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Abstract: Mixed-valence dyadic
[(TTF),]** (TTF =tetrathiafulvalene)
species—the  elementary  building
blocks of organic conductors—are usu-
ally too weakly associated to be ob-
served in solution, unless covalently
bound in dimers or physically con-

strained into a cage structure. We dem-

through a stereospecific recognition
pattern. This redox active molecule ex-
hibits different electrochemical and
spectroscopic responses, as enantiopure
RR, SS or meso isomers, a rare exam-
ple of a chiral system in which different
diastereoisomers do not exhibit the
same electrochemical features, with a

selective formation of the mixed-va-
lence species in the enantiopure (RR)-
1 or (SS)-1 isomers only, whereas the
meso form does not show this associa-
tion ability. A rationale for the selec-
tive self-association of the RR and SS
enantiomers upon oxidation is provid-
ed, based on the different molecular

onstrate here that a novel chiral tetra-
thiafulvalene functionalised with two
1,1’-binaphthol units (1) is able to asso-
ciate in solution into persistent mixed-
valence [(TTF),]*" dyadic moieties

Introduction

Molecular conductors derived from the redox-active tetra-
thiafulvalene molecule (TTF)! are most often based on the
infinite stacking of an elementary building block, the mixed-
valence [(TTF),]™" species. Within such a dyad with radical
cation character, the bonding and anti-bonding combina-
tions of the two TTF HOMOs are, respectively, doubly and
singly occupied, a situation that gives a 0.5 bond-order char-
acter to the intermolecular interaction within the cationic
dyad. As a consequence, these mixed-valence species are
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geometries and accessibility of the TTF
core toward the formation of the
mixed-valence species.

only weakly associated, and thus most often not directly ob-
servable in solution. A notable exception involves the case
of arenes (naphthalene, fluoranthene, and so on) at high
concentration and low temperature.’! The only rare exam-
ples in which such a mixed-valence [(TTF),]*" species has
been observed in solution are restricted to situations in
which the two TTF moieties are forced to interact, either
when covalently linked into TTF dimers® or cyclophanes,
or embedded within a cage, as an organic cucurbit[8]uril re-
ceptor® or a self-assembled coordination cage.’! Besides
these two situations, a stable self-association of TTF moiet-
ies within a [(TTF),]*" mixed-valence species has not been
observed yet, but can be anticipated if specific non-covalent
intermolecular interactions can simultaneously stabilise the
dyadic association and hinder its precipitation. We describe
here a novel TTF derivative in which a stable, persistent,
mixed-valence [(TTF),]*" state has been identified upon
chemical and electrochemical oxidation. Furthermore, the
specific recognition pattern observed within these non-cova-
lent [(TTF),]*" dyads finds here its origin in the chirality of
this TTF molecule, based on the atropoisomerism of binaph-
thol units. Indeed, chiral tetrathiafulvalenes are currently
being developed for the introduction of chirality in molecu-
lar conductors.””! We postulated that the introduction, on a
tetrathiafulvalene core, of chiral 1,1’-binaphthol moieties,
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available with very high enantiomeric purity,"” would

favour chiral solid-state organisations through a combina-
tion of m—m interactions and overlap interactions of open-
shell molecules. We describe here the synthesis and electro-
chemical properties of the symmetrically substituted tetra-
thiafulvalene (TTF) derivative 1, as diastereomeric mixture
(RR, SS, meso) as well as pure RR, SS and meso isomers.
The peculiar geometrical features of 1 allowed for the fa-
voured formation of an unprecedented homochiral mixed-
valence aggregate [(1),]*" upon oxidation.

0 S S o, &
¥ °i>:s s 0
(R,R)1

Results and Discussion

Only a few TTF derivatives that incorporate a binaphthyl
moiety have been described to date. They are all based on a
single binaphthol platform that bears a TTF moiety coupled
to each naphthalene ring, through either conjugated™! or
non-conjugated linkers,"'¥ thereby affording in all cases
highly flexible molecules with two TTF moieties per binaph-
thol unit. Such optically active derivatives were described as
chiral molecular switches through circular dichroism modu-
lation upon oxidation,™ and were used for the formation of
intramolecular dyads."**! The synthesis of 1 (Scheme 1) in-
volves a completely different route, as it is based on the
NEt; coupling reaction of the dithiolium cation 6. The latter
was obtained in three steps from the 1,3-dithiole-2-thione 3.
The key step is the preparation of 3, which was successfully
obtained in high yield from the alkylation of 1,1’-binaphthol
with 3,4-bis(bromomethyl)-1,3-dithiole-2-thione™ in high
dilution conditions. Such conditions were required to avoid
the extensive formation of polymeric insoluble material, in
competition with the targeted formation of the rigid ten-
membered ring in 3. All reactions were performed with
either enantiopure (R)-, (S)- or racemic (R,S)-1,1-binaph-
thol, thereby affording the dithiolium cation 6 as enantio-
pure (R)-6 or (5)-6 and racemic (R,S)-6. The symmetrical
cross-coupling reaction of (R)-6 or (S5)-6 with NEt; in
CH;CN hence afforded the enantiopure (RR)-1 or (SS)-1,
respectively (Figure 1). On the other hand, the diastereo-
meric mixture (RR,SS,meso)-1 was obtained from the cou-
pling of the racemic (R,S)-6.

Concentration of a solution of the diastereoisomeric mix-
ture (RR,SS,meso)-1 in CH,Cl, allowed for the selective pre-
cipitation of the meso form, a favourable situation, as this
meso isomer cannot be prepared in a simple way by the
symmetrical cross-coupling strategy of dithiolium cations
presented above in Scheme 1. Chiral HPLC analyses
showed the high purity of the precipitated meso form and
confirmed that the mother liquors were indeed strongly en-
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Scheme 1. Synthetic path to (R,R)-1 (Tf=triflate).
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Figure 1. Circular dichroism spectra for (RR)-1 (—) and (SS)-1 (----- )
(5x107°m in CH,CL,).

riched in the racemic mixture (see the Supporting Informa-
tion). Attempts to crystallise the pure RR or SS enantiomers
or the diastereomeric mixture were unsuccessful and X-ray
powder diffraction showed that the samples were amor-
phous. On the other hand, the meso derivative afforded
single crystals amenable to X-ray diffraction analysis. Deriv-
ative meso-1 crystallises in the triclinic system, space group
P1, with four crystallographically independent molecules,
each of them located on a inversion centre together with
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two acetone molecules in general position, hence a 1:1
[meso-1]-acetone stoichiometry for this solvate. As shown in
Figure 2, the TTF moiety is essentially planar, with small

< ~
Figure 2. a) Molecular structure of one of the four crystallographically in-
dependent molecules in [meso-1]-acetone. b) A side view showing that

the binaphthol moiety is located fully above or below the TTF molecular
plane (dotted line).

distortions of the dithiole ring characterised by a folding
along the S-S hinge, frequently observed in neutral TTF de-
rivatives (1.5(2), 15.5(3), 0.0(2) and 0.1(2)°, in crystallo-
graphically independent molecules A, B, C and D, respec-
tively). The binaphthol moiety adopts a cisoid conformation
imposed by the constrained ten-membered ring, with a dihe-
dral angle between the two naphthyl rings that amounts to
63.8(1), 71.6(1), 69.9(1) and 64.4(1)° in molecules A, B, C
and D, respectively. Note also that the binaphthol moieties
are located in full above or below the TTF molecular plane
(dotted line in Figure 2b).

Cyclic voltammetry (CV) experiments (Figure 3a) per-
formed on the meso form show the classical two-wave be-
haviour characteristic of monomeric TTF derivatives, and
related to the sequential oxidation of meso-1 to the mono
and dicationic species. This is also confirmed by the decon-
voluted cyclic voltamogramm (Figure 3a, right) with two
identical processes. On the other hand, one observes a sur-
prising broadening of the first oxidation wave in the diaste-
reomeric mixture (Figure 3b), a behaviour even more clearly
identified in the voltamogramm (and deconvoluted volta-
mogramm) of the enantiopure (RR)-1 (Figure 3c) or (SS)-1
(see the Supporting Information) in which the first oxidation
wave is now clearly split into two waves.

Such splitting of the first oxidation wave is usually charac-
teristic of the favoured formation of an intermediate mixed-
valence TTF dyad (TTF),*", a species only rarely observed
in a few TTF dimers and cyclophanes in which the two TTF
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are either covalently linked,®* or when constrained within
cagelike rigid structures.’®! A glycoluril-based TTF covalent
dyad that associates into clip dimers under oxidative control
provides another recent rare example.™ The splitting of the
first oxidation wave observed here in the enantiopure (RR)-
1 or (SS5)-1 molecules that bear a single TTF moiety implies
that, upon electron transfer, a stabilising non-covalent inter-
action between two molecules allows for a persistent dyadic
mixed-valence species, and that this supramolecular associa-
tion is efficient only in the enantiopure (RR)-1 or (SS)-1
molecules but not in the meso form. The intermediate situa-
tion observed in the diasteroisomeric mixture represents
then an average of both extreme behaviours. This splitting
of the first oxidation process of TTF derivatives is coherent
with the well-known “square scheme”.'*'l To estimate the
binding constants for the formation of the mixed-valence
[(TTF),]*" (Kwy) and [(TTF),J** dimer (Kp;,), the square
scheme requires a scan rate and/or concentration depend-
ence during experimental CV. However (and as expected
for TTF derivatives), the experimental CV of (RR)-1 or
(55)-1 is scan-rate and concentration independent under our
conditions, thereby suggesting that the kinetic constants of
the binding constants are very fast. An alternative is to use
of the value of the potential splitting (AE), but AE depends
on the Ky and Ky, ratio, according to Equation (1) in
which R is the gas constant, 7T is the temperature, n is the
number of electrons and F is the Faraday constant. Conse-
quently, the binding constants for the formation of the
dimer and the mixed-valence species could not be estimated
from electrochemical experiments.

AE = RT /nF In(Kyy /Kpim) (1)

To confirm this striking difference of behaviour between the
isomers, UV/Vis near-infrared (NIR) investigations were
also carried out after the chemical oxidation of either (RR)-
1, (8S)-1 or meso-1 and the diastereoisomeric mixture
(RR,SS,meso0)-1, by addition of NOSbF, aliquots. As shown
in Figure 4, in addition to the UV/Vis absorption bands at-
tributable to the radical cation species, an extra absorption
band is observed above 2000 nm after addition of 0.5 equiv
NOSbFg, but only in the enantiopure (RR)-1 or (SS)-1 mole-
cules, whereas it is completely absent in the meso isomer
and notably weakened in the diastereoisomeric mixture.
This 2000 nm band is characteristic of an inter-valence ab-
sorption band" and confirms therefore that an association
of two TTF moieties into non-covalent dyads does occur
upon oxidation of the TTF core to give a persistent mixed-
valence (TTF),*" species, but only in the enantiopure RR or
SS molecules, whereas it is not allowed in the meso com-
pound. In other words, we are here in the presence of a
chiral system in which different diastereoisomers do not ex-
hibit the same electrochemical features, with a favoured for-
mation of the mixed-valence species in the enantiopure
(RR)-1 or (8S)-1 isomers, whereas the meso form does not
show this association ability.
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acid traces™ or upon oxidation
by rotation around the weak-
ened central C=C bond. Geom-
etry optimisations with density
functional theory (DFT;
B3LYP/6-31G*) were per-
formed on both the boat and
chair conformations of (RR)-1
as well as on meso-1, in their
neutral and cation radical state
(Figure 5), thus showing near
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Figure 3. Experimental (left) and deconvoluted (right) cyclic voltammetry for a) meso-1, b) the diastereomeric
(RR,SS,meso)-1 mixture and c) the enantiopure (RR)-1 enantiomer (0.5 mm solutions in CH,Cl, with 0.1m

nBu,NPF).

At this stage, geometrical models of the molecule in its
different stereoisomers and conformers are clearly needed
to offer a rationale for this striking behaviour. Based on the
geometry of meso-1 determined experimentally (see above),
a model geometry of the TTF derivatives (RR)-1 or (SS)-1
can be anticipated in both boat and chair conformations.
Indeed, these two conformations are possibly obtained from
the cross-coupling reaction of dithiolium cations 6 and are
known to exchange rapidly in solution in the presence of
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cal observations, several associ-
ation patterns of the two mole-
cules upon oxidation can be
considered, depending on their
boat or chair conformation.
Among possible association
patterns, the self-association of
the RR isomer into an interlocked homochiral structure
[{(RR)-1},]* depicted in Figure 7 is likely to explain the se-
lective association of the RR or SS isomers. Indeed, the dis-
tance between the two parallel naphthyl planes is large
enough to accommodate a second TTF moiety, at variance
with the meso isomer, which seems to preclude this aggre-
gate formation. Note that this model also allows a (RR)-1/
(85)-1 enantiomer association and offers a rationale for the
observed spectroscopic data upon chemical oxidation.

E (V vs. Fc'/Fc)
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Figure 4. UV/Vis NIR spectra (0.5mm in CH,Cl,) of a)the meso-1

isomer , b)the diastereoisomeric (RR,SS,meso)-1 mixture and c) the
enantiopure (RR)-1 upon NOSbF, oxidation.

Indeed, within the diastereomeric mixture only half on the
molecules, the (RR)-1 and (SS)-1 can form persistent mixed-
valence aggregates with themselves and between them,
whereas the meso isomer cannot.
DFT geometry optimisations for such an interlocked
structure [{(RR)-1},] were performed both in the neutral
and in the mixed-valence cation state. The optimised geome-
try for [{(RR)-1},]*" shown in Figure 7 demonstrates that the
interlocking is not only possible, but strongly favoured as
the energy difference between that of this mixed-valence
dyad [{(RR)-1},]*" and the sum of individual neutral (RR)-1
and cationic [(RR)-1]*' amounts to 16 kcalmol™".”" The
same geometry optimisation for the neutral interlocked
dyad converged toward a similar geometry, but with a larger
plane-to-plane distance between the TTF moieties (i.e., 4.2
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Figure 5. Optimised geometries in the cation radical state for a) the boat
and b) the chair conformation of (RR)-1. In the neutral state, similar geo-

metries are obtained with usual distortions from planarity of the dithiole
rings.

Figure 6. Optimised geometry in the cation radical state and boat confor-
mation for the two diastereoisomers (RR)-1 and meso-1, which shows the
parallel orientation of the protruding naphthyl rings in (RR)-1 that opens
a deep valley in between, whereas the mirroring naphthyl rings in meso-1

hinder any strong face-to-face approach of the TTF redox cores on this
side.

vs. 3.9 A) and a much lower energy gain (2 kcalmol ') when
compared with the energy of two isolated neutral (RR)-1

molecules. It should be stressed also that this pattern of as-
sociation of two TTF moieties with their long axis almost
perpendicular to each other also allows for a strong overlap
between TTF HOMOs, as illustrated in Figure 7 (bottom).

Chem. Eur. J. 2010, 16, 8020-8028


www.chemeurj.org

Mixed-Valence [(TTF),]** Dyad

Figure 7. a) Optimised geometry, in its mixed-valence state, of the bimo-
lecular homochiral aggregate [{(RR)-1},]*". b) HOMO of the mixed-va-
lence dyadic cationic species [{(RR)-1},]*".

This overlap pattern is quite rare and has been reported
only in criss-cross bis-TTF cyclophanes in which the relative
arrangement of the two TTF cores was once again rigidly
constrained by covalent bonds.?!!

Calculations were also performed on the dyads formed by
two (RR)-1 molecules, now in back-to-back geometries, with
the TTF moieties facing each other through a criss-cross or
an eclipsed overlap conformation. In these situations in
which all stabilising interactions associated to the interlock-
ing are absent, the relative calculated energies again show a
stabilisation of the aggregate in the mixed-valence state
albeit in a significantly lower extent than in the interlocked
geometry (9 vs. 16 kcalmol ™).

Conclusion

The formation of a persistent mixed-valence species
[(TTF),]*", characterised by its NIR absorption above
2000 nm, has been reported up to now only in TTF dimers
when covalently linked or embedded within a cage structure.
We have shown here that, among the three components
((RR)-1, (5S)-1 and meso-1) of a diastereomeric mixture of
original redox-active, chiral or binaphthol TTF derivatives,
each of them in isoenergetic and interconverting boat or
chair conformations, a high degree of molecular recognition

Chem. Eur. J. 2010, 16, 8020 -8028
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could be attained in solution upon electron transfer toward
the formation of a mixed-valence dyad that involves exclu-
sively the (RR)-1 and (SS)-1 enantiomers. The chirality
brought by the atropoisomerism of binaphthol units com-
bined with the rigidity of these substituents has allowed
here for an unprecedented self-association of TTF deriva-
tives upon oxidation through a process able to discriminate
between diastereoisomers.

Experimental Section

Preparation of (R,S)-3: A mixture of racemic (R,S)-1,1’-binaphthol
(3.22 g, 0.0112 mol), 4,5-bis(bromomethyl)-2-thioxo-1,3-dithiole (2; 3.6 g,
0.0112 mmol) and K,CO; (15.8 g) in acetone (2.8 L) was heated at reflux
under argon for 24 h with mechanical stirring. After evaporation of ace-
tone in vacuo, the residue was solubilised in water (3 L)/CH,Cl, (3 L).
The decanted organic phase was washed with aqueous 10% NaOH (2
x 750 mL), aqueous 2N HCI (1.5L) and H,O (2.5 L), dried over MgSO,,
filtered and evaporated in vacuo. The crude product was dissolved in
CH,Cl,, and petroleum ether was added. The resulting solution was left
at 4°C overnight, and the precipitated solids were filtered, washed with
petroleum ether and air-dried to give (R,S)-3 as a yellow powder. Yield:
4g (80%). M.p. 272-273°C; '"HNMR (300 MHz, CD,CL,): §=7.93 (d,
J=9Hz, 2H), 7.83 (d, J=8.4Hz, 2H), 7.36 (d, J=9 Hz, 2H), 7.34-7.28
(m, 2H), 7.18-7.13 (m, 2H), 7.04-7.00 (m, 2H), 496 ppm (s, 4H);
BCNMR (75 MHz, CD,Cl,): 6=210.16, 154.07, 140.69, 133.93, 130.72,
130.48, 128.63, 127.16, 126.14, 125.08, 122.59, 117.67, 64.25 ppm; MS
(MALDI-TOF): m/z: 444.67 [M*]; elemental analysis caled (%) for
C,sH,40,S;: C 67.54, H 3.63; found: C 67.12, H 3.44.

Preparation of (R)-3: A mixture of enantiopure (R)-1,1’-binaphthol
(4.919 g, 0.0171 mol), 2 (5.5 g, 0.0171 mmol) and K,CO; (24.1 g) in ace-
tone (4.2 L) was stirred and heated at reflux under argon for 24 h. The
reaction was treated as described for (R,S)-3. Recrystallisation from tolu-
ene/pentane gave (R)-3 as orange crystals. Yield: 6.2 g (84%). M.p.
245°C; '"H NMR (300 MHz, CD,CL,): 6=8.05 (d, J=9 Hz, 2H), 7.96 (d,
J=8.1Hz, 2H), 7.48 (d, /=9 Hz, 2H), 7.46-7.41 (m, 2H), 7.31-7.25 (m,
2H), 7.18-7.15 (m, 2H), 5.02 ppm (s, 4H); "C NMR (75 MHz, CD,Cl,):
0=210.13, 154.11, 140.70, 133.95, 130.73, 130.51, 128.67, 127.21 126.18,
125.11, 122.59, 117.68, 64.22 ppm; MS (MALDI-TOF): m/z: 444.75 [M*];
[a]¥=+112 (¢=0.05 in CH,CL); elemental analysis caled (%) for
CysH,c0,S;5: C 67.54, H 3.63; found: C 67.53, H 3.87.

Preparation of (S)-3: A mixture of enantiopure (S)-1,1’-binaphthol
(4.47 g, 0.0156 mol), 2 (5 g, 0.0156 mol) and K,CO; (21.9 g) in acetone
(3.8 L) was stirred and heated at reflux under argon for 24 h. The reac-
tion was treated as described for (R,S)-3. Recrystallisation from toluene/
pentane gave (S)-3 as orange crystals. Yield: 5.5 g (80%). M.p. 243°C;
'"HNMR (300 MHz, CD,ClL,): 6=8.05 (d, J=9 Hz, 2H), 7.96 (d, J=
8.1 Hz, 2H), 7.47 (d, J=9 Hz, 2H), 7.46-7.41 (m, 2H),7.31-7.25 (m, 2H),
7.19-7.16 (m, 2H), 5.02 ppm (s, 4H); *CNMR (75 MHz, CD,CL,): 6=
210.14, 154.11, 140.70, 133.95, 130.73, 130.52, 128.69, 127.22, 126.18,
125.12, 122.58, 117.67, 64.21 ppm; [a]y=—114 (¢=0.05 in CH,CL); MS
(MALDI-TOF): m/z : 444.5 [M™]; elemental analysis calcd (%) for
C,sH,40,S;: C 67.54, H 3.63; found: C 66.51, H 3.61.

Preparation of (R,S)-4: Methyl trifluoromethanesulfonate (1 mL,
9.5 mmol) was added at room temperature to a solution of (R,S)-3 (2 g,
4.49 mmol) in anhydrous CH,Cl, (150 mL) under nitrogen. The resulting
solution was stirred for 6 h. Anhydrous Et,0 (250 mL) was then added,
and the solution was left at 4°C overnight. The yellow precipitate was fil-
tered to give (R,S)-4. Yield: 4 g (88%). M.p. 190°C; '"H NMR (300 MHz,
CD;CN): 6=8.06 (d, /=8.7Hz, 2H), 79 (d, J=8.1Hz, 2H), 7.64 (d, J=
9Hz, 2H), 7.43-7.37 (m, 2H), 7.25-7.20 (m, 2H), 7.02 (d, J=8.7 Hz,
2H), 5.55-543 (AA’, J=138Hz, 4H; -CH,), 3.00ppm (s, 3H);

www.chemeurj.org

— 8025


www.chemeurj.org

CHEMISTRY

M. Fourmigué et al.

A EUROPEAN JOURNAL

BCNMR (75 MHz, CD;CN): 6=204.51, 153.14, 149.26, 132.95, 130.07,
129.98, 128.03, 126.63, 125.10, 124.50, 121.25, 117.04, 116,91, 62.99,
2291 ppm; elemental analysis caled (%) for C,;HoF;05S,: C 53.28, H
3.15; found: C 51.62, H 3.04. The product is unstable and must be stored
at low temperature.

Preparation of (R)-4: Methyl trifluoromethanesulfonate (0.6 mL,
5.7 mmol) was added at room temperature to a solution of (R)-3 (2¢g,
4.49 mmol) in anhydrous CH,Cl, (15 mL) under nitrogen. The resulting
solution was stirred for 4 h. Anhydrous Et,0 (50 mL) was then added,
and the solution was left at 4°C overnight. After removal of the ethereal
liquid, the resulting oil was dried under vacuum to yield (R)-4 as orange
crystals. Yield: 2.6 g (95%). M.p. 135°C; '"HNMR (300 MHz, CDCl,):
0=7.84 (d, J=9 Hz, 2H), 7.75 (d, J=8.4 Hz, 2H), 7.54 (d, J=9 Hz, 2H),
7.29 (t, J=7.6 Hz, 2H), 6.99-7.09 (m, 4H), 5.38-5.60 (AA’, J=13.8 Hz,
4H; —CH,—), 2.83 ppm (s, 3H); '"H NMR (75 MHz, CD;CN): 6=8.01 (d,
J=9Hz, 2H), 791 (d, J=8.1Hz, 2H), 7.64 (d, /=9 Hz, 2H), 7.39-7.34
(m, 2H), 7.20-7.14 (m, 2H), 7.00 (d, /=8.4 Hz, 2H), 5.56-5.45 (AA’, J=
13.8 Hz, 4H, -CH,-), 2.97 ppm (s, 3H); *C NMR (300 MHz, CDCl;): 6 =
202.74, 153.29, 150.08, 133.40, 130.53, 130.32, 128.27, 126.96, 125.86,
124.98, 121.76, 118.37, 116.92, 63.47, 23.29 ppm; [a]3=—12 (¢=0.05 in
CH,Cl,); elemental analysis calcd (%) for C,;H;(F;05S,: C 53.28, H 3.15;
found: C 51.87, H 2.99. The product is unstable and must be stored at
low temperature.

Preparation of (S)-4: Methyl trifluoromethanesulfonate (1 mL, 9.5 mmol)
was added at room temperature to a solution of (5)-3 (2.5 g, 5.6 mmol) in
anhydrous CH,Cl, (20 mL) under nitrogen. The resulting solution was
stirred for 4 h, anhydrous Et,O (100 mL) was then added, and the solu-
tion was left at 4°C overnight. After removal of the ethereal liquid, the
resulting oil was dried under vacuum to yield (§)-4 as orange crystals.
Yield: 3.2 g (94%). M.p. 138°C; '"H NMR (300 MHz, CD;CN): 6=8.02
(d, J=9 Hz, 2H), 791 (d, J=8.1 Hz, 2H), 7.63 (d, /=9 Hz, 2H), 7.40-
7.34 (m, 2H), 7.21-7.15 (m, 2H), 7.01 (d, /J=8.4Hz, 2H), 5.56-5.44
(AA’, J=13.8 Hz, 4H; -CH,-), 2.96 ppm (s, 3H); "CNMR (75 MHz,
CD;CN): 0=204.51, 153.16,149.29, 132.97, 130.05, 129.98, 128.01, 126.61,
125.09, 124.50, 121.28, 117.03, 116.91, 63.06, 22.91 ppm; [a]¥=+10 (c=
0.05 in CH,Cl,); elemental analysis calcd (%) for C,;H oF;05S,: C 53.28,
H 3.15; found: C 52.15, H 3.32.

Preparation of (R,S)-5: NaBH, (0.13 g, 3.28 mmol) was cautiously added
to a solution of the dithiolium salt (R,S)-4 (2 g, 3.28 mmol) in anhydrous
CH;CN (30 mL) and /PrOH (2 mL) under nitrogen at 0°C. The mixture
was allowed to reach room temperature and stirred for 4 h. Purification
by column chromatography (silica gel, petroleum ether/EtOAc 10:2) af-
forded (R,S)-5 as beige crystals after drying. Yield: 1.3 g (86%). M.p.
135°C; 'H NMR (300 MHz, CDCl;): 6=8.00 (d, /=9 Hz, 1H), 7.96 (d,
J=9Hz, 1H), 7.88 (d, J=9 Hz, 2H), 7.53 (d, /=9 Hz, 1H), 7.33-7.40 (m,
3H), 7.11-7.26 (m, 4H), 5.92 (s, 1H), 4.95-4.76 (AA'BB, 4H; -CH,"),
1.80 ppm (s, 3H); "CNMR (75 MHz, CDCly): 154.43, 154.03, 133.71,
130.29, 130.09, 129.73, 129.67, 128.17, 128.04, 127.21, 126.60, 126.58,
126.48, 126.18, 126.15, 124.37, 122.51, 122.28, 117.76, 117.53, 65.27, 64.63,
59.07, 11.04 ppm; MS (MALDI-TOF): m/z: 460.69 [M*]; elemental anal-
ysis caled (%) for C,H,0,S;: C 67.79, H 4.38; found: C 67.31, H 4.89.

Preparation of (R)-5: As described above for (R,S)-5. Yield: 1.35¢g
(90%). M.p. 128°C; 'HNMR (300 MHz, CDCl,): 6=8.00 (d, /=9 Hz,
1H), 7.96 (d, J=8.7Hz, 1H), 7.88 (d, J=9 Hz, 2H), 7.53 (d, /=9 Hz,
1H), 7.33-7.40 (m, 3H), 7.11-7.26 (m, 4H), 592 (s, 1H), 4.76-4.95
(AA'BB/, 4H; -CH,-), 1.80 ppm (s, 3H); *C NMR (75 MHz, CDCL;): 6 =
154.42, 154.03, 133.70, 130.28, 130.10, 129.72, 129.66, 128.17, 128.04,
127.21, 126.59, 126.58, 126.48, 126.17, 126.14, 124.37, 122.52, 122.28,
117,75, 117.53, 65.26, 64.64, 59.07, 11.05 ppm; MS (MALDI-TOF): m/z:
460.65 [M™*]; [a]ly=—140 (¢=0.05 in CH,CL); elemental analysis calcd
(%) for C,xH,,0,S;: C 67.79, H 4.38.; found: C 66.96, H 4.51.

Preparation of (S)-5: NaBH, (0.2 g, 5.28 mmol) was cautiously added to
a solution of the dithiolium salt (S)-4 (2.85 g, 4.68 mmol) in anhydrous
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CH;CN (40 mL) and /PrOH (3 mL) under nitrogen at 0°C. The mixture
was allowed to reach room temperature and stirred for 4 h. Purification
by column chromatography (silica gel, petroleum ether/EtOAc 10:2) af-
forded (S)-5 as beige crystals after drying. Yield: 2 g (93 %). M.p. 130°C;
"H NMR (300 MHz, CDCLy): 6=7.90 (d, J=9 Hz, 1H), 7.85 (d, /=9 Hz,
1H), 7.78 (d, /=9 Hz, 2H), 742 (d, J=9 Hz, 1H), 7.29-7.23 (m, 3H),
7.15-7.02 (m, 4H), 580 (s, 1H), 4.83-4.65 (AA'BB’, 4H; -CH,-),
1.70 ppm (s, 3H); *C NMR (75 MHz, CDCl;): § =154.40, 154.00, 133.68,
130.26, 130.07, 129.71, 129.65, 128.15, 128.02, 127.18, 126.58, 126.56,
126.45, 126.16, 126.13, 124.35, 122.48, 122.25, 117.73, 117.50, 65.25, 64.62,
59.05, 11.02 ppm; [a]¥=+136 (c=0.05 in CH,CL,); MS (MALDI-TOF):
mlz: 459 [M*]; elemental analysis calcd (%) for C,sH,,0,S;: C 67.79, H
4.38; found: C 67.86, H 4.54.

Preparation of (R,$)-6: A solution of HBF, in Et,0 (54 wt %, 0.29 mL,
1.15 mmol) was added at 0°C to a solution of (R,S)-5 (0.5 g, 1.085 mmol)
in acetic anhydride (5 mL) under nitrogen. The resulting dark solution
was stirred for 1 h. Anhydrous Et,O (25 mL) was then added, and the so-
lution was left in the fridge overnight. The resulting precipitate was fil-
tered and washed with Et,O to yield (R,S)-6. Yield: 0.5g (92%). M.p.
185°C; '"H NMR (300 MHz, CD;CN): 6=10.93 (s, 1H), 8.05 (d, /=9 Hz,
2H), 7.94 (d, J=8.4 Hz, 2H), 7.69 (d, J=8.7 Hz, 2H), 7.42-7.37 (m, 2H),
7.25-7.19 (m, 2H), 7.03 (d, J=84Hz, 2H), 5.80-5.68 ppm (AA’, J=
13.8 Hz, 4H; -CH,); "CNMR (75 MHz, CD;CN): 6=117.19, 156.66,
153.10, 132.95, 130.08, 129.99, 128.05, 126.65, 125.12, 124.52, 121.13,
117.05, 116.68, 62.93 ppm; elemental analysis caled (%) for
C,sH ;sBF,0,S,: C 59.89, H 3.62; found: C 58.54, H 3.42. The product is
unstable and must be stored at low temperature.

Preparation of (R)-6: As described above for (R,S)-6. Yield: 0.52 ¢
(96%). M.p. 155°C; '"H NMR (300 MHz, CD;CN): 6=10.93 (s, 1 H), 8.03
(d, J=8.1Hz, 2H), 7.93 (d, J=9 Hz, 2H), 7.67 (d, J=9 Hz, 2H), 7.41-
7.36 (m, 2H), 7.23-7.17 (m, 2H), 7.02 (d, J=8.4 Hz, 2H), 5.7-5.81 ppm
(AA’, J=13.8 Hz, 4H); '"H NMR (300 MHz, acetone): =11.52 (s, 1H),
8.07 (d, /=9 Hz, 2H), 7.95 (d, /=8.1Hz, 2H), 7.87 (d, /=9 Hz, 2H),
7.40 (t, J=7.5Hz, 2H), 7.25 (t, J=7.5Hz, 2H), 7.07 (d, J=8.4 Hz, 2H),
6.08-5.96 ppm (AA’, J=13.8Hz, 4H; -CH,-); "CNMR (300 MHz,
CD;CN): 6=177.15, 156.67, 153.11, 132.95, 130.08, 129.99, 128.05, 126.65,
125.10, 124.51, 121.13, 117.05, 116.68, 62.94 ppm; [a]y=—186 (¢=0.05 in
CH,Cl,); elemental analysis calcd (%) for C,sHsBF,0,S,: C 59.89, H
3.62; found: C 57.08, H 3.53. The product is unstable and must be stored
at low temperature.

Preparation of (S)-6: A solution of HBF, in Et,0 (54 wt%, 1.07 mL,
3.2 mmol) was added at 0°C to a solution of (R,S)-5 (1.85 g, 4.01 mmol)
in acetic anhydride (10 mL) under nitrogen. The resulting dark solution
was stirred for 1 h. Anhydrous Et,O (100 mL) was then added, and the
solution was left in the fridge overnight. The resulting precipitate was fil-
tered and washed with Et,O to yield (S)-6. Yield: 1.9g (95%). M.p.
157°C; '"H NMR (300 MHz, acetone): 6 =11.44 (s, 1H), 8.05 (d, /=9 Hz,
2H), 7.92 (d, J=8.1Hz, 2H), 7.86 (d, J=9 Hz, 2H), 7.38 (t, J=7.5 Hz,
2H), 721 (t, J=7.5Hz, 2H), 7.06 (d, J=8.4Hz, 2H), 6.05-5.92 ppm
(AA’, J=13.8 Hz, 4H); "C NMR (300 MHz, acetone): 6 =206.57, 178.66,
158.07, 154.65, 134.33, 131.28, 131.21, 129.31, 127.67, 126.55, 125.55,
122.53, 118.02, 64.13 ppm. The product is unstable and must be stored at
low temperature.

Preparation of (RR,SS,meso)-1: Et;N (0.193 mL, 1.396 mmol) was added
at room temperature to a solution of the dithiolium salt (R,S)-6 (0.35 g,
0.698 mmol) in anhydrous CH;CN (10 mL) under nitrogen. The resulting
solution and orange precipitate were stirred for 1.5 h. After the addition
of water (15 mL) and stirring for an additional 1 h, the precipitate was fil-
tered off and washed with water. After column chromatography (silica
gel, CH,Cl,/petroleum ether 2:1), and solvent evaporation, the residue
was solubilised in toluene (5 mL), petroleum ether was added and the re-
sulting solution was left at 4°C overnight. The orange precipitate was fil-
tered to give 1 as diastereomeric mixture. Yield: 0.15¢g (55%). M.p.
220°C; 'H NMR (300 MHz, acetone): 6=8.02 (d, J=9 Hz, 2H), 7.93 (d,
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J=8.1Hz, 2H), 7.59 (d, J=9 Hz, 2H), 7.40-7.35 (m, 2H), 7.27-7.21 (m,
2H), 7.08 (d, J=8.4Hz, 2H), 491-5.01 ppm (AA’, J=13.5Hz, 4H;
-CH,-); B*CNMR (75 MHz, acetone): 6 =155.35, 134.49, 131.56, 131.15,
130.52, 129.16, 127.21, 126.58, 125.08, 123.03, 118.87, 108.07, 65.18 ppm;
MS (MALDI-TOF): m/z: 824.45 [M*]; elemental analysis calcd (%) for
CsoH3,0,S,: C 72.79, H 3.91; found: C 72.71, H 4.46.

When performed on a larger scale (3.5x ), the crude precipitate obtained
from the coupling reaction was extracted with CH,Cl, (150 mL), the solu-
tion was washed with water and dried on MgSO,. Concentration to 10—
15 mL induced the precipitation of a first fraction (0.25 g, 22 %), whereas
the mother liquors, after filtration on column chromatography (silica gel,
CH,Cly/petroleum ether 2:1), afforded a second fraction (0.31 g, 33%).
Total yield: 0.56 g (55%). Chiral HPLC analyses showed that the first
fraction was composed entirely of the pure meso-1, whereas the second
fraction is strongly enriched in a racemic mixture in the following ratio:
(8)-1: 42%, (R)-1: 43%, meso-1: 15% (see the Supporting Information).

Preparation of (R,R)-1: As described above for (R,S)-1, starting from
(R)-6. Yield: 0.165 g (60%). M.p. 210°C; '"H NMR (300 MHz, acetone):
0=7.86 (d, J=8.7Hz, 2H), 7.78 (d, J=8.1Hz, 2H), 7.41 (d, /=9 Hz,
2H), 7.25-720 (m, 2H), 7.11-7.06 (m, 2H), 6.94 (d, J=8.1 Hz, 2H),
475ppm (s, 4H); "CNMR (75MHz, acetone): 0=15533, 134.47,
131.54, 131.13, 130.50, 129.14, 127.19, 126.56, 125.06, 123.01, 118.85,
108.05, 65.16 ppm; MS (MALDI-TOF): m/z: 82429 [M*]; [a]¥=+316
(c=0.05 in CH,Cl,); elemental analysis calcd (%) for CsH;,0,S,: C
72.79, H 3.91; found: C 72.06, H 3.61.

Preparation of (S,5)-1: Et;N (0.66 mL, 1.396 mmol) was added at room
temperature to a solution of the dithiolium salt (S)-6 (1.2 g, 2.39 mmol)
in anhydrous CH;CN (30 mL) under nitrogen. The resulting solution and
orange precipitate were stirred for 1.5h. After the addition of water
(100 mL) and stirring for an additional 1 h, the precipitate was filtered
off and washed with water. After column chromatography (silica gel,
CH,Cly/petroleum ether 2:1) and solvent evaporation, the residue was
solubilised in toluene (5 mL), petroleum ether was added, the resulting
solution was left at 4°C overnight. The orange precipitate was filtered to
give (S)-1. Yield: 0.59 g (60%). M.p. 212°C; '"HNMR (300 MHz, ace-
tone): 0=7.87 (d, J=8.7Hz, 2H), 7.78 (d, /J=8.1Hz, 2H), 742 (d, /=
9 Hz, 2H), 7.26-7.20 (m, 2H), 7.11-706 (m, 2H), 6.94 (d, /=8.7 Hz, 2H),
476 ppm (s, 4H); "CNMR (75 MHz, acetone): 0=15534, 134.48,
131.55, 131.14, 130.52, 129.16, 127.21, 126.57, 125.07, 123.00, 118.85,
108.05, 65.15 ppm; [a]¥=—-334 (¢=0.05 in CH,CL,); (MALDI-TOF): m/
z: 824.5 [M*]; elemental analysis calcd (%) for Cs,H3;,0,S,: C 72.79, H
3.91; found: C 72.15, H 3.81.

Chiral HPLC separations: Analytical chiral HPLC experiments were per-
formed using a Lachrom Elite unit composed of an L-2130 pump, L-2200
autosampler, L-2350 oven, L-2455 DAD-detector and a Jasco OR-1590
polarimeter. Hexane and ethanol were of HPLC grade and were de-
gassed and filtered on a 0.45 um membrane before use. Chiralpak IA
(250 x4.6 mm), amylose tris(3,5-dimethylphenylcarbamate) chiral station-
ary phase, from Chiral Technology Europa (Illkirch, France) was used for
the analyses. The sign given by the online polarimeter is the sign of the
compound in the solvent used for the chromatographic separation. Re-
tention times (fr) in minutes, retention factors k;=(try—tr())/tre and
enantioselectivity a =k,/k, are given. ty, was determined by the injection
of tri-tert-butyl benzene.

The diastereomeric mixture was injected on Chiralpak IA with a mixture
hexane/ethanol/chloroform (48:48:4) as eluent: flow rate=1mLmin"},
T=25°C. The chromatograms (see the Supporting Information) were the
UV trace at 230 nm and the polarimetric trace. fr(—)=17.98, fRr(+)=
19.59, tr(meso) =24.67; k(—)=4.99, k(+)=5.53, k(meso)=17.22.

Crystallography: Data were collected using an APEX II Bruker AXS dif-
fractometer with Moy, radiation (1=0.71073 A). Structures were solved
by direct methods (SHELXS 97)?? and refined (SHELXL 97)" by full-
matrix least-squares methods as implemented in the WinGX software
package.”™ An empirical absorption (multi-scan) correction was applied.
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Hydrogen atoms were introduced at calculated positions (riding model)
included in structure factor calculations but not refined. CCDC-762695
(meso-1) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemistry: Cyclic voltammetry was carried out in a three-elec-
trode cell equipped with a platinum millielectrode and a platinum wire
counter-electrode. A silver wire served as a quasi-reference electrode and
its potential was checked against the ferrocene/ferrocenium couple (Fc/
Fc*) before and after each experiment. The concentration of the exam-
ined compounds was 0.5mMm and the electrolytic media consisted of
CH,Cl, and contained 0.1m nBu,NPF,. All experiments were performed
at RT in a glove box that contained anhydrous, oxygen-free (1 ppm)
argon. Electrochemical experiments were carried out by using an EGG
PAR 273A potentiostat with positive-feedback compensation.

Computational details: Full-geometry optimisation with density function-
al theory (DFT)?**! calculations were performed using the hybrid Becke
three-parameter exchange functional® and the Lee—Yang-Parr non-local
correlation functional® (B3LYP) implemented in the Gaussian 03 (Revi-
sion D.02) program suite® using the 6-31G* basis set® and the default
convergence criterion implemented in the program. The figures were
generated with MOLEKEL 4.3.5!
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