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Abstract: The intermolecular contacts between chalcogen atoms and cyano lone pairs were found to stabilize the crystalline 
state by electrostatic interaction. This interaction is one of the sources of the directionality in crystal packing of organic molecules 
and causes the formation of various types of inclusion lattices in the charge-transfer (CT) crystals of 1-3. By using highly 
selective formation of CT crystals with substituted aromatic hydrocarbons, particular isomers such as p-xylene or 2,6-di-
methylnaphthalene (2,6-DMN) could be separated from the corresponding isomer mixtures. Lattice-related interaction plays 
a more significant role than molecular orbital interaction in the observed selectivity for para-disubstituted benzenes. However, 
the latter interaction is important for the recognition of 2,6-DMN from the 2,7 isomer. 

Chemical bonds between sulfur and nitrogen are intriguing, 
as exemplified by the hypervalency in 10-S-3 sulfuranes2 or the 
superconducting behavior in the (SN)x polymer.3 Both =N-S-
N= and -N=S=N- linkages are fractions of (SN)x, and the latter 
contains tetravalent sulfur. Due to this type of resonance, 
1,2,5-thiadiazole, the five-membered heterocyclic ring containing 
the =N-S-N= linkage, exhibits aromatic character with six 
?r-electrons,4 and the aromaticity of naphthofl.S-crftf.S-cWjbis-
[l,2,6]thiadiazine containing =N-S-N= moieties in six-membered 
rings has been well examined by Haddon et al.5 Another in
teresting feature of the =N-S-N= linkage is the close intermo
lecular contacts of S-N in crystals, which have been observed 
for a wide variety of compounds containing thiadiazole or thia-
diazine rings;6 substitution of Se for S shortens the intermolecular 
distances.7 These contacts may be due to intermolecular elec
trostatic interaction between -N --S+=N- dipoles and/or weak 
intermolecular bonding involving a partial rehybridization at S 
with d-orbital participation.6 
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In this connection, tetracyanoquinodimethanes (TCNQs) fused 
with thiadiazole and selenadiazole rings are of interest because 
stronger intermolecular interactions are expected by larger po
larization of =N-S-N= and =N-Se-N= linkages due to the 
delocalization of negative charge to the dicyanomethylene groups. 
Electrostatic interaction between the cyano group and a chalcogen 
atom is also expected. We previously reported the preparation 
of bis[l,2,5]thiadiazolotetracyanoquinodimethane (BTDA, I),8 

an electron acceptor, which afforded an organic metal9 and two 
dimensionally conducting anion radical salts.10 These intriguing 
properties might be due to a novel sulfur-cyano interaction found 
in the neutral crystal of l.lla 

We report here a quite different aspect of chalcogen-cyano 
interactions in 1 and its Se analogues, that is, the formation of 
novel clathrate compounds. Acceptors 1-3 were found to give 
crystalline charge-transfer complexes (CT crystals) with aromatic 
hydrocarbons, and various types of inclusion lattices were formed 
in these crystals. Highly selective complexation followed by 
thermal decomplexation was applicable to the separation of a 
particular isomer from a mixture of isomers. A plausible 
mechanism for the molecular recognition is discussed on the basis 
of the association constant in solution and X-ray structural analyses 
of CT crystals. 

Results 
Preparation and Structure of Bis[l,2,5]chalcogenadiazolo 

TCNQs.12 As described previously,8 1 was obtained by the 
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Figure 1. Coplanar sheetlike network in 3. Se-N=C contacts (2.94 A) 
are shown by broken lines. 

condensation reaction of diketone 513 with malononitrile in the 
presence of TiCl4 and dry pyridine14 below -10 0C. Its Se ana
logue BSDA (3), prepared similarly from 7,13 was stable up to 
400 0C, while its precursor 7 lost elemental Se on heating. The 
unsymmetrical acceptor, TSDA (2), was prepared from diketone 
6, which was derived from benzo[c][l,2,5]thiadiazole-4,7-diol15 

according to Scheme I. This route giving 2 could completely 
exclude contamination by 1 or 3. Attempts to prepare the Te-
containing acceptor 4 were unsuccessful because of the very low 
solubility of diketone 8 in organic solvents and facile ring opening 
of telluradiazole under the reaction conditions employed. 

NC " - C N 
BTDA (1): X=S. Y=S 
TSDA (2). X=S. Y=Se 
BSDA (3): X=ScY=Se 
TTeDA (4): X=S, Y=Te 
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The X-ray structural analyses revealed that 2 and 3 crystallize 
isomorphously to l.llb They are planar molecules and possess a 
crystallographic 2-fold axis and a mirror plane along the long and 
short axes of the TCNQ skeleton, respectively. Short S-N=C 
and/or Se-NsC contacts in crystals connect the molecule with 
four neighbors, thus forming nearly coplanar "sheetlike" networks 
with rhombohedral linkages (Figure 1). The "sheets" stack to 
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R.; Geserich, H.; Ruppel, W. Chem. Ber. 1982, 115, 2898. 
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16, 1617. 

Figure 2. Sheet stacks to form infinite layers in 2 (b projection). The 
deviations between neighboring molecular planes in the sheet are 0.56, 
0.49, and 0.47 A for 1-3, respectively. The interplanar distances are 3.53, 
3.48, and 3.47 A for 1-3, respectively. 

Table I. Comparison of Bond Lengths" in Neutral 1-3 

S4N 

IT 

bond 

a (X = Se) 
a (X = S) 
b 
C 

d 
e 
f 
g 

1 

1.626 (4) 
1.330 (5) 
1.421 (5) 
1.464 (6) 
1.351 (7) 
1.444(6) 
1.126(5) 

2 

b 
b 
1.321 (8) 
1.433 (8) 
1.462 (8) 
1.361 (9) 
1.430 (9) 
1.135 (9) 

3 

1.790 (3) 

1.309 (5) 
1.453 (6) 
1.459(6) 
1.367 (6) 
1.438 (6) 
1.132(6) 

"Lengths in angstroms. 'The distance for the disordered chalcogen 
atom and nitrogen is 1.736 (5) A. 

form infinite layers (Figure 2) with face-to-face overlapping 
between heterocycles. The atomic positions of S and Se in 2 are 
completely disordered. The distance for S-N=C contacts is 3.04 
A in 1, which is 9% shorter than the sum of van der Waals (vdW) 
radii (S-N, 3.35 A).16 Stronger interactions may exist through 
Se-N=C contacts because the distance for Se-N=C in 3 (2.94 
A) is 17% shorter than the sum of vdW radii (Se-N, 3.55 A).16 

The anion radical salt of 2 and EtNMe3
+ as a counterion also 

crystallizes isomorphously to the EtNMe3
+I'" salt,10 and again 

shorter contacts were observed in EtNMe3
+2*~ containing Se. 

These results suggest that the crystal structures are identical for 
any CT crystal of 1-3 with the same donor, in which only 
chalcogen-cyano interactions are changed.17 The notable dif
ference in the molecular geometry of neutral 1-3 was observed 
in the heterocyclic moiety. Bond lengths summarized in Table 
I show that C=N bonds (bond b) are shortened and C-C bonds 
(bond c) are elongated in the order of 1, 2, and 3, reflecting the 
smaller aromaticity of selenadiazole than thiadiazole. The 
elongation of exomethylene bonds (bond e) in the same order 
indicates a large contribution of the polarized form such as 12 
for 2 and 3. Therefore, stronger interactions in 2 and 3 could be 
explained by electrostatic interaction between the positive charge 
at chalcogen atoms and the lone pair of cyano groups. 

(16) Pauling, L. The Nature of Chemical Bond, 3rd ed.; Cornell University 
Press: Ithaca, NY, 1960; p 260, Tables 7-20. 

(17) Several CT crystals with strong donors as well as anion radical salts 
of 2 showed high electrical conductivities, whose values were close to those 
of the corresponding CT crystals and anion radical salts of 1, respectively 
(supplementary material). Because the conductivity of organic solids largely 
depends on the crystal structure, these results also suggest the structural 
similarity for any CT crystals or anion radical salts with the same donor or 
the same cation. 
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Figure 3. Total atomic charge estimated by ab initio calculations 
(STO-3G) based on the observed molecular geometry: (a) 1; (b) 2; (c) 
3. 

Ab initio calculations (RHF/STO-3G)18 of 1-3 demonstrated 
that large positive and negative charges localize, respectively, on 
chalcogen atoms and nitrogen atoms of cyano groups, suggesting 
polarization of =N-S-N= and/or =N-Se-N= linkages (Figure 
3). This molecular polarization indicates that electrostatic sta
bilization is at work through the intermolecular chalcogen-cyano 
contacts in 1-3. These interactions may exhibit directionality like 
hydrogen bonding,19 and maximum stabilization is expected when 
all three atoms align linearly. The observed angles for S-N-C 
and/or Se-N-C atomic array in neutral 1-3 are 170.5°, 169.4°, 
and 169.5°, respectively. The molecular arrangement in 1-3 seems 
advantageous for this type of interaction because the cyano lone 
pair can interact to the core of S with the least repulsion of its 
lone pair (Figure 4b,c). These interactions will get stronger when 
1-3 are negatively charged because the molecular orbital (MO) 
coefficients in LUMO are largely localized on the dicyano-
methylene groups (Figure 4a), thus increasing the electron density 
on the cyano nitrogens. Contrary to our expectation, the atomic 
charge on Se was smaller than that on S (total atomic charge on 
S is +0.580 in 1 and +0.557 in 2, and that on Se is +0.535 in 
2 and +0.514 in 3, respectively). However, polarization of =N-
Se-N= linkages of 2 and 3 in molecular assembly will be larger 
than calculated for an isolated gaseous molecule because of the 
larger polarizability of Se than S. As shown in Figure 5, the 
electron density around Se in 2 is sparse and spread far from the 
core compared with that around S. It is plausible that the softness 
of Se can allow the closer contacts, inducing the larger polarization 
and stronger interaction with cyano groups in crystals. 

The molecular framework of 1-3 is not the only skeleton for 
the appearance of chalcogen-cyano interactions. A similar 
sheet-type structure involved in the S-N=C interaction was also 
observed for the monodicyanomethylene derivative 13 (Figure 6). 
Furthermore, the reported crystal structure20 for 2,5-bis(di-
cyanomethylene)-2,5-dihydrothiophene (14) exhibited a similar 
coplanar arrangement and S-N=C contacts, although these in
teractions were not mentioned previously because the distance for 

S-N=C in 14 (3.40 A) was nearly the same as the sum of the 
vdW radii. It is also noteworthy that short S-N=C contacts 
between a donor and an acceptor are observed in the CT crystal 
of TTF-TCNQ.21 

These observations imply that chalcogen-cyano interactions 
in molecular crystals play a significant role in determining the 
packing arrangements as do weak C-H-O hydrogen bonds19-22 

and prompt us to explore the clathrate formation of 1-3 in their 
CT crystals. Because low-temperature structural analysis for the 
molecular complex of 1 with benzene [benzene-(l)2] revealed the 
formation of a unique "cage-like" network,23 substituted benzenes 
and naphthalenes were chosen as electron donors in the antici
pation of similar inclusion lattice formation. 

CT Crystals of BTDA (1) with Alkylated Benzenes and 
Naphthalenes. Recrystallization of 1 from p-xylene (pX) afforded 
a 1:1 CT crystal (pX-1), and durene-1 (1:1) was obtained by 
mixing 1 with durene in CH2Cl2. However, no CT crystal was 
formed from toluene, o-xylene (oX), w-xylene (mX), ethylbenzene 
(ETB), p-ethyltoluene, p-diethylbenzene (DETB) or mesitylene 
under similar conditions. The CT crystal formation does not 
depend either on the number of alkyl substituents in the benzene 
nucleus or on the electron-donating property, suggesting that the 
complexation of 1 with benzene derivatives is not usual CT 
complexation. On the other hand, CT crystal formation depends 
on the molecular symmetry of a donor. The benzene molecule 
in benzene-(l)2 lies on a crystallographic 2-fold axis, and both 
an inversion center and a 2-fold axis perpendicular to the molecular 
plane exist in pX and durene, which formed CT crystals with 1. 
Other donors except DETB do not have such molecular sym
metries. Because the molecular symmetry is related to the shape 
of the donor molecule, it is suggested that the complexation of 
1 is rather that of the host-guest type. No complexation with 
DETB can be accounted for by steric effects of ethyl substituents 
(vide infra), which may inhibit closer packing in its CT crystal. 

Because 1 can form a CT crystal selectively with pX in a 
mixture of C8H10 aromatic hydrocarbons and thermal decom-
plexation of the resulting pX-1 crystal at 150 0C afforded pX with 
high purity accompanied by a quantitative recovery of 1, this 
procedure can be applied to the separation of pX. Because the 
solubility of pX-1 in pX is low (1.36 X 10"3 mol dnr3 at 20 0C), 
the isolated yield of the pX-1 crystal from a hydrocarbon mixture 
is as high as 85-94%. The purity of pX obtained by thermal 
decomplexation was 92-95 wt % for pX-1 obtained at 30 0C 
regardless of the pX concentration in a hydrocarbon mixture. 
However, the CT crystals formed at lower temperatures were 
highly contaminated by mX, and purity decreased to 87 and 81 
wt % when complexations were carried out at 0 and -18 0C, 
respectively. The threshold concentration of pX to afford pX-1 
was 12.4 wt % at 30 0C and decreased as the temperature was 
lowered (4.2 wt % at 0 0C and 2.4 wt % at -18 0C), indicating 
that complexation becomes easier at lower temperatures. 

The association constants (Kcj/dm3 mol"1) for the electron 
donor-acceptor (EDA) complexes of C8H10-I were measured in 
CH2Cl2 at 30 0C by using the Benesi-Hildebrand equation.24 

Values for oX, mX, and pX were 0.32,0.31, and 0.30, respectively. 
Due to the weaker donating property,25 that for ETB was 0.12 
and smaller than those of xylene isomers under the same con
ditions. The ATCT for pX increases to 0.47 at 0 0C, which may 
correspond to a decrease in the threshold concentration at lower 
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Figure 4. Contour maps of molecular orbitals (MOs) of 1. Solid and broken lines are contours of positive and negative values, respectively, at the 
levels of ±0.01, ±0.02, ±0.04, ±0.08, ±0.16, ±0.32, and ±0.64. (a) LUMO (4B2g) in a plane 1.0 au above the molecular plane, (b) 18th HOMO 
(1 lB3g) in the molecular plane, (c) 14th HOMO (16B2u) in the molecular plane. The latter two o--MOs are typical ones which have a large contribution 
from the lone pair of cyano groups and sulfur atoms, respectively. 

Figure 5. Contour map of the electron density in unsymmetrical acceptor 
2. Levels from 0.05 to 1.20 are fractionated by every 0.05 unit. Please 
note the difference around S and Se. 

xnx: >c®5<& )£ox 

Hfot] 

Figure 6. Coplanar sheetlike network in 13. S-N=C (3.04 A) contacts 
are shown by broken lines. The angle of the S-N-C atomic array in 
S-N=C contacts is 174.6°. The S-N contacts (3.09 A) between het-
erocycles are analogous to those observed in naphthobisthiadiazines.5"7 

Molecules A and B lie on the same plane, and the deviation between 
neighboring molecular planes is 0.19 A for molecules A and C or B and 
C. 

temperatures. The larger £C T values for oX, mX, and ETB than 
that for benzene (0.08 at 30 0C)23 show that such association in 
solution may or may not result in CT crystal formation. Fur
thermore, nearly the same values for xylene isomers indicate that 
the recognition of xylenes by 1 is entirely absent in solution and 
molecular recognition occurs in the crystal-forming step due to 
the different thermodynamic stability of CT crystals. To inves
tigate the factors governing the stability of the crystalline state, 
the X-ray analysis of pX-1 was carried out. 

The packing diagram of pX-1 shows the existence of the 
sheetlike network with short S-N=C contacts, which resembles 
that in neutral 1. However, the sheet is not coplanar but corru-

Figure 7. Cavity formation in pX-1: (a) top view; (b) side view. Mol
ecules A-D and A'-D' form corrugated sheetlike networks by S-N=C 
interaction (distance, 3.22 and 3.24 A; angle, 112.2° and 111.1°). The 
interplanar distance and dihedral angle between pX and molecule A (or 
A') are 3.36 A and 4.2°, respectively. The deviation of molecular planes 
between pX and molecule B (or B') is 0.07 A. Both pX and 1 exist on 
a center of symmetry. 

gated along the long axis of the TCNQ skeleton, resulting in cavity 
formation between the two sheets, which includes a pX molecule 
(Figure 7). In the cavity, a pX molecule is interposed by mol
ecules A and A', and a large stabilization by ir-ir interaction is 
expected. The "ring-double bond"-type overlap is especially 
favored for CT interaction between the LUMO of 1 and the 
NHOMO of pX in terms of their MO coefficients. The pX 
molecule in the cave is also captured by the Y-shaped dicyano-
methylene groups of molecules B and B', which lie on a coplane 
with pX. When oX or mX gets into the cavity, the stability of 
the CT crystal is decreased because the transposition of the methyl 
groups of pX in the cavity causes unfavorable contacts with the 
dicyanomethylene groups of molecules B and B' (Figure 8) and 
much of the CT stabilization with molecules A and A' is lost by 
the parallel shifting of the benzene nucleus in the cave. 

Because mX-1 did not precipitate from neat mX even at -18 
0C, high contamination by mX during the complexation of 1 with 
a C8Hi0 mixture at low temperatures is not due to the concomitant 
crystallization of mX-1 and pX-1, but is due to the coprecipitation 
by isomorphous replacement. Examination of the space-filling 
model suggests that substitution of mX for pX in the cave is 
possible by slight shifting and rotation of the benzene nucleus 
whereas oX cannot be introduced without changing the shape of 
the cavity, which can explain the fact that contamination is mainly 
caused by mX but not by oX. Although the unavailability of pure 
oX-1 and mX-1 prevented direct comparisons of their crystal 
structures with that of pX-1, both lattice-related and MO inter
actions seem to be most favored in the case of pX-1, accounting 
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Figure 8. (a) van der Waals contacts of pX with 1 (molecules B and B'). 
(b) Unfavorable atomic contacts by addition of dummy methyl groups 
(•) . Those less than 3.3 A are shown by broken lines (sum of vdW radii: 
3.55 A for N-Me; 3.70 A for C-Me). 

for its largest stability among C8H10-I and selective formation. 
In order to test the validity of this explanation for the selectivity, 

2,6- and 2,7-dimethylnaphthalenes (DMNs), the benzo analogues 
of pX and mX, respectively, were chosen for further investigation. 
Treatment of 1 with a C,2H,2 isomer mixture containing an equal 
amount of 2,6- and 2,7-DMN (9.7 and 9.4 wt %, respectively) 
afforded dark brownish CT crystals in 93% yield based on 1, and 
thermal decomplexation at 150-160 °C under 20 Torr gave 
colorless crystals composed of mainly 2,6-DMN (77.9 wt %) and 
2,7-DMN (4.5 wt %). This procedure resulted in an 8-fold 
concentration of 2,6-DMN, whereas the concentration of 2,7-
DMN was reduced to one-half of its initial value. Again, the K01 

values for the EDA complexes with 1 in solution were identical 
[5.9 dm3 mol"1 for 2,6-DMN (£°» +1.46 V) and 6.0 dm3 mol"1 

for 2,7-DMN (£•» +1.52 V) at 30 0 C in CH2Cl2]. These features 
are similar to the complexation of 1 with xylenes except the fact 
that both 2,6- and 2,7-DMN-l crystals could be isolated in stable 
form. 

The structural analyses of 2,6-DMN-l and 2,7-DMN-l revealed 
that both crystals possess quite similar packing diagrams (Figure 
9), as suggested from the comparisons of cell parameters. 
However, the unit cell is doubled along the b axis in the latter, 
along which unsymmetrical 2,7-DMN is aligned alternately. In 
both crystals, DMNs are incorporated between two coplanar 
"ribbon" networks of 1 by the vdW contacts and interposed from 
the top and the bottom by face-to-face overlapping with 1. Al
though symmetrical 2,6-DMN lies in the center of the cave, 
2,7-DMN is shifted to avoid unfavorable contacts of the methyl 
groups with 1, resulting in the different molecular overlapping 
patterns (Figure 10). According to the MO consideration for 
these overlaps, a large CT interaction is expected between the 
LUMO of 1 and the N H O M O of 2,6-DMN, which may stabilize 
the crystalline state of 2,6-DMN-l. In contrast, molecular planes 
are slipped in the overlap of 2,7-DMN-l, and the stabilization 
by CT interaction is smaller compared with 2,6-DMN-l. Because 
lattice-related interaction is same for these crystals, MO interaction 
is important to explain the observed selectivity in this case. 

CT Crystals of BTDA (1), TSDA (2), and BSDA (3) with 
Disubstituted Benzenes. To confirm the generality for selective 
CT crystal formation of 1, several disubstituted benzenes con
taining chloro, methyl, and methoxy groups were tested. Because 
these derivatives have a similar molecular size to xylenes and 
substituents can gradually change the oxidation potential of the 
benzene nucleus from +1.2 to +2.3 V vs SCE, tests for com
plexation are informative to clarify the relationship between se
lectivity and CT interaction. 

Figure 9. Coplanar ribbonlike networks of 1 incorporating DMN mol
ecules on nearly the same plane: (a) 2,6-DMN-l; (b) 2,7-DMN-l. The 
deviation of neighboring molecular planes in the ribbon is 0.4 A in the 
former and 0.1 A in the latter, respectively. Distances of S-N=C and 
angles of S-N-C are 3.28 A and 161.4° in the former, and 3.21 A, 3.19 
A, 170.6°, and 176.0° in the latter, respectively. All of the molecules 
exist on a center of symmetry in the former, but not in the latter. 

^v-

Figure 10. Molecular overlapping in 2,6-DMN-l (a) and 2,7-DMN-l (b) 
viewed perpendicular to the molecular plane of DMN. The interplanar 
distances and dihedral angles between DMN and 1 are 3.36 A and 0.9° 
in the former and 3.35 A, 3.34 A, 1.0°, and 1.0° in the latter, respec
tively. Please note the slipping of molecular planes in the latter. 

The results summarized in Table II show that only p-chloro-
toluene afforded a CT crystal with 1 among its isomers. However, 
not only the para isomer but also the ortho isomer of chloroanisole 
(CA) afforded CT crystals with 1. Moreover, all three isomers 
of methylanisole (MA) were found to give stable CT crystals with 
1. These results indicate that the recognition properties of 1 were 
concealed with an increase in CT interaction. The ease of CT 
crystal formation among the geometrical isomers was in the order 
of para, ortho, and meta. Stable CT crystal formation of oCA 
with 1 suggested that the oX-1 crystal could be formed under 
restricted conditions. In fact, oX-1 was isolated below 0 0 C but 
rapidly dissociated above this temperature. 

The complex at ion s of 2 were similar to those of 1. However, 
only para isomers of CA and MA afford CT crystals with 2 
because 2 (P* -0.12 V) is a weaker electron acceptor than 1 (P* 
-0.02 V). Less electron donating chlorotoluenes no longer afforded 
CT crystals with 2. CT interactions between 3 (P* -0.23 V) 
and most disubstituted benzenes are not strong enough to form 
CT crystals. The different molar ratio of CT crystals with o- and 
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Table II. Molar Ratios" and Decomposition Points of CT Crystals of 1-3 and Redox Potentials' of Donors and Acceptors 

disubstituted benzene 
chlorotoluene 

xylene (X) 

chloroanisole (CA) 

methylanisole (MA) 

dimethoxybenzene (DM) 

isomer 
O 

m 
P 
O 

m 
P 
O 

m 
P 
O 

m 
P 
O 

m 
P 

£°VV 

+2.26 
+2.25 
+2.12 

+1.95 
+2.07 
+ 1.96 

+ 1.81 
+ 1.86 
+ 1.76 

+ 1.54 
+1.61 
+ 1.53 

+ 1.34 
+ 1.43 
+ 1.24 

1 [P* -0.02 V) 

1:1, 90-100 
C 

1:1, 120-135 

1:1, 85-90 
C 

1:1, 100-105 

1:1, 110-115 
1:1, 65-75 
1:1, 110-120 

2:1, 120-130 
2:1, 115-130 
1:1, 200-205 

donor:acceptor, dec point/' 
2 (E"* -0.12 V) 

1:1,90-95 

1:1,95-100 

1:1, 105-110 
2:1, 95-100 
2:1, 92-95 
1:1, 185-200 

'C 
3 (E^ -0.23 V) 

2:1, 87-95 
1:1, 190-200 

"Donor to acceptor ratios, determined on the basis of elemental analyses. A blank entry denotes no crystal formation. 'Measured by cyclic 
voltammetry, £/V vs SCE, 0.1 mol dm"3 Et4NClO4 in MeCN, scan rate 100 mV s"1, Pt wire electrode. 'Easy dissociation to neutral species. See 
the Experimental Section. 

a) JT JT JT JT 

JT JT JT JT 

b) ^6 9c ni 

Figure 11. Coplanar arrangement of molecules in pMA-1 (a) and oMA-1 
(b). Distances of S-NsC and angles of S-N-C are 3.25 A and 147.7° 
in the former and 3.19 A, 3.35 A, 120.9", and 146.5° in the latter, 
respectively. All of the molecules exist on a center of symmetry in the 
former, but not in the latter. 

m-dimethoxybenzene (2:1) indicates that these crystals possess 
quite different crystal structures from the others, probably because 
of their strong donating properties as well as the steric effects of 
the two methoxy substituents. 

Among the disubstituted benzenes examined, complexations 
of MAs with 1-3 well represent the relationship between CT 
crystal formation and CT interaction. That is, all three isomers 
might form CT crystals when CT interaction is enough, but the 
CT crystals of the meta and ortho isomers dissociate into neutral 
species as CT interaction decreases, and then the formation of 
the CT crystal with the para isomer becomes impossible. The 
X-ray structural analyses of pMA-1 and oMA-1 revealed the 
important contribution of lattice-related interactions by chalco-

Figure 12. Molecular overlapping in pMA-1 (a) and oMA-1 (b). In-
terplanar distances and dihedral angles are 3.39 A and 1.6° in the former 
and 3.36 A and 0.1° in the latter, respectively. Two crystallographically 
independent overlapping patterns in the latter are coincidentally the same. 

gen-cyano contacts to stabilize the crystalline state. 
The crystal structure of pMA-1 is different from that of pX-1, 

but resembles the 2,6-DMN-l crystal. Both pMA and 1 lie on 
a center of symmetry. Linear and coplanar "ribbon" networks 
of 1 are formed by S-N=C interactions. Cavities are formed 
between two "ribbons" nearly on the same plane. A pMA molecule 
is closely packed in the center of the cave, and its substituents 
are completely disordered (Figure Ha). Although pMA and 1 
are stacked face-to-face, overlapping in forming equally spaced 
mixed columns, the molecular overlap shown in Figure 12a is 
unfavorable for efficient CT interaction. 

A similar coplanar arrangement of molecules was also observed 
in the oMA-1 crystal (Figure l ib) . However, in this case the 
"ribbon" is not linear but winds on the plane to avoid unfavorable 
contacts with the substituents of oMA, and large spaces are left 
unoccupied between the "ribbons". In contrast to the case of 
pMA-1, effective CT stabilization is expected in oMA-1 through 
the interaction of the LUMO of 1 and the NHOMO of oMA by 
the overlap shown in Figure 12b. 

The two factors are adversely operative in pMA-1 and oMA-1 
to stabilize the crystalline state. In a pMA-1 crystal, closer packing 
is accomplished by forming the compact clathrate, whereas the 
stabilization by S - N s C interaction is smaller in oMA-1 because 
of the nonlinearity of the S-N-C atomic array. In contrast, the 
molecular overlapping patterns indicate that CT stabilization in 
crystals is larger in the latter than in the former. Competitive 
complexation of 1 with an isomer mixture of MAs (1:1:1) resulted 
in the exclusive formation of pMA-1 (oMA:mMA:pMA = 2:5:93). 
This result clearly shows that the CT crystal with pMA is ther-
modynamically more stable than that with oMA, so that the 
stabilization by clathrate formation and S-N=C interaction is 
more important than CT interaction in crystals. 

To investigate the steric effects of side chains on the benzene 
nucleus, we examined complexations with /vdialkoxybenzenes 
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which have donating properties similar to />-dimethoxybenzene 
(pDM, E°* +1.23 V). Hydroquinone diethyl ether (p-diethoxy-
benzene, pDE, E°x +1.23 V) formed stable 1:1 CT crystals with 
1 and 2. In contrast, pDE-3 was not obtained. Hydroquinone 
dioctyl ether26 (£°x +1.19 V) containing long alkyl chains no longer 
formed CT crystals with 1-3. These results show that the steric 
effects of side chains on the ease of complexation are as important 
as their electronic effects. This finding is in accord with results 
showing that only two carbon chains prevent CT crystal formation 
of 1 with either p-ethyltoluene (pET) or p-diethylbenzene (DETB). 
The stable CT crystal formation of pMA or pDM possessing a 
similar molecular size to pET or DETB, respectively, is due to 
their stronger donating properties. Thus, an increase in CT 
stabilization makes it possible to form CT crystals by suppressing 
disadvantageous steric effects. However, CT interaction does not 
cancel the disadvantages of steric effects but simply increases the 
thermodynamic stability of CT crystals, which is clearly shown 
from the predominant formation of pDM-1 over pDE-1 (68:32) 
in the competitive complexation of 1 with a 1:1 mixture of pDM 
and pDE. 

Discussion 
The investigations of bischalcogenadiazolo TCNQs, 1-3, de

scribed above revealed that the contacts between chalcogen atoms 
and cyano groups stabilized the crystalline state by electrostatic 
interaction, and various types of inclusion lattices ("templates") 
such as "cage", "sheet", and "ribbon" were formed in CT crystals, 
which include donor-guest molecules. On the other hand, scarce 
complexation of a weak acceptor 3 and the existence of a threshold 
concentration27 for pX-1 formation clearly show that EDA com
plexation in solution is the prerequisite to form CT crystals and 
MO interaction between donor-guest and acceptor-host molecules 
is also important to stabilize the crystalline state. 

Both lattice-related electrostatic interaction and MO interaction 
are different from crystal to crystal, changing the thermodynamic 
stability of the crystalline state. The advantage of stability results 
in the selective CT crystal formation of a particular donor over 
its geometrical isomers. The type of template was the same for 
the CT crystals of geometrical isomers (2,6-DMN-l and 2,7-
DMN-I; pMA-1 and oMA-1). In the case of 2,6- and 2,7-DMN 
possessing such similar molecular shapes that a eutectic mixture 
was formed, lattice-related interaction was the same because nearly 
the same template was formed. As predicted from the crystal 
structure of pX-1, MO interaction in 2,6-DMN-l was further 
strengthened and resulted in its predominant formation. When 
geometrical isomers possess different molecular shapes, such as 
disubstituted benzenes with different substituents shown in Table 
II, stabilization by lattice-related interaction changes considerably 
because the shape of the template must be disturbed for the same 
type of template to include the less favored isomers. This is the 
case for pMA-1 and oMA-1, and comparison of their crystal 
structures reveals that the contribution of lattice-related interaction 
is more important than that of MO interaction. 

In any case, particular isomers having higher molecular sym
metry are favored in forming CT crystals with 1-3. This phe
nomenon can be rationalized by considering the nature of lat
tice-related interaction through the chalcogen-cyano contacts. 
That is, electrostatic interaction in the template is maximized when 
the molecules connected by chalcogen-cyano contacts are related 
by a crystallographic symmetry, such as an inversion center, 
because acceptor-host molecules belong to the point group D2/,; 
less favored isomers of lower molecular symmetry make the ar-

(26) Hartley, G. S. J. Chem. Soc. 1939, 1828. 
(27) For the experiments to determine threshold values, the concentration 

of the EDA complex ([pX-l]/mol dm-3) in the mother liquor was estimated 
from the pX concentration of the mother liquor, recovered weights of 1 from 
the mother liquor, and ATCT values. The values of [pX-1] were (1.4-1.2) X 
10-3 at 30 0C and 1.2 X 10-3 at 0 °C, respectively. These values are close 
to the solubility of pX-1 in pX (1.36 X 1O-3 mol dm"3 at 20 0C), suggesting 
that the existence of thresholds is attributed to the dissolution equilibrium of 
pX-1, and the larger ^CT value at lower temperature can increase the con
centration of the EDA complex resulting in the decrease of threshold con
centration. 

rangement of acceptor-host unsymmetrical, thus decreasing the 
stabilization of CT crystals. In other words, the cavity formed 
by acceptor-hosts is inherently symmetric, which is favored for 
the donor-guests with high symmetry but not for those with 
unsymmetrical shapes. 

Selective CT crystal formation using chalcogen-cyano inter
actions is not limited to the case of 1-3. Selenadiazolotetra-
cyanonaphthoquinodimethane (SDA-TCNNQ, 15),28 in which 
one heterocyclic ring of 3 is replaced by a benzene ring, exhibited 
very high 2,6-DMN selectivity (97.2 wt %) upon treatment with 
a C12H12 mixture, and complexation of thiophene-TCNQ 1429 also 
resulted in the predominant formation of 2.6-DMN-14 (52.1 wt 
%) over 2.7-DMN.14 (2.9 wt %), showing the large value of the 
2,6-DMN/2,7-DMN ratio. The recognition of 2,6-DMN over 
2,7-DMN by 14 or 15 is not due to their TCNQ-type skeleton, 
because TCNQ itself shows only low selectivity (2,6-DMN, 13.9 
wt %; 2,7-DMN, 1.7 wt %; others, 84.4 wt %) under similar 
conditions. 

It is concluded that the interaction between chalcogen atoms 
and cyano groups in crystals is identified as one of the sources 
of the directionality in crystal packing of organic molecules. This 
interaction is important in designing new host molecules for lattice 
inclusion type complexation and is also useful in the field of 
solid-state reactions which require topochemical control of mo
lecular arrangements. 

Experimental Section 
General. Melting points are reported uncorrected. MS spectra were 

obtained in the EI mode at 13.5 or 25 eV. 1H NMR spectra were 
recorded at 200 MHz in CDCl3. Gas chromatography (GC) was carried 
out using a 50-m capillary column of SPX-I, OV-I, or DMN267. 

Preparation of 4ff,8//-4,8-Bis(dicyanomethylene)benzo[l,2-c:4,5-
c1bis[l,2,5]thiadiazole (BTDA, I).8 To a suspension of diketone 513 (6.0 
g, 26.8 mmol) in dry chloroform (390 mL) were added dropwise TiCl4 

(20.7 g, 109 mmol) at room temperature and then a dry chloroform 
solution (200 mL) containing malononitrile (5.13 g, 77.7 mmol) and dry 
pyridine (42 mL) at -50 0C over 30 min. After the mixture was stirred 
for 6.5 h below -10 0C, cold ether (150 mL) was added to give yellow-
green precipitates, which were quickly collected and washed successively 
with ether, water, and warm water. The crude product (7.16 g) was 
fractionally recrystallized from acetone to give 6.72 g of 1 and 0.2 g of 
5. Gradient sublimation (4 X 10"2 Torr, 300 0C) of 6.17 g of 1 onto 
Teflon afforded 5.64 g (72%) of 1 as yellow crystals: mp 375-380 0C 
dec; IR (KBr) 2225 cm"1; UV (MeCN) X^x = 384 (log e 4.53), 364 
(4.50), 309 (4.45), 303 (4.36, sh), 246 (4.04), 239 (4.06) nm; MS m/z 
320 (M+). Anal. Calcd for C12N8S2: C, 45.00; H, 0.00; N, 34.98; S, 
20.02. Found: C, 45.19; H, 0.00; N, 35.16; S, 20.14. 

Preparation of 4i/,8Af-4,8-Bis(dicyanomethylene)[l,2,5]selenadiazo-
lo[3,4-/]-2,l,3-benzothiadiazole (TSDA, 2). To a suspension of diketone 
6 (3.52 g, 13.0 mmol) in dry chloroform (400 mL) were added dropwise 
TiCl4 (10 g, 52 mmol) and then a dry chloroform solution (100 mL) 
containing malononitrile (3.43 g, 52.0 mmol) and dry pyridine (20 mL) 
at 0 0 C. After the mixture was stirred for 26 h at room temperature, 
ether (300 mL) was added at -20 0C to give insoluble precipitates, which 
were crystallized by triturating with ice-water. The crude product was 
filtered and washed with water. Recrystallization from DMF-water 
followed by gradient sublimation (330 0C, 4 X 10~2 Torr) gave 3.44 g 
(72%) of 2 as yellow cubes: mp > 400 °C; IR (KBr) 2224 cm"1; UV 
(MeCN) Xn^ = 367 (log t 4.47), 327 (4.52), 248 (3.97, sh), 239 (4.06) 
nm; MS m/z (relative intensity) 368 (M+, 100), 366 (M+, 21), 80 (86), 
78 (13). Anal. Calcd for C12N8SSe: C, 39.25; H, 0.00; N, 30.52. 
Found: C, 39.51; H, 0.00; N, 30.45. 

Preparation of 4//,8//-4,8-Bis(dicyanomethylene)benzo[l,2-c:4,5-
cf>is(l,2,S]selenadiazole (BSDA, 3). To a suspension of diketone 713 (225 
mg, 0.80 mmol) in dry CH2Cl2 (30 mL) were added TiCl4 (0.76 g, 4.0 
mmol) and then a dry CH2Cl2 solution (10 mL) containing malononitrile 
(240 mg, 3.63 mmol) and dry pyridine (3.2 mL), and the mixture was 
heated under reflux for 8 h. The resulting greenish precipitates were 
filtered and washed with CH2Cl2 and warm water. After drying in vacuo, 
recrystallization from DMF followed by gradient sublimation (390 0C, 
4 X 10"2 Torr) gave 3 as yellow cubes (235 mg) in 71% yield: mp > 400 
0C; IR (KBr) 2223 cm"'; UV (MeCN) Xmax = 380 (log « 4.46, sh), 351 

(28) The X-ray analysis of neutral 15 revealed that similar Se-NsC 
contacts connected the molecules to form a two-dimensional network: Suzuki, 
T.; Kabuto, C; Yamashita, Y.; Mukai, T. Chem. Lett. 1987, 1129. 

(29) Gronowitz, S.; Uppstrom, B. Acta Chem. Scand. 1974, B28, 981. 
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(4.62), 242 (4.02) nm; MS m/z (relative intensity) 416 (M+, 88), 414 
(M+, 97), 412 (M+, 34), 160 (100), 158 (77), 78 (16). Anal. Calcd for 
C12N8Se2: C, 34.81; H, 0.00; N, 27.06. Found: C, 34.98; H, 0.00; N, 
27.05. 

Preparation of Unsymmetrical Diketones 6 and 8. Bromine (46 g, 288 
mmol) was added to a solution of benzo[c][l,2,5]thiadiazole-4,7-diol15 

(15.5 g, 98 mmol) in ethanol (550 mL). After stirring for 14 h at room 
temperature, the solution was concentrated to 150 mL to give 5,6-di-
bromobenzo[c][l,2,5]thiadiazole-4,7-dione (9) as yellow needles with 
analytical purity (28.1 g, 88%), which were recrystallized from benz-
ene-ethanol. 

A suspension of 9 (5.0 g, 15.4 mmol) and potassium phthalimide (5.88 
g, 31.8 mmol) in dry DMF (100 mL) was stirred for 19 h at room 
temperature. After the addition of water (200 mL), separated precipi
tates were filtered, washed with water, and dried in vacuo. Gradient 
sublimation (345 0C, 4 X 10"2 Torr) gaved 5.19 g of 5,6-diphthal-
imidobenzo[c][l,2,5]thiadiazole-4,7-dione (10) as yellow crystals in 74% 
yield. 

To a suspension of 10 (5.19 g, 11.4 mmol) in 120 mL of water was 
added dropwise hydrazine hydrate (80%, 30 mL) at 0 0 C, and the mix
ture was stirred for 1 h at 0 0C and then for 1 h at room temperature. 
During stirring, 5,6-diaminobenzo[c][l,2,5]thiadiazole-4,7-dione (11) 
was separated as black-violet precipitates (1.89 g, 85%), which were 
collected, washed with water, and dried in vacuo. 

Selenium oxychloride (8.54 g, 51.5 mmol) was added dropwise at 0 
0C to a suspension of diamine 11 (2.78 g, 14.2 mmol) in dry CH2Cl2 (150 
mL) containing dry triethylamine (10 mL), and the mixture was stirred 
for 30 min at 0 0C and then for 6 h at room temperature. The resulting 
reddish precipitates were collected, washed with MeOH, and dried in 
vacuo. Gradient sublimation (260 0C, 4 X 10"2 Torr) gave 3.65 g (95%) 
of4#,8#-[l,2,5]selenadiazolo[3,4-/]-2,l,3-benzothiadiazole-4,8-dione(6) 
as yellow crystals. 

A dry MeCN solution (10 mL) of tellurium tetrachloride (647 mg, 
2.4 mmol) was added dropwise to a suspension of diamine 11 (169 mg, 
1.0 mmol) in dry MeCN (20 mL) containing 10 mL of dry triethylamine. 
The mixture was stirred for 23 h at room temperature. Gradient sub
limation (400 0C, 4 X 10"2 Torr) of the resulting brown solid (520 mg) 
gave 50 mg (16%) of 4#,8//-[l,2,5]telluradiazolo[3,4-/]-2,l,3-benzo-
thiadiazole-4,8-dione (8) as dark brown microcrystals. 

Data for 9: mp 224-226 0 C dec; IR (KBr) 1680 cm"'; MS m/z 
(relative intensity) 326 (M+, 35), 324 (M+, 91), 322 (M+, 27), 245 (91), 
243 (100). Anal. Calcd for C6N2O2SBr2: C, 22.25; H, 0.00; N, 8.65. 
Found: C, 22.54; H, 0.07; N, 8.37. 10: mp > 400 0C; IR (KBr) 1795, 
1735, 1710 cm"1; 1H NMR 5 7.76-7.81 (2 H, m), 7.88-7.93 (2 H, m); 
MS m/z 456 (M+). Anal. Calcd for C22H8N4O2S: C, 57.90; H, 1.77; 
N, 12.28. Found: C, 57.77; H, 1.68; N, 12.27. 11: mp > 350 0 C dec; 
IR (KBr) 3450, 3350, 3175, 1655, 1615, 1580 cm"1; MS m/z 196 (M+). 
Anal. Calcd for C6H4N4O2S: C, 36.76; H, 1.87; N, 28.30. Found: C, 
36.74; H, 2.06; N, 28.56. 6: mp > 400 0C; IR (KBr) 1700 cm"1; MS 
m/z (relative intensity) 272 (M+, 100), 270 (M+, 52). Anal. Calcd for 
C6N4O2SSe: C, 26.58; H, 0.00; N, 20.67. Found: C, 26.56; H, 0.00; 
N, 20.48. 8: mp > 400 0C; IR (KBr) 1691 cm"1; MS m/z (relative 
intensity) 322 (M+, 58), 320 (M+, 52), 318 (M+, 33), 166 (100). Anal. 
Calcd for C6N4O2STe: C, 22.54; H, 0.00; N, 17.52. Found: C, 22.08; 
H, 0.00; N, 17.21. 

Preparation of 4//,8//-4-(Dicyanomethylene)benzo[l,2-c:4,5-c]bis-
[l,2,5]thiadiazole (13). A suspension of 4,8-bis(dicyanomethyl)benzo-
[l,2-c:4,5-elbis[l,2,5]thiadiazole (dihydro-1)30 (120 mg, 0.37 mmol) in 
60 mL of MeOH and 4 mL of hydrochloric acid was heated under reflux 
for 7 h. Concentration of solvent gave 13 as colorless needles (70 mg) 
in 73% yield: mp 234-237 0C dec; IR (KBr) 2218 cm"1; 1H NMR 5 4.72 
(s); MS m/z (relative intensity) 258 (M+, 100), 231 (33). Anal. Calcd 
for C9H2N6S2: C, 41.85; H, 0.78; N, 32.54; S, 24.83. Found: C, 42.14; 
H, 0.62; N, 32.38; S, 24.62. 

Preparation of EtNMe3
+2- Salt. Finely powdered 2 (50 mg, 0.136 

mmol) was well suspended in dry acetonitrile (30 mL) containing tri-
methylethylammonium methylsulfate (0.016 mol dm"3) as a supporting 
electrolyte. By using a controlled potential electrolyzer, electrochemical 
reduction at -0.32 V vs SCE for 4 h gave EtNMe3

+2-" as black powder: 
mp 250-251 0C; IR (KBr) 2167 cm"1. Anal. Calcd for C17H14N9SSe: 
C, 44.84; H, 3.10; N, 27.68. Found: C, 44.90; H, 3.18; N, 27.68. 

Preparation of CT Crystals of BTDA (1) with Alkylated Benzenes and 
Naphthalenes. pX-1 was obtained as red plates or powder by recrystal-
lizing 1 from pX or simply by mixing 1 and pX at room temperature for 
1 min. Durene-1 was prepared by mixing 1 and durene in CH2Cl2. 
2,6-DMN-l was obtained as dark violet needles by mixing 2,6-DMN and 
1 in CH2Cl2, and 2,7-DMN-l was also obtained by a similar direct 

(30) Yamashita, Y.; Suzuki, T.; Mukai, T. / . Chem. Soc, Chem. Com-
mun. 1987, 1184. 

method in CH3CN as dark violet needles. 
pX-1: mp 120-135 0C dec; IR (KBr) 2214 cm"1. Anal. Calcd for 

C20H10N8S2 (1:1): C, 56.33; H, 2.36; N, 26.27. Found: C, 56.11; H, 
2.15; N, 26.67. Durene-1: mp 180-190 0 C dec, IR (KBr) 2223 cm"1. 
Anal. Calcd for C22H14N8S2 (1:1): C, 58.14; H, 3.10; N, 24.65. Found: 
C, 57.98; H, 2.90; N, 24.64. 2,6-DMN-l: mp 210-245 0C dec; IR (KBr) 
2223 cm"1. Anal. Calcd for C24H12N8S2 (1:1): C, 60.49; H, 2.54; N, 
23.51. Found: C, 60.59; H, 2.32; N, 23.54. 2,7-DMN-l: mp 215-235 
0C dec; IR (KBr) 2222 cm"1. Anal. Calcd for C24H12N8S2 (1:1): C, 
60.49; H, 2.54; N, 23.51. Found: C, 60.74; H, 2.36; N, 23.47. 

Determination of Association Constants (A"cr)- In the presence of a 
large excess of donor, KCT values for the EDA complexes of 1 were 
determined photospectroscopically in CH2Cl2 at 30 0 C using the Bene-
si-Hildebrand equation.24 The /CCT value for pX-1 was also measured 
at 0 0C. In all cases, linear correlations (7 = 0.998-0.999, n = 5-8) were 
observed, indicating a 1:1 molar ratio for the EDA complexes. In the 
case of benzene derivatives the CT absorption band appeared as the 
elongated end absorptions. Molar absorption coefficients (e/dm3 mol"1 

cm"1) for the EDA complexes are as follows: oX-1, 3700 at 460 nm; 
mX-1, 3700 at 460 nm; pX-1, 3600 at 460 nm; ETB-I, 2700 at 460 nm. 
The CT absorption spectrum of 2,6-DMN-l of 2,7-DMN-l possessed two 
maxima31 corresponding to the transitions for NHOMO (DMN) to 
LUMO (1) and HOMO (DMN) to LUMO (1), which appeared at 450 
and 555 nm for 2,6-DMN-l (e/dm3 mol"1 cm"1: 2100 at 480 nm) or at 
450 and 550 nm for 2,7-DMN-l (c/dm3 mol"1 cm"1: 2200 at 480 nm). 
In these measurements, the concentration of 1 is (1.77-2.52) X 10"4 mol 
dm"3, those for benzenes are 0.269-2.76 mol dm-3, and those for DMNs 
are (4.04 X 10"2)-0.257 mol dm"3. 

Separation of pX by Selective CT Crystal Formation with BTDA (1). 
Finely powdered 1 (500 mg, 1.56 mmol) was suspended in 25 g of a 
C8Hi0 mixture (oX:mX:pA":ETB = 22.4:41.7:20.0:15.9 wt %) and stirred 
for 2 h at 30 0C. The color of the suspension gradually turned from 
yellow to red, and the resulting CT crystals were filtered and dried in 
vacuo (4 X 10"2 Torr) for 3 h at room temperature (570 mg, yield 86%). 
The yield of CT crystals did not change with prolonged stirring, and the 
yields were 84%, 85%, and 87% for the reaction times of 45 min, 4 h, and 
14.5 h, respectively. Decomplexation of the CT crystals (556 mg, 1.31 
mmol) at 150 0 C under ambient pressure using a Kugelrohr glass tube 
oven afforded a colorless oil (109 mg, 1.03 mmol) and 1 (432 mg, 1.32 
mmol). GC analysis of the resulting oil showed that it was composed of 
93.4 wt % of pX and a small amount of other isomers (oX, 0.72 wt %; 
mX, 5.39 wt %; ETB, 0.46 wt %), and the composition did not depend 
on the reaction time for complexation. 

Determination of Threshold Concentration of pX To Afford pX-1. The 
complexation-decomplexation experiments were carried out, changing 
the relative amount of mixture oil. To each 3.0 g of a C8H10 mixture 
(oX:mX:/>A":ETB = 22.5:42.0:79.4:16.0 wt %) containing 5.49 mmol of 
pX were added separately 401 mg (1.25 mmol), 801 mg (2.50 mmol), 
and 1200 mg (3.75 mmol) of powdered 1, and the mixtures were stirred 
for 22-24 h at 30 0C. Filtration gave reddish crystals that weighed 501 
(yield 94%), 984, and 1364 mg, respectively. Decomplexation of the CT 
crystals afforded pX with high purity in three cases (95.4, 94.2, and 93.9 
wt %, respectively). However, the molar ratios, pX (in CT crystals): I1 

were 0.981, 0.878, and 0.591, respectively, much smaller than the ideal 
value (1.00) in the latter two cases. GC analyses of the mother liquors 
showed that the pX concentration in the latter two cases were the same, 
12.4 wt %, whereas that in the first case was 15.3 wt %. These results 
indicate that the initial complexation stopped at the point when the pX 
concentration reached 12.4 wt % (the threshold value at 30 0C), even 
though enough pX remained in the mixture oil to perform a 1:1 com
plexation. These observations were reproducible for another run of sim
ilar experiments. 

The thresholds at 0 0C (4.2 wt %) and -18 0 C (2.4 wt %) were 
determined in the same manner. The isomer distributions in the oils 
obtained by decomplexation were as follows: oX:mX:p^:ETB = 
0.58:11.39:57.77:0.86 wt % at 0 0C; 2.39:15.40:57.04:1.17 wt % at -18 
0C. 

Separation of 2,6-DMN by Selective CT Crystal Formation with 
BTDA (1). Finely powdered 1 (1.03 g, 3.22 mmol) was suspended in 
17.22 g of a C12Hi2 mixture (2,6-DMN, 9.7 wt %, 2,7-DMN 9.4 wt %; 
1,3- and 1,7-DMN, 25.8 wt %; 1,6-DMN, 9.6 wt %; 1,4- and 2,3-DMN, 
6.6 wt %; and other small fractions) and stirred for 5.5 h at 19 0C. The 
resulting brown crystals were filtered, washed with n-hexane (5 mL X 
5), and dried in vacuo (4 X 10"2 Torr) for 3 h (1.42 g, yield 93%). 

(31) (a) The energy difference between the first and second bands (0.52 
eV for 2,6-DMN and 0.50 eV for 2,7-DMN) is in good agreement with the 
energy gap of the HOMO-NHOMO levels of 2,6-DMN (0.50 eV) estimated 
by MNDO calculation, (b) MNDO: Dewar, M. J. S.; Thiel, W. J. Am. 
Chem. Soc. 1977, 99, 4899. 
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Decomplexation of the CT crystal (193 mg, 0.405 mmol) at 150-160 0C 
under 20 Torr using a glass tube oven afforded a colorless solid (62 mg, 
0.397 mmol) and 1 (128 mg, 0.401 mmol). GC analysis of the colorless 
solid showed that it contained 77.9 wt % of 2,6-DMN, a small amount 
of 2,7-DMN (4.5 wt %), and other isomers (1,3- and 1,7-DMN, 6.8 wt 
%; 1,6-DMN, 2.4 wt %; 1,4- and 2,3-DMN, 2.1 wt %). 

Complexation of BTDA (1), TSDA (2), and BSDA (3) with Disub-
stituted Benzenes. CT crystals of 1-3 shown in Table II were obtained 
by suspending a powdered acceptor (30 mg, 0.09-0.07 mmol) in 3 mL 
of benzene derivatives for 10 min to 72 h at room temperature. The color 
of the solid changed gradually from yellow to red, violet, green, or blue 
depending on the donating property of the benzene. The resulting CT 
crystals were filtered by suction and dried in vacuo at room temperature. 
In some cases, prolonged drying caused decomposition of CT crystals to 
lose volatile donors. In the case of solid donors, CH2Cl2 and CH3CN 
were used as solvents. The CN stretching frequencies and analytical 
values for CT crystals were deposited as supplementary material. 

Although mCA-1 (mp 60-65 0C dec) was obtained in a similar 
manner, it could not be fully characterized because of its remarkable 
efflorescence. Although oX-1 could not be obtained by suspending 1 in 
neat oX at room temperature, its formation at 0 °C was confirmed when 
1 (501 mg, 1.56 mmol) was suspended in 20 g of oX at 0 0C. After the 
mixture was stirred for 24 h, fine reddish needles were formed and 
filtered at 0 0C. This material effloresced rapidly at room temperature 
and lost oX in a few minutes giving neutral 1. Drying of red crystals in 
vacuo for 3 h at 0 0C also caused the color change and formed an orange 
powder (501 mg, yield 75%, mp <70 0C dec). Thermal decomplexation 
of 478 mg of the orange powder in a glass tube oven at 155 0 C gave 365 
mg (1.14 mmol) of 1 and 103 mg (0.97 mmol) of oX, showing that the 
orange powder is 1:1 CT crystal of oX. 

Competitive Complexation of Methylanisoles (MAs) with BTDA (1). 
Powdered 1 (450 mg, 1.41 mmol) was suspended in 2.00 g of an MA 
isomer mixture (1:1:1) and stirred for 24 h at 30 0C. The resulting 
reddish-violet precipitates were filtered and dried in vacuo for 3 h (553 
mg, yield 89%, mp 100-120 0C dec). Thermal decomplexation (130 0C, 
18 Torr) of the CT crystal (537 mg, 1.22 mmol) gave a faintly orange 
oil (136 mg, 1.12 mmol) and 1 (386 mg, 1.21 mmol). 1H NMR analysis 
of the resulting oil showed that it was composed of mainly pMA (93%) 
with trace amounts of oMA (2%) and mMA (5%). Similar experiments 
were carried out by using 300 mg and 150 mg of 1 under the same 
conditions, and the composition of the resulting oil was identical, but the 
yields of CT crystals were low (88% and 69%, respectively) because of 
the high solubility of CT crystals in an MA mixture. 

Competitive Complexation of p-Dimethoxybenzene (pDM) and p-
Diethoxybenzene (pDE) with BTDA (1). Powdered 1 (300 mg, 0.938 
mmol) was added to a toluene solution (5 mL) of pDM (1294 mg, 9.38 
mmol) and pDE (1556 mg, 9.37 mmol) (each 10 equiv) and stirred for 
18 h at 30 0C. Filtration gave a brown-violet powder which was washed 
with toluene (1 mL X 2) and dried in vacuo for 5 h (415 mg, yield 95%). 
Its decomposition point is 156-157 0C, which is higher than that of 
pDE-1 (126-127 "C). Thermal decomplexation (170 0C, 18 Torr) of the 
CT crystal (362 mg) afforded colorless crystals (113 mg) and 1 (250 mg). 
The ratio pDM:pDE was determined to be 68:32 on the basis of the 1H 
NMR spectrum. From this value, the dononl ratio in the CT crystal was 
proved to be 1.01. Similar results were obtained when 15 or 20 equiv 
each of donors in 5 mL of toluene was used. The yields of CT crystals 
were 93% and 95%, respectively, and the ratio pDM:pDE was 66:34 for 
these two cases. 

Separation of 2,6-DMN by Selective CT Crystal Formation with 
SDA-TCNNQ (15). Finely powdered 1528 (83.0 mg, 0.231 mmol) was 
suspended in 1.23 g of a C12H12 mixture (2,6-DMN, 9.7 wt %; 2,7-DMN, 
9.4 wt %) and stirred for 78 h at room temperature. Reddish-brown CT 
crystals were filtered, washed with ethanol (0.5 mL X 2), and dried in 
vacuo (4 X 10"2 Torr) for 3 h (83 mg, mp 203-204 0C dec). Thermal 
decomplexation of the CT crystal (145 °C, 14 Torr) gave a colorless solid 
(11.7 mg) and 15 (72 mg). GC analysis of a colorless solid showed that 
it is fairly pure 2,6-DMN (97.2 wt %) containing a small amount of 
2,7-DMN (1.1 wt %) and other isomers. 

Complexation of Thiophene-TCNQ (14) with a C12H12 Mixture. 
Finely powdered 1429 (71.2 mg, 0.339 mmol) was suspended in 1.61 g 
of a C12H12 mixture (2,6-DMN, 9.7 wt %; 2,7-DMN, 9.4 wt %) and 
stirred for 24.5 h at 16 0C. Dark violet precipitates were filtered, washed 
with n-hexane (1 mL X 2), and dried in vacuo (4 X 10~2 Torr) for 3 h 
(21 mg, mp 100-104 0C). Thermal decomplexation (80-95 0C, 19 Torr) 
of the CT crystal (10.8 mg) gave a colorless solid (3.1 mg) and 6.8 mg 
of 14. GC analysis showed that it was composed of 52.1 wt % of 2,6-
DMN, 2.9 wt % of 2,7-DMN, and other isomers. 

Measurement of Redox Potentials. Reduction potentials (E"*) of 1-3 
and oxidation potentials (£°x) of donors were measured by cyclic vol-
tammetry in CH3CN dried over P2O5 and CaH2 several times. Acceptors 
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underwent multistage reversible reduction, and only the first reduction 
potentials were shown. Voltammograms of donors except pDM showed 
irreversible or quasi-reversible waves, so that half-wave potentials were 
estimated from the anodic peak potentials (£i») as £°" = £pa - 0.03 V. 
All of the values shown in the text are E/V vs SCE and were measured 
under the same conditions described in Table II. 

X-ray Structural Analyses. All of the data collections were performed 
on an AFC-5R automated four-circle diffractometer equipped with a 
rotating anode at 13 0 C unless indicated otherwise. Details are sum
marized in Table III. These structures were solved by direct methods 
using the RANTANSI program32 with some modification. Atomic param
eters were refined by the block-diagonal least-squares method applying 
anisotropic temperature factors for non-hydrogen atoms. At the final 
stage, hydrogen atoms, if any, were included in the refinement with 
isotropic temperature factors. All of the calculations were carried out 
on an ACOS 1000 and ACOS 2020 computer at Tohoku University by 
using the applied library program of the UNICS III system.33 Details 
of X-ray structural analyses, final atomic coordinates and thermal pa
rameters, bond distances and angles, structure factors, and thermal el
lipsoids with atom numbering systems are deposited as supplementary 
material. 

The structural analysis of BTDA (1) was reinvestigated on newly 
collected reflection data. The space group is not C2 as described pre
viously"3 but is CIjm. An empirical absorption correction ('!'-scan) was 
applied because of the large absorption coefficient. 

TSDA (2) crystallizes isomorphously to 1, and the chalcogen atoms 
are completely disordered. Two different sets of independent data were 
collected for accurate structural analysis, and the averaged values were 
used in the refinement. The structure reported previously12 was further 
refined by using the hypothetical atom possessing the averaged scattering 
factors34 of S and Se for the disordered chalcogen atoms. This refinement 
gave more satisfactory results than the constrained refinement in which 
the disordered chalcogen was divided into different positions for S and 
Se. However, the geometry of 2 at the latter refinement was used in ab 
initio calculations. 

The estimated standard deviations (esd) for bond lengths are relatively 
large (0.005-0.009 A), and the large R value may be due to some sys
tematic errors in the data. The distance for the interatomic contacts 
between the disordered chalcogens and cyano groups is 2.96 A. 

BSDA (3)12 is isomorphous to 1 and 2. Due to the large absorption 
coefficient, an absorption correction was applied for the two different sets 
of independent data, and the whole was used in the refinement. 

EtNMe3
+2'" salt suitable for the structural analysis was obtained as 

a black needlelike crystal by electrochemical reduction of 2 applying a 
constant current of 10 nA on a Pt wire electrode. This salt exhibited good 
electrical conductivity along the b axis (resistivity p 80 S) cm at 295 K) 
with activation energy of 0.15 eV.35 

This salt crystallizes isomorphously to the corresponding salt of I,10 

and the positions of S and Se are disordered. The hypothetical atom 
possessing the averaged scattering factor of S and Se was used in the 
refinement. Similar to EtNMe3

+I-", equally spaced (3.25 A) "zig-zag" 
columns with ring-double bond-type overlapping were formed along the 
b axis. Molecules are connected by several chalcogen-cyano interactions 
and further by chalcogen-N interactions between heterocycles to form 
coplanar ribbon networks on the crystallographic mirror plane at y/b = 
1/4 and 3/4. The distances for the disordered chalcogen-cyano contacts 
are 3.17 and 3.03 A, which are shorter than those in EtNMe3

+I*" (3.25 
and 3.12 A). The distance for the contacts between heterocycles is 3.28 
A, also shorter than that in EtNMe3

+I*" (3.37 A). 
Non-hydrogen atoms of the ammonium ion appeared on the D-map. 

Several hydrogen atoms were also picked up from the D-map and others 
were calculated geometrically. The nitrogen atom and one methyl carbon 
of the ammonium ion exist on the mirror plane, two methyl groups are 
related by a mirror symmetry, and the ethyl group is orientationally 
disordered. Due to the disorder of heavy atoms and the ammonium ion, 
the esd for bond lengths are relatively large (0.005-0.010 A for 2), which 
prevents the comparisons of bond lengths with those of neutral 2. 

4i/,8//-4-(Dicyanomethylene)benzo[l,2-c:4,5-c/|bis[l,2,5]thiadiazole 
(13) used for the data collection was a slightly twinning crystal. Re
flection data were collected at 25 0C, and the structure was solved by 
using the MULTAN78 program. The positions of hydrogen atoms were 
calculated geometrically. 

(32) Jia-xing, Y. Acta Crystallogr. Sect. A 1981, 37, 642; 1983, 39, 35. 
(33) Sakurai, T.; Kobayashi, K. Rikagaku Kenkyusho Hokoku 1979, 55, 

69. 
(34) Klug, A. Nature (London) 1947, 160, 570. 
(35) The conductivity measurement was carried out by Dr. Hideki Ya-

mochi and Prof. Gunzi Saito at the Institute for Solid State Physics, The 
University of Tokyo. 

It is a planar molecule with C111 symmetry. Carbon atoms of exo-
methylene and the methano bridge lie on a crystallographic 2-fold axis. 
Coplanar sheetlike networks are stacked along the c axis forming an 
infinite layer structure like 1-3. 

pX-1 was obtained as single red crystals by recrystallizing 1 from 
CH2Cl2-pX. No degradation of the crystal was indicated during the data 
collection. Both 1 and pX are related by a center of symmetry. Ring 
protons were found by the D-Fourier method, and methyl protons were 
calculated geometrically. The geometry of 1 in this crystal is similar to 
that in neutral 1. 

The positions of dummy methyl groups shown in Figure 8b were 
calculated on the same plane of the benzene nucleus by supposing the 
ideal bond angle and observed bond distance (1.505 A). 

2,6-DMN-l suitable for crystallographic work was obtained as dark 
violet needles from CH2Cl2 by slow evaporation of the solvent. Both 1 
and 2,6-DMN lie on a center of symmetry and form mixed columnar 
stacks along the c axis. 

2,7-DMN-l was obtained as dark violet needles from CH3CN. This 
complex crystallizes nearly isomorphous to 2,6-DMN-l, but the unit cell 
is doubled along the b axis. Although each of the molecules does not 
locate on a crystallographic center of symmetry, molecules of 1 exist on 
a pseudo center of symmetry such as 1/2, 1/4, 1/2. 2,7-DMN is aligned 
in an orderly manner along the b axis in head-to-head and tail-to-tail 
orientations alternately, and no transposition of methyl groups was ob
served. 

pMA-1 lost volatile pMA gradually on standing so that the crystal was 
sealed in a glass capillary with pMA. Data collection was carried out 
at 25 °C. Each of the molecules locates on a center of symmetry. The 
positions of methyl and methoxy groups in pMA were completely dis
ordered and were carefully determined from the E-map. Ring protons 
and several methyl protons were picked up from the D-map and others 
were calculated geometrically. The large R value may be due to the 
disorder of the substituents of pMA. 

oMA-1 showed a strong tendency to effloresce and was also sealed in 
a glass capillary. Because of the instability and low quality of the crystal, 
observed data (|F0| > 3tr|f „|) are only one-half of those measured and the 
final R value is very large. No positional disorder of substituents was 
observed. Several hydrogen atoms were located on the D-map and others 
were calculated geometrically. 
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