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The new chiral TTF-based donor molecule bis(2-hydroxylpropylthio)ethylenedithiotetrathiafulvalene has 
produced enantiopure R,R and S,S radical cation salts with the tetrafluoroborate anion as well as the 
nearly isostructural meso/racemate mixture. The enantiopure R,R or S,S salts are both 1:1 semiconducting 
salts with activation energies of 0.19-0.24 eV,  both crystallising in the orthorhombic space group C2221. 10 

The semiconducting salt containing both meso and racemic donor cations has a very similar crystal 
structure but crystallising in the monoclinic space group C2/c (β = 91.39o) with similar S…S interactions 
but a smaller activation energy of 0.15-0.17 eV. This is in contrast to previous families of this type where 
the disordered racemate has a larger activation energy than its enantiopure salts.

Introduction 15 

The organosulphur donors TTF (2) and BEDT-TTF (3) have 
produced a large number of radical cation salts combining a 
variety of electrical properties.1 The TTF based molecular 
conductors provide an excellent opportunity to explore the 
combination of chirality and conductivity in the same crystal 20 

lattice which is of importance in understanding magnetochiral 
anisotropy as seen in carbon nanotubes.2 In order to explore the 
effect of handedness on a conducting material a number of 
approaches have been taken to introduce chirality into TTF based 
conductors. Chiral radical cation salts have included a variety of 25 

chiral anions, chiral donors, or have been electrocrystallised from 
a chiral solvent.3 Differences in the conductivities have been 
observed between the racemic and enantiopure forms owing to 
structural disorder in the former. Radical cation salts have 
previously been synthesized from a variety of chiral anions 30 

including [Sb2(L-tartrate)2]
2-,  [Fe(croconate)3]

3-, [Cr(2,2’-
bipy)(oxalate)2]

-,  TRISPHAT, D-camphorsulfonate, and CoIII 
complexes of optically pure pyridinecarboxamide anions. There 
is an extensive family of metal trisoxalate salts of the formula 
BEDT-TTF4[(NH4/H3O)M(oxalate)3].guest in which the 35 

distribution of the Δ and Λ enantiomers of M(oxalate)3
3- (M = Fe, 

Cr, Co, Al, Ga) leads to different polymorphs exhibiting either 
superconducting or semiconducting behaviour.4 The guest 
molecules included in the anion layer can lead to different donor 
packing motifs and thus different conducting properties. When 40 

either racemic (R/S)- or enantiopure (S)-sec-phenethyl alcohol is 
included as a guest molecule isostructural salts are obtained. A 
more pronounced metal-insulator transition is observed for the 
racemate owing to the enantiomeric disorder in the R/S salt. 
Crystallisation from chiral solvents has also led to salts of the 45 

form (BEDT-TTF)3[NaCr(oxalate)3].guest which contain a single 
enantiomer of the Cr(oxalate)3 anion through chiral induction.5 

Dunitz et al. synthesized the first enantiopure TTF-based donor 
molecule with (S,S,S,S)-tetramethyl-BEDT-TTF (4)6. In recent 
years there has been increased interest in the synthesis of chiral 50 

donor molecules, of particular note being the selective 
transformation of a TTF sulphur atom to its sulfoxide giving a 
chiral sulfur (5)7, TTF-oxazolines (6)8, bis(pyrrolo)TTF (7)9, and 
pinene-BEDT-TTF (8) (Scheme 1).10  Effects of structural  
disorder on conducting properties have also been evidenced in 55 

salts of TTF-oxazolines.8d,e,11 
We have recently reported the synthesis of the novel enantiopure  
donor molecule bis((2S)-2-hydroxylpropylthio)ethylenedithio- 
tetrathiafulvalene 1 which has both chirality and the potential to 
form hydrogen bonds in its 2-hydroxypropylthio sidechains 60 

(Scheme 2). We previously reported the first examples of radical 
cation salts from this enantiopure S,S-donor molecule including 
one with the meso stereoisomer of the Fe2(oxalate)5

4- anion.12 
Following the method reported previously for the S,S-donor of 1 
we have synthesised the R,R enantiomer and also a statistical 65 

mixture of the meso/racemate forms (1:1:2 R,R:S,S:R,S), the latter 
being prepared by using racemic methyl-oxirane as a starting 
material. 
Through electrocrystallisation with the anion BF4

- we have 
synthesised the first family of radical cation salts from 70 

enantiopure R,R-1, S,S-1 and meso/rac-1. All three materials are 
semiconducting, and it is of interest that the two enantiopure 
stereoisomers have similar activation energies whilst the almost 
isostructural meso/racemate has a smaller activation energy and a 
slightly higher room temperature conductivity. This is opposite  75 

to what was observed previously in TTF-oxazoline-PF6
8d,e, TM-

BEDT-TTF-I3
6e and BEDT-TTF4[(NH4)Fe(oxalate)3].sec-

phenethyl alcohol5 where the structural disorder had the effect of 
reducing the conductivity. Attempts to produce crystals from a 
50:50 mixture of enantiopure RR-1:SS-1 donor mixture did not 80 
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produce crystals suitable for X-ray or resistivity measurement. 
 
Experimental 
 
Enantiopure donor R,R-1 and the mixture of racemic and meso 5 

forms of 1 were synthesized using the method described 
previously for S,S-1 starting from the R- or rac-methyloxirane 
respectively.12 At no stage in the syntheses could the racemic and 
meso isomers be separated. Single crystals of (S,S)-1.BF4, (R,R)-
1.BF4, and meso/rac-1.BF4 were grown by electrocrystallisation 10 

using donor (S,S)-1, (R,R)-1, and the meso/racemic mixture of 1, 
respectively, as follows: 
100 mg of tetrabutylammonium tetrafluoroborate was dissolved 
in 20 ml of chlorobenzene and then added to the cathode side of a 
H-shaped cell. 10mg of donor 1 was dissolved in 20 ml of 15 

chlorobenzene and added to the anode side of the H-shaped cell.  
Chlorobenzene and tetrabutylammonium tetrafluoroborate were 
purchased from Aldrich and used as received. 
The H-shaped cells had two platinum electrodes separated by a 
porous glass frit to prevent contamination. The electrodes were 20 

cleaned by applying a voltage across the electrodes in 1 M H2SO4 
in each direction resulting in the evolution of H2 and O2 at the 
electrodes. Finally the electrodes were washed in distilled water 
and thoroughly dried. The cells were fixed inside sand-filled 
compartments on a vibration-free table and kept at a constant 25 

temperature of 293 K.  
A current of 0.1 μA was passed through the platinum electrodes 
and black needle crystals of the 1.BF4

- radical cation salts  grew 
on the anode over 3 weeks. 
Four-probe DC transport measurements were made on several 30 

crystals of (S,S)-1.BF4, (R,R)-1.BF4, and meso/rac-1.BF4 using a 
HUSO HECS 994C multi-channel conductometer. Gold wires (15 
μm diameter) were attached to the crystal, and the attached wires 
were connected to an four-pin integrated circuit plug with gold 
conductive cement. 35 

Table 1 Crystallographic data for BF4 salts of 1†  

 
 meso/rac-1.BF4 (S,S)-1.BF4 (R,R)-1.BF4 

Formula C14H18O2S8.BF4 C14H18O2S8.BF4 C14H18O2S8.BF4 
Mr / g mol-1 561.58 561.58 561.58 

Temp / K 300.1 293.1 293.1 
μ  / cm-1 8.416 8.416 8.401 

Crystal System Monoclinic Orthorhombic Orthorhombic 
Space Group C2/c C2221 C2221 
a/Å 7.807(3) 7.8100(13) 7.8172(13) 
b/Å 21.223(6) 21.238(4) 21.232(4) 
c/Å 26.992(7) 26.989(5) 26.987(5) 
α/º 90 90 90 

β/º 91.394(7) 90 90 
γ/º 90 90 90 
V / Å3 4471(3) 4476.6(13) 4479.1(13) 
Z 8 8 8 
ρ / g cm-3 1.669 1.666 1.665 
Flack parameter  -0.08(15) -0.03(17) 

R1 [I > 2(I)] 0.106 0.0486 0.0603 
wR [all data] 0.335 0.123 0.142 
CCDC No. 981724 981726 981725 

 
 
 40 

 
Results and Discussion 
 
Both (S,S)-1.BF4 and (R,R)-1.BF4 crystallise in the orthorhombic 
system in chiral space group C2221 (Fig. 1), whilst meso/rac-45 

1.BF4 crystallises in monoclinic C2/c (Fig. 2). The crystals of all 
three salts have one donor molecule and two crystallographically 
independent BF4

- anions, but both anions lie on symmetry 
elements, a 2-fold axis for the enantiomers and a centre of 
symmetry for the meso/racemate. For the enantiopure salts the 50 

BF4 anions are disordered and for the meso/rac-salt they are 
placed on centres of symmetry of the C2/c space group, and thus 
must appear disordered. 
In all three salts the donor molecules form stacks in the a 
direction (Fig. 3-5) with neighbouring stacks segregated in the b 55 

direction by BF4
- anions. In the enantiopure salts, the best planes 

of donor cations lie at ca 68o to the stacking axis. Pairs of donors, 
related by a 2-fold axis, are dimerised face-to-face with short 
S…S contacts between the four central TTF sulfur atoms as 
shown in Fig. 5. S…S contacts are similar in both enantiopure 60 

and rac/meso salts. The plane-plane distance between donors in 
all three salts are similar: ca 3.37 Å wtihin a pair, and ca 3.77 Å 
between pairs, despite the different crystal systems, and adjacent 
pairs are slipped by ca 2.3 Å, while within a pair the slip distance 
is ca 0.9 Å (Table 3). 65 

Table 2 Short S…S contacts for BF4 salts of 1 

 
 meso/rac-1.BF4 (S,S)-1.BF4 (R,R)-1.BF4 

S3…S5 3.560(4) Å 3.557(2) Å 3.562(2) Å 
S4…S6 3.476(4) Å 3.466(2) Å 3.468(2) Å 
 
The central C=C bond lengths in all cases are close to the value 
expected for a TTF donor charge of 1+: (S,S)-1.BF4  1.400(5) Å, 70 

(R,R)-1.BF4 1.398(6) Å, and meso/rac-1.BF4 1.389(10) Å. 
For the enantiopure salts the two hydroxylated side chains adopt 
different conformations, one lies in the donor plane and directed 
out from the donor towards a BF4 anion, while the other bends 
down under the donor. Dimer pairs are likely to be connected by 75 

hydrogen bonding, since two symmetry related oxygen atoms 
from the latter type of side chains lie 2.877(6) Å apart in the R,R 
enantiomer (2.876(5) Å in the S,S).  It was not possible to detect 
hydroxyl hydrogen atom positions from the difference Fourier 
maps arising from the room temperature diffraction data for 80 

either enantiomer. There is a long O---H-C contact from the other 
side chain to the ethylene bridge of a donor molecule (2.57 Å 
R,R-isomer). For the rac/meso salt, the overall conformation of 
the donors is very similar to that in the enantiomeric salts, but 
there are two positions for each hydroxyl oxygen atom. For the 85 

side chain directed out for the donor, both O positions are 
directed towards BF4 anions (O---F:  2.671, 2.922 Å). For the 
other side chain, one oxygen position corresponds to those 
involved in a hydrogen bond between donor pairs, while the other 
is directed towards a BF4 anion (O---F:  2.671 Å).  90 
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Table 3 The plane-plane distance of D1 and D2 (see Fig. 5) 
and the corresponding slip distances of S1 and S2.

13 

 
 
Four-probe transport measurements performed parallel to the 5 

longest axis of several needle-shaped crystals show that (S,S)-
1.BF4, (R,R)-1.BF4, and meso/rac-1.BF4  are all semiconducting 
(Fig. 6). Room temperature resitivities are similar but the 
activation energy for the racemate is significantly smaller than for 
either the S,S or R,R. It has been observed recently in the case of 10 

DM-EDT-TTF-PF6 that the racemic salt is metallic whilst the 
enantiopure salts are semiconducting due to the differences 
between the packing.14 However in the case of 1 although the 
enantiopure and meso/racemate have different crystal systems 
they are almost isostructural, differing slightly in the donor 15 

molecule slip distances (Fig. 5). 
 

Table 4 Ea and room temperature resistivity values for 
crystals of (S,S)-1.BF4, (R,R)-1.BF4, and meso/rac-1.BF4 

 20 

 

Conclusions 

We report the first family of semiconducting salts of the 
enantiopure donor bis(2-hydroxylpropylthio)ethylenedithio-
tetrathiafulvalene and observe a lower activation energy for the 25 

racemic analogue compared to both single enantiomers. This new 
donor molecule shows promise for the synthesis of many families 
of conducting chiral radical cation salts to investigate 
magnetochiral anisotropy. The hydrogen bonding ability of the 2-
hydroxypropylthio side-chains, with the multitude of anions 30 

available has the potential to produce a variety of novel TTF 
packing arrangements. 
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Scheme 1 
 
 40 

Scheme 2 
 
Fig. 1 ORTEP image of (a) (S,S)-1.BF4 and (b) (R,R)-1.BF4. 
 
Fig. 2 ORTEP image of meso/rac-1.BF4 45 

 

Fig.3 Crystal structure of (S,S)-1.BF4 viewed down the a axis. 
Hydrogen atoms removed for clarity. 
 
Fig.4 Crystal structure of (S,S)-1.BF4 viewed down the b axis. 50 

Hydrogen atoms removed for clarity. 
 
Fig.5 Face-to-face packing of donors viewed down the b axis 
showing close S…S contacts for (S,S)-1.BF4. BF4 anions have 
been removed for clarity. 55 

 
Fig.6 Temperature dependence of electrical resistivity ρ/ρ(RT) 
for two single crystals (A and B) for each of (S,S)-1.BF4, (R,R)-
1.BF4, and meso/rac-1.BF4.  
 60 
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