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Three novel unsymmetrically substituted DBTTF derivatives, (MeO), (MDO) DBTTF, (EDO)
(MDO) DBTTF, and (MeO), (EDO) DBTTF, have been synthesized and their physico-
chemical properties are elucidated. Here, MeO, MDO, and EDO mean methoxy, methylene-
dioxy, and ethylenedioxy groups, respectively. Trimethylaluminum is found to be suitable for
the syntheses of the above DBTTF derivatives using the non-coupling method. MDO is rather
an effective substituent in reducing the difference between the first and the second redox
potentials. The crystal structures of (MeO), (MDO) DBTTF and (MeO), (EDO) DBTTF were
analyzed by an X-ray crystal structure analysis. In the crystal of (MeO), (MDO) DBTTF, two
molecules form a face-to-face pair, in which two molecules arrange so as to cancel their dipole
moments to each other. The molecules of (MeO); (EDO) DBTTF form a herringbone column
structure in the crystal. Intermolecular short S--S atomic contacts are not found in the crystals
of (MeQ), (MDO) DBTTF and (MeO), (EDO) DBTTF. However, intermolecular interactions
through C--C and C--O atomic contacts, and hydrogen bondings are recognized.

Keywords: Electron donor; synthesis; crystal structure; (MeQO),(MDO) DBTTF; (EDQO)
(MDO) DBTTF; (MeO), (EDO) DBTTF

INTRODUCTION

The charge transfer (CT) complexes, formed between dibenzotetrathiaful-
valene (DBTTF) and various organic and inorganic electron acceptors
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(TCNQ,TCNQCl,, TCNQF,, TCNQF,, SnCl2-, PtCI2-, etc.), have been
synthesized, and their physicochemical properties, such as electrical or
crystalographical properties, have been elucidated [1~6]. It is found,
however, that the ability of DBTTF as an electron donor is not superior to
that of TTF, though it has a more extended w-electronic system than TTF.

Although systematic works on the DBTTF CT complexes have been done
to vary the kinds of the electron acceptors, there are few studies to modify
the electron donor DBTTF. The introductions of strong electron donating
groups into DBTTF are expected to promote its electron donating abilities
and the formations of segregated stacking columns, leading to better
conductive CT complexes. Thus, we have prepared the DBTTF derivatives,
in which methoxy (MeO), methylenedioxy (MDO), and ethylenedioxy
(EDO) groups are introduced symmetrically into the 5, 6, §’, and 6’ positions
of the DBTTF skeleton {7, 8]. In a previous investigation, a number of CT
complexes of (EDO), DBTTF (or BEDO-DBTTF) with various organic
electron acceptors have been prepared, and their physicochemical properties
have been clarified, where the EDO group introduced was suggested to play
an important role in the formation of an assemble of self-aggregated donor
through CH--O hydrogen bondings [8]. The above symmetrical DBTTF
derivatives (MeO), DBTTF, (MDO), DBTTF, and (EDO), (DBTTF)) are,
however, not very soluble in ordinary organic solvents.

In the present investigation, in order to improve the electron donating
properties and to increase the solubility of the DBTTF derivatives, we have
attempted to prepare unsymmetrically substituted DBTTF derivatives, in
which MeO, MDO, and EDO groups are introduced into both sides of
DBTTF as shown below. Their redox potentials and crystal structures have
also been determined.

MeO. s. S o} o S S o Me s S o
TS CO=C0rd =)
MeO' S S o o) S S O  MeO S S (o)
(MeO),(MDO)DBTTF (EDOXMDO)DBTTF _ (MeO),(EDO)DBTTE

RESULTS AND DISCUSSION

Syntheses

For the preparations of the DBTTF derivatives treated here, two procedures
can be considered, the methods of cross-coupling and non-coupling. Since
the cross-coupling method gives three kinds of products whose isolation is
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difficult, non-coupling method is adopted here [9]. For the non-coupling
method, using trimethylaluminum as a Lewis acid at the key step, two routes
(named as Routes A and B for each compound) can be considered as shown
in Scheme 1, for a typical example of (MeO), (MDOQ) DBTTF. As for the

Route A
R1I:ESH MesAl R‘I:[SAIMeZ S R2
—_—— MeQOC :C[
R SH R’ SAIMe, _<s ”?
4a 5a b
Y s s R2
—~C X
H‘DIS ) R2
Route B (Me0),(MDO)DBTTF
R2 SH R2 SAIMe, S R
SCUEERN s e o
R? SH R? SAiMe, s R
6a
4b 5b
a :R'=R'=MeO

b :RZ R2=OCH,0

SCHEME 1 Preparation of (MeO,) (MDO) DBTTF.

preparations of (MeO), (MDO) DBTTF and (MeO), (EDQO) DBTTF, both
routes were tested. Table I shows that Route B gave better results for
(MeO), (MDO) DBTTF, while Route A did for (MeO), (EDO)DBTTF.
The compound (EDO)(MDO)DBTTF was prepared using the ester (6¢),
since 6¢ could be prepared in a better yield than 6b. For the preparations of
(MeQ), (MDO)DBTTF, (EDO)(MDO)DBTTF, and (MeO),(EDO)
DBTTF, the new compounds methyl $5,6-dimethoxy-1,3-benzodithiole-2-
carboxylate (6a), methyl 5,6-methylendioxy-1,3-benzodithiole-2-carboxylate

TABLE I Non-coupling synthesis of unsymmetrical DBTTF derivatives

Organoaluminium
Entry Dithiols compounds Esters Products Yields (% )
1 (Route A) 4a 5a Meooc-<:](:[2> {(MeO), (MDO) DBTTF 60
6b
2 (Route B) 4b 5b Meooc<sj©°°"’ (MeO), (MDO) DBTTF 70
B} OCHgy
2.0
3 4b 5b MeOOC{SI:[o] (EDO) (MDO) DBTTF 52
éc
4 (Route A) 4c¢ Sc 6a (MeQ), (EDO) DBTTF 68

5 (Routg B) 4a Sa 6¢c (MeO), (EDO) DBTTF 25




Downloaded by [University of Haifa Library] at 11:02 20 August 2012

254 T. INAYOSHI et al.

6b, and methyl 5,6-ethylenedioxy-1,3-benzodithiole-2-carboxylate (6¢) were
prepared.

As expected, the solubility in 1,1,2-trichloroethane of the three
unsymmetrically substituted DBTTF derivatives considerably increases
compared with that of symmetrically substituted DBTTF. The solubility
for these compounds decreases in the order: (MeO), (EDO) DBTT >
(MeO), (MDO)DBTTF ~ (EDO) (MDQO) DBTTF, though not being de-
termined quantitatively.

Electronic Absorption Spectra

The electronic absorption spectra of the newly prepared three compounds
together with that of DBTTF, measured in 1,1,2-trichloroethane, are shown
in Figure 1. DBTTF, taken as a reference, shows intense absorption bands
at 289, 311, and 349, and a weak broad band at 432 nm. (MeO),(MDO)
DBTTF exhibits intense absorption bands at 303.5, 325 and 353, and very
weak bands at 442 and 469 nm. The corresponding bands for (EDO)
(MDO) DBTTF are found at 301.5, 325, 356, 436 and 468 nm, and for
(MeO), (EDO) DBTTF at 301.5, 325, 353, 437 and 463 nm. The lowest
energy band of DBTTF is red-shifted significantly by the introduction of the

3.0 T T TR T T
§ 20
3
g
g
o
= 10}
=
~
00
400 450 500
Wavelength / nm
FIGURE 1 The electronic absorption spectra of (MeO), (MDO) DBTTF (1:--~-— ), (EDO)
(MDO) DBTTF (2:------ ), (MeO),(EDO) DBTTF (3:----), and DBTTF (4:——) in 1,1,2-

trichloroethane.
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substituents, splitting into two shoulder bands. The corresponding absorp-
tion bands of the symmetrically substituted DBTTF derivatives in the same
solvent are as follws. (MeQO), DBTTF: 304, 325, 416, 444.5, and 467.5 am.
(MDO),DBTTF: 303.5, 326.5, 355, 444, and 470 nm. (EDO),DBTTF:
299.5, 323, 348, 437, and 471 nm [7]. It is seen that the symmetrically and
unsymmetrically substituted DBTTF derivatives do not show much
difference in the absorption spectra.

The PPP calculation shows that the main contributors to the exited state
wavefunction corresponding to the observed 289 nm band of DBTTF are the
excited configurations from HOMO to LUMO and/or higher vacant orbitals
[10]. Thus, from the position of the corresponding absorption peak of each
substituted DBTTF derivative, the relative strength of the electron donating
power of the substituents may be inferred. According to the locations of the
most intense bands at around 300 nm of the three symmetrically substituted
DBTTF derivatives cited above, the electron donating strengths of the
substituents are in the order of MeO > (or =) MDO > EDO, where two MeO
groups are taken to be equivalent to one MDO or EDO group. The inference
is in harmony with the similar data for unsymmetrically substituted DBTTF
derivatives, the additivity of substituent effect being roughly assumed.

Cyclic Voltammetry

Table II shows the redox potentials (the first and the second half-wave
potentials, E1/2(1) and El/2(2))’ and the differences (AE:El/z(z)“E[/z(l)) of
these unsymmetrical DBTTF derivatives, together with those of DBTTF
and its symmetrically substituted derivatives. All the redox processes are
found to be reversible; the separation between oxidation and reduction peak
potentials in each pair of waves is 60 mV. From the viewpoints of redox
potentials E 1y and Ejj5 (3 (Tab. II), the electron donating strengths of the

TABLE I1 Redox potentials of DBTTF derivatives?

Donor E1/2(1)/V E1/2(2)/V A E/Vb)
(MeO), (MDO) DBTTF  0.43 0.81 0.38
(EDO) (MDO) DBTTF  0.49 0.85 0.36
(MeO), (EDO) DBTTF 0.44 0.85 0.41
DBTTF 0.64 1.06 0.42
(MeO), DBTTF 041 0.79 0.38
(MDO), DBTTF 0.48 0.83 0.35
(EDO), DBTTF 0.50 0.90 0.40

a) The half-wave redox potentials vs. SCE, Pt electrode, 0.1M Bu,NClO, in CH,Cl,, scan rate 200mV/s, at
22 + 1°C.
b) 4 E=(E1pe—Eya)-
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substitutents are in the order of MeO > MDO > EDOQ, which is the same as
that found in the electronic absorption spectra. As for the unsymmetrically
substituted DBTTF derivatives, both E,;;(;) and Ejj; () are intermediate
between those of the two corresponding symmetrically substituted DBTTF
derivatives. It seems that, in this case, the substitution effects on the redox
potentials are approximately additive.

Generally, AE is related to the intramolecular on site Coulomb repulsion
energy, and give us useful criterions of the donors [11]. The values of AE of
the symmetrically substituted DBTTF derivatives, shown in Table II,
increase in the order: (MDO), DBTTF <(MeQO)y DBTTF <(EDO),
DBTTF. The values of AFE of the unsymmetrically substituted DBTTF
derivatives increase in the order: (EDO)(MDO)DBTTF < (MeO), (MDO)
DBTTF < (MeO), (EDO)DBTTF. It is seen that the substituent MDO is
rather effective on decreasing the AE value.

Crystal Structure

The crystal data, the data collection, and the refinement parameters are
summarized in Table III.

TABLE HI Crystal data, data collection and reduction parameters for (MeQ),(MDO)
DBTTF and (MeO), (EDO) DBTTF

(MeO), (MDO) DBTTF  (Me0), (EDO) DBTTF

Formula C|7H|204S4 C‘8H]4O4S4

Formula wt 408.50 422.55

Crystal dimention 0.20%0.15%0.10 mm® 0.10x0.10%0.25 mm>
Crystal system monoclinic monoclinic

Space group P2,/c(#14) P2,(#4)

a/A 14.687(4) 15.303(4)

b/A 8.202(2) 4.140(2)

c/A 14.482(4) 14.408(4)

ﬂ/de§ 107.29(2) 107.32(2)

Vv/A 1665.7(8) 871.3(5)

zZ 4 2

Decalc, g/em® 1.63 1.61

Diffractometer Mac Science MXC18 Mac Science MXC18
Radjation MoKa(A=0.71073 A) MoKa(A=0.71073 A)
Scan mode 20-w 20-w

2 Opax/deg S5 55

No. of intensity measured 4385 2442

Criterion for obsd.reflection  |Fg| >3 o |Fy| {Fol > 3 o |Fy)
Reflections used in L.S. 2645 1855

No. of refined parameters 274 281

R 0.0351 0.0330

R 0.0471 0.0515

Counting statics weights
of the form
goodness of fit

w =exp{1.0 sin’4/A%/
[07(Fo)+ 0.002(Fo)’]
1.87

w=exp[l.0 sinzﬁ//\z]/
[0°(Fo) + 0.005(F()°]
1.50
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(MeO), (MDO) DBTTF

Figure 2((a), (b) and (c)) illustrates ORTEP drawings of (MeO), (MDO)
DBTTF molecule together with the atom numbering. The central
tetrathioethylene plane and the benzene ring with a methylenedioxy group
are almost coplanar, while the benzene ring with two methoxy groups is not
coplanar with the central tetrathioethylene, i.e., the dihedral angle between
the planes of the central tetrathioethylene and the benzene ring substituted
by methylenedioxy group and two methoxy groups are 178° and 174.5°,
respectively as depicted in Figure 2(b). Two bond axes , O(1)—C(7) and
0(3)—C(9), are bent downward from the benzene ring by 17° and 14°,

H{154)
H(158)

H(15C)

c(15)

>®
H{17A)
ot ." 7 H(178B)
Vo < o)
c(18) O
MR W Hctesy Y e
H(16C)
(a)
C(2) S(2)
(1 c cé W&
3y -——(g-—‘cm éé,, O o —0 gon
15&}/ c(10) S(4) c@3) c(12) O2)
clt
(b)

FIGURE 2 ORTEP drawing of (MeQ), (MDO) DBTTF: (a) the front view, (b) side view of
(a), (c) viewed along the C(6)—C(10) bond axis.
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respectively (Fig. 2(b)). Interatomic distances and bond angles for
(MeO), (MDO) DBTTF appear in Table IV and the positional parameters
are given in Table V. The crystal of (MeQ), (MDO) DBTTF does not have
the column structure as seen from Figure 3(a) and (b). Two (MeO), (MDO)
DBTTF molecules, in the crystal, form a face-to-face pair, in which two
molecules arrange so as to cancel their dipole moments to each other. Two
adjacent pairs are arranged perpendicularly to each other. The interplanar
distance within the pair is ca. 3.58 A. Within the pair, the (MeO), (MDO)

TABLE IV Interatomic Distances and Angies in (MeO), (MDO) DBTTF

Atoms Dist. (A°) Atoms Dist.(/i)
S(H-C(5) 1.757(3) S(1)-C(10) 1.752 (3)
8(2)-C(2) 1.752(3) S(2)-C(6) 1.754(3)
S(3)-C(1) 1.756(3) S(3)-C(6) 1.760(3)
S(4)-C(3) i 1.754(3) S(4)-C(10) 1.758(3)
om-C¢(M 1.372(4) O(1)-C(16) 1.414(5)
0(2)-C(12) 1.381(4) 0(2)-C(17) 1.419(5)
0(3)-CM) 1.372(4) 0O(3)-C(15) 1.418(5)
O4)-C(13) 1.381(4) Od)-C(17) 1.424(5)
C(1)-C(2) 1.382(4) C(1)~-C4) - 1.398(4)
C(2)-C(8) 1.390(4) C(3)-C(5) 1.389(4)
C(3)-C(14) 1.401(4) C4)-C(7) 1.378(4)
C(5)-C(11) 1.409(4) C(6)-C(10) 1.347(4)
C(N-C(9) 1.404(4) C@®)-C9) 1.374(4)
C(11)-C(13) 1.361(5) C(12)-C(13) 1.378(4)
C(12)-C(14) 1.363(4)

Atoms Angle(°) Atoms Angle(°)
C(5)-S(1)-C@10) 95.4(2) C(2)-S(2)-C(6) 95.2(2)
C(1)-S(3)-C(6) 94.9(2) C(3)-S(9)-C(10) 95.3(2)
C(H-0()-C(16) 117.003) C(12)-0(2)-C(17) 105.4(3)
C(9)-0(3)-C(15) 117.0(3) C(13)-0(4)-C(17 105.1(3)
S(3)-C(1)-C(2) 117.1(2) S(3)-C(1)-C(4) 123.0(2)
C(2)-C(1)-C4) 119.9(3) S(2)-C()-C(1) 116.8(2)
S(2)-C(2)-C(8) 122.4(3) C(H-C2)-C(8) 120.7(3)
S4)-C(3)-C(5) 116.9(2) S(4)-C(3)-C(14) 122.0(3)
C(5)-C(3)-C(19) 121.1(3) C(H-C@)-Cc(M 119.1(3)
S(1)-C(5)-C@3) 116.7(2) S(1)-C(5)-C(11) 121.5¢3)
C(3)-C(5)- C(11) 121.8(3) 8(2)-C(6)-S(3) 115.5(2)
S(2)-C(6)-C(10) 122.0(3) $(3)-C(6)—C(10) 122.5(3)
om-C(NH-CcH 124.5(3) o)-C(MH-CH) 114.6(3)
C(4)-C(7)-C(9) 120.8(3) C(2)-C(8)-C(9) 119.7(3)
03)-C)-C(7) 115.1(3) 0O3)-C®)-C(8) 125.2(3)
C(NH-CH)-C@®) 119.7(3) S(1)~C(10)-S(4) 115.7(2)
S(1)-C(10)-C(6) 122.8(3) $(4)-C(10)-C(6) 121.5(3)
C(5)-C(11)-C(13) 115.4(3) 0(2)-C(12)-C(13) 109.8(3)
0(2)-C(12)-C(149) 127.6(3) C(13)-C(12)-C(14) 122.7(3)
0O(4)-C(13)-C(11) 127.0(3) 0O(4)-C(13)-C(12) 110.1(3)
C(11)-C13)-C(12) 122.9(3) C(3)-C(14)-C(12) 116.1(3)

O(2)-C(17)-0(9) 109.4(3)
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TABLE V Positional and Equivalent Isotropic Thermal parameters for (MeO),(MDO)
DBTTF

Atom x/a y/b zje Uliso)®
S(1) 0.15068(5) 0.02490(10) 0.45837(5) 0.044
S(2) —0.11356(5) 0.30759(9) 0.36117(5) 0.040
S(3) —0.02274(5) 0.07093(9) 0.26039(5) 0.039
S(4) 0.05651(5) 0.25994(10) 0.55679(5) 0.042
o) —0.33392(14) 0.0975927)  —0.02932(14) 0.048
o) 0.35820(15) 0.19973(32) 0.85612(14)  0.054
0(3) —0.41105(14) 0.30229(28) 0.05763(14)  0.049
o) 0.43103(15) 0.01496(32) 0.77937(16)  0.055
() ~0.13708(17) 0.14115(32) 0.19666(17)  0.033
Q) —0.17926(19) 0.25141(32) 0.24349(17)  0.034
c(3) 0.16708(18) 0.18168(33) 0.62533(18)  0.036
C(4) —0.18649(19) 0.08732(35) 0.10368(19)  0.038
Cc(5) 0.21151(18) 0.07267(32) 0.57924(18)  0.035
C(6) —0.01850(18) 0.17389(32) 0.36823(18)  0.035
C(7) —0.27735(18) 0.14475(34) 0.06031(18)  0.036
C(8) —0.2708(2) 0.3094(3) 0.1993(2) 0.039
C9) —0.31988(18) 0.25709(34) 0.10791(19)  0.037
C(10) 0.05379(18) 0.15455(32) 0.45030(18)  0.037
c(11) 0.3018(2) 0.0060(4) 0.6263(2) 0.042
Cc(12) 0.29925(19) 0.16790(37) 0.7641019)  0.040
C(13) 0.34289(18) 0.05899(36) 0.71837(20)  0.041
C(14) 0.2112(2) 0.2316(4) 0.7207(2) 0.040
C(15) —0.4647(3) 0.3845(6) 0.1102(3) 0.064
C(16) —0.3070(3) ~0.0457(5) —0.0688(3) 0.056
c17) 0.4430(3) 0.1104(6) 0.8643(3) 0.061
H(4) —0.1578(19) 0.0086(35) 0.0751(20) 0.036(7)
H(8) -0.301(2) 0.385(4) 0.23002) 0.041(8)
H(14) 0.186(2) 0.307(4) 0.753(2) 0.041(8)
H(11) 0.331(2) —0.068(4) 0.596(2) 0.044(9)
H(16A) —0.354(2) -0.067(4) ~0.125(2) 0.050(9)
H(15A) —0.438(3) 0.488(5) 0.125(3) 0.06(1)
H(16B) —0.2943) —0.133(5) —0.022(3) 0.07(1)
H(16C) —0.246(3) —0.025(4) —0.087(2) 0.06(1)
H(15B) —0.526(3) 0.396(4) 0.070(3) 0.06(1)
H(15C) —0.463(3) 0.326(5) 0.171(3) 0.08(1)
H(17A) 0.453(3) 0.039(6) 0.922(3) 0.11(2)
H(17B) 0.491(3) 0.182(5) 0.863(3) 0.07(1)

AWio= 1/3 (ESU;a] ata;a)/A”

DBTTF molecules show no short contact less than the van der Waals (vdW)
sum [12], but the molecules exhibit some short contacts with the molecules
of the adjacent pairs: O(1)--H(17B) (2.67 A: vdW sum=2.72 A),
S(2)--H(16C) (2.90 A: vdW sum=3.00 A), C(3)-H(16C) (2.80 A: vdW
sum=2.90 A), C(3)--C(16) (3.30 A: vdW sum=3.404), and O(1)--C(17)
(3.18 A: vdW sum=3.22 A) (Fig. 3 (b)). There are, however, no short S-S
atomic contacts: the observed 3.72 ~ 3.79 A distances exceed its vdW sum of
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(b)

FIGURE 3 Crystal structure of (MeO), (MDO) DBTTF: (a) viewed along the line bisecting
the angle between g-axis and c-axis; (b) viewed along the b-axis, the dotted lines indicate
intermolecular-interatomic short contacts.

3.60 A. It may be worth to note that, in the formation of the intermolecular
hydrogen bonding, one methoxy oxygen O(1) acts as a hydrogen acceptor,
and the H (17B) atom of the methylenedioxy group acts as a donor, but the
oxygen atom of the methylenedioxy group does not act as a hydrogen
acceptor. (MeQOj), (MDO) DBTTF has unsymmetrically substituted polar
groups (see Fig. 2), which lead to intermolecular dipole—dipole interaction
stabilizing the crystal structure.
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(MeO), (EDO) DBTTF

Figure 4((a), (b) and (c)) shows ORTEP drawings of (MeQO), (EDO)
DBTTF molecule together with the atom numbering. The molecule is
bent at the four sulfur atoms of the TTF skeleton to form a boat shape
(Fig. 4 (b)). Both benzene planes are bent 7.9° and 10.9°, respectively, at the
junctions to the central TTF plane; the bending angles are larger than those
of the symmetrical BEDO-DBTTF molecule (6.4°, 7.5°) by ca. 2~ 3° and
considerably smaller than those of BEDO-TTF molecule (21.5°, 24.6°). The
carbon atoms of the two methoxy groups are in the plane of the benzene
ring (Fig. (4¢)). Two methylenes in the ethylenedioxy group take a staggered
conformation. The interatomic distances and the bond angles for
(MeO), (EDO) DBTTF appear in Table VI, and the positional parameters
in Table VII. The compound (MeO), (EDO) DBTTF forms a herringbone
packing, as in the case of DBTTF [3}, along the b-axis shown in Figure 5(2).

O
o=
He1say  HOS0) (a)

sy € O s@ ()

C(7 C(13;
g9 o so F—o s® (2 _con o

4 c10! ~ C{18)
o cm “© ¢ C(ﬁN\
((,(16) o3

(b) c1n)

FIGURE 4 ORTEP drawing of (MeO), (EDO) DBTTF: (a) the front view, (b) side view of
(a), (c) viewed along the C(1)—C(8) bond axis.
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TABLE VI Interatomic Distances and Angles in (MeO), (EDO) DBTTF

Atoms Dist.(A) Atoms Dist.(A)
S(1)-C(1) 1.756(5) S(1)-C(2) 1.754(4)
S(3)-C(8) 1.758(5) S(3)-C(9) 1.760(5)
S(2)-C(1) 1.760(5) S(2)-C(T) 1.757(5)
S(4)-C(8) 1.753(5) S@4)-C(14) 1.758(4)
0(2)-C(5) 1.364(5) 0O(2)-C(16) 1.421(7)
04)-C(12) 1.378(6) O4)-C(18) 1.445(7)
o()-C(15) 1.419(7) O(1)-C@) 1.371(5)
03)-C(11) 1.385(5) o3)-C(1n 1.443(7)
C(1)-C(8) 1.344(6) C()-C(N) 1.380(6)
C(2)-C(3) 1.387(6) C(14)-C(13) 1.388(6)
C(14)-C9) 1.395(6) C(10)-C(11) 1.383(6)
C(10)-C(©9) 1.387(6) C(7)-C(6) 1.403(6)
C(11)-C(12) 1.401(6) C(12)-C(13) 1.380(6)
C(6)-C(5) 1.376(7) C(3)-C4) 1.391(6)
C(17)-C(18) 1.481(7) C(5)-C(4) 1.400(7)
Atoms Angle(° ) Atoms Angle(®)
C(H-S(H-C(2) 95.1(2) C(8)-S(3)-C(9) 94.7(3)

C(1)-S2)-C(MN 95.1(2) C(8)-S(4)-C(14) 95.2(2)

C(5)-0(2)-C(16) 117.2(4) C(12)-0(4)-C(18) 112.94)
C(15)-0(1)-C4) 116.6(4) C(11)-0(3)-C(17) 112.2(4)
S(1-C(1)-5(2) 115.1(3) S(1)-C(1)-C(8) 121.2(4)
S(2)-C(1)-C(8) 123.6(4) S(1)-C(Q)-C(D) 117.03)
S(1)-C(2)-C(3) 122.1(4) C(H-C2)-C(3) 120.9(4)
S(3)-C(8)-S(4) 115.1(3) $(3)-C(8)-C(1) 123.3(4)
S(4)-C(8)-C(1) 121.6(4) S(4)-C(14)-C(13) 123.5(4)
S(4)-C(14)-C(9) 116.1(3) C(13)-C(149)-C(9) 120.4(4)
C(11)-C(10)-C(9) 119.5(4) S$(2)-C(7)-C(2) 116.8(3)
S(2)-C(7)-C(6) 123.4(49) CQ)-C(T)~-C(6) 119.8(4)
0(3)-C(11)-C(10) 117.2(4) 03)-C(11)-C(12) 122.5(4)
C(10)-C(1D-C(12)  120.3(4) 0(4)-C(12)-C11) 121.9(4)
0O(@4)-C(12)-C(13) 117.8(4) C(11)-C(12)-C(13) 120.2(4)
C(7)-C(6)-C(5) 119.6(5) C(14)-C(13)-C(12) 119.5(5)
C(2)-C3)-C4 119.4(4) S(33-C(®)-C(14) 116.8(3)
S(3)-C@9)-C(10) 123.0(4) C(14)-C(9)-C(10) 120.1(4)
0(3)-C(17)-C(18) 110.4(5) 0O2)-C(5)-C(6) 124.8(5)
0(2)-C(5)-C4) 114.9(4) C(6)-C(5)-C%) 120.4(4)
O(1)-C(4)-C(3) 123.8(4) Oo(1)-C@)-C(5) 116.3(4)
C(3)-C(@)—-C(5) 119.9(4) 0@)-C(18)-C(17) 111.4(5)

The interplanar distance between the two neighboring molecules in the
column is ca. 3.55 A (Fig. 5(c)). This distance is shorter than that in the case
of DBTTF where no intermolecular interaction exists [3]. Intermolecular
atomic distances less than vdW distance are seen at O(3)--H(17B) (2.36 A:
vdW sum=2.72 A) and C(4)--H(15B) (2.80 A: vdW sum =2.90 A) in Figure
5(c). These weak interatomic interactions may be regarded as a kind of
hydrogen bondings. It is interesting that the hydrogen atom of the benzene
ring acts as a hydrogen donor in the hydrogen bonding. Similarly,
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TABLE VII Positional and Equivalent Isotropic Thermal Parameters for (MeO), (EDO)
DBTTF

Atom x/a y/b z/c Uliso)®
s(1) —0.06647(7) 0.18200 0.31433(7) 0.044
S(3) 0.21619(7) —0.15591(50) 0.37499(7) 0.041
S(2) 0.02805(7) —0.16073(51) 0.19081(7) 0.042
S4) 0.11473(6) 0.17851(51) 0.49274(7) 0.043
o) —0.2688(2) —0.011(12) —0.0986(2) 0.048
o) 0.4200(2) 0.4271(11) 0.7513(2) 0.050
o(l) ~0.3481(2) 0.3107(12) 0.0090(2) 0.047
003) 0.51836(19) 0.11630(103) 0.63451(21) 0.043
(1) 0.0358(3) 0.0160(13) 0.3041(3) 0.038
) —~0.1263(3) 0.1450(13) 0.1904(3) 0.035
C@®) 0.1127(3) 0.0179(14) 0.3795(3) 0.036
c(14) 0.2346(2) 0.1733(14) 0.5410(3) 0.035
C(10) 0.3769(3) 0.0000(14) 0.5176(3) 0.041
c —0.0830(3) —0.0179(12) 0.1331(3) 0.036
can 0.4237(2) 0.1366(13) 0.6060(3) 0.037
c(12) 0.3758(3) 0.2868(13) 0.6631(3) 0.039
C(6) —0.1289(3) —0.0705(12) 0.0344(3) 0.040
C@13) 0.2815(3) 0.3073(16) 0.6303(3) 0.042
C(3) —0.2149(3) 0.2594(12) 0.1517(3) 0.041
Cc@©) 0.2822(3) 0.0170(13) 0.4851(3) 0.036
C(15) -0.3923(3) 0.4843(16) 0.0672(4) 0.052
can 0.5606(3) 0.3431(17) 0.7107(3) 0.048
C(5) —0.2171(3) 0.0400(13) —0.0043(3) 0.038
C@4) —0.2605(3) 0.2084(13) 0.0538(3) 0.037
C(16) —0.2308(3) -0.1914(17) —0.1590(3) 0.048
C(18) 0.5150(3) 0.3325(21) 0.7881(4) 0.054
H(6) —0.102(3) -0.162(14) —0.001(3) 0.02(1)
H3) —0.245(3) 0.379(13) 0.186(3) 0.02(1)
H(16A) —0.271(3) —0.212(15) —0.219(4) 0.04(1)
H(16B) - —0.210(3) -0.395(15) —0.131(4) 0.04(1)
H(®13) 0.247(3) 0.415(16) 0.667(4) 0.06(2)
H(18A) 0.521(3) 0.087(13) 0.809(3) 0.03(1)
H(10) 0.408(3) —0.090(14) 0.484(3) 0.04(1)
H(16C) —0.1704) —~0.119(21) —0.159(4) 0.08(2)
H(17A) 0.625(3) 0.258(13) 0.733(3) 0.04(1)
H(18B) 0.538(4) 0.452(16) 0.841(4) 0.05(2)
H(17B) 0.551(5) 0.568(25) 0.675(5) 0.11(3)
H(15A) —0.45355 0.55683 0.03573 0.08(2)
H(15B) —0.35565 0.67093 0.09253 0.04(1)
H(15C) —0.39415 0.34733 0.12033 0.06(2)

D Uo = 1/3(E2Usjat ata; a; )/A2

intercolumn hydrogen bondjngs are recognized at the positions,
0O(4)--H(15C) (2.65 A), O(1)--H(18B) (2.60 A), O(3)--H(10) (2.61 A), and
0O(2)--H(17A) (2.70 A) in Figure 5(b). These hydrogen bondings result in the
formation of the herringbone column of the (MeO), (EDO) DBTTF
crystal. However, short S--S atomic contacts do not exist; the observed
distances are 3.70~3.80A. A similar hydrogen bonding formation is



Downloaded by [University of Haifa Library] at 11:02 20 August 2012

264 T. INAYOSHI et al.

(b)

K164}

H{1SA) ¢

158}

'
i
!
]
)
i
'
i
\

e ; 3 /s(?)\c(“ cm c 1 Onesn
on —,-'-a/“\q..u_ cu comy

15

<116 “‘ o sm oA 5 (188
e By @ \«:mcm et R )
H(su)%‘ ?C "

H(158)

(1708}

(o)

Figure 5 Crystal structure of (McO),(EDQO) DBTTF: (a) viewed along the line bisecting the
angle between a-axis and c-axis; (b) viewed along the b-axis, intermolecular short contacts are
shown by dotted lines; (c) the short C-H--O contact within a donor stack is shown by dotted
lines.

reported in the case of BEDO-TTF. In this molecule, intercolumn and
intracolumn hydrogen bonding exist [13]. In the crystal of (MeO),
(EDO) DBTTF, the molecules form a column along the b-axis, in which
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the molecules arrange obliquely with respect to the short molecular axis; this
may reduce the intercolumn intermolecular repulsion. The angle between
the short molecular axis and the ac-plane is ca. 30°. In this crystal, both
intercolumn and intracolumn hydrogen bondings are formed, unlike the
case of (MeO), (MDO) DBTTF, in which hydrogen bondings only exist
between the molecules of the adjacent pairs. It seems that the hydrogen
bonding interactions between the oxygen atom (methoxy and ethylenedioxy
groups) and the hydrogen atom (benzene ring, ethylenedioxy and methoxy
groups), in (MeO), (EDO) DBTTF, contribute significantly to the stability
of the crystal. Furthermore, the intercolumn-intermolecular dipole—dipole
interactions may contribute to the stability of the crystal, the dipole
moments being induced by the unsymmetrically substituted polar groups.

According to Whangbo et al., the calculated energy of C-H--O interaction
is comparable to the C-H--anion energy [14]. It is reported that the hydrogen
bondings between the donor molecules enhance the ability of self-
aggregation, which is favorable in the formation of segregated column
structures in CT complexes [15].

EXPERIMENTAL

Measurements

'"H NMR spectra were recorded on a JEOL JNM-400 spectrometer (270
MHz) in CDCl; with TMS as an internal standard. Both low-and high-
resolution mass spectra were taken using a JEOL JMS-SX102 mass
spectrometer at 70 eV with EI method. UV-visible absorption spectra were
measured in 1,1,2-trichloroethane with a Shimadzu UV-3101PC spectro-
photometer. Cyclic voltammetric measurements were performed on a
NPGS-301 potentiostat (Nikko Keisoku) in 0.04 ~0.1 mM solutions of
the donor and 0.1 M solutions of tetrabutylammonium perchlorate in
dichloromethane with Pt working and counter electrodes vs. SCE at a scan
rate of 200 mV/s and at 22+ 1°C.

X-ray diffraction data were collected on an automatic four circle
diffractometer at RT. The reflections were scanned at the rate of 10°/min
in w axis. Crystan-GM was used as the computer program for the solution
and the refinement of the crystal structure, and the structure was solved by a
direct method (SIR 92). The structure was refined using a full-matrix least-
squares refinement with anisotropic thermal parameters for the non-
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hydrogen atoms and isotropic ones for hydrogen atoms. The positions of
hydrogen atoms were determined by differential syntheses.

Materials

Trimethylaluminum (Kanto Chemical Co., 1.02M, hexane solution), 1,2-
dimethoxybenzene (Tokyo Kasei Chemical Industry Co.), 1,2-methylene-
dioxybenzene (Wako Pure Chemical Co.) and 1,4-benzodioxan (E. Merck
Co.) were used as purchased.

Preparation of Benzendithioles (4a, b, c)

The preparations of the starting materials to benzenedithioles are illustrated
in Scheme 2.

D jc[ n—C4H95Cu
Py Quinoline

Ta~c 2a~c¢c
R’ SCH,  HA R SH
3a~c 4a~c
a :R'=R'=MeO

b:R'" R'=0OCH,0
¢ :R' " R'=OCH,CH,0

SCHEME 2 Preparations of benzenedithiol derivatives.

1,2-Dibromo-4,5-dimethoxybenzene (2a). The compound 2a was synthesized
by adding 160 g (1.0 mmol) of bromine in CCl, (100 ml) to a solution of
69.0 g (0.50 mmotl) of 1,2-dimethoxybenzene in CCl; (200 ml) at 0 ~5°C
over 3 h. The product was recrystallized from ethanol. Yield 90%; colorless
plate; Mp 87 ~ 89°C (lit [16], 88 ~89°C; 'H NMR (CDCl;) §=3.89 (6H, s,
OCHs), 7.09 (2H, s, ArH); '*C NMR (CDCl;) §=55.9 (quar, OCHj), 114.3
(s, ArBr), 115.4 (d, ArH), 148.4 (s, ArOCH)3; MS (EI) m/z 296 (M ™).

1,2-Bis (n-butylthio)-4,5-dimethoxybenzene (3a). Cuprous n-butylmercaptide
was prepared by the method of Adams et al. [17]. The compund 3a was
prepared according to the literature {18]. The brown oily product was
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distilled in vacuum to give a pale orange oil; Bp 193 ~197°C/0.4 mmHg.
After standing for several days, the precipitated solid was recrystallized
from ethanol. Yield 79%, Mp 56 ~ 58°C (lit [18], 57°C); 'H NMR (CDCl5)
=092 (6H, t, CH;), 1.47 (4H, six, CH,CH; CH;), 1.62 (4H, quin,
CH,CH; CH,), 2.88 (4H, t, SCH; CH,), 3.88 (6H, s, OCH3), 6.90 (2H, s,
ArH); MS (EI) m/z 315 (M ).

4,5-Dimethoxy-1,2-benzenedithiol (4a). The same method as that used for o-
benzenedithiol was employed [19]. The compund 4a was prepared from 3a
(vield 76%). A pale yellow solid; Mp 60 ~ 61°C (lit [18], 62°C); '"H NMR
(CDCls) 6=3.72 (2H, s, SH), 3.84 (6H, s, OCH3), 6.91 (2H, s, ArH); MS
(EI) m/z 202 (M *).

1,2-Dibromo-4,5-methylenedioxybenzene (2b). The compound 2b was
synthesized in the same way as 2a: 400 g (2.1 mmol) of bromine in CCl,
(120 ml) was added to a solution of 122 g (1.0 mmol) of 1,2-
methylenedioxybenzene in CCl, (300 ml) at 0~ 5°C over 3h. The product
was recrystallized from ethanol. Yield 82 %; colorless plate; Mp 83 ~ 84°C
(lit [20], 86°C); '"H NMR (CDCl3) 6=5.99 (2H, s, OCH,0), 7.05 (2H, s,
ArH); MS (EI) m/z 280 (M ).

1,2-Bis(n-butylthio)-4,5-methylenedioxybenzene (3b). To a mixture of dry
quinoline (120 ml) and dry pyridine (12 ml), 32.6 g (120 mmol) of 2b was
added, and the solution was stirred and refluxed for 4 h at 150 ~ 170°C with
45.8 g (300 mmol) of a fresh cuprous n-butylmercaptide under N,. After
cooling to ca. 100°C, the reaction solution was poured into a mixture of ice
(300 g) and conc. HCI (180 ml), and was stirred for about 1 h. The aqueous
part was discarded by decantation, and the dark gummy residue was
extracted with ether. The ether extract was washed twice with 10% HCI,
once with H,O, twice with conc. ammonium hydroxide, and with H,O
again. The organic solution was dried over potassium carbonate anhydride,
and the ether was removed from the filtrate by evaporation. The brown oily
residue was distilled in vacuum to give an orange oily product; Bp 130°C/2.0
mmHg (lit [20], 162~5°C/2.0 mmHg). The oil was purified by a silica gel
chromatography, in which a mixture of chloroform and hexane was used as
the eluent, giving a yellow oil. Yield 62%; '"H NMR (CDCl;) §=0.92 (6H, t,
CH,), 1.38~1.51 (4H, six, CH,CH,CH;), 1.56~1.68 (4H, quin,
CH,CH,CH,), 2.84 (4H, t, SCH,CH), 5.95 (2H, s, OCH0), 6.85 (2H, s,
ArH); MS (EI) m/z 298 (M ™).

4,5-Methylenedioxy-1,2-benzendithiol (4b). The same method as for 4a was
used. A pale yellow solid of 4b (3.5 g, 18.4 mmol) was obtained from 7.3 g
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(24.5 mmol) of 3b (Yield 75 %); Mp 82 ~ 83°C (lit [20], 86.5°C); 'H NMR
(CDCl;) §=3.69 (2H, s, SH), 5.89 (4H, s, OCH,0), 6.89 (2H, s, ArH); MS
(EI) m/z 186 (M ™).
1,2-Dibromo-4,5-ethylenedioxybenzene (2c),
1,2-bis(n-butylthio)-4,5-ethylenedioxybenzene (3c), and
4,5-ethylenedioxy-1,2-benzendithiol (4c).

The preparations of the materials 2¢, 3¢ and 4c are described in the
literature [8].

As for the preparations of (MeO), (MDO) DBTTF and (MeO),
(EDO) DBTTF, two methods, Routes A and B were employed (Tab. I).

Preparation of (MeQO), (MDO) DBTTF
Route A

Methyl 5,6-methylenedioxy-1,3-benzodithiole-2-carboxylate (6b). To a 20 ml
benzene solution containing 1.49 g (8 mmol) of 4b and 1.19 g (8 mmol) of
methyl dichloroacetate, 1.62 g (16 mmol) of triethylamine was added
dropwise at 0°C. After being kept for 3 h at RT, the white solid formed was
filtered off. The solvent was evaporated under reduced pressure, and the
obtained crystalline product was recrystallized from methanol to give a
white solid 6b. Yield 63%, Mp 69~70° C; 'H NMR (CDCl;) §=3.77 (3H, s,
COOCHj;), 5.25 (1H, s, CH), 5.95 (2H, s, OCH;0), 6.78 (2H, s, ArH); MS
(EI) m/z (rel intensity) 256 (M *; 15), 197 (M " -COOCH3; 100). Found: m/z
255.9807 (M ™). Caled for CgHgO4S:: M, 255.9812.

(MeO), (MDO) DBTTF. In a two-necked flask, a solution of 4a (0.20 g,
1 mmol) in 10 mi dry dichloromethane) was placed dropwise at 0°C under an
argon atmosphere via a syringe, to which 1.85 ml (2 mmol) of trimethyla-
luminum (1.01 M hexane solution) was added dropwise. The solution
was stirred for 1.5 h, to which saturated dichloromethane solution of
ester 6b (0.27 g, 1 mmol) was added without the isolation of bis
(dimethylaluminum) dithiolate 5a. After being further stirred for 15 h at
RT, 0.3 g of Na,SO,- 10H,0 was added in small pieces at 0°C. After the gas
evolution had ceased (about 1 h at RT), the solution was dried over
anhydrous Na,SO,. Evaporation of the solvent left an orange residue. Yield
ca. 60 %; Mp 295 ~298°C; 'H NMR (CDCl,) §=3.74 (6H, s, OCH3), 6.06
(2H, s, OCH,0), 7.22 (4H, s, ArH); MS (EI) m/z 408 (M *). Found: C, 49.83;
H, 2.94; S, 31.24 %. Calcd for C7H,,04S4: C, 49.98; H, 2.96; S, 31.39 %.
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Route B

Methyl 5,6-dimethoxy-1,3-benzodithiole-2-carhoxylate (6a). To a 20 ml
benzene solution of 0.80 g (4 mmol) of 4a, 0.60 g (4 mmol) of methyl
dichloroacetate was added in the presence of triethylamine (0.81 g, 8 mmol).
For details, see the synthesis of 6b. The obtained product was recrystallized
from methanol to give a white solid 6a. Yield 69 %; Mp 103~104° C; 'H
NMR (CDCly) §=3.78(3H, s, COOCH3), 3.83 (6H, s, OCHj;), 5.25 (1H, s,
CH), 6.78 (2H, s, ArH); MS (EI) m/z (rel intensity) 272 (M *; 29), 213 (M ™
-COOCH3; 100). Found: m/z 272.0164 (M™*). Calcd for C;;H,,045:: M,
272.0171.

(MeO), (MDO) DBTTF. Treatment of 4b by trimethylaluminum, in a
similar way as 4a to give 5a (Route A), gave bis(dimethylaluminum)
dithiolate Sb. The addition of the saturated dichloromethane solution of
ester 6a to 5b gave a solid product in ca. 70 % yield, which was recrystallized
from dimethylformamide. The obtained orange rhombic crystal was found
to be the same as the product prepared in Route A. Then, the crystal
structure was determined by X-ray analysis.

Preparation of (EDO) (MDO) DBTTF

Methyl 5,6-ethylenedioxy-1,3-benzodithiole-2-carboxylate (6¢). By the same
method used for the synthesis of 6a or 6b, the compound 6c¢ was synthesized,
using 4c¢ as the starting material. The product was recrystallized from
methanol. Yield 50 %; Mp 108 ~ 110°C; '"H NMR (CDCl;) §=3.76 (3H, s,
COOCH;), 4.20 (4H, s, OCH,CH,0), 5.21 (1H, s, CH), 6.75 (2H, s, ArH);
MS (EI) m/z (rel intensity) 270 (M *; 20), 211 (M " -COOCHj3; 100). Found:
m/z 269.9987 (M ") Caled for C;{H 1004S,: M, 270.0004.

(EDO) (MDO) DBTTF. The procedure used for the synthesis of
(MeO), (MDO) DBTTF was applied. The addition of 5.18 ml (5.60 mmol)
of trimethylaluminum (1.01 M hexane solution) to 28 m! dry dichlor-
omethane solution of 4b (0.52 g, 2.80 mmol) gave bis (dimethylaluminum)
dithiolate Sb. Subsequent addition of the saturated dichloromethane
solution of the ester 6¢ (0.73 g, 2.7 mmol), without the isolation of 5b,
gave an orange product. The product was recrystallized from dichloro-
methane. Yield 52 %; Mp 294 ~297°C; 'H NMR (CDCl;) 6=4.14 (4H, s,
OCH,CH,0), 5.89 (2H, s, OCH,0), 7.19 (4H, s, ArH); MS (EI)m/z 406 (M *).
Found: C, 50.59; H, 2.61 %. Calcd for C;7H,00454: C, 50.23; H, 2.48 %.
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Preparation of (MeO), (EDO) DBTTF

Route A

The preparation of the ester 6a was described in Route B of (MeO), (MDO)
DBTTF.

(MeO), (EDO) DBTTF. The treatment was, in general, identical with that
reported already in the case of (EDQ) (MDO) DBTTF, except that 4¢ was
used instead of 4b. Addition of the ester 6a to Sc gave the desired product,
which was recrystallized from dimethylformamide. The orange needle
crystal was obtained, then, the structure was determined by X-ray crystal
structure analysis. Yield 68%; Mp 242~245°C; '"H NMR (CDCIs), 6 =3.84
(6H, s, OCH,), 4.23 (4H, s, OCH,CH,0), 6.78 (4H, s, ArH); MS (EI) m/z 422
(M ™). Found: C, 51.14; H, 3.41%. Calcd for C;3H,404S4: C, 51.16; H, 3.34 %.

Route B

The addition of 6¢ to Sa which was prepared by a similar treatment of 4a
(Entry 1 in Tab. I) with trimethylaluminum gave the same product
(MeO),(EDO)DBTTF in 25% yield.

CONCLUSION

Three kinds of DBTTF derivatives substituted unsymmetrically by electron
donating groups, (MeO), (MDO) DBTTF, (EDO) (MDO) DBTTF, and
(MeO), (EDO) DBTTF, have newly been synthesized. Here, MeO, MDO,
and EDO mean methoxy, methylenedioxy, and ethylenedioxy groups,
respectively. The non-coupling method using A1(CH,); was adopted to
avoid the formations of undesirable symmetrically substituted derivatives.
The solubility of the above three compounds in organic solvents, such as
1,1,2-trichloroethane, is improved significantly compared with that of
symmetrically substituted DBTTF derivatives. As for (MeO), (EDO)
DBTTF and (MeO), (MDO) DBTTF, X-ray crystal structure analyses
were performed. The crystal data are summerized in Table III. In the crystal
of Me0O), (MDO) DBTTF, two molecules form a pair so as to cancel their
dipole moments to each other. The crystal of (MeQO), (EDO) DBTTF takes
a herringbone structure. For (MeO), (EDO) DBTTF, two kinds of
intracolumn intermolecular hydrogen bondings are formed; one is between
the oxygen and the hydrogen atoms of the adjacent EDO groups, and the
other is between the aromatic carbon atom, linked with the MeO group, and
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the hydrogen atom of the adjacent MeO group. These hydrogen bondings
might be helpful in the formation of a segregated column structure in the
crystal of charge transfer complexes with (MeO), (EDO) DBTTF. The
cyclic voltammetry measurements show that the Ej ;) and E;)values are
intermediate between those of the corresponding two symmetrically
substituted DBTTF derivatives.
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