, S) 2.1461 2.9764 169.30 84.68
Calculated at the MP2 level?

13 (BA)® (Se, S) 2.3680 3.0134/ 175.68 87.09
14 (BA)° (S, Se) 2.0899 3.0792 171.14 88.74
15 (BA) (Se, Se) 2.3806 3.0887 174.54 89.31
16 (BA) S, S) 2.0814 3.0043 172.61 86.33
Determined by X-ray analysis®

1 (BA) (Se, S) 2.356 2.981" 174.43 -91.50
2 (BA) (S, Se) 2.071 3.056" 168.06 ~81.34
3 (BA) (Se, Se) 2.365 3.053 173.78 91.4
4 (BAY S, S) 2.055 2.988 167.3 —89.0

“ The 6-311+ G(d) basis sets being employed for Se and S and the 6-311G(d) basis sets for C and H. b E(14 (BA)) — E(13 (BA)) = 67.2
kI mol~". ¢ #(E---E’: 14 (BA)) — r(E---E’: 13 (BA)) = 0.046 A. 9 The 6-311 + G(d) basis sets being employed for Se and S and the 4-31G(d) basis
sets for C and H. ¢ E(14 (BA)) — E(13 (BA)) = 62.1 kJ mol™"./ #(E- - -E’: 14 (BA)) — r(E- - -E": 13 (BA)) = 0.066 A.¢ Averaged values are shown,
if necessary. ” r(E---E': 2 (BA)) — r(E---E’: 1 (BA)) = 0.075. ' Ref. 3a,b.’ Ref. 3c.
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Table 4 Results of NBO analysis for AB and BA of 13-16, at the MP2 level™®

Compound NBO()“ NBO()“ E(2)/kcal mol ™! [E() — E(i)]/au F(i,j)/au
13 (BA) n,(S) o*(Se-Se) 13.87 0.54 0.077
14 (BA) n,(Se) c*(S-S) 9.22 0.56 0.064
15 (BA)® ny(Se) o*(Se-Se) 15.89 0.51 0.080
16 (BA) n,y(S) o*(S-S) 8.17 0.58 0.062
13 (AB) ny(Se) 6*(S-C) 5.27 0.69 0.059
14 (ABY ny(S) o*(Se—C) 9.32 0.67 0.071
15 (ABY ny(Se) o*(Se-C) 9.19 0.64 0.069
16 (AB) n,(S) 6*(S-C) 5.77 0.73 0.059

“ Second-order perturbation of Fock matrix (threshold being 0.50 kcal mol™"). ? The 6-311+ G(d) basis sets being employed for Se and S and the
4-31G(d) basis sets for C and H. ¢ Donor orbitals. ¢ Acceptor orbitals. ¢ E(2: ny(S)—c*(Se-Se)) = 1.16 keal mol ./ EQ2: nySe)—c*(S-S)) =
0.60 keal mol ™. € F(2: ny(Se)— o*(Se-Se)) = 1.11 keal mol™". # E(2: n(S)— 6*(S-S)) = 0.62 keal mol~".  E(2: n(S)— 6*(Se-C)) = 0.83 kcal mol .

7 E(2: nySe)— 5*(Se-C)) = 0.67 kcal mol™".

Table 5 Energies of A and B in 17-20¢

E(A)Y AEB)“! E(A) AE(B)*4
Anion B3LYP¢ MPY
17 —3224.4944 -9.5 —3219.9179 1.4
18 —3224.4911 -32.0 —3219.9095 ~17.4
19 —5227.8258 —-30.5 —5222.3162 ~17.2
20 —1221.1589 —11.6 —1217.5105 0.7

“ Energies on the energy potential surface are given. ® In au. ¢ AE(B) =
EB) — E(A). “In kJ mol~". ¢ The 6-311+G(d) basis sets being em-
ployed for Se and S and the 6-311G(d) basis sets for C and H./ The 6-
311 +G(d) basis sets being employed for Se and S and the 4-31G(d)
basis sets for C and H.

are removed to show R in place of Me. Optimized structures at
the MP2 levels are also employed in Schemes 4 and 5.

The nonbonded r(Se- - -S) value for 14 (BA) is predicted to
be shorter than that for 13 (BA) at the B3LYP and MP2 levels
by 0.046 and 0.066 A, respectively. The values must corre-
spond to the observed difference of 0.075 A between 2 (BA)
and 1 (BA).”® The smaller length must arise from the stronger
the np(S)- - -6*(Se-Se)- - -n,(S) 4c-6¢ interaction relative to the
np(Se)- - -6*(S-S)- - -n,(Se) 4c—6e interaction. The energy dif-
ferences are evaluated to be 67 and 62 kJ mol™" at the B3LYP
and MP2 levels, respectively (see also Table 3 and Scheme 4).%

Stability of E,E’; 4c—6e (E, E' = Se, S)

As mentioned above, BA, AB and AA are optimized to be
stable for 13-16 and A and B for 5 and 6, when calculated at
the B3LYP level (Tables 2 and 3). DFT calculations reveal
that BA and AB are more stable than AA in 13-16. BA are the
global minimum for 13, 15 and 16, although the energy
difference is small in 16. AB is predicted to be the global
minimum in 14. Thermal effect operates to stabilize BA more
than AB by up to 10 kJ mol~!. 5 (A) is predicted to be more
stable than the 5 (B) by ca. 10 kJ mol™!, so is 6 (A) than 6
(B).?” The MP2 calculations are performed on the key con-
formers (AB and BA) in 13-16, together with A and B for 5§
and 6. Results at the MP2 level are essentially the same as
those at the B3LYP level, although BA are less stabilized than
AB at the MP2 level for 13-16. B are less stabilized than A by
11-14 kJ mol~" for 5 and 6 at the MP2 level.

14 (BA)
62 kJ mol™!
(18 kJ mol=")

A 14 (BA)
[Np(Se)—o*(S—S)—n,(Se) 4c-6e]
14 (AB)

44 kJ mol™
(as 0 kJ mol™)

14 (AB)
13 (AB) \ [double np(S)-—-c*(Se-C) 3c—4e]
[double ny(Se)--0"(S-C) 3c—4e] A 13 (AB)
21 kJ mol™!

13 (BA): as 0 kJ mol™

[np(S)—c*(Se-Se)-—-ny(S) 4c-6e]

Scheme 4 Relative stability of ny(E’) - -6*(E-E)- - -n,(E’) 4c—6e vs.
double n,(E)- - -o*(E'-C) 3c—4e in 13 and 14, predicted at the MP2
level.

The observed structure of 1 is BA in crystals, which corres-
pond to 13 (BA) in the calculations. The calculated results well
reproduce the observed structure of 1, since 13 (BA) is predicted
to be more stable than 13 (AB) by 21 kJ mol ™" at the MP2 level.
(The optimized structure of 13 (BA) employed in Scheme 4 is
very similar to the observed structure of 1, although Phin 1 are
replaced by Me in 13.) 14 is the model of 2. The optimized
structure of 14 (BA) also reproduces the observed structure of 2
(see, Fig. 2 and Scheme 4). However, 14 (BA) is predicted to be
less stable than 14 (AB) by 18 kJ mol™' at the MP2 level or
10 kJ mol ™! at the B3SLYP level. The energy difference becomes
to smaller if the thermal effect is considered as predicted at the
B3LYP level (3 kJ mol™ ). Nevertheless, 14 (BA) is predicted to
be still less stable than 14 (AB) containing the thermal effect at
the B3LYP level.

The crystal packing effect is expected to play an important role
to determine the structure of 2. The effect must operate to stabilize
14 (BA) more than 14 (AB) by over the calculated energy
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difference. Similar discrepancy is also observed in the structure of
6.5 (A) and 6 (A) are predicted to be more stable than 5 (B) and 6
(B), respectively, by 23-25 kJ mol™' at the MP2 level or
10-14 kJ mol " at the B3LYP level. Indeed, 5 (A) is detected in
crystals, but 6 is observed as B, irrespective of the predictions."’0

15 and 16 are the models of 3 and 4, respectively: 3 (BA) and
4 (BA) are observed in crystals. 15 (BA) is predicted to be
slightly more stable than 15 (AB) at the MP2 level whereas the
former is more stable than the latter by 21 kJ mol™" if thermal
effect is considered at the B3LYP level. The observed structure
of 4 (BA) seems to be reproduced by the calculations: 16 (BA) is
predicted to be slightly more stable than 16 (AB), although the
predicted energy difference is less than 5 kJ mol~" at the both
level even if the thermal effect is considered. 4 (BA) must be
more stable than 4 (AB) under the experimental conditions,
since the BA structure is observed in 4’ which have the methoxy
or nitro groups at the phenyl p,p’-positions in 4 (Chart 3). The
extended form such as B in 6 and BA in 1-4 would be much
stabilized by the crystal packing effect than expected. The
phenyl groups may also operate to stabilize the BA form.

Scheme 4 illustrates the energy differences between BA and
AB (AE(BA) = E(BA) — E(AB)), which corresponds to the
formation of ny(E’)---c*(E-E)-- -n,(E’) 4c-6e from double
ny(E)- - -*(E'~C) 3c-4e.*' 13 (BA) with S---Se-Se- - -S 4c—6e is
predicted to be more stable than 13 (AB) by 21 kJ mol~! at the
MP2 level. It is worthwhile to comment that 14 (AB) with double
n,(S)- - -6*(Se—~C) 3c—4e is predicted to be more stable than 14
(BA) with Se---S-S- - -Se 4c—6¢ by 18 kJ mol~' if calculated at
the same level. The observed nonbonded Se- - -S distances in 1
(BA) are slightly shorter than those in 2 (BA) (by 0.075 A), which
would be the reflection of the energy profiles in 13 and 14.
Whereas the stability of the ny(E’)- - -6*(E-E)- - -n,(E’) 4c—6e in
BA is mainly controlled by the central o*(E-E), the stability of
the np(E)---c*(E'-C) 3c4e in AB must be determined by
o*(E'—C) (Table 3). Namely, the stability of BA are controlled
by o*(E-E) but that of AB by ¢*(E’-C) in 13-16.

13 and 14 are isomers with each other. Therefore, the
energies of the conformers in 13 and 14 can be directly
compared. As shown in Scheme 4, 13 (BA) is the global
minimum in 13 and 14: 13 (BA) is more stable than 14 (BA)
by 62 kJ mol ! at the MP2 level (67 kJ mol ! at the DFT level)
(Table 2). The lesser stability of 14 (BA) versus higher stability
of 13 (BA) explains the high reactivity of 2, relative to 1,
toward the reduction under the conditions.

After elucidation of the structures and the stability of the
E,E’, 4c—6¢ (E, E' = Se, S), the driving force for the formation
of the 4c—6e is examined based on the NBO analysis.

Driving force for the formation of E,E’; 4c—6¢ (E, E' = Se, S)

The CT interactions can be evaluated as the second order
perturbation of Fock matrix as defined by eqn (5). For each

4' (Y = OMe and NO,)

Chart 3 4’ Having methoxy or nitro groups at phenyl p,p’-positions
in 4.

donor NBO (i) and acceptor NBO (j), the stabilization energy
E(2) associated with delocalization is estimated as eqn (5),
where ¢; is the donor orbital occupancy, ¢; and ¢; are diagonal
elements (orbital energies) and F(i,j) is the off-diagonal NBO
Fock matrix element.

EQ2) = AE; = qiF(ij)/(e; — &) Q)

The energy lowering effect by the CT interactions of the
ny(E)- - -c*(E-E) type in BA and the n,(E)---c*(E'-C) type
in AB are collected in Table 4. The n,(E’). - -o*(E-E) interac-
tion corresponds to half of the E,E’, 4c—6e interaction in BA
and there are two n,(E)- - -c*(E'-C) interactions in AB. The
contributions from ng are given in the footnotes of Table 4.
The effect of the CT from n,, is discussed, since that from ny is
small and would not perturb the discussion.

The ny(E’)- - -o*(E-E) interactions in 13 (BA: E = Se, E’ = S)
and 15 (BA: E = E’ = Se) stabilize the system by 13.9 and
15.9 keal mol ™!, respectively, but the interactions in 14 (BA: E =
S, E' = Se) and 16 (BA: E = E’ = S) do only by 9.2 and
8.2 keal mol ™!, respectively. The results show that the o*(Se-Se)
bonds in 13 (BA) and 15 (BA) operate to form and stabilize the
4c—6e bonds. On the other hand, the n,(E)- - -c*(E’-C) interac-
tions in 14 (AB: E = S, E’ = Se) and 15 (AB: E = E’ = Se)
stabilize the system by 9.3 and 9.2 kcal mol™", respectively, but
the interactions in 13 (AB: E = Se, E’ = S) and 16 (AB: E =
E’ = S) do only by 5.3 and 5.8 kcal mol™", respectively. The
results show that the *(Se—C) bonds in 14 (AB) and 15 (AB)
operate to stabilize the 3c—4e bonds.

The AB structure was not detected even in 14. However, AB
would be detected if a more suitable system is investigated,
since the effect of the n,(E’)- - -c*(E-E) interaction is very close
to that of the ny(E)- - -c*(E'-C) interaction in 14.32

How is the unique reactivity of E;E’, 4c—6¢ in 1-4 explained
as a whole? The reactivity is considered based on QC
calculations, next.

Reactivity of E,E’, 4c—6e (E, E' = Se, S)

The reactivity of 13-16 derived from 1-4 could be related to
the stability of the intermediate anions [1-(8-MeE'CoHg)E ]
(17-20), produced by the reduction of 13-16. As shown in
Table 5, 18 (B) and 19 (B) are more stable than 18 (A) and 19
(A), respectively, by 17 kJ mol™!, whereas the stability of A

- }
S
| & 1 1kJmor? : 1
- E 1 as0 e
s | A J
A i rE 1
17 (E=Se),20(E=S) _V_
-17 kJ mol™ B =

18 (E=S),19 (E = S;'e)

Scheme 5 Relative stability of anions (17-20) produced by the
reduction of the E-E bonds in 13-16: The B forms are much more
stable than A for 18 and 19 whereas the stability is almost the same for
17 and 20. Values are predicted at the MP2 level.

1886 | New J. Chem., 2008, 32, 1881-1889  This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008


http://dx.doi.org/10.1039/b805678a

Published on 17 July 2008. Downloaded by Lomonosov Moscow State University on 18/02/2014 15:35:13.

and B is very similar for 17 and 20 if calculated at the MP2
level. Scheme 5 summarizes the results.

If the reduction of 13-16 is started from the observed
structures of BA, the A conformers are expected to form as
the produced anions, 17-20. However, the produced anions
must be B for 18 and 19, since they are more stable than A. This
means that the B character will grow also in the transition states
of 18 and 19, which will stabilize the transition states of the
reduction. Namely, the E-E bonds in 14 and 15 must be
reduced more easily than the case of 13 and 16. QC calculations
explain well the observed results, since 14 and 15 corresponds to
2 and 3, respectively, of which E-E bonds reduced easily.

Conclusion

tant role in physical, chemical and biological properties in the
compounds containing the bonds. As the first step to elucidate
the properties of E,E’> 4c—6e, the structure, stability
and reactivity of E’---E-E---E’ 4c—6e are examined for
1-(8-PhE'CoHg)EE(C;oHgE'Ph-8')-1' [1 (E = Se, E' = S), 2
(E=S,E =Se),3(E=E = Se)and 4 (E = E' = 9)],
together with 1-C;oH,EECoH;-1’ [5 (E = Se) and 6 (E = S)].
Linear alignments of four Se,S, atoms in 1 and 2 are
confirmed by the X-ray crystallographic analysis. The S-S
bond in 2 is cleaved in the reduction with NaBH, in aqueous
THF, whereas the Se-Se bond in 1 is not, contrary to the
expectation. On the other hand, the Se—Se bond in 3 reacts
with NaBH, under the same conditions, whereas the S-S bond
in 4 is not. The reactivity of the E-E bond in 1-4 is not
controlled by the central E atoms but by the outside E’ atoms.

QC calculations are performed on 1-(8-MeE'C,,Hg)EE-
(Ci1oHgE'Me-8')-1" (13-16: models of 14, respectively), 5
and 6, together with the related species. 13 (BA), 15 (BA)
and 16 (BA) containing E,E’, 4c—6¢ are shown to be the global
minima, which explain the observed structures. However, 14
(AB) containing double n(S)- - -6*(Se—C) 3c—4e interactions is
optimized to be the global minimum, although the observed
structure in 2 correspond to 14 (BA). The important role of
c*(Se—C) to stabilize n(S)- - -c*(Se—C) 3c—4e is well demon-
strated by the QC calculations, containing the NBO analysis.

The reactivity of 13 and 14 can be directly examined since
they are isomers with each other. 13 (BA) is the global minimum
and 14 (BA) is most unstable in 13 and 14: 13 (BA) is more
stable than 14 (BA) by 62 kJ mol~" at the MP2 level (Table 3).
Therefore, the higher reactivity of 2 toward the reduction,
relative to the negligible reactivity of 1, is well explained by
the lesser stability of 14 (BA) vs. higher stability of 13 (BA). The
reactivity toward the reduction in 14 is also explained based on
the stability of the produced anions (1-(8-MeE'CoHg)E ™).

Extended hypervalent bonds (mc—ne: m > 4) play an impor-

Experimental
General considerations

Manipulations were performed under the nitrogen or argon
atmosphere with standard vacuum-line techniques. Glassware
was dried at 130 °C overnight. Solvents and reagents were
purified by standard procedures as necessary. The melting

points were determined on a Yanako MP-S3 melting point
apparatus and are uncorrected. NMR spectra were recorded at
25 °C on a JEOL AL-300 spectrometer ('H, 300 MHz; '°C,
75.5 MHz; "’Se, 57.3 MHz). The 'H, '3C and "’Se chemical
shifts are given in ppm relative to those of TMS for 'H and '*C
NMR spectra and relative to reference compound MeSeMe
for 77Se NMR spectra. Column chromatography was per-
formed with 300400 mesh silica gel and basic alumina. Flash
column chromatography was performed with 300-400 mesh
silica gel and basic alumina and analytical thin layer chroma-
tography was performed on precoated silica gel plates
(60F-254) with the systems (v/v) indicated.

Naphtho|[1,8-c,d]-1,2-selenathiole. This compound was
prepared according to the literature.® 45% yield, Mp
122.5-123.5 °C, '"H NMR (300 MHz, CDCls, 8, ppm, TMS):
7.18 (dd, *J(HH) = 7.5 Hz, *J(H,H) = 1.1 Hz, 1H), 7.24
(t, *JH,H) = 7.7 Hz, 1H), 7.24-7.32 (m, 2H), 7.35 (dd,
3JHH) = 7.7 Hz, *J(H,H) = 1.1 Hz, 1H), 7.45 (dd,
3J(HH) = 6.8 Hz, *J(H,H) = 22 Hz 1H); 7’Se NMR
(57.3 MHz, CDCls, 6, ppm, MeSeMe): 561.6.

An almost equimolar mixture of 1 and 2 is obtained in the
reaction of the naphtho[l,8-c,d]-1,2-selenathiolate dianion
with excess benzenediazonium chloride in aqueous THF, at
5 °C. 1, together with 7, was isolated after the reduction of a
mixture of 1 and 2 with NaBH, in ethanol.

Bis[8-(phenylthio)naphthyl] 1,1'-diselenide (1). 29% yield, mp
178.6-179.6 °C, '"H NMR (300 MHz, CDCls, §, ppm, TMS):
7.00-7.06 (m, 4H), 7.07-7.24 (m, 6H), 7.14 (t, *J(H,H) =
7.9 Hz, 2H), 7.48 (t, *J(H,H) = 7.7 Hz, 2H), 7.69 (dd, *J(H,H) =
8.1 and *J(H,H) = 0.9 Hz, 2H), 7.91 (dd, *J(H,H) = 8.1 and
“J(H,H) = 1.3 Hz, 2H), 7.93 (dd, *J(H,H) = 7.5 and *J(H,H) =
1.1 Hz, 2H), 7.94 (dd, *J(H,H) = 8.1 and “*J(H,H) = 1.1 Hz,
2H); "’Se NMR (57.3 MHz, CDCls, 8, ppm, MeSeMe): 510.5.
Anal. Calc. for 1 (C3,H»,S-Se,): C, 61.15; H, 3.53%. Found:
C, 61.19; H, 3.60%.

1-(Methylthio)-8-(phenylselanyl)naphthalene (7). 64% yield,
mp 85.5-86.5 °C, 'H NMR (300 MHz, CDCl, 8, ppm, TMS):
2.56 (s, 3H), 7.12 (t, *J(H,H) = 7.7 Hz, 1H), 7.24 (dd, *J(H,H) =
7.6 and “J(H,H) = 1.4 Hz, 1H), 7.31-7.41 (m, 4H), 7.59-7.65
(m, 3H), 7.74 (dd, *J(H,H) = 8.6 and *J(H,H) = 1.5 Hz, 1H),
7.77 (dd, *J(H,H) = 7.3 and *J(H,H) = 1.4 Hz, 1H); 3*C NMR
(75.0 MHz, CDCls, 8, ppm, TMS): 32.64, 125.55, 125.99,
127.37, 128.35, 129.54, 129.62, 130.74, 133.46, 133.61, 133.90,
133.97, 135.40, 135.96, 136.19; 7’Se NMR (57.3 MHz, CDCls,
J, ppm, MeSeMe): 457.2. Anal. Calc. for 7 (C7H4SSe): C,
62.00; H, 4.28%. Found: C, 61.74; H, 4.13%.

Bis[8-(phenylselanyl)naphthyl] ~ 1,1’-disulfide (2). This
compound was prepared by the reduction of
1-(8-PhSeCoHg)S4(C1oHeSePh-8')-1"  (23) with NaBH,
in ethanol, 23 being prepared in the reaction of
1-Br-8-(PhSe)C oH¢'®” with magnesium in diethyl ether,
followed by addition of sulfur. Recrystallization from CHCl;
gave pure 2 in 22% yield. 2: Mp 178.6-179.6 °C, 'H NMR
(300 MHz, CDCls, 8, ppm, TMS): 7.19 (t, *J(H,H) = 7.8 Hz,
2H), 7.27 (t, *J(H.H) = 7.7 Hz, 2H), 7.28-7.33 (m, 6H), 7.38
(dd, 3JHH) = 7.5 and “JH,H) = 1.3 Hz, 2H), 7.44
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(dd, *J(H,H) = 7.4 and *J(H,H) = 1.3 Hz, 2H), 7.51-7.57 (m,
4H), 7.68 (dd, *J(H,H) = 8.1 and “J(H,H) = 1.1 Hz, 2H), 7.73
(dd, 3J(HH) = 8.1 and *J(H.H) = 1.3 Hz, 2H); 7’Se NMR
(57.3 MHz, CDCl;, 4, ppm, MeSeMe): 455.1. Anal. Calc. for 2
(CxHS,8e0): C, 61.15; H, 3.53%. Found: C, 61.22; H, 3.62%.

X-Ray crystal structure determinations. Single crystals of 1
and 2 were obtained by slow evaporation of hexane at room
temperature. X-Ray diffraction data for 1 and 2 were collected
on a Rigaku/MSC Mercury CCD diffractometer equipped with
a graphite-monochromated Mo-Ko radiation source (4 =
0.71070 A). For 1, the structure analysis is based on 4329
observed reflections with 7 > 2.00a(/) and 413 variable para-
meters; orange needles, 103 K, triclinic, space group P1 (no. 2),
a=9.5793), b = 11.979(4), ¢ = 12.141(4) A, o0 = 91.773(4), B =
102.912(4), 7 = 110.758(2)°, V = 1260.5(7) A>, Z = 2, R =
0.020, Ry, = 0.053, GOF = 1.000. For 2 the structure analysis
is based on 4812 observed reflections with 7 > 2.000(/) and
413 variable parameters; colorless needles, 103 K, triclinic,
space group C2/c (no. 15), a = 25.3639(5), b = 11.9664(4),
¢ = 19.4789(6) A, B = 118.9946(12)°, V = 5171.1(3) A%,
Z =8, R = 0.026, R, = 0.057, GOF = 1.054. The structures
were solved by direct method (SIR97),** and refined by full-matrix
least-square method on F* for all reflections (SHELXL-97).%

CCDC reference numbers 626066 for 1 and 626067 for 2.

For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b805678a

QC Calculations

Calculations are performed with the Gaussian 03 program.?

The density functional theory (DFT) level of the Becke three
parameter hybrid functionals with the Lee—Yang—Parr corre-
lation functional (B3LYP)**** are applied with the
6-311+ G(d) basis sets being employed for Se and S and the
6-311G(d) basis sets for C and H. Frequency analysis is
performed for each conformer at the B3LYP level. The
Moller—Plesset second-order energy correlation (MP2)
method?’ is also applied with the 6-311+ G(d) basis sets for
Se and S and the 4-31G(d) basis sets for C and H.
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