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1 | INTRODUCTION

Paracyclophanes'? constitute, together ~ with

metallocenes,*> platforms of choice to introduce chiral
planarity in a chemical system (eq. monosubstituted
[2.2]paracyclophane in Scheme 1). One of their advan-
tages is the generally straightforward optical resolution
of racemic cyclophanes by chiral HPLC, thus allowing
the investigation of their chiroptical properties.®” Besides
the applications of [2.2]paracyclophane derivatives in
enantioselective catalysis,® appropriate functionalization
with conjugated chromophores, combined with strong
through-space interaction within the [2.2]paracyclophane

| Laura G. Sarbu® | Lucian M. Birsa® | Flavia Pop' @ |

Two racemic tetrathiafulvalene-[2.2]paracyclophane electron donors EDT-TTF-
[2.2]paracyclophane 1 and (COOMe),-TTF-[2.2]paracyclophane 2 have been
synthesized via the phosphite mediated cross coupling strategy. Chiral HPLC
allowed the optical resolution of the (Rp) and (Sp) enantiomers for both com-
pounds. Solid-state structures of (Rp)-1 and (rac)-2 have been determined by
single crystal X-ray analysis. Intermolecular - and SeeS interactions are
disclosed in the packing. Single crystal X-ray analysis of (Rp)-1 combined with
experimental and theoretical circular dichroism spectra allowed the assignment
of the absolute configuration of the enantiomers of 1 and 2.

[2.2]paracyclophane, chiral donors, circular dichroism, crystalline structures, enantiomer resolution,

core,”’ may result in strong photoluminescence and

intense circularly polarized luminescence activity.'!
Alternatively, planar rigid photoactive and electroactive
units such as aromatic bis (imides)'* and anthraquinones™
have been used to replace the phenyl rings in cyclophane-
type structures. A particularly useful electroactive unit to be
introduced into chiral systems is tetrathiafulvalene (TTF),**
as it has previously provided chiral conductors in which dif-
ferences of conductivity have been observed between the
enantiopure and racemic forms due either to structural disor-
der'>" or different packings.'®'® Moreover, synergy between
conductivity and chirality through the electrical magneto-
chiral anisotropy effect, providing different values of conduc-
tivity for the two enantiomeric forms when measured in
a parallel magnetic field, has been observed for metallic
mixed valence salts based on the dimethyl-ethylenedithio-
tetrathiafulvalene (DM-EDT-TTF) donor.?® While strategies
based on stereogenic centers,”° axial chirality,””>° helical
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SCHEME 1 The 2 enantiomers of monosubstituted [2.2]
paracyclophane

chirality,”® and supramolecular chirality*>** have been
investigated in recent years, the use of [2.2]paracyclophanes
as source of planar chirality to prepare enantiopure TTFs
has only been reported once to the best of our knowledge.**
In that work, modulation of the circular dichroism (CD)
spectra with the oxidation state of TTF for a bis (TTF)
pseudo-ortho-[2.2]paracyclophane has been demonstrated.
Meanwhile, the synthesis of a diastereomeric mixture of a
TTF-bis (paracyclophane) has been previously reported by
some of us.>® However, no solid-state structures of TTF-
[2.2]paracyclophanes, enantiopure or racemic, have been
reported to date.

In this work, we describe the synthesis, optical resolu-
tion, and single crystal X-ray structure of two TTF-[2.2]
paracyclophane derivatives, together with their chiropti-
cal properties supported by density functional theory
(DFT) and time-dependent (TD)-DFT calculations.

2 | MATERIALS AND METHODS

Nuclear magnetic resonance spectra were recorded on a
Bruker Avance DRX 300 spectrometer operating at
300 MHz for 'H and 75 MHz for '*C. Chemical shifts
are expressed in parts per million (ppm) downfield from
external tetramethylsilane (TMS). The following abbrevia-
tions are used: s, singlet; dd, doublet of doublets; m, mul-
tiplet. MALDI-TOF MS spectra were recorded on Bruker
Biflex-IIITM apparatus, equipped with a 337-nm N, laser.

2.1 | Syntheses

2.1.1 | 6-([2.2]Paracyclophan-4-yl)-2,3-
ethylenedithio-tetrathiafulavalene (rac)-1

4-([2.2]Paracyclophan-4-yl)-1,3-dithiol-2-thione*> (rac)-3
(414 mg, 1.20 mmol) and 4,5-ethylenedithio-1,3-dithiole-
2-one 4 (476 mg, 2.40 mmol) were mixed under argon in
13 mL of freshly distilled trimethylphosphite under nitro-
gen. The temperature was gradually risen to 80°C, stirred
for 30 minutes followed by 5 hours at 100-110°C. After
cooling to room temperature, the solution was filtered to
remove some of the BEDT-TTF side product. The solvent
was then evaporated under reduced pressure and the oily
brown residue chromatographed on silica gel using petro-
leum spirit/dichloromethane 1/1 to afford a brown solid

(140 mg, 23%), M.p. = 110 to 112°C. Single crystals were
obtained by slow evaporation of an acetonitrile solution;
'H NMR (300 MHz, CDCL,) & 6.73 (dd, J = 7.9, 1.6 Hz,
1H), 6.57 (m, 2H), 6.53-6.46 (m, 3H), 6.44 (dd, J = 7.9,
1.6 Hz, 1H), 6.20 (s, 1H), 3.66-3.57 (m, 1H), 3.35-3.28 (m,
4H), 3.14-2.92 (m, 7H); *C NMR (75 MHz, CDCl;) 8§
140.26, 139.46, 139.33, 138.07, 135.97, 133.63, 133.03,
132.76, 132.64, 132.57, 132.23, 130.79, 118.85, 115.00,
114.11, 114.04, 104.17, 35.33, 35.02, 34.98, 34.38; MS
(MALDI-TOF) m/z: 499.9 (M, = 499.99).

2.1.2 | 6-([2.2]Paracyclophan-4-yl)-2,3-
dimethoxycarbonyl-tetrathiafulavalene
(rac)-2

4-([2.2]Paracyclophan-4-yl)-1,3-dithiol-2-thione®®> (rac)-3
(450 mg, 1.32 mmol) and 4,5-dimethoxycarbonyl-1,3-
dithiole-2-one 5 (309 mg, 1.32 mmol) were mixed under
argon in 14 mL of freshly distilled trimethylphosphite
under nitrogen. The temperature was gradually risen to
80°C, stirred for 30 minutes followed by 5 hours at 100-
110°C. The solvent was evaporated under reduced pressure
and the oily violet residue chromatographed on silica gel
using petroleum spirit/dichloromethane 1/1 to afford a
brown solid (162 mg, 31%), M.p. = 187°C. Single crystals
were obtained by slow evaporation of an acetonitrile solu-
tion; "H NMR (300 MHz, CDCl3) § 6.72 (dd, J = 7.9, 1.6 Hz,
1H), 6.58 (m, 2H), 6.49 (m, 3 Hz, 3H), 6.43 (dd, J = 7.9,
1.6 Hz, 1H), 6.21 (s, 2H), 3.86 (s, 6H), 3.65-3.55 (m, 1H),
3.16-2.87 (m, 7H); *C NMR (75 MHz, CDCls) § 160.10,
160.06, 140.30, 139.41, 139.33, 138.08, 136.18, 136.00,
133.75, 133.05, 132.64, 132.59, 132.49, 132.26, 132.21,
132.17, 130.69, 116.93, 114.93, 103.31, 53.34, 35.31, 35.01,
34.96, 34.35; MS (MALDI-TOF) m/z: 525.9 (Mg, = 526.04).

2.2 | Enantiomer resolution

Resolution of racemic mixtures of (rac)-1 and (rac)-2 was done
by chiral chromatography on Chiralpak IE (250 X 10 mm),
hexane/ethanol/dichloromethane (5/3/2) as mobile phase,
flow-rate = 5 mL/min, UV detection at 254 nm.

(rac)-1 was separated as follows: first fraction, 23 mg ((—,
CD 254 nm)-enantiomer) with ee > 98.5%; and second frac-
tion, 20 mg ((+, CD 254 nm)-enantiomer) with ee > 99%.

(rac)-2 was separated as follows: first fraction, 35 mg ((—,
CD 254 nm)-enantiomer) with ee > 99%; and second frac-
tion, 35 mg ((+, CD 254 nm)-enantiomer) with ee > 99%.

2.3 | CD and UV measurements

Circular dichroism spectra were recorded using spectromet-
ric grade dichloromethane in a 0.2 cm cell at sample concen-
trations of 5 x 107> for compound 1 and 10> M for
compound 2 for using a Jasco J-815 Circular Dichroism



Spectrometer (Biosit facility-Université de Rennes 1). Absorp-
tion spectra of compounds 1 and 2 have been recorded in spec-
trometric grade dichloromethane solutions of 5 x 107> M and
2.5 x 10~ M concentrations, respectively, using a 1 cm cell.

2.4 | Single crystal X-ray diffraction

X-ray single-crystal diffraction data were collected on an
Agilent SuperNova diffractometer equipped with Atlas
CCD detector and mirror monochromated microfocus
Cu-K, radiation (A = 1.54184 A). The structures were
solved by direct methods, expanded, and refined on F* by
full matrix least-squares techniques using SHELX pro-
grams (G. M. Sheldrick, 2016). All non-H atoms were
refined anisotropically and the H atoms were included in
the calculation without refinement. Multiscan empirical
absorption was corrected using CrysAlisPro program
(CrysAlisPro, Agilent Technologies, V1.171.37.35 g, 2014).
A summary of the crystallographic data and the structure
refinement is given in Table 1. CCDC 1811254 (Rp)-1 and
CCDC 1811262 (rac)-2 contain the supplementary crystal-
lographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

2.5 | Electrochemical studies

Cyclic voltammetry measurements were performed
with a Biologic SP-150 potentiostat under argon, by

TABLE 1 Crystallographic data, details of data collection, and
structure refinement parameters

(Rp)-1 (rac)-2
Formula Cy4H50S6 Cy6H2,04S,
M, gmol ™! 500.76 526.68
T, K 200.0(1) K 180.0(1) K
Crystal system Monoclinic Monoclinic
Space group P2, P2,/c
a, A 7.4706(2) 27.777(1)
b, A 11.7648(3) 11.3146(6)
¢, A 13.0617(4) 7.6036(5)
B,° 100.454(3) 96.992(6)
v, A3 1128.94(5) 2371.9(2)
zZ 2 4
Peated> EEM 1.473 1.475
u, mm~* 5.667 3.954
Goodness-of-fit on F? 1.041 1.118
Final R1/wR2 [I > 20(1)] 0.0480/0.1218 0.0696/0.2047
R1/wR2 (all data) 0.0524/0.1265 0.0758/0.2154
Absolute structure parameter 0.01(3)

using a 3-electrode cell equipped with a platinum
millielectrode of 0.126 cm® area, an Ag/Ag"
pseudoreference electrode, and a platinum wire counter
electrode. The potential values are reported with respect
to ferrocene (oxidation potential of ferrocene is fixed at
zero). The electrolytic media involved a 0.1 mol/L solution
of (n-BuyN)PFq in acetonitrile. All experiments were per-
formed at room temperature at 0.1 V/s.

2.6 | Density functional theory
calculations

All calculations have been performed with the Gaussian09
program®® using the DFT method with the hybrid PBEO
functional (with 25% of exact exchange)®*”*® and the aug-
mented and polarized Pople-type basis set 6-311+
+G(2df,;pd). An ultrafine integration grid was chosen.
First, the gas-phase ground-state geometries were opti-
mized, starting from the X-Ray diffraction data. The gas-
phase excited-states energies were then determined by a
linear response TD-DFT method. The length gauge formu-
lation was used for the calculation of the rotatory strengths,
but both formulas give practically the same values. The cal-
culated spectra have been enlarged by a Gaussian shape
(full width at half-maximum [FWHM] = 3000 cm ™' for
UV-visible and 0.3 eV for CD plots) with GaussSum to com-
pare with the experimental data.** The computational
results reports, molecular orbitals, and density difference
plots were prepared with ABSiCC, a homemade program.*

3 | RESULTS AND DISCUSSION

The syntheses of paracyclophane-TTFs (rac)-1 and (rac)-2
have been done by phosphite mediated heterocoupling
between the 4-([2.2]paracyclophan-4-yl)-1,3-dithiol-2-
thione (rac)-3 previously described®* and the
corresponding 1,3-dithiole-2-ones (4 and 5) (Scheme 2).
Both (rac)-1 and (rac)-2 have been separated by chiral
chromatography in the corresponding enantiomers
(Sp)/(Rp,) with enantiomeric excesses superior to 99%.

The absolute configuration of derivatives 1 has been
determined by single crystal X-ray analysis, suitable
crystals of the second eluted enantiomer (+, CD) being
obtained by slow evaporation of an acetonitrile solution.
The (+, CD)-1 enantiomer has crystalized in the mono-
clinic system, P2, polar space group, with one independent
molecule in the asymmetric unit. Thus for derivatives 1,
the second eluted enantiomer (+, CD) corresponds to the
(Rp) enantiomer (Figure 1).

The same conditions for crystal growing have been
successfully applied on the racemic form of
paracyclophane-TTF (rac)-2. The two symmetry-related
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FIGURE 1 Solid state structure of (Rp)-1 enantiomer with atomic
labels

forms that crystalize in the monoclinic system, P2;/c
space group with one independent molecule in the asym-
metric unit, are displayed in Figure 2.

(Rp)-1 shows a classical edge-to-face herringbone pack-
ing in both the ab and bc planes with alternating stacks
formed of molecules with almost orthogonal orientation,
whereas the view along the b axis suggests segregation
between the TTFs and the paracyclophanes (Figures S1
and S2). In the ab plane, packing between the alternating
stacks is ensured by ArHesem interactions of the
paracyclophane units, whereas in the bc plane, lateral short
SeesS distances of about 3.94 A have been observed
between the TTF units of the orthogonal molecules. Within
each column, molecules stacked on top of each other are
laterally and longitudinally shifted because of steric imped-
iments of the paracyclophane units. Similarly, the large

FIGURE 2 The two enantiomers (Rp) (left) and (Sp) (right) in the
solid state structure of (rac)-2 with atomic labels

o SI] CO -
= | ;
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(rac)-2

P(OMe);
100-110 °C

dihedral angle between the TTF and the phenyl unit sug-
gests steric impediments of the TTF with the proton atoms
of the paracyclophane bridge. Nevertheless, SeeeS dis-
tances of about 4.08 A have been observed between the
TTF units within the stack (Figure 3 and Table 2).

The packing of (rac)-2 shows a clear segregation
between the TTF and the paracyclophane units both in
the ab and ac planes (Figure S3 and S4). In the ab plane,
molecules alternate in an orthogonal fashion showing
short interplanar distances between the TTF units of
3.67 A of the neighboring layers (Table 2). Within each
of the layers (for example, bottom layer highlighted in
red), molecules pack through hydrogen bonding interac-
tions of the ester units OMess+O=C of 2.46 A. Between
the parallel layers, molecules pack through ArHeeem
interactions of the paracyclophane units of 3.08 and
3.11 A (Figure 4). The lack of any notable Ss«+S interac-
tions and stacking of the TTFs in overlapped fashion,
despite the short interplanar distance, together with the
larger TTF-Ph dihedral angle, suggesting a higher distor-
tion of the molecular geometry in (rac)-2 compared to
(Rp)-1, is an indicative of the less favorable packing of
the racemic with respect to the enantiopure material in
the neutral state. Similar packing has been observed for
the starting material (rac)-3 with the exception of any
notable ArHess7 interactions.®® Despite the presence of
some short SeeeS distances between the C=S and the
Sdithiolene Of 3.76 and 3.86 A, no m-m overlap has been
observed in the structure of (rac)-3; therefore, molecules
seem to be less compact and shifted because of lack of
any notable interactions driving the packing (Figure S5).

Cyclic voltammetry measurements of 1 and 2, per-
formed in dichloromethane electrolyte solution, show
the expected pair of one electron reversible oxidation pro-
cesses corresponding to the formation of the radical cat-
ion and the dication at 0.02 and 0.47 V and 0.14 and
0.62 V versus Fc/Fc", respectively (Table 3). The values
of the redox potentials are anodically shifted relative to
TTF 4,12-disubtituted-[2.2]paracyclophane®* where for-
mation of mixed valence state has been observed because
of the presence of two TTF units within the same mole-
cule. Nevertheless, the observed values are similar to phe-
nyl-di(thiomethyl)-TTF and di(thiomethyl)-TTF



FIGURE 3 Packing of (Rp)-1 in the ab (left) and bc (right) planes (alternating stacks highlighted in red for clarity)

TABLE 2 Values of the Se«S distances, ArHess7 (centroid of phenyl unit of the paracyclophane), inter-TTF planes distances (A) together
with dihedral angles (°) between the planes of TTF and the adjacent phenyl ring of the paracyclophane (TTF-Ph) for compounds (Rp)-1 and

(rac)-2
Compound Se«sS, A Intrastack Se«sS, A Interstack ArHeeom, A Inter-TTF Plane Distance, A TTF-Ph, °
(Rp)-1 4.08 3.94 2.95 4.64 27.36
(rac)-2 3.08 3.11 3.67 44.31

FIGURE 4 Packing of (rac)-2 in the ab plane (orthogonal parallel layers highlighted in red), together with OMes«+O=C interactions of the

top layer (left) and ArHe.e7 interaction between layers (right)

TABLE 3 Half-wave potentials relative to Fc/Fc* of compounds 1
and 2°*

Compound E'ox E?ox
1 0.02 0.47
2 0.14 0.62
TTF-(SMe),?’ 0.03 0.35
Ph-TTF-(SMe),** 0.00 0.37

2Cyclic voltammograms were recorded in dichloromethane 10™* M TBAFP,
electrolyte solutions at 20°C, and potentials reported as E, » (= (E,* + E,©)/2)
in V versus Fc/Fc™ at 0.1 Vs~ scan rate (experimental value of Fc/Fc* adjusted
to 0).

suggesting no significant influence of the paracyclophane
unit on the oxidation potentials (Table 3). Both the first
and second oxidation values are lower in 1 compared to 2
in which the electron withdrawing effect of the two car-
bonyl units reduces its donor ability. This electron with-
drawing effect appears clearly on the energy and topology
of the calculated frontier molecular orbitals (Tables 4 and
5). In both cases, the HOMO corresponds to the TTF moi-
ety, and it has higher stability, by 0.2 eV for compound 2,
as expected from the oxidation potentials. The LUMO
orbital is however different since it is localized on the
paracyclophane unit for compound 1 and on the ester part



TABLE 4 Frontier molecular orbitals plots and energies of com-
pound 1
MO Energy Plot
LUMO —1.42
HOMO —4.94
TABLE 5 Frontier molecular orbitals plots and energies of com-
pound 2
MO Energy Plot
LUMO  -197 o
- A = &
W N -o=A \ ) j/
X é } v a
° k
HOMO —=5.11 p
! @ ® } 3
S “i S ( - o "‘\/
Y 4 W
/ ’ .

of compound 2, thus being much lower in energy for the
latter than for the former.

The resolved enantiomers of both 1 and 2 have been
studied by CD. The mirror-image spectra of both pairs of
enantiomers in dichloromethane solutions are displayed
in Figures 5 and 6. Both derivatives show a first intense
band peaking at 296 nm, two medium bands at 325 and
350 nm, followed by one large band of weak intensity
for enantiomers of 2, and two bands of low intensity at
395 and 435 nm in the case of enantiomers of 1
(Figure 6). By analogy to compounds 1 solid structure
absolute configuration and the CD detection at 254 nm
during the enantiomer resolution, together with the com-
parison with the previously described bis(TTF)-
paracyclophane compound,® the positive CD signal at
296 nm has been attributed to conformer (Rp)-2 while
the negative one has been attributed to conformer (Sp)-2.

The theoretical CD spectrum of (Rp)-1 (CD (+)-1) accu-
rately reproduces the experimental results with the excep-
tion of a small blue shift off all bands. The band at 435 nm is
predicted at about 428 nm with higher intensity, being

— (-1
— (R)-1
------ (R ))-1 calc

Normalized 6(mdeg)

T T T T T T T T v 1
400 450 500 550 600

Anm)

T T T
300 350

FIGURE 5 CD spectra of (Sp)-1 (CD (—)-1 red line) and (Rp)-1
(CD (+)-1 blue line) together with the calculated for (Rp)-1 (CD
(+)-1 blue dotted line)
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FIGURE 6 CD spectra of (Sp)-1 (CD (—)-1 red line) and (Rp)-1
(CD (+)-1 red dotted line) together with the 2 forms of derivative 2
(blue line for (Sp)-2 (CD (—)-2 and blue dotted line for (Rp)-2 (CD
(+)-2))

assigned to the Sy to S, excitation, while the following pos-
itive band is attributed to an S, to S; excitation, and the first
of the two medium negative bands corresponds to the S, to
S, excitation. The first intense band at 296 nm was not
included in the calculation (Figure 5 and Table 6).

For compound 2, the TD-DFT calculation has been
run on the (Rp) enantiomer, and the results were unsatis-
factory because the gas phase converged geometry kept
one of the ester group heavily distorted from the TTF
median plan by 59.4°. Therefore, any excitation including
a TTF to ester excitation (HOMO to LUMO) will generate
an artificial electronic rotation, namely, a CD signal,
whereas in solution at room temperature, the free rotation



TABLE 6 Excited singlet states calculated wavelengths, oscillator and rotatory strengths, and electron density difference plots (where a blue
surfaces indicate the excited electron density and the white surfaces indicate the hole) for compound 1

Excitation Amax, caley NM Amax, exp) DM Oscillator Strength Rotatory Strength EDD Plot
So—S, 428 435 0.06 —62 22008

SR L TR

LS 1‘. .
So—Ss 369 395 0.01 27 §5 L o

5 ¢
So—Sa 340 350 0.03 —44 5L o0

+4 )

of the ester groups will minimize this impact on the CD
spectra (Figures S6 and S7).

4 | CONCLUSION

This work describes the straightforward synthesis of EDT-
TTF-[2.2]paracyclophane 1 and (COOMe),-TTF-[2.2]
paracyclophane 2 donors as racemic mixtures with the
objective to take advantage of the planar chirality of the
rigid cyclophane unit. The chiral resolution of the (Rp)
and (Sp) enantiomers has been performed by chiral
HPLC, whereas the single crystal X-ray structure of (Rp)-
1 in combination with CD measurements supported by
TD-DFT calculations allowed the assignment of the abso-
lute configurations. Besides the classical intermolecular
interactions in the packing of TTF-based materials
through SeeeS contacts, notable ArHees7 interactions of
the paracyclophane units have been observed to reinforce
the packing of both compounds. The DFT calculations
emphasized the important role of the TTF substituents
on the molecular orbitals, especially the LUMO, as in
compound 1, the LUMO is based on the cyclophane unit,
while in 2, it is spread over the ester substituents. The fac-
ile synthesis and optical resolution of TTF-[2.2]
paracyclophanes described herein open the way towards
the preparation of planar chiral radical cation salts, while
the solid-state packing shows encouraging potential for
their use in chiral bulk materials with interesting
conducting properties.
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