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1,5-(Dithia and diselena)cyclooctanes gave the dithia and diselena dications. Their structures were determined by X-
ray crystallographic analyses. Similarly, dithia and diselena dications were produced on oxidation with 2 equiv of NOBF4
or NOPFs or on treatment of the corresponding monooxides with Tf,0 or concd H,SO4 from the sterically congested
bis-sulfides or bis-selenides, such as 1,9-bis(thio- or seleno-substituted)dibenzochalcogenophene, 1,8-bis(thio- or seleno-
substituted)naphthalenes and 2,2’ -(thio- or seleno-substituted) 1,1’-biphenyls. These dications, however, were found to
be unstable and to release the substituents attached at the chalcogen atoms. These either generated reactive species, i.e.,
quinodimethane and alkyl cations or demonstrated new reactions such as thio-Claisen rearrangement or photochemical
conversion of naphtho[1,8-de]-1,3-dithiin derivatives. .

Diphenyl chalcogenides bearing 2,6-bis(methylthiomethyl), 2,6-bis(methylselenomethyl) and 2,6-bis[(dimethyl-
amino)methyl] substituents produced the hypervalent chalcogenuranes(A4). Their structures were determined by X-ray
crystallographic analyses and their charge distributions were estimated by the ab initio MO-calculation and ”’Se- or 1> Te-
NMR spectroscopy. Methyl 2,6-bis[(dimethylamino)methyl]phenyl selenide and telluride gave stable monoselenenium
and monotellurenium cations on oxidative demethylation by the reaction with ~BuOCI. These are the first monovalent
selenenium and tellurenium cation species.

Transannular interaction is a well-known phenomenon .
in organic compounds.” Particularly, when more than two X e X cece — ¢
chalcogen atoms in a molecule are arranged appropriately in < % < ) Coed +H-o0
space, a repulsive force between the atoms dominates ini- X ¢ X7 | ex—x+
tially. However, on removal of one or two electrons from *
the chalcogen atom, an attractive force operates between the [2¢-2¢] Bond (1)
two chalcogen atoms to create a new chemical bond, called + .

s 39.2) X X cecece® — ¢
a 41cat10n_ ¥ 2-center-2-electron [2c—2e] bond (I), or a / \ e /- I —\ Ce - oo
“cation radical”:® 2-center-3-electron [2c—3e] bond. Fur- \\X/ ~ o \\’](—/ cencce o
thermore, when a lone pair of electrons attached to a third X o | x—xe—xs
chalcogen atom transannularly participate in the formation X:S, Se Te

Y- B’F,,, 0 [3c-4¢] Bond (II)

of dichalcogena dications, new dication species in which the
central atom is a hypervalent tetracoordinated atom bearing
two chalcogen atoms as the apical ligands are formed: 3-
center-4-electron [3c—4e] bond (IT). These molecular models
are schematically illustrated in Fig. 1.

These dichalcogena dications, I and IT, have not been stud-
ied extensively and hence are of considerable interest for
investigation. The producibility and stability of I and II re-
markably depend on the structures of the substrates: namely,
size of the rings, conformations, substituents attached at the
chalcogen atoms, and the nature of the chalcogen atoms.

Fig. 1. Schematic illustration of two types of bonds of dica-
tion species.

This account presents our recent investigations on the
dichalcogena dications bearing the [2c—2¢] and the [3c—4e]
bonding systems. The following topics are discussed.

I) Dications of [2c—2e] (I) bond

I-1) 1,5-Dithiacyclooctane (1,5-DTCO) and 1,5-diselena-
cyclooctane (1,5-DSeCO) dications

I-1-1) Preparation and detection of 1,5-DTCO and 1,5-
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DSeCO and Te analog and their dications

1-1-2) Crystal structures of 1,5-DTCO and 1,5-DSeCO
dications

I-1-3) Reactivity of 1,5-DTCO and 1,5-DSeCO dications

I-2) Preparation of aromatic ring-fused dichalcogena di-
cations and their reactions

1-2-1) 1,9-Bis(thio- or seleno-substituted) dibenzothio-
phene dications

I-2-2) First preparation of 4,8-dithiacyclopenta[def] fluo-
rene

1-3) Preparation and reactions of 1,8-bis(thio- or seleno-
substituted) naphthalenes and related dications

I-3-1) Thio-Claisen rearrangement

I-4) Facile dealkylation and formation of cyclic thio-
sulfonium salts via S---S through-space interaction

I-5) Molecular activation and generation of active species
via dithia or diselena dications

I-5-1) Quinodimethane formation

1-5-2) Photochemical reactions of 2-substituted and 2,2-
disubstituted naphtho[1,8,de]-1,3-dithiin derivatives

I-5-2-1) Photolysis of monooxides of naphtho[1,8-de]-1,
3-dithiins

I-5-2-2) Photolysis of N-tosylsulfilimines derived from
naphtho[1,8-de]-1,3-dithiins

1-5-2-3) Photolysis of monoylides of naphtho[1,8- de] 1,3-
dithiins

II) Dications of hypervalent species of [3c—4e] bond

1I-1) Preparation of hyperdications

1I-2) First RSe* and RTe* salt; 2,6-bis(dimethylamino-
methyl)phenyl selenenium and tellurenium compounds

Numbering Note. Since we describe many compounds
and active species in this account, we employed a systematic
numbering method to explain the compounds. Throughout
this account, we used the following numberings: dications
are always described as suffix (X?*); oxides, sulfilimines and
ylides are shown as X—0, X—NTs, X—-C™R;; substituents
attached at S or Se atoms are shown as a=Ph, b=Me, c=Et,
d=—(CH,);—, e=—CH,—CH=CHj, as Xa, Xa—NTsetc., where
X always means the skeletal structure.

I. Dications of [2c—2e¢] (I) Bond

1-1) 1,5- Dithiacyclooctane (1,5-DTCO) and 1,5-
Diselenacyclooctane (1,5-DSeCO) Dications. As atypical
example for the transannular interaction between chalcogen
atoms, the two sulfur atoms in 1,5-dithiacyclooctane [1,5-
DTCO] (1) and the related cyclic compounds approach close
together and hence should experience an attractive force be-
tween the two sulfur atoms.>* Moreover, when the com-

ACCOUNTS

pound (1) is converted to the mono-sulfoxide (1a),% -sulfil-
imine (1b)” and -sulfonium salt (1c),? the stronger attractive
force between the two sulfur atoms dominates, since the X-
ray crystallographic analyses of 1la—1c reveal that the dis-
tances between the two sulfur atoms in the molecules are
shorter than in compound (1) and shorter than within the van
der Waals S-S distance(3.70 A). The X-ray crystallographic
analyses also reveal that the angles of X-S;—S; of 1la—Ic¢
are nearly 180°. These results clearly indicate that the cen-
tral sulfur atoms of 1a—1c exist as a quasi-sulfurane, which
is converted readily to the corresponding dication species
(Table 1).

1,5-Dithiacyclooctane (1) and its selenium (2) and tel-
lurium (3) analogs are the best candidates to prepare the
dichalcogena dications. One most reliable diagnosis for
generation of dications having a [2c—2e] (I) bond, is to ex-
amine the oxidation potentials and wave patterns including
reversibilities of the substrates by cyclic voltammetry.” Rep-
resentative oxidation potentials (Ep) are shown in Table 2.
These results show that the lower the oxidation potentials,
the more stable the detectable dications.” "

I-1-1) Preparation and Detection of 1,5-DTCO and 1,
5-DSeCO and Te Analog and Their Dications. Sev-
eral procedures are known to generate the dications with a
[2c—2¢] (I) bond. Anodic oxidation'? and pulse radiolysis'®
of 1 have been reported as physical methods. In the latter

" procedure, 1,5-DTCO cation radical [1,5-DTCO*'] (1*) is

formed and further oxidation to the corresponding dication
(1%*) occurs. As chemical methods, one-electron oxidants
such as Ti(IH-H,0,," NOBF, or NOPFg are useful to gen-
erate 1™ and then 12*.' These procedures can be applied to
produce other cyclic and acyclic dichalcogena dications. We
found that the dications (12*), (2**), and (3**) are produced
by treating the corresponding monooxide (1a) or monoimine
(1b) with concd H;SO,4 or by an acid anhydride such as
(CF3S0,),0[Tf,0].'® The preparation of 12* is illustrated

Table 1. Structural Data from X-Ray Crystallographic Analyses

Compounds X Si--S2 (A £X-8:-S; (°)

1 Lone pair 3.58 —
1a® o 3.14 175.4
1b" NTs 3.14 177.8
1c® ~CH,COOCH;3 3.12 178.9

x X= (&> (one pair) (1)

8 O (la)

H i> NTs (1b)

~CH,COOCH; (1¢)

Table 2. Oxidation Potentials of Several Sulfur-Containing Compounds®

Compounds <:§:>
“E, (V) (Ag/AgClOy) X=S (1)
' =Se (2)

=Te (3)

O O

0.34 (reversible)
0.25 (reversible) 1.32 1.25 1.14
—0.02 (reversible)
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in Eq. 1.

_NOBF,

S conc. HZSO,;
S or NOPF,; or Tf20
2X"
Y = O(1a), NTs(1b)

The detection of 1%* in concd H,SO4 was carried out by
IH- and ¥CNMR. The formation of 1?* was further con-
firmed by following D(*H)- and '80-tracer experiments us-
ing D- and '30-labeled 2,2,8,8-tetradeuterated 1,5-DTCO
monooxide (1la-ds-130). After quenching the H,SO4 solu-
tion of 1a-d4-130 with H,0, a mixture of 2,2,8,8- and 4,4,
6,6-tetradeuterated 1,5-DTCO monooxides (1a-dys-1%0 and
1a’-d4-'%0) was obtained in a 1 : 1 ratio as shown in Eq. 2.

180
D DT D D D D
ési conc.H,SO4
—_——
S

D. D

.

s 5

|

S

+

2HSO,~
1a-d,-'%0 (1-dg)?*
160
1 60

1a-d,s-'°0 1a'-d;-1%0

1 : 1

77Se and '>>Te NMR spectroscopies are also efficient tech-
niques for the detection of the dications of Se (2>*)'” and Te
(3%*).1 Several examples of 7’Se and 1 Te NMR data of 22*
and 3?* are shown in Fig. 2. -

I-1-2) Crystal Structures of 1,5-DTCO and 1,5-DSeCO
Dications.  Recently, we have succeeded in the prepara-
tion of two kinds of dication salts (12%)'®'® and (22*)* as
crystalline compounds. Their structures were determined by
X-ray crystallographic analyses, as shown in Fig. 3.

According to the X-ray results'” of 12*, the S(1)-S(2)

12+
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.
X
1
X 2BF,

2 (X =Se): 7’Se 3 141 ppm 2:: (X = Se): 7’Se 5 806 ppm
3 (X =Te):'Te § 163 ppm 3% (X = Te):1%5Te § 1303 ppm

Fig. 2. Values of chemical shift in ’’Se and **Te NMR spec-
troscopic measurements of dications 22* and 3**.

NOBF, (2 equiv.)

GO

CH,CL/CH;CN

length is 2.12 A, which is only slightly longer than the normal
S-S single bond (2.08 A) of disulfides. The bond angle
of ZC—S—C is 104.1° and that of /S-S—C is 92.7°. Itis
interesting to note that a very strong interaction is observed
between the sulfur atom (S*) of the dication and the oxygen
atom of the triflate counter anion. The S—O (TfO) distance is
2.682 A, which is markedly shorter than the sum of van der
Waals radii of sulfur and oxygen atoms (3.35 A). The angles
of ZS8*-S*-.-O is 176.3°. A nearly collinear interaction of
O---S*-S*...0 is observed with a central twofold symmetry.
The optimized transannular S-S distance is 3.307 A for 1,5-
DTCO (1) and 2.140 A for 1?*, as postulated by an ab initio
RHF MO calculation based on the STO-3-21G™ basis set.?"

Similarly, the 1,5-diselenacyclooctane dication (2**) was
prepared from the bis-selenide (2) with two equivalents of
NOBF, or NOPFg¢. The X-ray crystallographic analysis of
BF,~ salts of 22* revealed that the Se*—Se* distance is 2.38
A, which is roughly identical to the normal Se—Se single
bond.?® The distances between the fluorine atoms of BF4~
and the Se* atom are in the range 2.68—3.25 A, which is
also within the van der Waals contact of Se---F (3.37 A).

I-1-3) Reactivity of 1,5-DTCO and 1,5-DSeCO Dicat-
ions. Although dithia and diselena dications (1** and
2%%) are stable enough to be isolated, they are expected to
be highly reactive species since the two positive charges are
localized at the two adjacent chalcogen atoms and repulsive
forces operate between them. In fact, dications 12+ and 2**
behave as an electron acceptor. They react with several
nucleophilic reagents to give either respectively substituted
or oxidized products. The reactions of (12*)* and (22)*
are shown in Scheme 1. The reactivity of tellurium analog
(3**) has been examined to some extent.'%*?

1-2) Preparation of Aromatic Ring-Fused Dichalcogena
Dications and Their Reactions. As a further extension of
the dication chemistry, we tried to prepare dichalcogena di-

22+

Fig. 3. ORTEP drawings of 1,5-DTCO dication (1%") and 1,5-DSeCO dication (22*).
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cations bearing aromatic rings. Such dications will be ob-
tained from the following sterically congested bis-chalco-
genides bonded to phenyl or naphthyl groups, i.e., 1,8-
bis(thio-substituted) naphthalenes (A), 1,9-bis(thio-substi-
tuted) dibenzothiophenes (B), 2,2’-bis(thio-substituted) 1,1’-
biphenyls (C) (Chart 1). Dithia dications from these com-
pounds are obtained using one of the following two common
procedures: (i) the sulfides are treated with 2 equivalents
of NOBF, or NOPFg; (ii) the sulfides are initially oxidized
to the monosulfoxides, which are treated with concd H>,SO,
or Tf,0 to give the respective dithia dications. Similarly,
the selenium and tellurium analogs can be converted to the
diselena and ditellura dications.

Chart 1.

1-2-1) 1,9-Bis(thio- or seleno-substituted) Dibenzothio-
phene Dications.'”  We found a convenient procedure for
preparation of 1,9-bis(thio-substituted) dibenzothiophenes
(4) starting from thianthrene monooxide (6).>> The mono-
oxide (6) was treated with two equivalents of LDA (lithium
diisopropylamide) and then with disulfides to give the cor-
responding 1,9-bis(thio-substituted) thianthrene 10-oxides
(7). These were then treated with BuLi to give 4 in mod-
erate yields, probably proceeding through an intramolecular
ligand-coupling reaction via the sulfurane intermediate (8)
which is formed initially by the attack of BuLi on the sul-
finyl sulfur atom. All reactions for preparing 4 are shown
in Scheme 2. The dibenzoselenophene analogs (9) were
prepared in a similar way.?®

Dibenzothiophene (4a) and its monooxide (5a) were ob-
tained as crystalline materials. The X-ray crystallographic
analyses of 4a and 5a revealed that the S---S distances are
3.012 and 3.016 A, respectively.”” These values are shorter
than the sum of the van der Waals radii of sulfur atoms
(3.70 A). Furthermore, the two benzene rings in the fused
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thiophene are considerably distorted and the dihedral angles
consisting of the two outer sulfur and ring carbon atoms are
ca. 20°. These short S—S distances and large distortion of the
two benzene rings suggest that the through-space interaction
between the two sulfur atoms in 4a and Sa should take place
readily to form a dicationic S---S o-bond on oxidation.

The Se—Se distance and torsional angle of dibenzosele-
nophene analog (9a) indicate similar trends with those of
4a.™® These dibenzothiophene (4a) and dibenzoselenophene
(9a) have unusually low oxidation potentials as compared
with those of dibenzofuran derivative (11) which is nearly
a planar molecule and hence has no torsional strain unlike
4a and 9a. The oxidation potentials and S:--S and Se---Se
distances are summarized in Table 3 and Fig. 4.

On dissolution of 4a and 9a in concd D,S0Oy4, the forma-
tion of the corresponding dications (4a%*) and (9a®*) was
observed.?>?® The 'H- and '*CNMR spectra of the cor-
responding sulfoxide (5a) and selenoxide (10a) in concd
D,S0y also were identical with those of 4a and 9a, while 11
was found to decompose in D,SO,. Hydrolysis of 4a%* and
9aZ* in concd D,SO, solutions afforded the corresponding
monooxides (5a) and (10a) in high yields.

The formation of the dication between the two selenium
atoms could be detected by 7’Se NMR spectroscopy. In the

Table 3. Interatom Distances, Torsional Angles and Oxida-
tion Potentials (Ep)
Compounds S(Se)---S(Se) (A) Torsional E, (V)
angles (°)
4a 3.012 20.7 0.86
9b 3.072 19.5 0.54
11 3.190 5.3 1.02
Ph_ _Ph Ph, _Ph Ph_ _Ph
§----§ Se---S¢ S----§
S ‘Se O
4a 9a 11

77Se NMR spectrum of 9a, two signals were observed at
0=427.0 and 468.7 in 2:1 intensity ratio in CDCl;. On
dissolution 9a into concd D,SOy, those two signals greatly
shifted to downfield to give two signals at 6 =534.8 and
699.1 in 1:2 intensity ratio. The mono-selenoxide (10a)
in concd D,SO; exhibits a similar 77Se NMR behavior. In
the 77Se NMR spectrum of 10a, three signals are observed:
at 6=896.4 (Se0), 423.3 (Se), and 484.0 (selenophene),
and the satellite peaks having a coupling constant (Jse—se=

4a

Fig. 4. ORTEP drawings of compounds 4a and 9a.
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372 Hz) corresponding to the two Se atoms of SeO and Se
are also seen. This clearly indicates that the through-space
interaction takes place between the two selenium atoms in
10a. These results reveal that even the divalent S or Se
species are converted to the dications in concd HpSO4.%9

The clear-cut evidence for the formation of the dication
(4b**) using a methyl derivative (4b) was observed. A typi-
cal example is shown in the following Scheme 3. .

In the 'THNMR spectrum, the two methyl signals for the
sulfoxide (5b) are observed at =2.79 and 2.33 in CDCls.
These coalesced to d=3.04 as a singlet peak in concd D,SO4.
In concd D,SOy, the 'THNMR spectrum of 4b is identical
to that of 5b. Furthermore, hydrolysis by adding H,O to
the concd D,SO; solution of 5b labeled with 80 and deu-
terjum gave a mixture of sulfoxides (5b-ds-1°0) and (5b’-
d3-1%0) in 1:1 ratio and the 30 in 5b-d3-'%0 was com-
pletely exchanged with 1°0. This result also demonstrates
the formation of dication (4b**-d3). In contrast to the methyl
derivative, the dications of ethyl or higher alkyl homologs
were found to be unstable in concd HySO,.3%

1-2-2) First Preparation of 4,8-Dithiacyclopentaldef]-
fluorene.

In the course of the studies on the dibenzothiophene di-
cations, it was found that the thermolysis of 4b at 500 °C
serendipitiously gave 4,8-dithiacyclopenta[def]fluorene (12)
in a trace amount, while on photolysis with a high pressure
mercury lamp, the yield of 12 increased to 11% together
with 4,8,9-trithiacyclopenta[def Jphenanthrene (13) in 16%
yield.3? Although the mechanism for the formation of 12
has not been understood, the transformation of 13 to 12 via
thiosulfonate (14) was successfully carried out in a 61%
yield, as shown in Scheme 4, according to Meinwald’s pho-
todesulfurization procedure of thiosulfonate.”” Few analo-
gous compounds of 12 have been reported,*® but the above
is a first example for the preparation of a 3,7-dichalcogenabi-
cyclo[3,3,0]octane including a biphenyl ring. Similarly, 4,8-
diselenacyclopenta[def]fluorene (15) and 4-thia-8-selenacy-
clopenta[def]fluorene (16) were prepared by thermolysis or
photolysis of the dibenzoselenophene derivatives, using the
same procedure as in the case of the dibenzothiophene.*”

The X-ray crystallographic analyses of 12, 15, and 16 were
successfully performed. Their ORTEP drawings are shown
in Fig. 5.3

The structural results of 12 revealed that it is a completely
planar molecule. The C—S bond length (1.791 A) is rather
long compared with the lengths of the known derivatives of

D,C, ,° CH, D4C, CHs
+S5—8+
conc. HZSO4
L) Crg)
2HSOy
5b-dy-'%0 4b%*-dy
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Me\s s,Me s s_s
S S
4b 152 13

Thermolysis 1% e

Photolysis  11% 16%
0,5—8,
mCPBA
CH2CI2 Bcnzcne
61%
Scheme 4.

3,7-dichalcogenabicyclo[3,3,0]octane or dibenzothiophenes.
The central C—C bond length is relatively short (1.386 A)
and should be comparable to a double bond. In the crystal
structure, 4,8-dithiacyclopentaldef]fluorene molecules stack
vertically with a 4.00 A intramolecular S---S distance. Simi-
larly, 15 and 16 also have planar structures, as demonstrated
by the X-ray crystallographic analysis. These dichalcogena
derivatives of fluorenes, 12 and 15, behave as electron-
donor molecules and can be converted to the correspond-
ing CT complexes upon treatment with a suitable acceptor
molecule such as TCNQ (tetracyanoquinodimethane). The
CT complex of 12 and TCNQ each forms violet crystals, in
which 12 and TCNQ stack with each other forming a col-
umn. This CT complex has, however, only a semiconduct-
ing-character.3® The oxidation potentials for 12 and 15 are
the same or slightly lower than that of dibenzothiophene (4)
or dibenzoselenophene (9), respectively.>* Therefore, if one
uses these dichalcogena derivatives of fluorenes as electro-
conducting materials, further modification is awaited.

Cyclic voltammetry of 12 shows an irreversible redox sys-
tem in the voltammogram (E,=1.16 V, Ag/AgNO3/CH3CN).
On repeated scanning as shown in Fig. 6,°" the intensities
of oxidation and reduction potentials increase, it suggests
that ring opening and polymerization of the thiophene ring
may give a electro-conducting polymer whose structure and
molecular weight have not been determined as yet.

In contrast to the 1,9-bis(methylthio)dibenzothiophene,
arylthio derivatives of 4 are thermally stable, whereas, i.e.,
photolysis of the bis(phenylthio) derivative (4a) did not af-
ford the expected fluorene derivative at all, but produced the
dibenzothiepin (17) and triphenylenothiophene (18) in 26
and 72% yields, respectively as shown in Eq. 3.23637

DsC, , cn3 D3C \ CH3
5b-d;-1%0 5b'-d3-'°0
1 : 1

Scheme 3.
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Fig. 6. Cyclic Voltammogram (CV) of 12 (0.82 mM) af-

ter 20 times scannings in CH3CN at 20 °C (Pt electrode,
Agl0.01 M AgNOs as reference electrode, 0.1 M NaClO4
as electrolyte, scan rate: 200 mV s‘l).
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3
Photolysis and themolysis of these sterically congested 1,
9-bis(thio or seleno-substituted) dibenzothiophenes (4) and
(9) provide various structurally attractive aromatic com-
pounds which have rarely been prepared by ordinary pro-
cedures. Such dibenzothiophene and dibenzoselenophene
derivatives are promising for the synthesis of new functional
materials such as opto- or electro-conducting materials.

Ph Ph

17 (26%)

1-3) Preparation and Reactions of 1,8-Bis(thio- or sele-
no-substituted) Naphthalenes and Related Dications.**>
1,8-Bis(thio-substituted) naphthalene derivatives (19) are
readily prepared from naphtho[l,8-cd]-1,2-dithiole (20).
These naphthalene derivatives possess a sterically rigid sys-
tem suitable for examining whether the substituents at the 1-
and 8-positions of the naphthalene interact with each other
via a through-space interaction and hence provide new sta-
ble dications. Naphtho[1,8-bc]-1,5-dithiocin (19d) and its
monooxide (19d-0) and monosulfilimine (19d-NTs) were
prepared in order to generate the dication (19d%+).*®

Glass and his co-workers reported the preparation of di-
thiocin (19d) and its monooxide (19d-0).*" They found that
the S---S distances in 19d and 19d-0 are 3.23 and 3.00 A,
respectively, which are within the van der Waals S-S con-
tact of 3.70 A. Hence they show the existence of through-
space interaction between the two sulfur atoms. The angle of
/81-8,—01in 19d-0 is 174.2° indicating that the S, atom has
approximately a sulfurane structure, like that of 1,5-DTCO
monooxide. However, on the basis of an MO calculation us-
ing the Hartree—Fock method with STO-3G basis set, it was
proposed that there is no bond formation, even incipiently,
between the two sulfur atoms in 19d-0.% On dissolution
in concd H,S04, 19d-0 is converted to the dithia dication
(19d%*), which after hydrolysis with H,O, 19d-O was recov-
ered with retention of the configuration at the sulfinyl sulfur
atom. We have also examined the oxygen-exchange reac-
tion of 19-O in concd H,SO4 and obtained results identical
with those by Glass et al. Furthermore, N-tosylsulfilimine
(19d-NTs) also produces 19d%* in concd D,SOy as seen by
following the change in the 'HNMR spectra (Eq. 4).*” The
THNMR spectra indicate that the conformation of 19d?* is
a boat form with respect to the thiocin moiety, since the sig-
nal corresponding to the central methylene protons in the
trimethylene bridge separates into two signals, centered at
6=1.8 and 3.6, as two broad doublets. The experiment using
a D-labeled compound also indicates the formation of di-
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cation. In the case of the selenium derivative, even the bis-
selenide (21d) gives the diselena dication (21d?*) directly in
concd D,SOy4 as shown in Eq. 4.2

m 2DS0,” m
TsN=—S § +§——8+ $ s—=o0
“OO
e r——
D,SO;,
detected
19d-NTs 19d%* 19d-0
(\I 2DS0,~
Se Se +Se—Se +
v
——
detected
21d 21d%

Electrochemical oxidation of these sulfur and selenium
derivatives by cyclic voltammetry shows extremely low ox-
idation potentials (£p), which imply that these dications are
stable® enough to be detected. The oxidation potentials (E,)
of naphthalene derivatives are shown in Table 4.

The tellurium analog, 1,8-bis(phenyltelluro) naphthalene
(22a), was synthesized and was dissolved in concd H,SO, to
give the dication (22a?"), which was identified by 'H-, 13C-
and '2Te NMR spectroscopy*® (Eq. 5).

329A

Ph Ph Ph, Pl
Te----Te +Te—Te+
OO ©
2HSOy4
22a 22a2*

Ep: 0.16 (V) (reversible)

125Te: 617 (ppm) 125Te(ppm): 964 (ppm)

Table 4. Oxidation Potentials (E,) of Naphthalene Derivatives

t'

5L

X=S 0.47% 0. 70"> 0.70
E, (V)® irreversible  irreversible reversible
P X=Se 0.18 0.48 0.33%
reversible reversible reversible

a) Cyclic voltammetry was carried out at a glassy carbon elec-
trode, 300 mV s~ scan rate, and measured in acetonitrile, 0.1 M in
sodium perchlorate, versus Ag/0.01 M AgNOjs in acetonitrile ref-
erence electrode. b) Determined at a Pt electrode, 100 mV s™—1
scan rate, and measured in acetonitrile, 0.1 M in lithium perchlo-
rate, versus Ag/0.1 M AgNOj in acetonitrile reference electrode.
¢) Measured in acetonitrile—dichloromethane (= 4:1), 0.08 M in
sodium perchlorate.

ACCOUNTS

I-3-1) Thio-Claisen Rearrangement. In the reaction
of sulfilimine (19d-NTs) with -BuOK in CH,Cl,, 3-allyl-
naphtho[1,8-cd]-1,2-dithiole (23) was obtained as the major
product probably via [3,3] sigmatropic allylic shift from the
sulfonium salt (24) as shown in Eq. 6.

S S—>NTs

(©)
tBuOK —_—
(- 10 U
19d-NTs 24 23 (68%)

In order to ascertain the mechanism for this new reaction,
1,8-bis(allylthio)naphthalene (19e) and its monooxide (19e-
O) were prepared. Although 19e does not undergo the thio-
Claisen rearrangement, 19e-O undergoes the thio-Claisen
rearrangement at room temperature to afford both 23 and
allyl alcohol in quantitative yields. This rearrangement was
not observed in the reactions of 1-(allylsulfinyl)naphthalene
(25e-0), even at 100 °C (Eq. 7).*Y

SN N

o)
mCPBA 15°C
2 days

19e 19e-0

7 s

O/

e no reaction )
25e-0

As to the mechanism for this rearrangement, the follow-
ing two [2,3] and one [3,3] sigmatropic rearrangements
take place consecutively: Namely, the initial Mislow—Evans
rearrangement*> should be the rate-determining step which
must be triggered by the through-space interaction between
the sulfenyl and the sulfinyl sulfur atoms enhancing the re-
activity of the sulfinyl oxygen atom for migration.

These conceivable mechanisms were confirmed by using
D-labeled compounds (19e-d4-O). After the reaction, 19e-
d4-0 3-allylnaphtho[1,8-cd]-1,2-dithiole (23e-d,) and D-la-
beled allyl alcohol were obtained and then were purified and
the D-labeled positions and D-contents of them were deter-
mined by 'HNMR spectroscopy (Scheme 5). As a result,
deuterium atoms in the allyl alcohol were found at the 1-po-
sition exclusively, while deuterium atoms of the allylic group
in 23e were distributed at the 1- and 3-positions in roughly
1:1 ratio. These results demonstrate clearly that the initial
Mislow—Evans rearrangement proceeds to give the sulfe-
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D_{_\ /_X—D D—(—\ Qs»

D
m- CPBA
199“’4 19e—d4-0
D—(/—+\ s—S
24-d,
thio-Claisen $ S
rearrangement \
13,31
SON
23-d,

Scheme

nate, which undergoes intramolecular Sn2-type reaction*®
to afford an equilibrium mixture of sulfonium salts (24-d,)
and (24'-d). Finally, the sulfonium salts undergo the thio-
Claisen rearrangement to result in the formation of 23-d,
(and 23'-d,).

This new thio-Claisen rearrangement*” was found to
proceed via an intramolecular manner exemplified by the
crossover experiment shown in Scheme 6.

I-4) Facile Dealkylation and Formation of Cyclic Sul-
fonium Salts via S---S Through-Space Interaction. Asa
further extension of the dichalcogena dication chemistry, we
tried to synthesize alkyl substituted dications, which would
subsequently produce the reactive species. As appropriate
candidates for the preparation of reactive dications, 2,2'-
bis(alkylthio- or alkylseleno-substituted) 1,1’-biphenyls (26)
and (27) were utilized as the desired precursors. 2,2'-Bis-
(methylthio) 1,1’-biphenyl monosulfoxide (26b-0) was pre-

D rearrangement
Q0 == Q0

Bull. Chem. Soc. Jpn., 70, No. 11 (1997) 2579

Dfﬂf*\w

[es

D

D
I\

o Mislow-Evans
rearangement
I ) 3]

Kim-Caserio

24'-d,

s—sppP

D+\+/D><;>H

23'-d,
1

5.

pared and treated with Tf,0 at —45 °C in CD3;CN/CDCl5.4®
Surprisingly, the formation of dication (26b**) was not ob-
served by "HNMR spectroscopy at —45 °C, but 26b-O was
converted to the cyclic sulfonium salt (28b) in high yield as
shown in Eq. 8.

HiC CHj HsC, A
S §—0 +S S
TH,0
e ®
CD;CN/CDC13
—45°C oTfO-
26b-0 28b (quant.)

Normally, one would think that in this reaction the
Pummerer-type reaction*® should take place by an initial
O-sulfonylation, followed by deprotonation from the methyl
group and finally an intramolecular attack by the other sulfur
atom to give the cyclization product (28b).® However, when

7 &\ I §—s S §—s S
&S
19e 19¢-0 23 D
+ m o _ + D +
D—{J—\ ) s’_>—n D—{)_\ S ‘s/_[?—D S§—s S S—8§ N
e\ Qo
19e[-)d5 19e-<[:5-0 | 23?d3

19e:19e-ds=1:1

|19e-o:19e-d5-o=1:1|

Scheme

No cross-over products
were obtained

6.
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the trideuterated sulfoxide (26b-d3-O) was treated with Tf,O

—45 °C, the deuterium atoms in the sulfonium salt (28b-
d3) and (28b-d3) were observed at the methylene groups of
28b-d, and the methyl groups of 28b-d3 in 0.17:0.83 ra-
tio. If the reaction proceeded via only the Pummerer-type
process b) in Scheme 7, then the deuterium atoms should be
observed only at the methylene position and not at the methyl
group as found in 28b-d,. Thus the present result strongly
rules out the simple Pummerer reaction, instead it supports
the formation of the dication (26b?*-d3) prior to proton ab-
straction. The isotope ratio reflects on the isotope effect due
to the proton abstraction from 26b?*-d3. This is illustrated
in Scheme 7.

Furthermore, interestingly, when the mono-sulfoxide of
diethyl derivative (26¢c-O) was similarly treated with Tf,0O
in an NMR tube at —45 °C, two signals corresponding to
the two types of the ethyl groups in 26¢-O coalesced to give
a symmetrically coupled signal in 'HNMR spectroscopy.
This ethyl signal is attributed to the formation of the bis-
(sulfonium) dication (26¢**) which on elevating the temper-
ature to —20 °C, was split into two symmetric signals; then
new ethyl signals were observed.’” In a large scale prepa-
ration, a crystalline compound was isolated and its 'H, 13C,
and "FNMR spectroscopies indicate the formation of the
monosulfonium salt (29¢).*>? Ethyl triflate was observed as
a counter-part by measuring the 'H NMR described above as
new methylene and methyl signals, which agree with that of
ethyl triflate authentically prepared. The formation of 26¢2*
shows that 26¢c-O is highly activated after the conversion
to the dication (26¢2*), from which the removal of one ethyl
group takes place quite rapidly. Similarly, isopropyl, #-butyl-
and benzyl-substituted biphenyl derivatives of 26 afford the
corresponding monosulfonium salts (29) (Eq. 9).

A selenium analog of dication (27¢**) was also detected
by '"HNMR spectroscopy under the same conditions.>”

ACCOUNTS

Et Et Et FEt Et
s §»0 +5-§+ S-S+
_ 0
2
26¢-0 26¢% 29¢ )
(detected)
Et, Et
+GeSe+
L THO-
27¢%
(detected)

In general, dealkylation of sulfonium salts requires high
temperature, while 26¢>* has an usually high reactivity which
is enough to allow the transethylation even at —40 °C.>? §-
Adenosylmethionine (SAM) is know to serve as a trans-
methylating reagent in vivo at room temperature in the pres-
ence of an enzyme.* Our present experiment suggests that
SAM should be highly activated by the through-space in-
teraction between the sulfur atom and other heteroatoms in
the molecule to form a highly reactive monosulfonium salt
prior to the transmethylation process. Recently, an interest-
ing concept for the activation of SAM has been presented by
Brajeswar et al.>® They have proposed that the central sul-
fur atom in the sulfonium moiety of SAM is converted to a
sulfurane-like dication intermediate, from which the methyl
group is transferred readily to the nucleophiles, as shown in
Scheme 8.

An unsymmetrical sulfonium dication was also generated
by a similar treatment of 2-methylthio-2'-ethylsulfinyl 1,1’-
biphenyl (vise versa) (30 or 30’), with Tf,O affording an
unstable dithia dication (31) which decomposes to give the
corresponding mono-sulfonium salts (29b) and (29¢) in a
ratio of 1: 6, as shown in Scheme 9.7V

In the case of the benzyl methyl derivatives, 32 and 32,
on treatment with Tf,O in CD3CN or CDCl3, both sulfox-

o\
TfO™
HSC\ ICD3 H3C f\ CD2
S S—>0 S- S—OTf
——
—45°C
ZTfO_
26b-d;-0

/ 26"%“

[ HsC (TCD, Hzc’\ €Dy W
S: S+
. O O
| TfO™ | | TFO™ |
D D
[ HaC 7 cD3 7
+S 8
28b-d, 28b-d3
0.17 0.83

Scheme 7.



N. Furukawa Bull. Chem. Soc. Jpn., 70, No. 11 (1997) 2581
NH, (elolon NH, €00~
N P
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S AM > N o “Ni - ° + NU'—CH3
* Ul transmethylase H H
H H HO H H HO
Scheme 8.

Et  Me Et Me Et.  Me tivates the molecules producing the highly labile moieties.
s s~0 0S5 § 60 N Another possible procedure to activate the molecules is the
or ~5°C photolysis of the compounds which may excite one electron
om0 on the chalcogen atom to the residual naphthalene ring by
30 n—7t* excitation. This photo-excitation produces an electron-

S~ 5+ O +S =S 0

————“

29b (61%) 29¢ (9%)
Scheme 9.

ides give the S-methylsulfonium salt (29b) as a sole product,
suggesting that the dication (32%*) should be formed initially.
Then the removal of the benzyl group takes place exclusively
from this dication (Eq. 10).5"

Me\ Bz Me\ /BZ Me /Bz
o~—s ¢ s §—=0 +s—g+
TH,0
(O |= —— O
2TfO™
32 32' 327
Me\
TIO" + S—S§
— O a0)
29b(95%)

The kinetic study of the thermal decomposition of dithia
dication (26¢**) gave good first-order rate constants k (1)
of 1.11x1073 (=30 °C), 3.56x10~* (=35 °C), 1.56x 10~
(—40°C), 5.64x 1073 (=45 °C) and the activation parame-
ters AH¥=21.0+1.1 (kcal mol—1), AS*=14.844.5 (en). The
large positive entropy value and the removability among the
alkyl moieties (Bz>Et>Me) substituted at the sulfur atoms
suggest that the dealkylation may proceed either via an Sy1
process or a ligand-coupling reaction and that an Sy2 path-
way can be excluded.’?

This facile deethylation of 26¢** by the extremely low
nucleophilic anion, i.e. TfO~, demonstrates that the forma-
tion of the dithia dication converts the S-alkyl groups to the
highly reactive alkylating agents.’® Similarly, naphthalene
derivatives (19) also afford the corresponding dithia dicat-
ions (19%*) which finally give the S-monosulfonium salts.””

I-5) Molecular Activation and Generation of Active
Species via Dithia or Diselena Dications. The forma-
tion of dithia (or diselena) dications via the through-space
interaction between chalcogen atoms as mentioned above ac-

deficient radical-cation-like state at the one chalcogen group,
from which the S—S or Se—Se bond formation takes place
transannularly to convert the molecules into highly activated
states.”® From this activated state, the substituents attached
at the chalcogen atoms are released to liberate the active
species together with thermodynamically stable disulfides or
diselenides. This concept may create a new methodology
for generating new reactive species. We call this a missile
system which is composed of a potential missile part and a
launcher part.

There are many conceivable functional groups which can
be extruded readily from the system as a missile, whereas
the molecule as a launcher part should possess a thermally
and photochemically stable skeleton. Examples include aro-
matic or heterocyclic compounds which are readily recovered
and recycled after the reactions. There are several ignition
systems, such as photolysis, which trigger the reactions for
generating active species. This concept is not only useful
for creating a new methodology but also provides an envi-
ronmentally benign process for synthetic organic chemistry.
The model is illustrated in Scheme 10.

I-5-1) Quinodimethane Formation. 8, 13- Di-
hydrobenzo[g]naphtho[1, 8- bc][1, S]diselenonin (35) was
prepared®® and was exposed to sunlight in the presence of
air. The decomposition of 35 took place gradually to give
a o-quinodimethane dimer (38) and naphtho[1,8-cd]-1,2-
diselenole (33) quantitatively.” This reaction may involve
quinodimethane (36) as a transient intermediate after the
formation of the photoexcited diselena dication (35%*) by
photoinduced activation. The formation of 36 was identified
by the trapping experiment in the presence of olefins under
UV irradiation. This reaction gives tetrahydronaphthalene
derivatives (37) in high yields, together with 100% recovery
of 33. The reaction is shown in Scheme 11 and the trapping
experimental results are summarized in Table 5.

_The photolysis of 8,13-dihydrobenzo[g]naphtho[1,8-bc][1,
5]dithionin (34) gave almost the same results as the selenium
derivatives.®? The results are summarized in Table 5. There
are several procedures reported for the generation of quinodi-

_ methane.5>%® However, our present method gives the olefin

adducts and the starting disulfide or diselenide in high yields.
Therefore, our method has an advantage for the generation
of o-quinodimethane under photolysis conditions.
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[a]:
[B]:
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Generation of active apecies
: Recycle

Scheme 10.

I-5-2) Photochemical Reactions of 2-Substituted and 2,
2-Disubstituted Naphtho[1,8-de]-1,3-dithiin Derivatives.
In the modern organic syntheses, organic sulfur compounds
play quite important roles.®*% As one such brilliant success,
the concept of “Umpolung” has been introduced by Corey
and Seebach, using typically 1,3-dithianes.®® There are many
procedures to remove 1,3-propanedithiol for deprotection,®”
which may involve the transannular interaction between the
sulfur atoms, after converting divalent sulfur to the trivalent
state.® Among these deprotection of aldehydes and ketones
photochemical conversion is of considerable interest.”® If
one used naphthalene-1,8-dithiol (39) instead of 1,3-pro-
panedithiol, the photolytic deprotection of the dithiol should
occur quite readily to recover the ketones or the aldehydes

X X kv X----X
3 X=2y % x=9,

*

ACCOUNTS

Table 5. Trapping Experiment of o-Quinodimethane (36)

Substrates Olefins Yield (%)
R R’ 37
34 H  COMe 62
CO,Me CO,Me (cis) 54
CO,Me CO,Me (trans) 79
35 H CO;Me 97
CO,Me CO,Me (cis) 94
CN CN (trans) 99

and naphtho[1,8-cd]-1,2-dithiole (20) which can be recycled
for the preparation of starting materials.

We prepared various derivatives of 2- and 2,2-disubsti-
tuted naphtho[1,8-de]-1,3-dithiin (40) and converted them
to the corresponding monooxides (40-0), monosulfilimines
(40-NTs) and mono-S-ylides (40-C~R;), respectively. In
fact, these three dithiin derivatives undergo photolysis to
give aldehydes, ketones, imine derivatives and olefins in al-
most quantitative yields with the recovery of 20 as shown in
Scheme 12.9

I-5-2-1) Photolysis of Monooxides of Naphtho[1,8-de]-
1,3-dithiins. Although dithiins (40) and (41) are thermally
and photochemically stable molecules, monooxides (40-O)
and (41-0) are decomposed to the corresponding aldehydes
and ketones quantitatively with complete recovery of 20 on
exposure to high-pressure Hg lamp in benzene for 20 h.”
The photolysis procedure is independent of the nature of the
solvents. The results obtained are summarized in Table 6.

When the "HNMR signals of 40a-O were followed, new
peaks corresponding to those of the rearranged intermediate
product (sulfenate) (42a) appeared but disappeared again
completely. The formation of 42a was identified as the cyclic
sulfenate by examining the 'H-, >*C NMR and mass-spectra
after the isolation of the crude compound. Finally the spectra
were converted to that of a 1: 1 mixture of 20 and benzalde-
hyde. Cis—trans-isomerization of the substrate (40a-O) was
also observed. The time course of the photolysis is illustrated -
in Fig. 7.

dimerization

s@e

- 38

Scheme 11.
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X =0 (40-0)

OO X = NTs (40-NTs)
X ="C(CO,Et), (40-C"Ry)

X = 0 (41-0)
X = "C(CO,Et), (41-CRy)
H)R
S S

high pressure Hg lamp (500 W)
313 nm

X =0 (42)
X = NTs (43)
X = "C(CO,Et), (47)

Scheme 12.

Table 6.  Photolysis of Dithioacetal Monooixde and Dithio-
ketal Monooxide in Benzene®

Substrates (40-O or 41-0) Yield (%)
R R’ Aldehyde or ketone 20
Ph H >99 >99
CH3(CHa)s H >99 >99
PhCH=CH H >99 >99
Ph CH3 >99 >99
Ph Py >99 >99
Ph PhCH(OH)- >99 >99

a) 400 W high pressure Hg lamp, 4 >300 nm, Substrates (0.1
mmol), Benzene (5 ml). b) Yields were determined by gas chro-
matography and 'H NMR spectroscopy.

The effect of light intensity on the photolysis of 40a-O
and the quantum yield measurements demonstrate that pho-
toreaction of 40a-O proceeds via the mechanism shown in
Scheme 13. An excited singlet state (n—rt™) initiates the
cleavage of the C—S bond in (40a-0)* giving the diradical
(40a-0)*" to form the sulfenate (42a) as an intermediate
via the S-S through-space interaction. Finally, the sulfenate
(42a) should be converted to benzaldehyde and 20 via also
through-space interaction. :

The photolysis of sulfoxides reported before gives the cor-
responding sulfenate ester as an intermediate. The mecha-
nism has been exemplified by the quantum yield analysis and
the stereochemistry of the sulfoxides employed.”

I-5-2-2) Photolysis of N-Tosylsulfilimines Derived from
Naphtho[1,8-de]-1,3-dithiins. The sulfilimines (40-NTs)"?
also undergo intramolecular photo-imino rearrangement giv-

g
=]

[40a-0], [40a'-0], [42a] and [20]x102 M

:
00 10 20 30
Time (h)

o 40a-0

o 40a'-0 (isomerized)

o 42a

A benzaldehyde and dithiole 20

Fig. 7. ‘Time course of photolysis of 1-phenyl-naphtho[1,8-de] 1,3-dithiane-1-oxide (40a-0) ([40a—0]o=1.69x 1072 M in CDCl5).
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ing N-tosyl aldimines (44) quantitatively together with 20.”
Typical examples are shown in Table 7. The photolysis
of 40-NTs gives not only aromatic aldimines™ but also
aliphatic aldimines quantitatively, regardless of the solvents
employed.

The photo-decomposition mode of the sulfilimine (40a-
NTs) was similar to that of the sulfoxide (40a-O).

The monitoring results of the photolysis of 40a-NTs by
the 'THNMR as shown in Fig. 8 clearly indicate the forma-
tion of an intermediate (43a) : 2,3-Dihydro-3-phenyl-2-tosyl-
naphtho[1,8-¢f]-1,4,2-dithiazepine which was successfully
separated and its structure was determined by X-ray crystal-
lographic analysis. This dithiazepine (43a) decomposes to
the final product, again via the S-S through-space interaction.

Interestingly, besides the photolysis, the 1-N-tosylsulfil-
imines (40-NTs) on treatment with BF;—Et,O undergo the
imino-group migration to give aldimine-BF; complexes (45)

Table 7. Photolysis of Naphtho[1,8-de]-1,3-dithiin-1-N-
tosylsulfilimines in Benzene®
R_H
SxS>NTs s—sS
e &5
. NTs  +
e QOO
(40-NTs) (44)
R Yield of aldimine (44)
%
Ph >99
Et >99
CH3(CHa)s >99
PhCH=CH >99
2-Furyl >99

a) 400 W high pressure Hg lamp, A >300 nm, Substrates (0.1
mmol), Benzene (5ml). b) Yields were determined by gas chro-
matography and 'HNMR spectroscopy.

w
£

[\

sy

[40a-NTs], [43a], [aldimine 44] and [20]x10 M

a 40a-NTs
| ¢ 43a
B aldimine 44 and 20

Time(h)

8 10

Fig. 8. Time course of photolysis of 1-phenyl-naphtho[1,8-de] 1,3-dithiane-1-N-tosylsulfilimine (40a-NTs) ([40a NTs]p=2.8x 1072

M in CDCl3) and ORTEP drawing of intermediate 43a.
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as reactive intermediates which are trapped by dienes via
imino [4+2] cycloaddition to give N-tosyltetrahydropyridine
derivatives (46) in high yields.”™ The reactions are illustrated
in Scheme 14 and the results are summarized in Table 8.

1-5-2-3) Photolysis of Monoylides of Naphtho[1,8-de]-1,
3-dithiins. = Naphtho[1,8-de]-1,3-dithiin-1-onium bis(eth-
oxycarbonyl)methylides (40-C~R;) were photolyzed under
conditions similar to those used in the reactions of the sulf-
oxides (40-0O) and the sulfilimines (40-NTs) as described
before.

The modes of the photolysis of the ylides (40-C~R;)
are similar to those of the sulfoxides and the sulfilimines.
Namely, the photolyses of 40-C~R; are clean and give the
olefins and 20 quantitatively. The intramolecular migra-
tional mode, light intensity dependence, and intermediary
formation of the ring-expanded intermediate (47: R=Ph,

BF3
Ph, H Ph__H ;
S><S--""NTs S‘>“§S_NTS
BF;°0Et,
CH,Cl,
-20°C
40a-NTs

|
Ph

46

Bull. Chem. Soc. Jpn., 70, No. 11 (1997) 2585

R’=COOEt) are consistent with the features of the photoly-
sis of 40-O and 40-N'Ts.”® Tetrasubstituted ethylenes can be
obtained quantitatively, demonstrating that the photolysis of
40-CR; is a synthetically important procedure.

In order to understand the mechanism of the photolysis, an
ab initio calculation was carried out by using, 2,3-dihydro-
naphtho[1,8-ef]-1,4-dithiepin (48) as a model compound in
the S; (singlet state) as well as Sy (ground state) (Fig. 9). The
RHF method was applied to the Sy, and the CIS method to the
S1 using STO-3G™ basis set. The optimized S---S distances
in S and S; are 3.06 (3.13 A) and 2.516 A respectively.
This bond shortening of ca. 0.5 A at the S; promotes the
reactivity of 48 by the through interaction between two sulfur
atoms, and is related to the clean photo decomposition of the
dithiepins (47).

;BF3
PRS-

Scheme 14.

Table 8. Diels—Alder Cycloaddition of N-Tosylaldimines Generated in situ®

Substrate R Diene Products Yield (%)”
R._H
>
S "S»NTs
Et I\/k 81
e\ "
NTs
Et ,—< /(\/k 88
4 Et
Et 7 \__ ’:l/‘ (2:1)? ('\/NCS 88
Et
NTs
CH3(CH>)s H j:\)\ 83
(CHz)sCH3
NTs
Ph H :@\ 56
Ph
Ph //_< /QTS 8
Ph 7\ NTs  (3:1)9 (l/ucs 52
“Et Et

a) Substrates (0.22 mmol), Diene (0.22 mmol), BF3(OEt,) (0.22 mmol), CH,Cl, (10 cm™3).
c) Stereochemistry was established by 'HNMR NOE.

lated yields.

b) Iso-
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48 (Sp) 48 (Sy)

Fig. 9. Three-dimensional view for RHF/STO-3G™ opti-
mized So structure (left) and CIS/STO-3G™ optimized S;
structure (right) of 48.

II) Dications of Hypervalent Species of [3c—4e] Bond

1I-1) Preparation of Hyperdications.  Accumulation
of transannular or through-space interaction among more
than three chalcogen atoms creates a new dication species
as shown in Fig. 1. In this model, the chalcogen dications
derived from the tris-sulfides or their monooxides are con-
nected by a central hypervalent atom’” and the atoms of the
cationic center serve as electropositive ligands.

The preparation of these new hypervalent bonded com-
pounds is carried out by one of two methods. The first
is the oxidation process using one electron oxidants such
as NOBF,, whereas the second method is the treatment of
monooxide with concd H,SO, or acid anhydrides.?*™> 2,
6-Bis(methylthiomethyl)phenyl phenyl sulfide (49) and re-
lated sulfides were prepared. Their oxidation potentials (£
vs. SCE) were measured by cyclic voltammetry. The Ej
values of these compounds are shown in Fig. 10.

The lowest E,, values of the tris-sulfide (49) suggests that
this may give a desired dication species (49**) after removing
electrons from one sulfur atom. As shown in Fig. 10, the E,
values decrease every 200 mV by adding one ortho-meth-
ylthiomethyl group to dipheny! sulfide, while m-bis(meth-
ylthiomethyl)benzene has a higher oxidation potential than
49.7®

The X-ray crystallographic analysis of the monooxide (50)

CHs
S
S—Ph _corc H,S0,
N
(o)
S
\
CH3
50 L
CHs
S\o
H0
— S—Ph +
S
“CH,
50

Scheme 15.

SMe SMe
SPh QSPH Qsph
SMe SM? SMe
49
1150 mV® 1340 mv® 1400 mv® 1550 mv®

Fig. 10. Oxidation potentials of 2,6-bis(methylthiomethyl)-
phenyl phenyl sulfide (49) and related sulfides. a) Condi-
tions: Pt electrode vs. saturated calomel electrode, 0.1 M
n-BuyNClO, (electrolyte), CHsCN (solvent), 200 mV s~
(scan rate).

indicates that the two sulfur atoms S; and S, in the solid state
are arranged within the van der Waals contact of S-S (3.70
A), while the third sulfur atom (S3) is far from the cen-
tral sulfur atom, as shown in Fig. 11.”® The sulfoxides (50)
and (50') were dissolved in concd D,SOy4. Their measured
THNMR spectra indicate the formation of dication (49%*) via
through-space interactions between the three sulfur atoms.
On treatment of a D,SO4 solution of 49%* with H,0, the
three products (49), (50’), and (51) were obtained in 1:6: 1
ratio as shown in Scheme 15. Selenides behave similarly to
the sulfides.?®

The formation of 49 and 51 suggests the disproportionation

Fig. 11. ORTEP drawing of monooxide 50.

+CHs  4CHs
| |
++
T—Ph - <j§<ET—ph + 49
S, S,
*CH, *CH,
492-1- |
CHs3 CHs
<o s
S—Ph + S—Ph
o
s7 s,
CH3 CH3
51 a9
1 : 1
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of 49%* as shown in Scheme 15.

As an interesting extension of this reaction, diphen-
yl chalcogenides bearing 2,6-bis(phenylthiomethyl) groups
(52—54) were prepared and their E, values vs. Ag/AgCl
in 3 M KCVCH5CN were measured (1 M=1 mol dm—3)
(Fig. 12). Subsequently, these compounds were converted to
the dications.??

The three compounds (52), (53), and (54) have one ca-
thodic and anodic peaks between —1500 mV to +1500 mV
in the CV measurement, suggesting that oxidation potentials
between the cation radicals and dications are too narrow to
be distinguished by the present method. However, the oxi-
dizing ability order of the three chalcogenides is Te>Se>S,
which is the same as the trend observed for the oxidation
potentials of the chalcogen atoms.?®

The tellurides (54), (55), and (56) and their monoox-

SPh SPh SPh
SPh SePh TePh
SPh SPh SPh
52 53 54
1103 mv> 926 mV? 666 mv®

Fig. 12. Oxidation potentials of 2,6-bis(phenylthiomethyl)-
phenyl phenyl sulfide (52), selenide (53), and telluride (54).
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ides were prepared and treated with either concd D;SO4
or NOBF, as an oxidant in an NMR-tube (Eq. 11). The
'"H NMR spectra of these compounds show the formation of
the dication species (57), (58), and (59). The structures of
these chalcogen dications were determined by X-ray crystal-
lographic analysis after isolation. The ORTEP drawings of
telluranes (57), (58), and (59) are show in Fig. 13.

P 3R
2NOBF, SO,
Te—ph — o DO Te—Ph an
X~p X~r
RX =SPh (54) RX =SPh (57)
RX =SePh (55) RX =SePh (58)

RX = N(CHy), (56) RX =N(CHg), (59)

The dication (57) has a trigonal bipyramidal structure at
the central Te atom, in which the two sulfonio groups oc-
cupy the axial positions, while the two phenyl rings and the
lone electron-pair compose the equatorial ligands, with sig-
nificantly longer Te—S bond distances: 2.652 and 2.654 A,
compared with the normal Te~S o-bond length of 2.36 A.
From the view of 57 down the Te(1)—C(1) axis, it is seen that
the phenyl rings are almost perpendicular to the S(1)-Te-
(1)-S(2) bond. Furthermore, surprisingly, the arrangement
of the three phenyl groups are of a cis—trans-conformation,

Fig. 13.  ORTEP drawings of 2,6-bis[(phenylsulfonio)methyl]phenyl phenyl telluane (57), 2,6-bis[(phenylselenonio)methyl]phenyl
phenyl tellurane (58), and 2,6-bis[(dimethylammonio)methyl]phenyl phenyl telluane (59).
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+0.483 +0.602
—0.0 SmuPh  —0.023 Se~wiPh  ~0.057
+1.600 +1.422
~0.300 TewPh 0,177  —0.249 Te-Ph  —0.180
—0.01 S—=aPh -0.055 Se-«Ph —0.075
+0.495 +0.615
57 58
0634 4Me
Niqye +0-628
+1.898
-0.517 Te-nPh —0.194
N_..u\\Me +0.646
.o_sso\Me
59
Fig. 15. Charge distribution of the tellurane dications (57),

(58), (59) by single-point ab initio RHF/3-21G™ calculation
using the X-ray structures. The charges were calculated by
the Natural Population Analysis (NPA) method.

which is marked contrast to the expected trans—trans con-
formation, as shown in Fig. 14. The distance between cis
oriented phenyl rings is in the range 3.258—4.280 A, indi-
cating that m—7 stacking may play an important role of this
conformer of 57 in the solid state.

The charge densities and bond orders of the hypervalent
bond of these telluranes (57), (58), and (59) were calculated
by the ab initio RHF-method on the basis of 3-21G™*) 32 The
results are shown in Fig. 15.

Interestingly, these ab initio calculations reveal that the
positive charges at the hyperavalent bond of 57 and 58 are
distributed among the S—Te and Se—Te bonds and positive
charges are delocalized into neither the phenyl rings nor the
methylene groups. But in the tellurane (59), the positive
charges of the hypervalent bond are found at the central Te
atom and the two nitrogen ligands are negatively charged;
moreover, in these cases the population of 5d orbital is around
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Fig. 16. ORTEP drawings of selenenium salt (62).

3%, indicating that the d-orbital participation is negligible.

Accordingly, these telluranes (57), (58), and (59) should
have doubly positively charged structures at the Te atom
rather than the hypervalent bonds.

1I-2) First RSe" and RTe* Salts; 2,6-Bis(dimethylami-
nomethyl)phenyl Selenenium and Tellurenium Cationic
Compounds.  The preparation of an monovalent sulfur
cation (RS*) species has been long awaited. Although many
attempts have been conducted and the formation of it has
been reported,® its existence still gives rise to controversial
problems. Analogous selenenium and tellurenium cations
(RSe*, RTe*) are also standing in line for investigation.3¥

As described in the previous sections, selenides and tel-
lurides with two 2,6-dimethylaminomethyl groups on the 2,
6-position of the phenyl ring, which are called a Koten’s arm
(ligand),® can stabilize the cations generated at the central Se
and Te atoms by the through-space interaction enormously.
Furthermore, the formation of dications highly activates the
molecules to release the alkyl substituents attached at the

Te— Ph Te— Ph Ph_ Te

cis-cis conformation

cis-trans conformation

trans-trans conformation

Fig. 14. Three types of conformers of 2,6-bis[(phenylsulfonio)methyl]phenyl phenyl telluane (57).

CHy +,CHs
N—CH, N—CHj;

t-BuOCI(1 eq.)

_ _tBuOCll eq) _
X=CHy — 55 X—CHs
N—CHj N-CH,

CHj; CH;

L Y=CLBr

X = Se (60) ’Se: 90.0 ppm
X =Te (61) »Te: 287.2 ppm

2Y"

CH,
N_CH3
KPFs + CHCl
PFg
- CHj3
CHs

L
-

X =Se (62) 7'Se: 1208.3 ppm
X =Te (63) *Te: 1949.4 ppm

Scheme 16.
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CHy +HCHs +HCHs
N—CH; N-CH, N—CHj
Ser  —Tl Se-sph| —SH_, Se |+ Phssph
6
N—CH, —N=CH, =N-CH,
CH, PFe  CHy PEc HCH,
62 64
77Se: 1208 ppm 0, 7’Se: 6 ppm

Scheme 17.

central chalcogen atom as electrophiles.

A combination of these procedures may produce the de-
sired selenenium and tellurenium compounds (RSe*, RTe*).
We prepared the following selenide (60) and telluride (61)
and treated them with ~-BuOCI and then KPFg¢ for the an-
ion exchange. As we expected, the selenenium salt (62)
and tellurenium analog (63) were isolated, as shown in
Scheme 16.89

The selenenium salt (62) was isolated and the structure was
determined by X-ray crystallographic analysis. The ORTEP
drawing is shown in Fig. 16.

The PFg™ anion is separated from the cationic center and
makes no contact within the van der Waals contact. The bond
lengths between the Se and two nitrogen atoms are 2.154(7)
and 2.180(7) A, which are much shorter than the sum of the
van der Waals Se-N contact of 3.45 A, although the distance
is slightly longer than the sum of a covalent radii of Se-N
bond. The positively charged character of the Se atom is
also estimated by 7’Se NMR spectroscopy. The enormous
down-field shift of the cationic species (62) as compared
with the starting material (60) demonstrates the formation of
apositive charge at the Se atom. The tellurenium species (63)
was also confirmed by '»Te NMR spectroscopy. Ab initio
RHF calculations with STO-3-21G™ as a basis set of these
two new chalcogen species also confirm their existence.®”

Monovalent chalcogen species such as RSe* should re-
act with olefins, but the présent selenenium and tellurenium
cations do not react with olefins at all due to the sterically
bulky ligands which may prevent the approach of the Se*
center to the olefinic carbon.

On the other hand, the selenenium cation (62) reacts with
2 equiv PhSH to give diphenyl disulfide and selenolate an-
ion (64) which is converted back to the starting selenenium
cation (62) on exposure to the selenolate in air, as shown in
Scheme 17.

This is the first example of the isolation of selenenium and
tellurenium cation species.

Conclusion

This account summarized the recent advancement in the
chemistry of dichalcogena dications having 2-center-2-elec-
tron and 3-center-4-electron bonds. We have developed
the chemistry of dichalcogena dications obtained from steri-
cally congested bis- and tris-dichalcogenides. These dication
species may not only provide us with new concepts in the
chemical bondings of heteroatom compounds but also may
produce new chemical reactions and functionally important

materials such as molecular hysteresis in future.
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