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Tetrathiafulvalene (TTF) is a fascinating system: it is quite rare
to find a synthetic molecule endowed with such a simple archi-
tecture that is capable of concentrating intense interest from
various communities of chemists! This modest-sized molecule
which consists of only 14 atoms, was synthesized in the early
nineteen seventies [1-3] and since then has proved to be excep-
tionally popular in various fields of chemistry.

This success results from the conjunction of intrinsic structural
and electronic properties: i) structurally, this sulfur-rich bicyclic
compound is essentially planar (at least in the radical cation
state) and therefore presents, as with most of its substituted
derivatives, a good propensity to stack in the solid state. This
parameter is favorable for efficient charge delocalization in the
solid-state and it is this feature that gave birth to the first con-
ducting and superconducting organic salts (organic metals); the
topic of organic conductors remains a very active area of
research, attested by thousands of papers from chemists and
physicists interested in the transport properties of TTF-based
materials [4,5]; ii) this non-aromatic 14 m-electron system is
readily oxidized through a reversible process to the corres-
ponding aromatic cation radical and dication species, according

to two successive one-clectron redox processes. This excellent
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n-donating ability, coupled to the high stability of both oxidized
species, has contributed to the establishment of this unit as a
key contemporary building block for the construction of redox-
active molecular and supramolecular systems, where an elec-
tron-donating capacity is needed and/or when a redox-control
has to be considered. It is therefore not surprising that a myriad
of TTF derivatives has been produced for various applications.
From that point of view, the contrast between the simplicity of
the C¢S4 active framework on one hand and the huge variety of
topics that are encompassed by those derivatives is totally
incredible. This has been possible thanks to the continuous,
creative efforts developed by organic chemists to decorate this
unit for specific uses; our special issue in the Beilstein Journal
of Organic Chemistry Thematic Series presents a snap shot of
this highly dynamic field.

A wide community of readers, from synthetic chemists to ma-
terials science experts, will find exciting reports (letters, full
papers and reviews) spanning the most recent trends from inter-
nationally leading groups in this field. The selection of works
cover a broad variety of fields that will hopefully serve to
inspire the reader, implementing further research into TTF

derivatives towards new horizons.
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This review aims to give an overview of the current status of our research on the synthesis of m-electron donor

bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF, ET) analogues prepared from 1,8-diketones via a ring forming reaction. The new

synthesized m-electron donors have vinyl moieties producing extended n-electron delocalization over the substituent phenyl rings at

the peripheries.

Introduction

Tetrathiafulvalene (TTF, 1, Figure 1) was first synthesized in
1960s by Klingsberg’s method [1]. Shortly after this, it was
synthesized by other research groups and used as a donor mole-
cule in 1970 [2]. Although, in 1972, 1 was demonstrated to be
an organic material conductor in the form of its chloride salt [3].
The interest in the chemistry of 1 begun with the discovery of
the salt of 1 with 7,7,8,8-tetracyanoquinodimethane (2, TTF-
TCNQ) in 1973 [4]. Since then, studies have been focused on
the syntheses of donor TTF analogues and investigations of the
physical properties of their charge-transfer (CT) salts with
various acceptors for applications such as electrically conduc-
tive materials, super conductive materials, magnetic substances,

electrochromic materials, electroluminescent materials, etc.

[5-16]. TTF-TCNQ, which is metallic under 54 K and known to
be the first true one-dimensional synthetic metal, led to the
production of superconducting salts based on TTF type donors
containing a heteroatom such as sulfur, selenium, oxygen, etc.
[17-20]. Among a large number of tetrathiafulvalene analogues,
bis(ethyleneditiho)tetrathiafulvalene (BEDT-TTF, 3), also
known as ET, has been the most studied and has had the largest
number of radical cation salts of its CT materials investigated at
very low temperature [12,21-24].

In order to improve the properties of TTF type materials,

various methods have been applied, including extension of

m-conjugation through double bonds [25-30] and fused aromatic
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1TTF 2 TCNQ

Figure 1: Chemical structure of the TTF analogues and TCNQ.

rings [31-34] and the construction of molecules having acceptor
substituents [35-37]. Generally, all these modifications served
to produce molecules with better conjugation and improved
S---S intermolecular and C—H---anion interactions in
determining the solid state properties [35-37].
Bis(vinylenedithio)tetrathiafulvalene (BVDT-TTF) 4 (R = Ph,
4-CH3OC6H4, 4-BI‘C6H4, 4-CH3C6H4, 4-02NC6H4, 2-thieny1)
is a BEDT-TTF analogue possessing n-bonds with aromatic
groups on the outer rings (Figure 1) [26,38-41]. Since BEDT-
TTF has two ethylene units at the both ends of the molecule, it
has a non-planar structure [42]. n-Extended molecules such as 4
with a vinylene group at the end of the BEDT-TTF unit have
more planar structures [41,43]. Further, a tetrathiafulvalene with
a fused aromatic heterocycle was synthesized as a n-extended
donor molecule [28,40]. The most notable superconductivity
was observed with the radical cation salts derived from the elec-
tron-donor molecule bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) as a (BEDT-TTF),Cu[N(CN),|Br salt at 12.5 K
(resistive onset) [24].

The tetrathiafulvalene (TTF) ring system is one of the most
intensively studied redox-active organic molecules. It has two
easily accessible oxidized states, TTF™ and TTF2" with poten-
tials of £{"2 = +0.34 and E,'/2 = +0.78V, respectively, using
Ag/AgCl in acetonitrile, (Figure 2) [5,6,44].

TTF analogues have been synthesized by coupling and without
coupling methods [45,46]. Depending on the presence of elec-
tron-withdrawing groups on the TTF, they exhibit various oxi-
dation potential ranges [15,26]. Recently, TTF and analogues
have received widespread attention involving the development
of new materials by using various anions to form different
charge transfer salts. The physical and electronic properties of
their solid states were investigated [13,25,47-49].

3 BEDT-TTF or ET

Beilstein J. Org. Chem. 2015, 11, 403—415.
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4 BVDT-TTF

We attempt here to provide a summary of the synthesis of
differently functionalized and extensively n-electron delocal-
ized conjugated TTF core dithiin- and thiophene-fused donor
molecules, obtained from 1,8-diketone ring closure reactions,
and coupling reactions, published by our group.

Review

BVDT-TTF analogues from 1,8-diketones
Bis(vinylenedithio)tetrathiafulvalene (BVDT-TTF) 4 (R = Ph,
4-CH3OC6H4, 4-BI‘C6H4, 4-CH3C6H4, 4-02NC6H4, 2-thienyl)
is a fully unsaturated analogue of BEDT-TTF (ET) 3. It pos-
sesses a vinyl moiety at the peripheries in place of the ethylene
group of ET. It can also be considered as a tetrathiafulvalene
analogue having fused 1,4-dithiin rings as its peripheries. The
synthesis was achieved through the reaction of a 1,8-diketone
with Lawesson’s reagent (LR) [50] or tetraphosphorus decasul-
fide (P4S10) [51] Although, in most cases, formation of 1,4-
dithiins is the only result, or the major one, a thiophene forma-
tion can also take place [46]. So far, eighteen BVDT-TTF
analogues have been synthesized (Figure 3).

In 1996, we reported a convenient method of synthesizing fused
1,4-dithiin and thiophene ring systems, possessing functional
groups such as Ph 4-MeOCgH, and 4-O,NCgHy4 (Scheme 1)
[46]. The synthesis involved treatment of the diketone 6,
produced through the reaction of the readily available dianion 5
[52] with a-haloketones, with Lawesson’s reagent 15 to obtain
[1,3-dithiolo[4,5-b][1,4]dithiin-2-thione 11, which is an
analogue of half ET, as a major product, and the thiophene 13

as a minor product.

After employing different reaction conditions and an in depth
study, we suggested that the reaction mechanism involves inter-
action of 6 with LR 15 (refluxing toluene) initially leading to

® ® o
[S S] —-e [S\ S] —e [S\>_</S]
s s re s 8 +e s 3
1TTF TTF* T

Figure 2: Oxidation states of TTF.
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Figure 3: 1,4-Dithiin and thiophene fused TTF analogues from 1,8-diketone.

the formation of enethiols 8, a tautomer of 7, then nine-
membered ring 9, rearrangement of which produces 10. Lastly,
the reaction of 10 with fragment 14 of LR would give 11 as a
major product (Scheme 1). Rearrangement of the 1,4-dithiin
unit of 11 would produce 13 as a minor product through the
intermediate 12 by the loss of elemental sulfur. The reaction of
a series of 1,8-diketones with LR 15 or P4S{y was further

(j\ :S s s° OH
|SIS>:<SIS):OH

R_S<_s ¢ /
P nsed
\

S S
T~ I 3=

R'=H, Br, NOQ, OCH3 CH3

s. S ¢
4 — |
S | S SIS

R=H, OCHj Br, CHj

explored in 2003 [53]. With both reactants, 1,4-dithiin 11 was
obtained as a major and thiophene 13 as a minor product along
with the side products 1619 (Scheme 2).

Depending on the electron-releasing or electron-withdrawing

nature of the groups on 6, the yields for 11 and 13, with LR
varied between 35-52% and from not detected (n.d.) to 18%,
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Scheme 1: Reaction mechanism of fused 1,4-dithiin and thiophene ring systems.

R
R
o Method A S S _R s
0 \ Method B S >s S~ S
R i 11aR =Ph 13aR =Ph =H
) 11b R=4-BrCgHs;  13b R = 4-BrCgH, =Br
6a R =Ph 11¢c R = 4-CH30CgH4 13¢ R = 4-CH30CgH,
6b R = 4-BrCgH, 11d R=CH3CeHs;  13d R = CH3CgH,
6c R = 4-CH30CgH,
6dR = CH3CGH4 R

Scheme 2: Reaction conditions (i) LR, toluene, reflux, overnight; (ii) P4S1¢, toluene, reflux, 3 h.

respectively, P4S1¢ gave yields for 11 and 13 from 5 to 49% and
n.d. to 27%, respectively. Both of the reagents produced the
dithiin as a major product. Compound 13d, with a thiophene
ring, was not obtained with either of the two reagents (Table 1).

Table 1: Ring closure methods and product yields.

LR

Starting
material dithiin thiophene

13a (17%)

16 (15%)
6a 11a (40%) 17 G

18 (9%)
6b 11b (35%) 13b (18%)
6c 11c (45%) 13c (15%)
6d 11d (52%) 13d (n.d.)

n.d.: not detected.

A possible reaction mechanism for the formation of 16-19 was
suggested to involve the intermediate 10 (Scheme 3) [46-53]. A
detailed semi-empirical PM3 calculation indicated that the for-
mation of the intermediate 10 is an endothermic process with

P4S10
dithiin thiophene
13a (n.d.)
11a (49%) 17 (8%)
18 (n.d.)
13b (2%),
11b (40%) 19 (10%)
11¢ (30%) 13c (27%)
11d (5%) 13d (n.d.)
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Scheme 3: Proposed mechanism for side products.

AHyn= 29.435 kcal/mol. The reaction of the intermediate 10
with itself could produce the 1,4-dithiin ring 11 and the side
product thiophene 17 through the intermediates 21 and 22 by
removal of elemental sulfur (Scheme 3). The other side prod-
ucts 18 and 19 were possibly formed from the reaction of 10
with 20, leading to formation of 23 and 24, rearrangement of
which would then produce 18 and 19. Moreover, rearrange-
ment of 10 via 25 would result in the formation of 16. The
structures of the side products 16—19 can be taken as evidence

for the proposed reaction mechanism.

The thione sulfur atoms of 11a—d and 13a—c were converted
into their corresponding oxo forms 26a—d and 27a—c, respect-
ively, using mercury acetate (Scheme 4) [46,53,54]. These were
then subjected to cross coupling reactions. While the cross
couplings of 26a—d with 28 and 31 [53] led to the formation of
29a-d and 32a-d, respectively, along with the self coupling

Beilstein J. Org. Chem. 2015, 11, 403—415.

18 R=Ph
19 R =4-BrCgHy

products 4, 30 and 3, coupling of 27a—c with 28 gave 33a—c and
the self coupling products 34a—c and 30. The cross coupled pro-
duct 35 from 27¢ and 31 was obtained in a similar manner.

The redox properties of the donor molecules 29a—d, 32a—d,
33a—c and ET 3 were studied by cyclic voltammetry in solution
in acetonitrile, containing NaClO4 and dichloromethane,
containing tetrabutylammonium tetrafluoroborate (TBABF,)
(Table 2 and Table 3). Measurements were performed under a
nitrogen atmosphere at room temperature using Pt as working
and counter electrodes and Ag/AgCl reference electrode. The
oxidation potentials of the coupled products were compared
with ET 3.

The measurements indicated that as the first oxidation potential

of ET was higher than the first oxidation potential of 29a, 29¢
and 29d, the oxidation potential of 29b was equal to that of
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(18%)

32¢ R = 4-CH30CgH, (20%)

32dR = CH3C6H4
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34aR=Ph
34b R = 4-BrCgH,
34¢ R = 4-CH4CqH,

33aR =Ph (20%
33bR=4-BrCgH,  (22%)
33c R = 4-CH30CgH4 (19%)

(15%)

O

R
S s_S
S~

35R = 4-CH30CgH4 (20% yield)

Scheme 4: Reaction conditions (i) Hg(OAc),, AcOH/CHCI3, rt, 1h; (i) (EtO)3P, N2, 3 h, 110 °C.

Table 2: Redox potential of 29 and ET 3. in 1 mM MeCN solution,
NaClOy4 (0.1 M) vs Ag/AgCl, 100 mVs~".

Donor E'ox (V) E20x (V) AEqy (V)
29a 0.49 0.63 0.14
29b 0.50 0.63 0.13
29¢ 0.47 0.72 0.25
29d 0.42 0.66 0.24
3ET 0.50 0.77 0.27

ET 3 and the second oxidation potentials of 29a—d were found
to be lower than for ET. On the other hand, the first and second
oxidation potentials of the donors 33a—c were slightly higher
than the oxidation potentials of ET. The oxidation potentials of
the donor molecules 32a—d were higher than the ET 3 oxi-
dation potential.

Table 3: Redox potential of 32a—d and 33a—c. and ET 3 in 1 mM
CH,Cl, solution, TBABF4 (0.1 M) vs Ag/AgCl, 115 mVs~".

Donor E'ox (V) E20x (V) NEgy (V)
32a 0.66 0.96 0.30
32b 0.60 0.95 0.35
32c 0.68 1.00 0.32
32d 0.64 0.99 0.24
33a 0.59 0.86 0.27
33b 0.51 0.83 0.32
33c 0.62 0.94 0.32
3ET 0.51 0.85 0.34

A BEDT-TTF analogue containing phenyl-1,4-dithiin and 2,3-
dihydroxybutane-1,4-dithio at the periphery, 43, was reported as
a new highly functionalized donor molecule (Scheme 5) [54].
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Scheme 5: Reaction conditions (i) iProNEt, MEMCI, THF, rt, 12 h; (i) LiAlHg4, dry ether, rt, 24 h; (iii) tosyl chloride, dry pyridine, 0 °C, 4 h; (iv) KI, dry
acetone, Ny, reflux, overnight; (v) dry THF, 75 °C, Ny, 48 h; (vi) P4S1¢, toluene, reflux, 3 h; (vii) Hg(OAc),, AcOH/CHClj, rt, 2 h; (viii) neat (EtO)3P, No,

3 h; (ix) sample in THF at 0 °C , add 20% HCI, then rt., overnight.

The reaction of diketone 6a, with LR 15 in refluxing toluene for
3 h gave the dithiin 11a, which was converted into the oxo form
26a with mercuric acetate in CHCl3/glacial acetic acid at room
temperature in 2 h. Synthesis of 41 was completed in five steps,
starting from dimethyl L-tartrate 36, the hydroxy groups of
which were protected by reaction with methoxyethoxymethyl
chloride (MEMCI) and then the ester groups of 37 were reduced
to alcohols with LiAlH4 to obtain the diol 38. This was
converted into 39 through tosylation of the hydroxy groups with
tosyl chloride and then conversion into iodides 40 using potas-
sium iodide. Treatment of 40 with the dianionic salt 5 in dry
acetone at room temperature produced 41 [55], which was
transformed into the corresponding oxo form 42 by applying the
same reaction conditions used to obtain 26a. Coupling of 26a
with 42 was performed in neat triethyl phosphite at 130 °C for 3
h under a nitrogen atmosphere, which gave a mixture of cross
coupled 43 and self coupled products 4a and 44. In order to
remove the MEM protecting group, 43 was stirred in 20% HCI
at room temperature for 2 days, which yielded the ET analogue
45, having two hydroxy groups.

In 2000, syntheses of 5,6-diphenyl[1,3]dithiolo[4,5-
b][1,4]dithiin-2-thione 48 and its coupling product 52, which is
a fully unsaturated analogue of BEDT-TTF, were achieved. The
1,8-diketone 47 was easily obtained from the reaction of the
dianion 5 (1 equiv) and desyl chloride 46 (2 equiv) in dry
ethanol at room temperature for 3 h in 90% yield (Scheme 6)
[40].

The ring closure reaction of 47 was performed initially using
LR, which produced only the thiophene 50, similar to the result
obtained by another research group [28]. Next, the reaction was
conducted with P4S(, which gave benzylphenyldithiole 49 and
the thiophene 50 in 25 and 30% yields. Considering that the
reaction could take place through a radical mechanism, it was
repeated in the dark using P4S1¢. After 3 h of reflux in toluene,
the dithiin 48 was successfully obtained in 65% along with a
trace of benzylphenyldithiole 49 and the thiophene 50 in 20%
yields. The fully unsaturated tetraphenyl analogue 52 of ET was
obtained in 90% yield by a coupling reaction of 51, which was
obtained by converting the thione group of 48 to its corres-
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Scheme 6: Reagents and conditions (i) P4S1¢, toluene, reflux, dark, 3 h; (i) P4S1¢, toluene, reflux, 3 h; (iii) LR, toluene, reflux, overnight.

ponding oxo form in 85% yield, in hot triethyl phosphite,
yielding 52 in 90% yield (Scheme 7).

A charge transfer salt 54 of 52 was prepared with the acceptor
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) 53 (1:1) in

i s._S O .
! i
ST s O
51

dichloromethane at room temperature to investigate the optical
constant and optical band gap of the complex (Scheme 8) [56].
A solution of the salt was evaporated on a quartz substrate until
~110 nm thickness of the film was obtained. The film was
annealed at 25, 55, 85, 115 and finally at 145 °C for 30 min.

O s S
SIszIS ®

Scheme 7: Reagents and conditions (i) Hg(OAc),—AcOH, CHCl3, 3 h, rt; (ii) (EtO)3P, 110 °C, Np, 2 h.

S

0 =
NC Cl S
52 + —
NC Cl S

0 =

S

54

53

S
— O
S NC Cl
s NC Cl
— O
S

{ T \
N\ /
S S o~
>_( NC Cl
S+ S
I NC Cl
S°*’S O‘
S S
L 5 _

Scheme 8: Charge transfer complex of 5,5',6,6'-tetraphenyl-2,2'-bi([1,3]dithiolo[4,5-b][1,4]dithiinylidene) 52 — DDQ 53.
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Electronic transitions of the complex 54, i.e. n—n* and n—n*
transitions, led to the formation of radical ion pairs 55. The
refractive index dispersion and optical constant of the annealed
film were examined for each temperature. The absorbance,
refractive index, reflectance and transmittance values of the ma-
terial were found to be between 0.16-0.32, 2.3-2.7, 16-20%
and 46—-66%, respectively at 400—-800 nm wavelength range
which clearly indicated that the refractive index, absorbance and
reflectance of the complex decreased while transmittance

increased with increased annealing temperature.

Our easy synthesis of dithiin-containing compounds led to the
production of various BEDT-TTF analogues, comprising
monophenyldithiin, diphenyldithiin, diphenylthiophene and
diols [40,46,53]. While coupling of 28 with 51 smoothly gave
the corresponding ET analogue 56, its reaction with 57 did not
produce any result (Scheme 9) [57]. This could be due to the
reaction of the benzylphenyldithiole moiety with triethyl phos-
phite.

Analogues of ET, having dithiin and thiophene rings along with
hydroxy groups were synthesized to provide the possibility of
intramolecular hydrogen bonding through the hydroxy groups
[57]. The half ET analogue 61 was obtained from the reactions
of either the dianion 5 or the zinc-complex 59 with
2-bis(bromomethyl)propane-1,3-diol (60, Scheme 10). As the
hydroxy groups could lead to side products during the coupling
reaction, performed using triethyl phosphite, and the reaction
for conversion of the thione group to a keto group with mercury
acetate and acetic acid, they were protected by reaction with
methoxyethoxymethylchloride (CH30CH,CH,OCH,Cl,
MEMCI) to obtain 62. The thione group of this compound, was
then converted into a keto group to give 63. Its reaction with
26a—c in triethyl phosphite led to the formation of cross-
coupled product 64a—c, along with the self coupled one.
Following the same procedure, the half ET analogue 65,

0:42:[:

SCH,

s
IHI
O 56 35%

Scheme 9: Reaction conditions (i) (EtO)3P, 110 °C, Np, 2 h.
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possessing a fused diphenylthiophene ring was coupled with 63
to produce 66, along with self coupled products like 67.
Removal of the MEM groups of both 64 and 66 in dilute HCl/
THF mixture resulted in the formation of the target analogues
68a—c and 69, having two hydroxy groups. Coupling of the
dithiinone 51 with 63 gave 70 and its hydrolysis yielded the ET
analogue 71, possessing diphenyldithiin and two hydroxy
groups. Following the same strategy, an ET analogue 72, having
half ET and two hydroxy groups was synthesized to compare
the oxidation and reduction potentials of the analogues. The
yields of the resultant products are given in Table 4.

Table 4: Yields of the products 64, 65, 68—71.

Product Yield (%) Diol Yield (%)
70 30 71 75
65 30 69 75
64a 27 68a 43
64b 29 68b 35
64c 40 68c 34

The oxidation and reduction properties of the diphenyl
analogues 56, 69 and 71 and monophenyl analogues 68a—c, 31a
and 29a were investigated and compared by cyclic voltam-
metry (CV) (Table 5) with ET 3 and its fully unsaturated
tetraphenyl analogue 52. The CV measurement of the donors
was performed in 0.1 M NaClO4/ACN with a scan rate of
100 mvs™!
reference electrodes. The spectroelectrochemical studies were
carried out in CH,Cl, containing 0.1 M TBABF,4 at room

temperature.

at room temperature, using Pt working and Ag/Ag"

The CV studies indicated that while the fully unsaturated 52
and diphenylthiophenedimethylthio 67 had the highest

SCHs

SCHs

&‘<%:

I
A

SCHs

SCHs
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Table 5: Redox potential of ET 3 and its analogues, ACN solution of

0.1 M NaClO,.

Sample

52
70
66
71
69
56
68a
68b
68c
67
31a
72
29a
3ET

9

E'ox (V)

0.72
0.44
0.60
0.41
0.57
0.36
0.49
0.50
0.42
0.72
0.49
0.42
0.66
0.46

2E(,N®

S s, s_*S OMEM
»=2+ (L~ X
ST S S~ S ST g

67 66

s
s. S OH R
O~ X
sT~8  sTNg OH
69

. O S S
51, iv S S
o e I I~ X
70

E%ox (V)

1.03
0.70
0.84
0.63
0.80
0.59
0.74
0.76
0.70
1.06
0.63
0.70
0.96
0.71

Br~/OH .
20 Br X oH |

‘v
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Scheme 10: Reaction conditions (i) EtOH, reflux, overnight; (ii) diisopropylethylamine in CH,Cly, room temperature, overnight; (iii) (AcO),Hg/AcOH,
CHClj, rt, 3h; iv) (EtO)3P, 110 °C, Np, 2 h; (v) sample in THF at 0 °C, add 20% HCI, then rt, overnight.

Oxidation potential (V)

AE (V)

0.31
0.26
0.24
0.22
0.23
0.23
0.25
0.26
0.28
0.34
0.14
0.28
0.30
0.25

oxidation potentials, diphenyldithiindimethylthio 56 displayed
the lowest oxidation potential and combination of dithiin
and diol groups led to oxidation potentials comparable with
ET 3.

BEDT-TTF analogues possessing thiophene substituted 1,4-
dithiin and thiophene rings were reported in 2013 [58]. Their
syntheses began with our standard synthesis of a 1,8-diketone
74 having a thiophene in place of a benzenoid aromatic group
(Scheme 11). Reaction of the zinc-complex 59 with four mol
equivalents of a-bromoketone 72 gave the diketone 74 in 80%
yield, subsequent ring closure of which with P4S( in acidic and
basic conditions produced 1,4-dithiin 75 (75%) and thiophene
76 (57%) rings, respectively. They were then converted into
their corresponding oxo forms 77 (65%) and 78 (77%), respect-
ively, with mercury acetate and subjected to the coupling reac-
tion with triethyl phosphite to produce the ET analogues having
1,4-dithiin rings 79 (80%) and thiophene rings 80 and 81 (75%)

as inseparable isomers.
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Scheme 11: Reaction and conditions (i) P4S19, NaHCO3, toluene, reflux, 3 h; (ii) P4S10, p-TSA, toluene, reflux, 3 h; (iii) (AcO)2Hg/AcOH, CHCl3, 3 h,

t; (iv) (EtO)sP, 110 °C, Np, 2 h.

Unfortunately, all attempts to electropolymerize the analogues
failed. Computational studies indicated that the a-carbons of the
peripheral thiophenes, where the polymerization was expected
to take place, did not exhibit enough spin density.

Conclusion

Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF, ET) is a
unique molecule which has been successfully used as an elec-
tronic material that challenges the creativity and inventiveness
of chemists in areas such as organic chemistry, materials chem-
istry, supramolecular chemistry and polymer chemistry. 1,8-
Diketones have been demonstrated to be versatile starting ma-
terials for the synthesis of various challenging analogues of ET,
possessing dithiin and thiophene moieties. This chemistry not
only led to the production of the target materials, having
interesting electronic properties, but also illustrated challenging
synthetic heterocyclic chemistry.
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Two new dithiolene ligand precursors, containing fused TTF and alkyl thiophenic moieties 3,3'-{[2-(5-(tert-butyl)thieno[2,3-
d][1,3]dithiol-2-ylidene)-1,3-dithiole-4,5-diyl]bis[sulfanediyl] } dipropanenitrile (a-tbtdt, 1), and 3,3'-{[2-(5-methylthieno[2,3-
d][1,3]dithiol-2-ylidene)-1,3-dithiole-4,5-diyl]bis[sulfanediyl]} dipropanenitrile (o-mtdt, 2), were synthesized and characterized.
The electrochemical properties of these electronic donors were studied by cyclic voltammetry (CV) in dichloromethane. Both com-

pounds show two quasi-reversible oxidation processes, versus Ag/AgCl, typical of TTF donors at £}, =279 V and E2;, = 680 V

for 1 and E'}, =304 V and E2, =716 V in the case of 2. The single-crystal X-ray structure of 1 and of a charge transfer salt of 2,

(a-mtdt)[Au(mnt),] (3), are reported.

Introduction

Since the discovery of the first organic metals and superconduc-
tors the field of electronic molecular materials has been largely
dominated by derivatives of the organic donor tetrathiafulva-
lene (TTF) [1]. More than one thousand TTF derivatives have
been reported in the last 40 years and many have been at the
basis of several conducting, superconducting and other impor-
tant electronic materials [2-6]. Bisdithiolene—transition metal
complexes with square planar structures can be seen as inor-
ganic TTF analogues, in which a transition metal replaces the
central double bond. They have similar frontier orbitals to TTF

and have been also at the basis of several electronic materials

[7]. An additional connection between the TTF derivatives and
the bisdithiolene—transition metal complexes was recently
provided by complexes with dithiolene ligands incorporating
TTF units, which have been at the basis of several highly con-

ducting materials based on a single neutral molecular species

(8].

Among the highly extended ligands with TTF moieties, those
that also contain thiophenic units have led to a family of
complexes with interesting transport and magnetic properties

[9,10]. A remarkable example is the neutral complex [Ni(dtdt);]
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(dtdt = 3-{5-[(2-cyanoethyl)thio]-2-(5,6-dihydrothieno[2,3-
d][1,3]dithiol-2-ylidene-1,3-dithiol-4-yl)thio} propanenitrile),
which presents transport properties typical of a metallic system,
even when measured in a polycrystalline sample, with an elec-
trical conductivity at room temperature of 200 S/cm. These
complexes have been prepared from cyanoethyl-substituted
TTF-thiophenedithiolates [9,11]. One of the limitations in the
study of these complexes and their possible applications is their
low solubility mainly in the neutral state. This limitation can be,
in principle, overcome by appropriated functionalization of the
ligands as already explored for less extended complexes [12].

Here we report synthesis and characterization of two new
sulfur-rich TTF type donors annulated to alkylthiophene rings,
3,3'-{[2-(5-(tert-butyl)thieno[2,3-d][ 1,3]dithiol-2-ylidene)-1,3-
dithiole-4,5-diyl]bis[sulfanediyl]} dipropanenitrile (a-tbtdt, 1),
and 3,3'-{[2-(5-methylthieno[2,3-d][1,3]dithiol-2-ylidene)-1,3-
dithiole-4,5-diyl]bis[sulfanediyl]} dipropanenitrile (a-mtdt, 2)

S S_S~""CN
LI =T
s—~s s

o-tdt

S/\/CN
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(Scheme 1). These new TTF-type donors can also be converted
to transition metal complexes based on extended thiophene/
TTF-fused dithiolene ligands. They were obtained by cross-
coupling reactions between alkylated thio and oxo compounds.
The incorporation of these alkyl groups in the thiophenic ring is
expected to increase the solubility of these TTFs and analogous
transition metals complexes, enabling their processing from
solutions.

Results and Discussion

Synthesis

The TTF donors fused non-symetrically with substituted thio-
phene moieties 1 and 2 were obtained by the cross coupling, in
the presence of trimethyl phosphite, between compounds I and
IT and between compounds III and IV, respectively, following
a general procedure for non-symmetrically substituted TTFs
[13] as first described by Underhill and co-workers [14]
(Scheme 2). 5-(tert-Butyl)thieno[2,3-d][1,3]dithiol-2-one (I)

s  s_S~""CN
(o=
s—s s

dtdt

S/\/CN

=3 I XTI

TTF BET-TTF o-DT-TTF
/S S—_S~""CN J~S S—_S~"CN
L= =1
S S S S/\/CN S S S S/\/CN

o-mtdt

o-tbtdt

Scheme 1: Molecular diagrams of a-tbtdt (1) and a-mtdt (2), and related TTF-type donors.

S

AICl,
DCM l_so °C S~ P(OEt)s S~
S s CN  115120°c | ;S8 CN
[ =0+ s=_| 24h | L=

S—S S™Ng—~_CN S7S (1)3 S—~_-CN

' I a-tbtdt
S s— S~ en PO s, S S~cN

(s oL 0 ot <=C

s S Ng~~_CN 24h STS ST Ng~_CN

I v a-r('r?t)dt

Scheme 2: Synthetic route for compounds 1 and 2.
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was prepared by a low temperature Friedel-Crafts alkylation
of 5,6-thieno[2,3-d]-1,3-dithiol-2-one (i), a new procedure
with a better global yield than the one reported previously [15].
4,5-Bis(2-cyanoethylthio)-1,3-dithiole-2-thione (II), was
obtained as described before [16] from a bis(tetracthylammo-
nium)bis(2-thioxo-1,3-dithiole-4,5-dithiolate)zincate complex
[17], by nucleophilic substitution [14]. Compound II was
converted in 4,5-bis(2-cyanoethylthio)-1,3-dithiol-2-one (IV),
using mercuric acetate and acetic acid in chloroform.
5-methylthieno[2,3-d][1,3]dithiole-2-thione (IIT) was obtained
through a multi-step reaction as previously reported [16].

The preparations of compounds 1 and 2 through the coupling
reactions depicted in Scheme 2 also resulted in several byprod-
ucts, mainly from homo-coupling reactions. Reaction time,
temperature, and amount of solvent were crucial factors for the
final yields and for product purity. By optimizing these reac-
tion parameters an acceptable yield of 28% for 1 and a very
good yield of 63% for 2 could be obtained after purification
through column chromatography, eluting with dichloromethane.
The new TTF-type donors are soluble in commonly used
organic solvents, such as CH,Cl,, CHCl3, acetonitrile and

n-hexane.

Single crystals suitable for X-ray measurements, could be
isolated by slow evaporation of chloroform and n-hexane solu-
tions, for 1 and I, respectively. Compound 2 crystallizes, from
n-hexane/CH,Cl, (3:1), in very thin fibres too small for X-ray
diffraction. However, thanks to its reasonable solubility in
dichloromethane, a charge transfer salt of 2, (a-mtdt)[ Au(mnt);]
(3), (mnt = maleonitriledithiolate) could be obtained by electro-

crystallization using standard conditions.

Redox properties

The redox properties of the donors 1 and 2 in solution were
studied by cyclic voltammetry and the results are collected in
Table 1 along with the closely related compounds (DT-TTF =
dithiophene-tetrathiafulvalene, BET-TTF = bis(ethylenethio)-
tetrathiafulvalene, a-DT-TTF = alpha-dithiophene-tetrathiaful-
valene, dtdt = 3-{5-[(2-cyanoethyl)thio]-2-(5,6-
dihydrothieno[2,3-d][1,3]dithiol-2-ylidene-1,3-dithiol-4-
yDthio} propanenitrile, a-tdt = 3-({5-[(2-cyanoethyl)thio]-2-
thieno[2,3-d][1,3]dithiol-2-ylidene-1,3-dithiol-4-yl)thio } propa-
nenitrile). Compounds I and II undergo two separate quasi-re-
versible one-electron oxidation processes typical of TTF-based
donors (Figure 1). Cyclic voltammetry of a-tbtdt in
dichloromethane shows a pair of processes at 0.680 V and
0.279 V, vs Ag/AgNO3, which are ascribed to the couples
[a-tbtdt]"/[o-tbtdt]>" and [a-tbtdt]%/[a-tbtdt]", respectively. For
o-mtdt, similar quasi-reversible waves are observed at 0.304 V
and 0.716 V ascribed to the [a-mtdt]%/[a-mtdt]" and

Beilstein J. Org. Chem. 2015, 11, 628-637.

[o-mtdt]/[o-mtdt]*" couples, respectively. These electrochem-
ical studies show that a-tbtdt and a-mtdt are easier to oxidise
than the related unsubstituted extended TTFs, with higher elec-
tron donor ability compared to related TTF-type donors with the
exception of BET-TTF.

Table 1: Electrochemical data (oxidation potentials E and half wave
potentials E4/, for quasi reversible processes), vs Ag/AgNO3 in DCM,
of TTF derivatives 1 and 2 as well as of the related donors.

donor Eq,p%p* (mV) Ez, p*p%* (mV)

BET-TTF [18] 215 650
a-DT-TTF [18] 320 730
DT-TTF [18] 542 1015

donor El2,0%" (MV)  E245 p*p%* (mV)
TTF [19] 3702 7502
dtdt [11] 6392 9972
a-tdt [11] 6122 9062
a-tbtdt (1) 279 680
a-mtdt (2) 304 716

@Data collected in acetonitrile.

—— o-tbtdt (1)
—— o-mtdt (2)

1000 800 600 400 200 0
E (mV vs Ag/AgNO33)

—200

Figure 1: Cyclic voltammogram of a-tbtdt (1) and a-mtdt (2) (1073 M)
in dichloromethane versus Ag/AgNOs3, with n-BusNPFg (10~1 M) as
supporting electrolyte. Scan rate v = 100 mV/s at room temperature.

Crystal structures

Ketone |

Compound I crystallises in the orthorhombic system, space
group P2;2,2;. The unit cell contains one independent mole-
cule. The terminal sulfur atom presents an orientation disorder
as denoted by two nearly identical occupation factors of 49%
and 51% for S3 and S3A, respectively (Figure 2). This is most
likely the result of orientation disorder of the molecule in the

most stable trans configuration, rather than a cis—trans disorder.
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The bond lengths are within the expected range for thiophenic
dithiol ketones [12,20]. a)

© 1 14

Figure 2: ORTEP view and atomic numbering scheme of | with
thermal ellipsoids at 50% probability level.

The crystal structure is composed of pairs of side-by-side chains
of ketone 1 running parallel to 5. Within these bi-chains, the
molecules are connected by short S-S and S---O interactions

with the terz-butyl groups pointing outside, in a herringbone
fashion (Figure 3b). Molecules in different chains make an Figure 4: Crystal structure of | a) view along the b axis, b) Partial view
angle of circa 39° (Figure 3a). There are no close contacts of one layer of bi-chains in the a,b plane corresponding to the dashed

line i b
between bi-chains (Figure 4). ine in 2)

Figure 3: Molecular herringbone bi-chains in the crystal structure of I: a) view along the molecular planes and perpendicularly to the chain axis b, with
molecules in different chains colored differently and b) view along c. The short contacts are represented as black dotted lines.
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a-tbtdt (1)

Compound 1 crystallises in the triclinic system, space group
P—1. The unit cell contains two independent neutral o-tbtdt
molecules that present a slightly boat type distortion of the TTF
core. The cyanoethyl groups point in opposite directions of the
molecules mean plane (Figure 5). The terminal thiophenic
sulfur atoms present, in both molecules, an orientation disorder
with occupation factors of 77 and 23% for the pair S8/S8A and
71 and 29% for the pair S1/S1A. The bond lengths of the mole-
cule are within the expected range of values for neutral TTF
derivatives [11].

The crystal structure is composed of layers of side-by-side
chains of neutral a-tbtdt molecules. Within the chain the mole-
cules are arranged head-to-tail, in a fashion that the cyanoethyl
groups point outside the chain and the mean plane of neigh-
bouring molecules is rotated by about 62°. The molecules are
connected by several short S-S contacts. Besides these contacts
the molecules interact upwards and downwards with other
molecules in the same layers, and also with the molecules in the
neighbouring layers through short S-S interactions and
N--H-—C and S---H-C hydrogen bonds (Figure 6).

(a-mtdt)[Au(mnt)] (3)

Compound 3 crystallises in the triclinic system, space group
P—1. The unit cell is composed by one anion [Au(mnt);]” and
one fully oxidised donor [a-mtdt]”. The donor presents orienta-
tion disorder as denoted by the sulfur atom position of the

Beilstein J. Org. Chem. 2015, 11, 628-637.

IVEN i ® r

Figure 6: Crystal structure of 1 a) view along the b axis; b) Partial view
of one chain in the b,c plane (top) and of the same chain showing the
tilt between the molecules along the chain direction (bottom — the
cyanoethyl and tert-butyl groups were omitted for clarity).

Figure 5: ORTEP views and atomic numbering scheme of a-tbtdt (1) with thermal ellipsoids at 50% probability level.
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terminal thiophenic ring, with occupation factors of 55% and
45% for S7 and S7A, respectively. The [a-mtdt]* cation is
almost planar, with exception of the —(CH,),—CN groups, that
point out in the same direction (Figure 7). In both donor and
acceptor units, the bond lengths are within the expected range,
for monoanionic gold dithiolene complexes [21] and fully
oxidised TTF donors [18], namely the Au-S and central
C14=C15 double bonds (dAu-S = 2392(7) A, dC14=C15 =
1.393(4) A).

Beilstein J. Org. Chem. 2015, 11, 628-637.

The crystal structure of (a-mtdt)[ Au(mnt),] (3) is composed of
alternated stacks of donor (D)-acceptor (A) molecules, along
the b axis, with no short contacts between molecules along the
stack due to the bulky cyanoethyl and methyl group which
prevent a shorter distance between molecular planes. Within the
stacks the donor molecules are head-to-head (Figure 8). The
interactions between stacks are made in two distinct ways along
the molecules long axis: 1) In one side the donor molecules
interact, with each other, through the cyanoethyl groups,

Figure 7: ORTEP views and atomic numbering scheme of a) (a-mtdt)* and b) [Au(mnt) ]~ in compound 3, with thermal ellipsoids at 50% probability

level.

Figure 8: Crystal structure of 3 a) viewed along the b axis and b) partial view showing the alternated A-D-A-D stacks and the segregation between

the methyl and cyanoethyl groups.
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by C-HN hydrogen bonds and SN short contacts.
There are no interactions between A and D molecules and
the stacks are out-of-registry; 2) on the other side the
stacking interaction is between the nitrile groups of A
and the methyl groups of D, and is mediated by a weak
C-H---N hydrogen bond. In this case the stacks are in-registry
(Figure 9).

Along the molecules minor axis the stacks are connected by
lateral A-D—A-D S-S and NS short interactions.

Figure 9: Detail of the crystal structure of 3 showing the short contacts
between stacks.

Conclusion

In conclusion two new dithiolene ligand precursors, containing
fused TTF and alkyl thiophenic moieties were described. These
alkyl substituted compounds present a redox behavior with two
processes typical of TTF-type donors with lower oxidation
potentials compared with unsubstituted analogues. These mole-
cules can also be used as ligand precursors and are expected to
open the way to the preparation of extended dithiolene
complexes with increased solubility, which may be processed

from solution.

Experimental
Synthesis

All procedures were performed under inert atmosphere, in

nitrogen or argon, unless stated otherwise. All solvents were

Beilstein J. Org. Chem. 2015, 11, 628-637.

dried according to the standard literature procedures. Com-
pound 5,6-thieno[2,3-d]-1,3-dithiol-2-one (i) was obtained
following the procedure used by Belo and co-workers [21].
Compounds II and IV were obtained following the literature
procedures [16]. 5-Methylthieno[2,3-d][1,3]dithiole-2-thione
(IIT) was synthesized as previously described [22]. Compounds
3,3'-{[2-(5-(tert-butyl)thieno[2,3-d][1,3]dithiol-2-ylidene)-1,3-
dithiole-4,5-diyl]bis[sulfanediyl]} dipropanenitrile (1) and 3,3'-
{[2-(5-methylthieno[2,3-d][1,3]dithiol-2-ylidene)-1,3-dithiole-
4,5-diyl]bis[sulfanediyl] } dipropanenitrile (2), were prepared by
an analogous procedure to that in [11]. The tetrabuthylammo-
nium salt of [Au(mnt),]” was synthesized and purified as previ-
ously described [23]. All other reagents were reagent grade and
used as commercially supplied. Column chromatography was
carried out using silica gel (0.063 + 0.2 mm) from SDS.
Elemental analyses of the compounds were performed using an
EA 110 CE Instruments automatic analyzer. Melting points
were studied on a Stuart Scientific SMP2. IR spectra were
obtained on a Bruker FTIR Tensor 27 spectrophotometer.
'H NMR and 13C NMR spectra were recorded on a Bruker
Avance 300 (300 MHz for 'H) amd a Bruker Avance 400
(100 MHz for 13C) with CDCl3 and CD,Cl, used as solvents
and TMS the internal reference. UV—vis spectra were recorded
on a UV-1800 Shimadzu spectrophotometer. Mass spectra were
obtained in QIT/MS Bruker HCT by collision-induced dissocia-
tion (CID).

5-(tert-Butyl)thieno[2,3-d][1,3]dithiol-2-one (I): 0.536 g of
aluminum chloride in 12 mL dichloromethane was cooled to
—78 °C in nitrogen atmosphere and a mixture of 0.5 g 5,6-
thieno[2,3-d][1,3]dithiol-2-one (i) and 0.21 mL #-BuCl in 6 mL
dichloromethane was added dropwise. After stirring for 1 h, the
reaction mixture was allowed to warm up to —10 °C and stirred
for 3 h, maintaining the temperature between —10 and —5 °C.
The product was poured into ice water, neutralized with sodium
hydrogen carbonate and extracted with dichloromethane. After
drying with magnesium sulfate, the solvent was evaporated. The
crude product was purified by column chromatography using
n-hexane/ethyl acetate (10:1) as eluent and further recrystal-
lized from n-hexane to yield 0.616 g (93%) of I as white
needles. Anal. calcd for CoH;7OS3: C, 46.93; H, 4.38; S, 41.75;
found: C, 46.74; H, 4.88; S,42.11; "H NMR (300 MHz, CDCl3)
5 6.84 (s, 1H), 1.40 (s, 9H); 13C NMR (75 MHz, CDCl3) §
194.54 (C=0), 159.78 (C-C(CHj3)3), 126.06 (Ar), 120.02 (Ar),
115.92 (Ar), 35.44 (C(CH3)3), 32.43 (C(CH3)3).

3,3'-{[2-(5-(tert-Butyl)thieno[2,3-d][1,3]dithiol-2-ylidene)-
1,3-dithiole-4,5-diyl]bis[sulfanediyl]}dipropanenitrile,
a-tbtdt (1): Compound I (300 mg, 1.30 mmol) and compound
II (395.85 mg, 1.30 mmol) were dissolved in 30 mL of freshly
distilled P(OEt); in a 50 mL round bottomed flask. The mixture
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was heated to 120 °C for 24 h. Upon cooling 100 mL of
methanol was added and the mixture was cooled to 20 °C for
24 h. An orange precipitate was recovered by filtration and
washed with cold methanol (3 x 20 mL). The solid was further-
more purified by column chromatography using CH,Cl,
(R¢=0.47). Single crystals were obtained by slow evaporation
of a chloroform solution of 1. Yield: 28% (176 mg); Anal. calcd
for C1gHgN»S7: C, 44.41; H, 3.72; N, 5.75; S, 46.11; found: C,
44.53; H, 4.00; N, 5.17; S, 46.33; FTIR (KBr): 2960 (m,
—CHj-), 2252 (m, —C=N), 1634 (m, C=C), 1423 (S, S-CH,-R)
cm™!; 'TH NMR (300 MHz, CDCl3) 8 6.61 (s, 1H, -C=CH-C-),
3.10 (t, J = 7.07 Hz, 4H, S—-CH,-CH;,-CN), 2.74 (t,
J =7.06 Hz, 4H, S-CH,—CH,—CN), 1.35 (s, 3H, C—(CH3)3;
I3C NMR (100 MHz, CD,Cl,) & 162.47, 131.18, 128.57,
128.44, 123.76, 121.42, 118.00, 115.58 (C6), 108.47, 35.91,
32.27 (C2, C3, C4), 31.83 (Cl14, C17), 19.26 (C13, Cl6); UV
(CH,Clp) AMpax, nm: 334, 305.5; MS m/z (% relative intensity):
485.9 (M*, 100); mp 216-217 °C.

3,3'-{[2-(5-Methylthieno[2,3-d][1,3]dithiol-2-ylidene)-1,3-
dithiole-4,5-diyl]bis[sulfanediyl]}dipropanenitrile, a-mtdt
(2): Compound III (1.000 g, 4.89 mmol) and compound IV
(1.468 g, 5.09 mmol) were dissolved in 12 mL of P(OMe); in a
50 mL round bottomed flask and stirred for 24 h at 75/80 °C.
After cooling to room temperature, 60 mL of methanol was
added to the mixture and further cooled down to 15 °C for
another 24 h. The orange precipitate was filtered and washed
with 3 x 10 mL of methanol and dried under vacuum. This
product was purified by column chromatography using CH,Cl,
as a solvent (Ry = 0.62). Recrystallization from n-hexane/
CH,Cl, (3:1) yielded pure 2 (1.38 g, 63%). Anal. calcd for
Ci5HoN»S7: C, 40.51; H, 2.72; N, 6.30; S, 50.47; found: C,
40.72; H, 2.89; N, 5.97; S, 51.07; FTIR (KBr) 2924 (m,
—CH,-), 2251 (m, —C=N), 1654 and 1421 (m, C=C), 1425 (S,
S—CH,-R) em™!; 'H NMR (300 MHz, CDCl3) & 7.26 (s, 1H,
—C=CH-C-), 3.10 (t, J = 7.15 Hz, 4H, S-CH,—CH,-CN), 2.74
(t, J= 6.95 Hz, 4H, S-CH,—CH,—CN), 1.55 (s, 3H, C-CH3),
13C NMR (100 MHz CD,Cly) & 144.49, 131.43, 128.55,
128.44, 123.82, 121.22, 119.00 (C6), 118.00, 108.43, 31.82
(C20, C21), 19.25 (C18, C19), 16.35 (C13); UV (CH,Clp) Amax,
nm: 335, 307; MS: m/z (% relative intensity): 443.9 (M*, 100);
mp 166-167 °C.

(a-mtdt)[Au(mnt),] (3): Crystals were obtained by electrocrys-
tallisation in a manner analogous to the procedure described in
[24]. A dichloromethane solution of 2 and n-BuyN[Au(mnt);],
in approximately stoichiometric amounts, was added to the
H-shaped cell, with Pt electrodes and in galvanostatic condi-
tions. Dichloromethane was also purified using standard
procedures and freshly distilled immediately before its use.

The system was sealed under nitrogen and after ca. 3 days,
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using a current density of 1 pA-cm 2, dark brown plate-shaped
crystals were collected in the anode and washed with

dichloromethane.

Redox properties

Cyclic voltammetry data were obtained using a BAS C3 Cell
Stand. The voltammograms were obtained at room temperature
with a scan rate of 100 mV/s, platinum wire working and
counter electrodes and a Ag/AgNOj reference electrode. The
measurements were performed on fresh solutions with a
concentration of 1073 M, in CH,Cl,, that contained n-BusNPFg
(107! M) as the supporting electrolyte.

Crystal structure determination

X-ray diffraction studies were performed with a Bruker APEX-
IT CCD detector diffractometer using graphite-monochromated
Mo Ko radiation (A = 0.71073 A), in the ¢ and © scans mode. A
semi empirical absorption correction was carried out using
SADARBS [25]. Data collection, cell refinement and data reduc-
tion were done with the SMART and SAINT programs [26].
The structures were solved by direct methods using SIR97 [27]
and refined by fullmatrix least-squares methods using the
program SHELXIL.97 [28] using the winGX software package
[29]. Non-hydrogen atoms were refined with anisotropic
thermal parameters whereas H-atoms were placed in idealised
positions and allowed to refine riding on the parent C atom.

Molecular graphics were prepared using ORTEP 3 [30].

Crystal data and structure refinement for I: CoH;(OS3,
M =230.35 g-molfl, crystal size: 0.30 x 0.20 x 0.10 mm,
orthorhombic, space group: P21212;, a = 9.4587(5) A,
b =9.6256(4) A, c = 11.5993(6) A, 0. = B =y = 90.00°,
V'=1056.07(9) A3, Z=4, pcarc = 1.449 g/cm’, p = 0.658 mm™!,
L =0.71073 A, T=150(2) K, 0 range = 2.75-25.26°, reflec-
tions collected: 5280, independent: 1897 (Rj,¢ = 0.0294), 140
parameters. The structure was solved by direct methods and
refined by full-matrix least squares on F%; final R indices [I >
2sigma(I)]: Ry = 0.0329, R, = 0.0767. CCDC 1051179.

Crystal data and structure refinement for compound 1
(a-tbtdt): C gHsN,S7, M = 486.76 g-mol™!, crystal size:
0.50 x 0.20 x 0.02 mm, triclinic, space group: P—1,
a = 9.9526(3) A, b = 12.2499(3) A, ¢ = 17.9352(4) A,
a = 81.3810(10)°, B = 85.234(2)°, v = 89.2040(10)°,
V = 2154.46(10) A3, Z = 4, pcate = 1.501g/cm?3,
p=0.739 mm', A =0.71073 A, T = 150(2) K, 0 range =
2.93-25.68°, reflections collected: 27683, independent: 8009
(Rint =0.0482), 599 parameters. The structure was solved by
direct methods and refined by full-matrix least squares on F2;
final R indices [I > 2sigma(l)]: Ry = 0.0387, @R, = 0.0828.
CCDC 1051177.
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Crystal data and structure refinement for compound 3 ((a-
mtdt)[Au(mnt),;]): Co3H|2AuNgS {1, M = 922.01 g'mol™},
crystal size: 0.40 x 0.10 x 0.04 mm, triclinic, space group: P—1,

a = 7.25300(10) A, b
o
v

8.38770(10) A, ¢ = 26.2705(4) A,
= 86.2350(10)°, B = 86.1760(10)°, y = 71.7200(10)°,
=1512.47(4) A3, Z=2, peaic = 2.025 g/em3, p=5.652 mm ™,

A =0.71073 A, T=150(2) K, 0 range = 2.56-26.37°, reflec-
tions collected: 25691, independent: 6102 (R, = 0.0262), 390
parameters. The structure was solved by direct methods and

refined by full-matrix least squares on F2; final R indices [I >
2sigma(I)]: Ry = 0.0173, @R, = 0.0420. CCDC 1051178.
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Abstract

A series of tetrathiafulvalenes functionalized with one or two trifluoromethyl electron-withdrawing groups (EWG) is obtained by
phosphite coupling involving CF3-substituted 1,3-dithiole-2-one derivatives. The relative effects of the EWG such as CF3, CO,Me
and CN on the TTF core were investigated from a combination of structural, electrochemical, spectrochemical and theoretical
investigations. Electrochemical data confirm the good correlations between the first oxidation potential of the TTF derivatives and
the Opeta Hammet parameter, thus in the order CO,Me < CF3 < CN, indicating that, in any case, the mesomeric effect of the
substituents is limited. Besides, crystal structure determinations show that the deformation of the unsymmetrically substituted
dithiole rings, when bearing one, or two different EWG, and attributed to the mesomeric effect of ester or nitrile groups, is not
notably modified or counter-balanced by the introduction of a neighboring trifluoromethyl group. DFT calculations confirm these
observations and also show that the low energy HOMO-LUMO absorption band found in nitrile or ester-substituted TTFs is not
found in TTF-CF3, where, as in TTF itself, the low energy absorption band is essentially attributable to a HOMO—LUMO + 1 tran-
sition. Despite relatively high oxidation potentials, these donor molecules with CF3 EWG can be involved in charge transfer
complexes or cation radical salts, as reported here for the CF3-subsituted EDT-TTF donor molecule. A neutral charge transfer com-
plex with TCNQ, (EDT-TTF-CF3),(TCNQ) was isolated and characterized through alternated stacks of EDT-TTF-CF3 dimers and
TCNQ in the solid state. A radical cation salt of EDT-TTF-CFj is also obtained upon electrocrystallisation in the presence of the
FeCly~ anion. In this salt, formulated as (EDT-TTF-CF3)(FeCly), the (EDT-TTF-CF3)™* radical cations are associated two-by-two

into centrosymmetric dyads with a strong pairing of the radical species in a singlet state.

Introduction

Following three decades of extensive work toward the elabora-  thioalkyl (ethylenedithiotetrathiafulvalene: EDT-TTF, bis(ethyl-
tion of conducting radical cation salts from tetrathiafulvalene enedithio)tetrathiafulvalene: BEDT-TTF) substituents [1],
(TTF) derivatives with electron-rich alkyl (tetramethyltetrathia-  investigations of radical cation salts of tetrathiafulvalenes func-

fulvalene: TMTTEF, tetramethyltetraselenafulvalene: TMTSF) or  tionalized by electron-withdrawing groups (EWG) are less
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documented, essentially because the presence of such
substituents as halogen, acyl, ester, amide or nitrile on the TTF
redox core dramatically increases its oxidation potential and
destabilizes the radical cation form. This strong anodic shift is
particularly noticeable in tetrasubstituted TTFs such as
TTF(CO,Me)y [2-4], TTFCly [5], TTE(CF3)4 [2], or TTF(CN)4
[3], which oxidize into the radical cation at 0.80, 0.83, 1.05 or
1.12 V vs SCE respectively, to be compared with TTF itself
which oxidizes at 0.33 V vs SCE. The associated instability of
these radical species in moist air hindered in most cases their
isolation in cation radical salts. This is all the more unfortunate
since the electronegative atoms (O, N, Hal) within such EWG
are expected to be able to engage, in the solid state at the
organic—inorganic interface, in a variety of secondary non-
bonding interactions such as hydrogen or halogen bonding
[6,7], an issue of current strong interest in organic solid state
chemistry [8,9]. However, it was also recognized that the intro-
duction of only one or two of such EWG on the TTF core could
limit this anodic shift, and accordingly, several tetrathiaful-
valenes bearing only one or two ester [10], nitrile [11-14],
amide [7,15-17], thioamide [18-20], or halogen [5] substituents
were successfully engaged in radical cation salts by electrocrys-
tallization, with intermolecular hydrogen [21-23] of halogen
bond interactions [24-27]. Within such TTF derivatives, as
reported by Bryce [28], an internal charge transfer (ICT)
between the TTF and the EWG moieties increases the
hydrophilicity of the TTF head groups and facilitates mono-
layer formation on the water surface for the preparation of
Langmuir-Blodgett films. The structural and electronic prop-
erties of a series of ester [15], thioester [29,30], tertiary amide
and thioamide [12] TTF derivatives have been then rationalized,
based on: (i) the sizeable contribution of the mesomeric form B
(Scheme 1) and, (ii) an ICT from the TTF-based HOMO to the
EWG-based LUMO, also observed in primary and secondary
amides [10]. Another consequence of the contribution of the B
form is the shortening of the C—S bond opposite to the EWG,
experimentally observed in the structures of such molecules.

(0] Oo
%{]AOR—» =§{f\OR
A ® B

Scheme 1: Mesomeric forms of 1,3-dithiole rings substituted with
EWG.

More recently, we have reported another series of TTFs func-
tionalized at various positions with the electron-withdrawing
—CFj3 (trifluoromethyl) group such as EDT-TTF(CF3) (1¢) or
EDT-TTF(CF3); (2¢c) (Scheme 2) [31]. Single-crystal X-ray

Beilstein J. Org. Chem. 2015, 11, 647-658.

diffraction measurements revealed the recurrent formation of
layered structures with a strong segregation of the fluorinated
moieties and formation of fluorine bilayers [32,33], attributed to
the amphiphilic character of those TTF derivatives upon CF3-
functionalization. A strong anodic shift of the first oxidation
potential was also noted for 1¢ and 2cc, when compared with
the unsubstituted EDT-TTF molecule.

S_s s._R R=CN 1a
R=CO,Me 1b
[SIS>:<S]/ R=CF; 1c
R=R'=CN 2aa
s R =R'= CO,Me 2bb
S S~R R-r=CF 2cc
| = | R=CN, R =CO,Me 2ab
s~ S ST ™R R=CN,R'=CF3 2ac

R =CO,Me, R'= CF; 2bc
S S S S
T~ To—=T
S S S S
3bc 4bc

Scheme 2: Investigated TTF derivatives bearing EWG.

MeO,C CF3; MeO,C CF3

MeOzC CF3 F3C COzMe

This work has been extended here to several novel disubsti-
tuted tetrathiafulvalenes bearing one CF3 group and one ester or
nitrile group at the neighboring position as in 2ac and 2bc
(Scheme 2). These derivatives offer an invaluable opportunity
to evaluate the influence of the nature of the EWG on the struc-
tural and electronic properties of the TTF redox moiety, taking
advantage of the marked differences between the three EWG
now available: (i) the strongly electron withdrawing —CN
group, (ii) the weaker —-CO,Me group, both with important
mesomeric effects, and, (iii) the —CF3 group, expected to ex-
hibit essentially a strong —I inductive effect. Among the nine
possible combinations 1 and 2 described above (Scheme 2), the
unsymmetrically disubstituted 2ab and 2ac have not been
reported to date. We describe here the syntheses of 2ac from
2bc and the single-crystal X-ray structure determinations of
both 2ac and 2be molecules. The preparation of the two posi-
tional isomers of bis(trifluoromethyl)-bis(carboxymethyl)tetra-
thiafulvalene 3bc and 4bc is also reported. The evolutions of
(i) the geometry of the dithiole ring bearing the EWG, (ii) the
electrochemical properties, (iii) the optical absorption (UV—vis)
properties will be analyzed within the series, in order to eval-
uate the role of the CFj3 group as electron-withdrawing
substituent on the structural and electronic properties of the
tetrathiafulvalene core, by comparison with that of the -CO,Me
or —CN substituents. Furthermore, from the mono-substituted
trifluoromethyl derivative 1¢, we were also able to isolate a
charge transfer complex with TCNQ and a cation radical salt

with FeCly . The structures of both compounds will be de-
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scribed, and the geometrical evolutions of the TTF core upon
oxidation analyzed by comparison with the structure of neutral
lc.

Results and Discussion

Syntheses

The reported preparation of 2bc is based on the coupling reac-
tion of the trithiocarbonate 5 with the dithiocarbonate 6bc,
affording also the symmetrical coupling product 4bc
(Scheme 3) [31]. Further decarboxylation of 2bc with
LiBr/DMF afforded 1¢ while reaction with NH3 in MeOH gives
the corresponding primary amide 7 in 63% yield. Its dehydra-
tion with POClj in sulfolane gives 2ac in 60% yield.

OMe)

CO Me

IHI

CO,Me

SRR

S.__s s _CF3 MeOZC
(T =T
s” S ST >co.M
[
wMF

NH3/

MeOH [zIz/\:1<zJ/CF3
CFs poci, _
[ I I suh%c;ne [ I /E< I

Scheme 3: Synthetic procedures to the CF3-substituted 4bc, 1c and
2ac molecules.

A similar phosphite-based cross-coupling reaction between the
bis(trifluoromethyl)-1,3-dithiole-2-one derivative 9cc and
the diester derivative 10bb gave the TTF 3bc in 15% yield
(Scheme 4).

MeO,C

I )=S 10bb
MEOQC

_P(OMe);_

MGOQC

+

o:<I

Scheme 4: Synthetic procedure to 3bc.

I I

MeO,C

With these extensive series at hand, it is now interesting to eval-
uate the role of the CFj3 group as electron-withdrawing
substituent on the structural and electronic properties of the

Beilstein J. Org. Chem. 2015, 11, 647-658.

tetrathiafulvalene core and to compare them with those of the
—CO,Me or —CN substituents. This will be done here following
two different approaches. First, we report the redox and optical
absorption properties of the TTFs in solution, correlated with
the electron-withdrawing character of the different substituents.
Then, the relative effect of the three EWG on the solid state
geometry of the dithiole ring will be described, based on the
X-ray crystal structure analyses of four neutral TTF derivatives,
i.e., the EDT-TTF derivatives 2ac and 2bc and the tetrasubsti-
tuted derivatives 3bc and 4bc.

Redox properties

Cyclic voltammetry was used to evaluate the evolution of the
donor strength with the nature and number of EWG. All deriva-
tives exhibit two reversible oxidation waves. The E|/; values
for the EDT-TTF derivatives with one or two EWG are
collected in Table 1. Compared with the unsubstituted EDT-
TTF parent compound, redox potentials are shifted toward more
anodic potentials with the introduction of the EWG with the
following order CO,Me < CF3 < CN. Note that this order is also
confirmed by the evolution of the redox potentials of the tetra-
substituted TTF derivatives collected in Table 2.

Earlier electrochemical investigations of various tetrathiafulva-
lene derivatives have shown that the best correlations between
the first oxidation potential and the Hammet parameters [39-41]
were actually found with the oy, constant of each substituent
on the TTF core [20,42], indicating that, in any case, the
mesomeric effect of the substituents was small. A similar satis-
factory correlation with all TTF derivatives described here is
shown in Figure 1 and demonstrates that the trifluoromethyl

1.2

-

E,1”2 (V vs. SCE)
o o
(0] (0]

o
~

o
N

Figure 1: Correlation between the first oxidation potential E1/» and the
sum of the Hammet oeta parameters. TTF that only contain only CF3
EWG are given in red.
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Table 1: Electrochemical and spectroscopic data of the EDT-TTF-RR' derivatives 1 and 2. Reported values with other electrochemical references
were converted to approximate values vs SCE and are given in italics. Potentials reported vs Fc*/Fc were converted to SCE by adding 0.39 V. Poten-
tials reported vs Ag/AgCl were converted to SCE by adding —0.045 V. Lowest energy absorption maximum Apmax (nm) and molar extinction coefficient

€ (L'mol~"-cm™") are determined in CH,Cl, unless otherwise specified).

RR' solvent  reference  Ejqpox1)  E1/2(0x2) references YOmeta Amax (€) references
electrode (V) V) (electrochemistry) (UV-vis)

H, H CH3CN  SCE 0.42 0.74 [34,35] 0.28 441 (451) this work

374 (1266, sh)

H, CO,Me (1b) CHsCN  SCE 0.515 0.825 [36] 0.63 480 [37]
Ag/AgCI 0.56 0.87 418

H, CF3 (1c) CH,Cl, SCE 0.56 0.99 [17] 0.74 374 (2200) this work
Fc*/Fc 0.17 0.60

H, CN (1a) PhCN SCE 0.65 1.0 [9] 0.90 422 (725) this work

CO,Me, COoMe (2bb) CH3CN  SCE 0.595 0.905 [20] 0.98 443 (1310) this work
Ag/AgCl  0.64 0.95

CF3, CO,Me (2bc) CH.Cl, SCE 0.63 0.94 [17] 1.09 467 (10800) this work
Fct/Fc 0.24 0.64

CF3, CF3 (2cc) CHyCl, SCE 0.76 1.15 [17] 1.2 422 (990) this work
Fc*/Fc 0.37 0.76

CN, CF3 (2ac) CH,Cl, SCE 0.745 1.143 this work 1.36 464 (760) this work
Fc*/Fc 0.355 0.753

CN, CN (2aa) — — — 152 500 (464) [11]

Table 2: Electrochemical and spectroscopic data of tetrasubstituted TTF derivatives. E4, values are reported in V vs SCE reference electrode.
Lowest energy absorption maximum Amax (NM) and molar extinction coefficient € (L-mol~"-cm™") are determined in CH,Cl, unless otherwise

specified).
solvent Etr2ox1)  Etr2(0x2)
TTF CH3CN 0.33 0.71
TTF(CO,Me), (3bb) CHsCN  0.83 1.10
O'TTF(COQMG)2(CF3)2 (3bc) CH.Cl, 0.95 1.28
E-TTF(CO,Me)y(CF3); (dbe)  CHoCl,  0.90 1.23
TFF(CF3)4 (3cc) CH3CN 1.05 1.28
TTF(CN), (3aa) CH3CN 1.12 1.22
aln CH5CN.

group anodic shift observed in the order CO,Me < CF3 < CN

correlate well with the 6,,¢;, Hammet constant.

Optical properties

The evolution of the lowest energy absorption bands is also
reported for the different TTF derivatives in Table 1 and
Table 2. We note that the introduction of the trifluoromethyl
group induces a blue shift of these absorptions, by comparison
with EWG such as CO,Me or CN which move the absorption
bands toward lower energies This point is actually correlated to
the observed color difference, as the trifluoromethyl-substituted
TFF derivatives are lightly orange colored, while the ester and
cyano TTFs are dark red compounds. In order to rationalize
these evolutions, we have performed TD-DFT calculations on
the model molecules TTF, TTF-CF3, TTF-CO,Me and TTF-

references 2O0meta Amax (€) references
(electrochemistry) (UV-vis)
[22] 0 446 (263)2 [38]

[22] 1.4 445 (1930) [2,3]

this work 1.62 437 (2430) this work
this work 1.62 467 (2280) this work
[2] 1.84 416 (1390) this work
[3] 2.48 502 (2000) [3]

CN. The results are shown in Figure 2 and collected in Table 3,
where a good correlation is found with the observed absorption
bands experimentally observed in the four EDT-TTF
derivatives, namely EDT-TTF, EDT-TTF-CF3 (1¢), EDT-
TTF-CO,;Me (1b) and EDT-TTF-CN (1a).

Several points need to be emphasized. In pristine TTF as in
TTF-CFj3, the strongest, low energy transition is not the
HOMO—LUMO transition but the HOMO—LUMO + 1 tran-
sition. Indeed, the LUMO in both molecules has a ¢ character
while the LUMO + 1 has a n character. By contrast, the ester
and cyano groups (—M EWG) are strongly conjugated with the
m system to such a point that the order of the two lowest unoc-
cupied orbitals is inverted. This inversion, with now a LUMO
of m character, allows for a direct HOMO—LUMO optical tran-
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Figure 2: Calculated frontier orbitals of geometry-optimized [B3LYP/6-31G(d)] model compounds TTF, TTF-CF3, TTF-COo,Me and TTF-CN, with the
lowest energy optical transitions deduced from TD-DFT calculations (see Table 3).

Table 3: Calculated (TD-DFT, B3LYP/6-311G**) optical transitions in the model compounds TTF, TTF—CF3, TTF—-CO,Me and TTF-CN, and compari-
son with the experimentally determined values in the analogous EDT-TTF derivatives.

model transition oscillator strength f  Aggic (nM) compound Aobs (M)
TTF HOMO—LUMO 0.0000 458.14 EDT-TTF 441 (451)
HOMO—LUMO + 12 0.0179 361.54 374 (1266, sh)
TTF-CF3 HOMO—LUMO 0.0009 448.62 1c —
HOMO—LUMO + 12 0.0203 387.41 374 (2200)
TTF—-CO,;Me HOMO—LUMO 0.0390 471.16 1b 480, see [35]
HOMO—LUMO + 1 0.0001 450.83 418, see [35]
TTF-CN HOMO—LUMO 0.0018 458.46 1a 422 (725)
HOMO—LUMO + 1
HOMO—LUMO 0.0263 452.63
HOMO—LUMO + 1
HOMO—LUMO + 22 0.0000 333.71 -

8The HOMO—LUMO + 4 is also involved in this transition. Cf Supporting Information File 1 for complete TD-DFT calculations.

sition in the two latter compounds. Besides, the —I inductive
effect of the trifluoromethyl group stalilizes HOMO, LUMO
and LUMO + 1 of TTF. As a consequence, its lower energy
absorptions are only slightly shifted by comparison with TTF,
as experimentally observed. On the other hand, the strong stabi-
lization of the LUMO in the ester- or cyano-substituted TTFs
leads to a large red shift of the low energy absorption of these
molecules. Note also that the relative energy of the HOMO of
the four different model TTFs is well correlated with the
ranking deduced from the electrochemical measurements. The
stabilization of the HOMO, associated with the anodic shift of
the first oxidation potential is indeed strongest with the cyano

group, with the following ordering H < CO,Me < CF3 <CN, as
discussed above (Table 1 and Table 2).

X-ray crystal structures of the neutral donor

molecules

As mentioned in the Introduction, the substitution of one
hydrogen atom on the TTF core by one EWG such as ester or
cyano group is known to distort the dithiole ring, as illustrated
in Scheme 1. In the following, we want to evaluate the extent of
this effect in the case of the trifluoromethyl group, and its
evolution in competitive situations where two different EWG

are on the same dithiole ring. For that purpose, we could obtain
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good quality crystals of the trifluoromethyl-substituted EDT-
TTF derivatives with either one ester (in 2ac) or one cyano
group (in 2bc) in ortho position to the CF3 group. 2ac crystal-
lizes in the monoclinic system, space group P2, with one mole-
cule in general position in the unit cell (Figure 3), affected by
disorder on the ethylene bridge. On the other hand, 2bc crystal-
lizes in the triclinic system, space group P—1, with one mole-
cule in general position in the unit cell (Figure 4). The ester
group is coplanar with the TTF core and adopts a s-frans con-
formation. In both compounds, the CF3 group is not disordered

Figure 3: View of the 2ac molecule. Thermal ellipsoids are shown at
the 50% probability level.

Figure 4: View of the 2bc molecule. Thermal ellipsoids are shown at
the 50% probability level.

Beilstein J. Org. Chem. 2015, 11, 647-658.

as usually observed but adopts a fixed conformation with one
fluorine atoms in the TTF mean plane, away from the other
substituent. Bond lengths and angles are in the expected range.
A dissymmetry of the C—S bonds (b, b’ in Table 4) in the
dithiole ring bearing the different EWG is observed, with in
both cases a shortening of the C—S bond close to the CF3 group.
This polarization of the dithiole ring bearing one such EWG has
been rationalized by Bryce on the basis of a sizeable contribu-
tion of a zwitterionic mesomeric form due to the influence of
the EWG of —M character (Scheme 1) [8,17,18]. The fact that in
both 2ac and 2bc molecules, this shortening affects the C—S
bond closest to the CF3 group demonstrates unambiguously that
the mesomeric electron-withdrawing effect of the CN or
CO,Me groups is indeed stronger than that of CFj.

A similar effect is also observed on the structure of the symmet-
rical TTF 4bc, which was obtained as symmetrical coupling
product of 6bc during the preparation of 2be (Scheme 2). 4bc
crystallizes in the orthorhombic system, space group Pbam,
with two crystallographically independent molecules, each of
them located on a mirror plane and on an inversion center
(Figure 5). In both molecules, a shorter C—S bond length is
observed opposite to the CO,Me groups (Table 3), demon-
strating again here that the (—M) mesomeric effect of the ester
group exercises a stronger effect than the (—I) inductive effect
of the CF3 group.

Another interesting insight is provided by the X-ray crystal
structure of the other isomer 3be, where each dithiole ring is
substituted with the same substituents, two CF3 or two CO,Me
groups (Figure 6). We note first that the C—S bond distances (b)
are now equal within the estimated standard deviations. We also
observe that the localization of two CF3 moieties in ortho pos-
ition to each other leads to a strong positional disorder of the
fluorine atoms, at variance with the other structures described

Table 4: Evolution of bonds distances within the dithiole ring in EDT-TTF derivatives substituted with one or two EWG. Definition of the C—S b and b’

bond distances are given in the scheme below.

sb EWG sb EWG
= =T

Sh CFs ST H
compound b b' 100(b’' - b)/b’ references
CN, CF3 (2ac) 1.745(5) 1.731(9) -0.8% this work
CO,Me, CF3 (2bc) 1.727(23) 1.715(33) -0.7% this work
E-TTF(CF3)2(CO2Me), (4bc) 1.744(4) 1.734(4) -0.6% this work

1.742(4) 1.732(4) -0.6%

H, CN (1a) 1.760(7) 1.751(6) -0.5% [9]
H, CF3 (1c) 1.765(2) 1.737(2) -1.6% [17]
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Figure 5: View of the two crystallographically independent 4bc mole-
cules. Thermal ellipsoids are shown at the 50% probability level.

Figure 6: View of the 3bc molecule. Note the disordered CF3 groups
as well as the CO,Me group orthogonal to the TTF plane.

above. Furthermore, the two ester groups are not coplanar, one
of them lies flat with the TTF core while the other one is almost
perpendicular.

Charge-transfer complex and radical cation
salt

The relatively low oxidation potential of the mono(trifluoro-
methyl) derivative 1e¢ (+0.21 V vs Fc*/Fc) prompted us to
investigate the formation of cation radical salts upon chemical
or electrochemical oxidation of 1c¢. Indeed, treatment of a solu-
tion of 1¢ with TCNQ afforded black, crystalline elongated
plates which were analyzed to be a 2:1 complex, i.e.,
(1¢)(TCNQ). Electrocrystallization experiments were con-
ducted with 1c as well as 2cc with a variety of anions, be they
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linear such as AuBr, ", I3, ICl, ", tetrahedral (ReO4 ", InBry ") or
octahedral (AsFg ). In most cases however, the electrochemi-
cally generated salts were extremely soluble, a consequence of
the presence of the CF3 groups and there was no crystal growth
on the anode. However, with 1c¢ as electroactive donor mole-
cule and (n-BugN)(FeCly) as electrolyte, layering of the CH,Cl,
solutions after electrolysis with pentane afforded crystals of a
1:1 phase formulated as (1¢)(FeCly).

(1¢)2(TCNQ) crystallizes in the monoclinic system, space group
P21/c. One TCNQ molecule located on an inversion center and
the EDT-TTF-CF3 molecule in general position in the unit cell
generate molecular triads (1¢)(TCNQ)(1¢) which stack along
the b axis (Figure 7).

The degree of charge-transfer within this system can be antici-
pated to be close to zero from the comparison of the redox
potentials of EDT-TTF-CF3 (Eoy /2 = 0.21 V vs Fc'/Fc) and
TCNQ (Ereq’? =-0.23 V vs F¢™/Fc, 0.17 V vs SCE) [43]. This
is also confirmed from the intramolecular bond lengths
(Table 5) within the central C,S4 core of the donor molecule,
close to those observed in neutral EDT-TTF-CF3 (2) itself. The
geometry of TCNQ can also give another evaluation of the
degree of charge transfer. Based on the large number of
reported TCNQ salts, three different correlations between the
charge of the molecule and the bond lengths have been reported
[44-46]. Applying those three correlations to the TCNQ bond
lengths in (1¢),(TCNQ), averaged in Dj; symmetry, gives
calculated charges of —0.08, +0.11 and —0.16, confirming that
we are here in presence of a neutral charge-transfer complex
rather than a charge-transfer salt.

Note also that this donor—acceptor interaction leads to a strong
planarization of the dithiole rings of 1¢ in (1¢)2(TCNQ) with
folding angles along the S-S hinge of the two dithiole rings
amounting now to 10.13(17)° and 1.90(16)° on the dithio-
ethylene and CFj sides, respectively. By comparison, in the
neutral donor molecule 1¢, the folding angles amount to
20.59(5) and 19.00(5)° respectively [31]. Such n—n interactions
have been shown to derive from quadrupolar interactions
between the m systems of both donor and acceptor moieties
[47], and their geometrical characteristics to favor the strongest
electrostatic interactions between the most electron-rich and
electron-poor regions of both partners. In that respect, it appears
here that the TCNQ acceptor essentially overlaps with the
dithiole ring bearing the dithioethylene substituent, a likely
consequence of the electron-withdrawing effect of the CF3
group on the other dithiole ring (Figure 8).

In the 1:1 salt of EDT-TTF-CF3 (1¢) with FeCly, that is
(1¢™*)(FeCly"), oxidation to the radical cation state strongly
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Figure 7: A view of the alternated stacks along the b axis in (1¢)(TCNQ).

Beilstein J. Org. Chem. 2015, 11, 647-658.

Table 5: Structural characteristics of the C,S, central core in EDT-TTF-CF3 (1c) derivatives. p is the charge of 1c in the different combinations.
Bonds a (C=C) and b, b', ¢, ¢' (Ccentra—S) are identified in the scheme below.

I

P a(A) b (A)
1c 0 1.348(3) 1.755(2)
(1¢)2,TCNQ =0 1.336(4) 1.756(15)
(1c)(FeCly) =1 1.382(6) 1.727(4)

Figure 8: Detail of the overlap between donor and acceptor molecules
in (1¢)2(TCNQ).

affects the central C,S4 core of the donor (Table 4) with a
lengthening of the C=C central double bond a, and an asso-
ciated shortening of the Ccenral—S bonds b, b’, ¢, ¢'). Note
that this effect is stronger on the (c, ¢’) Ccentral—S bonds of the
most electron-rich dithiole ring bearing the dithioethylene
substituent.

In the solid state (Figure 9), the molecules are separated from
each other by the FeCl,™ anions in the (b,c) plane. Along the a
axis, they interact only laterally with long S-S intermolecular

(>3.74 A) into uniform spin chains. This solid-state arrange-

”SI(CFs
'S

b’ (A) c(A) ¢ (A) references
1.758(2) 1.759(2) 1.759(2) [17]
1.763(6) 1.756(6) 1.755(15) this work
1.733(4) 1.723(4) 1.708(4) this work

ment is reminiscent of that observed with the analogous nitrile
substituted EDT-TTF, that is EDT-TTF-CN, in the similar
1:1 (EDT-TTF-CN"")(FeBr4 ") salt [9], demonstrating that the
CF3 moiety does not play here a crucial role in the solid state
organization. Note that both charge transfer complex
(2)2(TCNQ) and cation radical salt (2)(FeCly) are expected to
behave as insulators, because of zero charge transfer in the
former and full charge-transfer in the latter. We were not able to
determine the magnetic response of the FeCl, ™ salt as the crys-
tals are polluted with the starting electrolyte, due to the precipi-
tation technique used to recover these highly soluble salts.

Conclusion

Compared with other EWG such as —CN or —-CO,Me, the CF3
substituent plays on the TTF electroactive core a peculiar role.
From an electrochemical point of view, comparison of the rela-
tive role of the CN, CO,Me and CF3 EWG shows that, the elec-
tron-withdrawing nature of the CF3 moiety is intermediate
between that of the CN and the CO,Me ones. On the other
hand, the structural distortions introduced on the dithiole ring
upon substitution with the CN and CO,Me (—M) EWG are not
offset by the competing CF3 group, confirming its much weaker
mesomeric effect on the conjugated dithiole core. Optical prop-
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Figure 9: Projection view along the a axis of the unit cell of (1¢**)(FeCl4~).

erties and theoretical calculations have shown that the
HOMO-LUMO gap is not much modified in the CF3-substi-
tuted molecules, in sharp contrast with those TTF derivatives
with CN or CO,Me EWG. In the latter indeed, the large stabi-
lization of the LUMO localized on the EWG leads to a strongly
decreased HOMO-LUMO gap associated with the well known
dark color of these derivatives. Despite relatively high oxi-
dation potentials, these donor molecules with CF3 EWG can be
involved in charge transfer complexes or cation radical salts, as
reported here for the CF3-substituted EDT-TTF donor molecule,
in its 2:1 neutral CT complex with TCNQ, (1¢),(TCNQ) or its
cation radical salt with FeCly . The high solubility brought by
the trifluoromethyl substituent strongly limits the isolation of
such salts by crystallization.

Experimental

General information

Commercially available reagents were used without further
purification. Solvents were distilled under Ar. THF and Et,O
were dried over KOH before distillation from Na/benzophe-
none. CH3CN and CH;,Cl, were distilled over P,O5 and MeOH
over Mg/l,. Column chromatography was performed on silica
gel. 'H, 13C and '9F NMR spectra were obtained on a Bruker
Avance DRX500 spectrometer at 500.04 MHz for 'H,
470.28 MHz for '°F and 125.75 MHz for !*C. Chemical shifts
were recorded in parts per million (ppm) downfield from tetra-
methylsilane (TMS). Coupling constants (J) are reported in Hz
and refer to apparent peak multiplications. The abbreviations s
and q stand for singlet and quartet. Elemental analyses were

performed at the Service de Microanalyses, Institut de Chimie

des Substances Naturelles (ISCN), Gif/Yvette (France).
MALDI-TOF MS spectra were obtained from a Bruker Biflex-
III'TM equipped with a 337 nm laser.

Syntheses

Preparation of EDT-TTF(CONH,)(CF3) (7): EDT-
TTF(CO,Me)(CF3) (2bc) [17] (0.2 g, 0.47 mmol) was added to
a MeOH solution (20 mL) saturated with gaseous NH3. The
resulting suspension was stirred for 90 min and filtered. The
solid was recrystallized from CH3CN to afford 7 as
red-burgundy needles (120 mg, 0.3 mmol). Yield: 63%; mp
dec. 150-160 °C; 'H NMR (dg-acetone) & 3.44 (s, 4H),
7.48 ppm (d, 2H); '9F NMR (CDCls) 8 —58.53 (s) ppm. Anal.
calcd for CjoHgF3NOSq: C, 29.62; H, 1.49; N, 3.45; found: C,
29.57; H, 1.34; N, 3.39; MS m/z: calcd, 404.87, found, 404.90.

Preparation of EDT-TTF(CN)(CF3) (2ac): A solution of
EDT-TTF(CONH,)(CF3) (7) (0.3 g, 0.74 mmol) and POCl;
(0.2 mL, 2.15 mmol) in sulfolane (4 mL) is heated under stir-
ring at 110 °C for 5 h. After cooling, the solution is poured in
100 mL of iced water and filtered. The dried precipitate is puri-
fied twice by column chromatography on silica gel with
dichloromethane elution. Crystals were obtained by diffusion of
pentane into a concentrated dichloromethane solution (0.17 g,
0.044 mmol). Yield: 60%; mp 176 °C (CH,Cl,/hexane);
IH NMR (CDCl3) & 3.32 (s, 4H) ppm; !3C NMR (CDCl3)
8 30.10 (s), 104.58 (s), 107.86 (q, Scr = 3.84 Hz), 108.47 (s),
113.97 (s), 114.20 (s), 118.81 (q, J'cp = 274.47 Hz), 118.30 (s),
138.43 (q, J2cp = 36.47 Hz) ppm; '°F NMR (CDCls) & —59.20
(s) ppm; Anal. calcd for C1gH4F3NS¢: C, 30.99; H, 1.04; N,
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3.61; found: C, 30.82; H, 1.01; N, 3.49; MS m/z: calcd, 386.86,
found, 386.69.

Preparation of 0o-TTF(CO;Me),(CF3); (3bc): A solution of
bis(trifluoromethyl)-1,3-dithiole-2-thione (9cc) (2 g, 7 mmol)
and bis(carbomethoxy)-1,3-dithiole-2-thione (10bb) (6 g,
24 mmol) in P(OMe)s3 (15 mL) is heated at 110 °C for 16 h.
After evaporation of the solvent under vacuum, the crude
residue is purified twice by chromatography on silica gel with
pentane/dichloromethane elution (50:50). The red fraction was
collected and crystallized from CH,Cly/hexane (0.51 g,
1.1 mmol). Yield: 15%; mp 75°C; 'H NMR (CDCls) & 3.86 (s,
6H) ppm; 13C NMR (CDCl3) & 54.04 (s), 104.74 (s), 114.74 (s),
119.21 (q, Jcp = 276 Hz) (s), 129.05 (q, JAcp = 42 Hz), 132.41
(s), 159.83 (s) ppm; 'F NMR (CDCl3) § —56.25 (s) ppm; Anal.
calcd for CjpHgF¢04S4: C, 31.58; H, 1.33; found: C, 31.79; H,
1.14; MS m/z: calcd, 455.91; found, 455.6.

Preparation of (1¢)2(TCNQ): EDT-TTF-CHj3 (1¢) (20 mg,
5.5 x 107> mol) and TCNQ (5.6 mg, 2.75 x 107> mol) were
dissolved in hot CH3CN (2 mL) and the mixture slowly cooled
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to room temperature. No crystal formation was observed at this
stage. The solution is allowed to stand in a fridge for 15 days to
produce thin needles which were filtered and recrystallized by
slow evaporation in CH3CN to give the title compound as
elongated black plates (20 mg, 78%); Anal. calcd for
C30H14F6N48122 C, 38.78; H, 1.52; N, 6.03; found: C, 38.61; H,
1.51; N, 6.08; IR ven (KBr): 2222 em ™.

Preparation of (1c)(FeCly): The electrocrystallization of 1c
(11 mg) in a CH,Cl, solution (15 mL) of (Et4N)(FeCly)
(208 mg) as electrolyte did not afford any crystals. Further
layering of the solution recovered from the anodic compart-
ment with pentane afforded dark crystals of a 1:1 phase formu-
lated as (1¢)(FeCly), polluted with the yellow crystals of
(Et4N)(FeCly).

Crystallography

Single crystals were mounted on the top of a thin glass fiber.
Data were collected either on a Stoe-IPDS at room temperature
or on a Nonius KappaCCD diffractometer at 150 K, both
equipped with graphite-monochromated Mo Ka radiation

Table 6: Crystallographic data.

compound 2ac 2bc 3bc 4bc (1c)2TCNQ (1c)FeCly
formula C10H4F3NSG C1 1 H7F303SB C12H6F604S4 C12H5F604S4 C15H7F3N285 CgH5C|4F3FeSG
fw 387.50 420.53 456.41 456.41 464.59 560.14

cryst syst monoclinic triclinic monoclinic orthorhombic monoclinic orthorhombic
space group P2, P-1 P24/a Pbam P2,4/c P242424

alA 5.0849(5) 5.1515(12) 7.4209(8) 28.000(3) 13.2146(15) 5.9348(5)
bIA 10.9285(12) 11.998(2) 17.0659(17) 8.7129(9) 11.1448(8) 14.4165(15)
c/A 12.7619(13) 12.974(3) 13.5707(15) 7.2091(7) 13.1662(15) 21.785(2)
a/deg 90 103.96(3) 90 90 90 90

B/deg 97.741(12) 90.02(3) 97.834(13) 90 106.997(13) 90

y/deg 90 90.45(3) 90 90 90 90

VIA3 702.72(13) 778.2(3) 1702.6(3) 1758.8(3) 1854.3(3) 1863.9(3)

Zz 2 2 4 4 4 4

deald/Mg m=3 1.831 1.795 1.781 1.724 1.664 1.996
diffractometer Stoe-IPDS Stoe-IPDS Stoe-IPDS Stoe-IPDS Stoe-IPDS KappaCCD
temp/K 293(2) 293(2) 293(2) 293(2) 293(2) 150(2)
p/mm-~1 0.991 0.910 0.636 0.616 0.768 2.072
6-range/deg 2.45-25.75 1.75-25.94 1.85-25.85 2.45-25.98 2.44-25.83 2.34-26.02
measured refls 6805 7498 12937 10664 13683 38263
indep. refls 2682 2778 3263 1861 3518 3675

Rint 0.0334 0.126 0.0639 0.0815 0.065 0.109

1> 20(l) refls 1986 989 2161 833 2190 2932

abs. corr. multi-scan none gaussian multi-scan multi-scan multi-scan
Tnaxs Tmin 0.786, 0.851 — 0.782, 0.901 0.937, 0.927 0.912, 0.822 0.769,0.733
refined params 199 199 289 151 236 228

R(F), I>20(l) 0.0327 0.0442 0.0320 0.0342 0.0339 0.0410
WR(F?), all 0.0765 0.0909 0.0783 0.0654 0.0814 0.0538

res. Ap (e A™3)  +0.297,-0.357  +0.29, -0.28 0.211, -0.166 +0.18, -0.16 +0.32, -0.20 +0.41, -0.42
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(A = 0.71073 A). Structures were solved by direct methods
(SHELXS-97) and refined (SHELXL-97) [48] by full-matrix
least-squares methods, as implemented in the WinGX software
package [49]. Absorption corrections were applied. Hydrogen
atoms were introduced at calculated positions (riding model),
included in structure factor calculations, and not refined. Crys-
tallographic data are summarized in Table 6.

Computational details

DFT [50,51] calculations were performed with the hybrid
Becke-3 parameter exchange functional [52-54] and the
Lee—Yang—Parr nonlocal correlation functional [55] (B3LYP)
implemented in the Gaussian 03 (revision D.02) program suite
[56], using the 6-31G(d) basis set and a quadratically conver-
gent self-consistent field procedure with the default conver-
gence criteria implemented in the program. The X-ray diffrac-
tion data of model compounds were used as a starting point for
initial geometry optimization calculations. Final geometries are
given in Supporting Information File 1. Representation of
frontier orbitals included in Figure 2 were generated with
Molekel 4.3 [57]. TD-DFT calculations were performed at the
B3LYP/6-311G** level of theory, on the previously converged
geometries.

Supporting Information

Supporting Information File 1

Optimized geometries of the model molecules TTF,
TTF—CN, TTF-CF3 and TTF-CO;Me and results of the
TD-DEFT calculations.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-73-S1.pdf]

Supporting Information File 2

X-ray data for the reported structures.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-73-S2.cif]
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Abstract

The combination of CuBr, and arylthio-substituted tetrathiafulvalene derivatives (1-7) results in a series of charge-transfer (CT)
complexes. Crystallographic studies indicate that the anions in the complexes, which are derived from CuBr,, show diverse config-
urations including linear [Cu(I)Br,]", tetrahedral [Cu(I[)Bry4]>", planar [Cu(Il),Brg]?", and coexistence of planar [Cu(II)Br4]?~ and
tetrahedral [Cu(I)Br3]™ ions. On the other hand, the TTFs show either radical cation or dication states that depend on their redox
potentials. The central TTF framework on most of TTFs is nearly planar despite the charge on them, whereas the two dithiole rings
on molecule 4 in complex 4-CuBry are significantly twisted with a dihedral angle of 38.3°. The magnetic properties of the
complexes were elucidated. The temperature-dependent magnetic susceptibility of complex 5-Cu,Brg shows the singlet—triplet tran-
sition with coupling constant J = —248 K, and that of 3-(CuBry)y 5-CuBr3-THF shows the abrupt change at 270 K caused by the
modulation of intermolecular interactions. The thermo variation of magnetic susceptibility for the other complexes follows the
Curie—Weiss law, indicating the weak antiferromagnetic interaction at low temperature.

Introduction

Since firstly synthesized in 1970s [1], tetrathiafulvalene (TTF)
and its derivatives have been intensively studied to explore
functional organic materials [2]. Inspired by the discovery of
highly conducting charge-transfer (CT) complex TTF-TCNQ
[3] and the first organic superconductor (TMTSF),X [4], the
chemical modifications on TTF are traditionally aimed at the

creation of organic conductors with various electronic ground
states [5-10]. It has been well-defined that a subtle modifica-
tion of TTF would result in a significant effect on the prop-
erties of their complexes [5-10]. For example, the complexes of
EDO-TTF (4,5-ethylenedioxy-TTF) [11-15] and MeEDO-TTF
(4,5-ethylenedioxy-4’-methyl-TTF) [16-19] show the distinct
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difference on electrical transport properties. Meanwhile, the
modification on TTF, particularly introducing aromatic
substituents onto the TTF core, is one of the key strategies to
explore functional molecular materials. The resulting TTFs
have been employed as electrochemically active units in supra-
molecular systems and/or molecular devices, which has been
summarized in many reviews [20-32]. However, the incorpor-
ation of aryl groups onto the TTF core through sulfur bridges,
which resulted in arylthio-substituted TTFs (denoted as Ar-S-
TTF), has been scarcely reported due to synthetic difficulties
[33-36]. Recently, we have disclosed a facile approach toward
Ar-S-TTFs [37]. Crystallographic investigations indicate that
Ar-S-TTFs show various molecular geometries and packing
structures depending on the nature of the peripheral aryls
[38,39].

The TTF-based conducting materials are mainly produced as
radical cation salts by electrochemical oxidation and CT
complexes by chemical oxidation with electron acceptors [5,6].
Most Ar-S-TTFs possess redox potentials higher than that of
bis(ethylenedithio)-TTF (BEDT-TTF) [33-39]. Consequently,
the complexes of Ar-S-TTFs with electron acceptors such as
fullerenes [40,41] and TCNQ [42] show a neutral ground state.
However, Ar-S-TTFs can be chemically oxidized by strong
electron acceptors such as F4TCNQ [42] and Keggin-type phos-
phomolybdic acid [43] to form CT complexes. In comparison
with fullerenes and TCNQ, the inorganic salt CuX; (X = Cl, Br)
is a strong oxidant and has been used to oxidize the TTFs to
form organic conductors with diverse electronic ground states
[44-54]. Herein, we report the synthesis, structure, and magnetic
properties of the complexes of Ar-S-TTFs (1-7, Scheme 1) with

CuBr;. These complexes show diverse structures and prop-

S S
Ar— S S \Ar
\S S/

; OMe
1 2 3 4
OMe CO,Me CO,Et

Ar =
5 6 7

Scheme 1: Chemical structures of arylthio-substituted tetrathiaful-
valenes (1-7).
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erties related to the oxidation state as well as the molecular

geometries of TTFs.

Results and Discussion
Synthesis

The donor molecules (1-7, Scheme 1) were synthesized
according to our previous report [37,38], and their electrochem-
ical activities as well as the crystal structures have been fully
elucidated [38,39]. Since the redox potentials of TTFs are very
important in the formation of complexes, particularly on the
charge-transfer degree, the first (E1,!) and the second (E1/,%)
redox potentials of 1-7 are summarized in Table 1. As reported
in the following section, TTFs 1-5 have the £, < 0.90 V and
form the dicationic salts by reaction with CuBr;. On the
contrary, the E},,% values of 6 and 7 are higher than 0.90 V, and
these two donor molecules form the radical cation salts by reac-
tion with CuBr;.

Table 1: Electrochemical data of TTFs in this report.2

1 2 3 4 5 6 7

Eip'[V] 056 052 051 048 056 0.62 0.66
Ey2[V] 089 085 085 083 088 095 0.96
AE V] 0.33 033 034 035 032 033 0.30

aSee reference [38], and the redox potentials are recorded vs SCE;
PAE = Eq2% - Eqp3",

The reaction of 1-7 with CuBr, was performed in the mixed
solvent of tetrahydrofuran—acetonitrile (THF—CH3CN; v/v, 1:1)
at room temperature. In the low concentration (<104 mol L™,
a dark green solution was formed, indicating the oxidation of
1-7 by CuBr,. When the concentration of the reaction system
was increased to higher than 1073 mol L™!, TTFs 1-7 afforded
the ionic salts showing the same phase as those of the corres-
ponding single crystalline ones. The single crystalline salts were
obtained by a conventional two-phase diffusion method. In a
typical procedure, the CuBr, solution in CH3CN and the solu-
tion of TTFs in THF were placed in two different chambers of
an H-shape cell, respectively. After several weeks, black single
crystalline salts were formed. The compositions of the salts
were determined by X-ray single crystal diffraction analyses, as
summarized in Table 2.

Crystal structure

The single crystals for all of the present salts were suitable for
the X-ray single crystal diffraction analyses. Herein, we report
the crystal structures of the typical salts (Figures 1-5), and
those of the others are supplied in Supporting Information
File 1. As mentioned above, the molecular geometries of Ar-S-

TTF are sensitive to the environmental variations, especially the
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Table 2: Preparation, composition, yield, and appearance of the salts.?

Beilstein J. Org. Chem. 2015, 11, 850-859.

TTFs saltsP

amount composition amount (yield) appearance®
1 19 mg (0.03 mmol) 1-CuBry 24 mg (80%) black needle
2 28 mg (0.04 mmol) 2:CuBry 39 mg (91%) black needle
3 28 mg (0.04 mmol) 3:(CuBryg)p.5-CuBr3-THF 46 mg (92%) black block
4 23 mg (0.03 mmol) 4-CuBry 31 mg (91%) black needle
5 23 mg (0.03 mmol) 5-Cu,Brg 33 mg (80%) black block
6 26 mg (0.03 mmol) 6-CuBry'CH3CN 26 mg (74%) black block
7 28 mg (0.03 mmol) 7-CuBry 16 mg (47%) black cuboid

aTTFs were dissolved in 4 mL of THF, and CuBry (100 mg, dissolved in 4 mL of CH3CN) was applied in the synthesis. PThe compositions were deter-
mined by X-ray single crystal diffraction analyses. °See the photographs of the crystals in Figure S1 in Supporting Information File 1.

guest components are included in their solid-state matrix.
Besides, the bond lengths and the conformation of the central
TTF core are sensitive to the charge variation. The charge on
TTFs can be estimated according to an empirical formula
suggested by Day et al. [55], thatis 8 = (b + ¢) — (a + d). The
calculated 6 values and the conformation of TTFs 1-7 in neutral
state and salts are summarized in Table 3. These results indi-
cate that 1-5 have the charge of +2, whereas 6 and 7 are radical
cations. The central TTF cores on the neutral TTFs show
various conformations including chair, planar, and boat confor-

mations. However, the central TTF cores of TTFs in the present
salts are planar except that of 4, where the two dithiole rings are
twisted with a dihedral angle of 38.3°. In the following, we will
discuss the crystal structures of these salts, including the molec-
ular geometry of TTFs, the structure of anions, and the packing
motifs.

1-CuBry crystallizes in the orthorhombic Pbcn space group with
half of molecule 1 and half of CuBr4 crystallographically
unique (Figure 1a). The central TTF core on 1 is nearly planar,

Table 3: Selected bond lengths, calculated charge, and conformations of TTFs.

PN S<
Ar S ., 8 Ar
A aﬂb j[ A
r\S S S S r

alAl b[A] c[A]
1 neutral® 1.325 1.740 1.737
complex 1.421 1.689 1.709
5 neutral® 1.329 1.764 1.750
complex 1.422 1.682 1.708
3 neutral® 1.340 1.757 1.756
complex 1.418 1.693 1.704
4 neutral® 1.342 1.761 1.754
complex 1.428 1.685 1.700
5 neutral - - -
complex 1.429 1.693 1.710
6 neutral® 1.336 1.757 1.756
complex 1.382 1.716 1.746
- neutral® 1.34 1.76 1.76
complex 1.39 1.71 1.74

aSee reference [38].

d[A] 3 [A] charge conformation
1.325 0.827 0 chair
1.367 0.608 +2 planar
1.351 0.834 0 planar
1.364 0.604 +2 planar
1.333 0.840 0 boat
1.375 0.604 +2 planar
1.339 0.834 0 chair
1.379 0.578 +2 twist
1.379 0.595 +2 planar
1.345 0.832 0 chair
1.336 0.744 +1 planar
1.34 0.84 0 planar
1.35 0.71 +1 planar
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Figure 1: Crystal structure of 1-CuBr,: a) unit cell contents with the typical bond lengths shown (in A); b) interactions between the [Cu(l1)Br,]2~ ion
and the central TTF core of 1, where the cyan and grey dashed lines represent Br-*S and Br-C contacts (A), respectively; c) packing structure

viewed along the a-axis.

which is different from the chair conformation in the neutral
state. Moreover, the spatial alignment of peripheral phenyls is
modulated (see Figure S2 in Supporting Information File 1).
The calculated 6 value of 1 is 0.608 in the salt, indicating it has
the charge of +2 according to the criteria proposed by Day [55].
The inorganic component CuBr4 takes the slightly distorted
tetrahedral geometry. The Cu—Br bond lengths are 2.37 and
2.39 A, which are close to a typical Cu(II)-Br bond length [51-
53,56-58]. Thus, the CuBr4 component should have the charge
of =2, consistent with the dicationic state of 1. A [CuBr4]*~ ion
is encapsulated by two donor molecules, and there are multiple
Br-S (3.48-3.60 A) and Br-"C (3.45-3.46 A) close contacts
[59] between the [CuBr4]?~ ion and the central TTF core of 1
(Figure 1b). Donor molecules form a zig-zag chain alignment
along the c-axis (Figure 1c), and the [CuBr4]%~ ion locate at the
cavity formed by 1. The spin exchange interaction between
Cu(Il) on [CuBr4]?~ ions would take place as mediated by the
n-orbitals of 1. The crystal structure of 2-CuBry4 is reminiscent
to that of 1:CuBry4 as shown in Figure S3 and Figure S4 in
Supporting Information File 1.

The crystal structure of 3-(CuBry)g 5-CuBr3-THF at room
temperature is shown in Figure 2. This salt crystallizes in the
triclinic P—1 space group, and the asymmetric unit contains one
molecule 3, half of CuBr4, one CuBr3, and one THF. The
central TTF core of 3 takes the planar conformation similar to
its neutral state, whereas the spatial alignment of the 4-tolyl
groups is altered (Figure S6 in Supporting Information File 1).
The calculated 6 value of 3 in the salt is 0.604, indicating that 3

is oxidized to the dication form. The inorganic component

CuBry4 has a planar conformation with a Cu—Br bond length of
2.39 and 2.43 A (Figure 1a), thus it should be dianionic. On the
other hand, the oxygen atom on THF coordinates to the Cu
atom on CuBr3 with a Cu-O bond length of 2.08 A, conse-
quently CuBrj takes a distorted tetrahedral conformation. The
Cu-Br bond length in CuBrj is 2.33-2.36 A, indicating that the
Cu atom in CuBrj3 should be Cu(II). A [CuBr4]%~ ion is sand-
wiched by two donor molecules through the Br--S (3.65 A) and
Br-C contacts (3.46-3.50 A), thus, a D-A-D type trimer of
[3—CuBr4-3] is formed as shown in Figure 2b. The neighboring
D—-A-D trimers shift along the longitudinal axis of 3, thus form
a voidage to accommodate one [CuBr3-THF] as shown in
Figure 2c. There are Br'S (3.59-3.62 A) and Br**C contacts
(3.44 A) between the [CuBr3]” ion and molecule 3 in the
D-A-D trimer. Consequently, the spin interaction between
Cu(1l) is expected, which would be mediated through the
n-orbitals of 3. The packing structure of this salt at low
temperature (173 K) is very similar to that at room temperature,
whereas the intermolecular interactions between the organic and
inorganic components are strengthened, particularly for those
between [CuBr3-THF] and D-A-D timers (Figure S5 in
Supporting Information File 1), which would result in the
significant effect on the magnetic property as discussed in the

following section.

4-CuBry crystallizes in the orthorhombic Pccn space group with
half of molecule 4 and half of CuBr4 crystallographically inde-
pendent (Figure 3a). The calculated & value of 4 in the salt is
0.578, indicating that the charge on 4 should be +2. The two
dithiole rings of molecule 4 are significantly twisted with a
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Figure 2: Crystal structure of 3-(CuBry4)g 5-:CuBr3-THF: a) unit cell contents with the typical bond lengths shown (A), and the structure of planar
[Cu(I)Brg]?~ ion is generated by symmetry operation (2-x, 2-y,1-z); b) interaction between the anions and the central TTF core of 3, where cyan and

grey dashed lines represent Br-'S and Br-C contacts (A), respectively; c) packing structure.

e
o,
o

385

Figure 3: Crystal structure of 4-CuBry: a) unit cell contents with the typical bond lengths shown (A); b) view of molecule 4 along the central C=C bond
of the TTF core, and the dihedral angle between two C3S, rings is shown; c) interaction between the [Cu(l1)Br4]?~ ion and the central TTF core of 4,
where cyan and grey dashed lines represent Br-*S and Br-*C contacts (A), respectively; d) packing structure viewed along the a-axis.

dihedral angle of 38.3° as shown in Figure 3b. The CuBry4
component shows the tetrahedral conformation with a Cu—Br
bond length of 2.38 and 2.39 A, thus CuBry is a dianion. The
[CuBr4]% ion locates above the donor molecule, and there are
Br-S (3.42-3.55 A) and Br'C contacts (3.55 A) between the
[CuBr4]%* ion and 4 as shown in Figure 3¢c. Molecule 4 and the

[CuBr4]?” ion form the mixed aggregation along the b-axis
(Figure 3d). Although there is no interaction between the neigh-
bouring donor molecules in the bc-plane, the S--*S contacts
(3.22 A) are observed between the molecules of 4 along the
a-axis direction, which would result in the spin exchange inter-

action between Cu(Il).
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5-CuyBrg crystallizes in the triclinic P—1 space group with half
of molecule 5 and half of Cu,Brg crystallographically inde-
pendent (Figure 4a). The central TTF core of 5 adopts the
planar conformation, and the & value of 5 in the salt is 0.595,
indicating that 5 is oxidized to the dication form. As for the
inorganic component Cu,Brg, two Cu atoms are connected by
two bromine bridges (Br—Cu bond length: 2.47 A) to form a
quasi-planar dianion [Cu,Brg]%~. Thus, the spin exchange inter-
action between these two Cu(Il) would be significant, as
discussed in the following section. Molecule 5 and the
[Cu,Brg]?~ ion form the mixed aggregation along the b-axis as
shown in Figure 4b. There is no atomic close contact between
the organic and inorganic components in a stacking column,
whereas one S-S contact (3.57 A) is observed between the
neighbouring molecules of 5 along their longitudinal axis.

6-CuBry-CH3CN crystallizes in the triclinic P—1 space group,
and the asymmetric unit contains half of molecule 6, half of

Beilstein J. Org. Chem. 2015, 11, 850-859.

CuBrj, and half of a CH3CN solvent molecule (Figure 5a). The
central TTF core of 6 has a pseudo-planar conformation, and
the calculated & value of 6 in the salt is 0.744, indicating that 6
is in the radical cation form. The inorganic component CuBr; is
linear, and the Cu—Br bond length is 2.54 A, which is close to
that of a typical Cu(I)-Br bond [51-53,56-58], indicating that
CuBr; has the charge of —1. The organic and inorganic compo-
nents form the mixed stacks along the a-axis as shown in
Figure 5b. Moreover, the peripheral aryl groups form the cavity
to accommodate a CH3CN solvent molecule, thus a supra-
molecular framework is formed in this salt. In the salt of 7 with
CuBr,, molecule 7 is also oxidized to the radical cation form
and the counter anion is [CuBr,]|~ as shown in Supporting Infor-
mation File 1 (Figure S11).

Magnetic properties
The temperature-dependent magnetic susceptibilities of the salts
were measured on the polycrystalline samples. In the salts of

Figure 4: Crystal structure of 5:Cu,Brg: a) unit cell contents with the numeric data indicate the angles and bond lengths (A); b) packing structure.
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Figure 5: Crystal structure of 6-CuBr,-CH3CN: a) unit cell contents with the typical bond lengths shown (A); b) packing structure viewed along the

crystallographic a-axis.

1-5, the spin susceptibility comes from Cu(ll) (S = 1/2),
because the TTFs in these salts are oxidized to the dication form
and the inorganic components contain Cu(II). On the other
hand, spin susceptibility on the salts of 6 and 7 originates from
the radical cation, as the inorganic components in these salts
contain Cu(I). Figure 6 depicts the temperature-dependent
magnetic susceptibilities of the representative salts.

1-:CuBry, 2:CuBry, 4:CuBry, and 7-:CuBr; show the similar
magnetic properties. The temperature dependence of the
magnetic susceptibility follows the Curie-Weiss law, and the
spins in these salts show the antiferromagnetic interaction at
low temperature. The antiferromagnetic interactions of Cu(Il) in
1:CuBry, 2-CuBry4, and 4-CuBry4 arise from the d—n—d pathway,
as discussed in the crystal structure section. On the other hand,
the antiferromagnetic interaction of radical cations in 7-CuBr;
could be due to the n—= interactions, because the neighbouring
donor molecules have a S-S contact (3.30 A) along the a-axis.
Figure 6a shows the magnetic susceptibility of 1:CuBr4 by
varying temperature, and the best-fitting parameters for this salt
are C = 0.382 emu K mol™! and 6 = -5.4 K.

In the case of 3-(CuBry)( 5-CuBr3-THF, the temperature depend-
ence of magnetic susceptibility shows the monotonic decre-
ment upon cooling in the temperature range of 300-270 K.
Furthermore, an abrupt jump of the magnetic susceptibility is

observed at 270 K (see Figure 6b). This abrupt jump could be

attributed to the variation of intermolecular interactions as
discussed in the crystal structure section. Below 270 K, the
temperature dependence of magnetic susceptibility follows the
Curie-Weiss law with C = 0.379 emu K mol™! and 6 = —4.6 K.

As mentioned in the crystal structure section, two Cu(Il) atoms
in 5-Cu,Brg are connected by two bromine bridges, which result
in the strong spin interaction between Cu(ll) atoms. The
temperature-dependent magnetic susceptibility of 5-Cu,Brg is
shown in Figure 6¢c, which can be well-fitted by the
singlet—triplet model [60]. The best-fitting parameters
are: J = —243 K which is consistent with the significant
magnetic susceptibility dropping at 245 K, f'= 0.993, and
A =321 x 107* emu mol™!. The latter two terms reflect the
non-zero magnetic susceptibility originated from the crystal
defects (the Curie term) and the residue paramagnetic

1
2J
3+exp| ——
kgT
Conclusion

We have reported the synthesis, structures, and magnetic prop-

impurities.
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erties of the copper ion salts of Ar-S-TTFs 1-7. The present
salts show a wide variety of solid state structures and magnetic
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Figure 6: Temperature dependent magnetic susceptibility for the
typical salts: a) 1-CuBr4 with the insert panel depicting the
Curie—Weiss fitting (red solid line) in low temperature region;

b) 3:(CuBry)p.5"CuBr3-THF with the insert panel depicting the magnetic
susceptibility at high temperature region; c) 5-Cu,Brg with the red solid
line depicting the singlet-triplet fitting.

properties. The charge on TTFs in the salts depends on their
second redox potentials (E]/22): E1/22 >0.90 V, radical cation;
Eqp% < 0.90 V, dication. Except compound 4, which has the
twisted central TTF core in the dicationic salt 4:CuBry, the
central TTF frameworks of these TTFs are nearly planar despite
the charge on them. On the other hand, the anions in the salts
show various configurations including the linear [Cu(I)Bry]™
ion, the tetrahedral [Cu(II)Br4]27 ion, the planar [Cu(II)QBr6]27
ion, the planar [Cu(I[)Br]?~ ion, and the distorted tetrahedral

Beilstein J. Org. Chem. 2015, 11, 850-859.

[Cu(I)Br3-THF]™ ion. As a result of diverse geometries for
both donor molecules and counter anions, the present salts show
various packing structures, which results in a different
spin-exchange interaction pathway as proved by their magnetic
properties.

Experimental

Cupric bromide (CuBr;) was purchased from Shanghai Xinbao
Fine Chemical Factory (Shanghai, China). Tetrahydrofuran
(THF) and acetonitrile (CH3CN) were distilled over CaH; and
stored under N, atomsphere. Compounds 1-7 were synthesized
by following our previous reports [37,38].

The electrochemical properties of 1-7 were recorded on a RST
5000 electrochemical workstation at a scan rate of 50 mV s_l,
with glassy carbon discs as the working electrode, Pt wire as the
counter electrode, and a SCE electrode as the reference elec-
trode. The concentration was 5 x 1074 mol L™! in CH,Cl,, and
the supporting electrolyte was (1-Bu)sN-PFg (0.1 mol L™1). The
measurement was performed at 20 °C after bubbling the solu-

tion with Nj gas for 15 min.

The X-ray diffraction measurement was carried out on Super-
Nova (Agilent) type diffractometer. The crystal structure was
solved by a direct method SIR2004 [61] and refined by a full-
matrix least-squares method on F2 by means of SHELXL-97
[62]. The X-ray powder diffraction (XRPD) pattern was
recorded on X’Pert PRO (PANalytical). The temperature
dependence of the magnetic susceptibility was measured on a
SQUID magnetometer of Quantum Design MPMS-XL applying
a magnetic field of 1 kOe. The data were corrected for core
diamagnetism estimated from the sum of the Pascal constants
[63].

Supporting Information

Supporting Information File 1

Selected crystallographic data, crystal structures of 2-CuBry
and 7-CuBr;, and variations of molecular geometries of
TTFs at different oxidation states.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-95-S1.pdf]

Supporting Information File 2

Crystallographic data files of compounds 1-7. These data
have been deposited to the Cambridge Crystallographic
Data Centre (CCDC) with the registered numbers
1046215-1046222.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-95-S2.cif]
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An Ullmann-type coupling reaction was employed for the preparation of several N-arylated monopyrrolotetrathiafulvalenes with

variable substitution patterns. Spectroscopic and electrochemical properties of the coupling products strongly depend on the elec-

tronic nature of the aromatic substituents due to their direct conjugation with the tetrathiafulvalene chromophore. The crystal

packing of the arylated monopyrrolotetrathiafulvalenes is primarily defined by networks of C—H---X weak hydrogen bonds and

short S---S contacts involving the tetrathiafulvalene moieties.

Introduction

For the last four decades tetrathiafulvalenes [1,2] (Figure 1) 1
have been the subject of extensive studies due to their
outstanding electron-donating properties and ability to induce
reversible electrochemically-induced switching processes in
molecular and supramolecular systems [3,4]. Availability of
selective synthetic methods [5,6] gave access to differently
substituted tetrathiafulvalene (TTF) moieties which allowed
tuning of oxidation potential, donating ability, as well as other
physical and chemical properties. The regioselective functional-
ization of TTF, however, remains problematic due to the pres-

ence of four identical attachment sites. Incorporation of the TTF

moiety in macrocycles usually leads to poorly separable
mixtures of cis/trans isomers [7-9]. Even if separation is
possible, TTFs are prone to cis/trans isomerization, which can
be induced by light [10] or traces of acid [11]. These problems
are aggravated by the fact that each reversible oxidation—reduc-
tion cycle of the TTF moiety always leads to formation of

cis/trans isomer mixtures.
Bis-pyrrolotetrathiafulvalenes 2 and monopyrrolotetrathia-

fulvalenes (MPTTFs) 3 represent a significant modification of

the TTF backbone featuring a more extended electron-rich
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Figure 1: Molecular structures of tetrathiafulvalenes 1, bis-pyrrolotetra-
thiafulvalenes 2 and monopyrrolotetrathiafulvalenes 3.

n-system with only two or three easily accessible attachment
points for external substituents, respectively [12,13]. The asym-
metric nature of MPTTFs 3 opens the possibility for the intro-
duction of different R- and R!-groups on the two sides of the
TTF moiety. If R! = alkyl (or a similar group with an
sp3-hybridized carbon atom), such substituents can be readily
attached to the pre-formed MPTTF moiety using a variety
of common nucleophilic substitution reactions. In the case
of R! = aryl, two possible approaches for the preparation
of N-arylated MPTTF derivatives 4 have been reported
(Scheme 1). In the first procedure [14-16], the aryl substituent is
incorporated during the initial synthetic steps to form a N-aryl-
1,3-dithiolo[4,5-c]pyrrole-2-thione 5, which is then coupled to
1,3-dithiole-2-thione 6 in hot triethyl or trimethyl phosphite.
Using the second approach [17-19], the aryl group is attached to
the MPTTF moiety using a direct copper-mediated Ullmann-
type N-arylation reaction [20,21]; this method was also used for
the preparation of arylated bis-pyrrolotetrathiafulvalenes 2.
Although being reported in the literature, it has so far not found
wide spread use and was employed only with a narrow scope of
aromatic derivatives with electron-donating substituents and
alkylthio-substituted (R = SAlkyl) MPTTFS.
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Being interested in the preparation of calix[4]arene receptors
with MPTTF moieties directly attached to an aromatic
calixarene backbone, we have chosen the copper-catalysed
N-arylation reaction as a method for coupling of aromatic and
MPTTF moieties with each other and successfully employed it
for the preparation of two bis-MPTTF-calixarene conjugates, as
well as two model low molecular weight aromatic derivatives
4a and 4c¢ [22]. To explore the scope of the reaction, we decided
to conduct a deeper investigation varying reaction conditions
and testing different substituents on the aromatic as well as the
MPTTF components of the reaction. It led to the preparation of
a family of MPTTF aromatic derivatives, whose properties and
crystal structures are discussed below.

Results and Discussion
Synthesis

Our initial synthetic efforts were focused on optimizing reac-
tion conditions using the PrS-MPTTF derivative 7a [23] and
bromoanisole 8a as starting materials (Scheme 2), as well as
comparing two possible copper(l) ligands (Figure 2): trans-
diaminocyclohexane (DACH) 9a, which was employed before
in N-arylations with pyrrolo-TTFs [17-19], and its Schiff base
derivative 9b, which was reported to be one of the most
effective ligands in similar N-arylation reactions with other
substrates [20,21].

HN  NH, = 2\

N N
9a \ / 9b _

Figure 2: Copper(l) ligands 9a and 9b.

Initial experiments gave evidence of much lower efficiency of
ligand 9b in comparison to 9a in terms of conversion and pres-

ence of undesired side-products. Reaction utilizing trans-

Cu(l), cat.
base

R

S, S
T = T
RTS .S

Br \/\/
8

X

Scheme 1: The two synthetic approaches used for the preparation of arylated monopyrrolotetrathiafulvalenes 1.
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Scheme 2: Synthesis of arylated monopyrrolotetrathiafulvalenes 4a—f.

diaminocyclohexane 9aalso allowed for fast optimization and
reproducibility, which prompted us to focus our attention on the
Cul/9a catalysis system. Although copper(l) is supposed to play
a catalytic role [20,21], smaller Cul loadings led to diminished
reaction yields, supposedly due to lower solubility/activity of
the CuBr formed in the coupling reaction. Taking into account
the affordability of Cul, its excess cannot be considered a disad-
vantage of the method. Additionally, use of the inexpensive
Cu(I) catalyst allows to avoid Buchwald-Hartwig amination
[24,25], which employs more expensive Pd-based catalysts for a

similar type of C-N coupling reactions.

In a typical procedure, 1 equiv of MPTTF 7a, 7b [12], or 7¢
[26], 1.5-1.6 equiv of a brominated aromatic derivative,
0.5 equiv of Cul/9a and 3—4 equiv of K3PO,4 were heated at
110-115 °C overnight in absolute dioxane in a Schlenk tube.
The reaction yields amounted to 70-80% for stable MPTTF
derivatives 4a,b,d,e, but were lower for 4¢ due to sensitivity of
the starting material 7b, as well as for 4f due to its tendency
towards oxidation.

Thus, the N-arylation reaction can be readily employed with
electron-rich as well as electron-deficient aromatic derivatives,
as well as with thioalkyl-substituted and non-substituted
MPTTFs. The successful reaction with bromophenol 8d to form
the adduct 4f also confirmed the possibility of the reaction with
hydroxy-substituted aryl derivatives, paving the way for
application of this method with non-protected calix[4]arene

derivatives [27].

Compounds 4a—c,e,f (Figure 3) display UV—vis spectra typical
for TTF derivatives with absorption maxima at Ay, of
ca. 310-330 nm as well as a long tail with very low absorption
spanning to ca. 500 nm and rendering the yellow colour to the

compounds. Thioalkyl TTF derivatives 4a,b,e,f also show a

dioxane, 110 °C,

PrS
S S
L~ I~
prs” S S
4d, R' = NO, 83%

4de, R' = NMe,, 82%
4f, R' = OH, 42%

24 h

sloping shoulder at ca. 390 nm, which is missing in the non-
substituted 4c¢. In contrast, the spectrum of nitro-derivative 4d
displays an additional strong absorption band centred at
ca. 425 nm, arising most likely due to charge transfer from the
electron-rich MPTTF moiety to the electron-deficient aromatic
substituent. This absorption manifests itself in the dark red
colour of 4d, both in solid state as well as in solution.

1.6 7
— 4a
1.4 — 4c
12 — 4d
— 4de
1.0 1 — 4
<< 0.8 -
0.6 1
0.4 1
0.2 1
0.0 T T T
250 350 450 550

Anm

Figure 3: UV-vis spectra of compounds 4a,c—f (CH,Cly,
c=4x105M).

MPTTF derivatives are readily soluble in non-polar organic
solvents, such as CH,Cl,, toluene or acetone (with the excep-
tion of poorly soluble 4¢), giving solutions that are stable at

room temperature in air.

Electrochemistry

Solution oxidation potentials of aromatic MPTTF conjugates
were determined using cyclic voltammetry (CV) in CH,Cl,/
BuyNClOy solution and are summarized in Table 1. The CVs of
all compounds displayed two reversible oxidation waves on the

cathodic scan (Figure 4) characteristic to TTFs [1], the first one
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Table 1: Electrochemical data.?

Compound E121 (V) E1p%2 (V) E112°3 (V)
4a[22] 0.47 0.84 -
4b 0.48 0.83 -
4c [22] 0.40 0.84 -
4d 0.55 0.92 -
4e 0.46 0.84 1.06
4f 0.47 0.86  1.76 (irrev.)

@Data were obtained using a one-compartment cell in CH,Cl»/0.1 M
BuyNCIOy, Pt as the working and counter electrodes and a non-
aqueous Ag/Ag* reference electrode; scan rate 100 mV/s. Values
given at room temperature vs SCE; the Fc/Fc* couple (0.480 V vs
SCE) was used as an internal reference [30].

I/ pa
|
&

— de
? ;bz — 4f
-0.5 0.0 0.5 1.0 1.5 2.0

Figure 4: Cyclic voltammograms of compounds 4a,c [22] and 4d—f
(plotted vs SCE; CH2Cl2/0.1 M BugNCIOy).

leading to the radical cation and the second to the dication.
Non-substituted derivative 4¢ shows a lower first oxidation
potential than its alkylS-substituted counterpart 4a,b, as
expected due to the electron-withdrawing effect of the two
thioalkyl groups [28,29]. The strong electron-withdrawing
effect of the 4-nitrophenyl group in 4d manifests itself in an
increased oxidation potential with a shift of ca. 0.08 V for both
oxidation waves. Aromatic electron-donating groups as in 4e
and 4f do barely influence the potential of the two oxidation
waves. Instead, they induce an additional oxidation wave at
higher potentials of 1.06 V and 1.77 V, in 4e and 4f (see Figure
S7, Supporting Information File 1), respectively. For the phenol
derivative 4f, this oxidation is irreversible.

Crystal structures
Compounds 4a,b,d,e afforded high quality crystals that could
be analysed using X-ray crystallography, allowing to unambigu-

Beilstein J. Org. Chem. 2015, 11, 860—-868.

ously confirm the identity of the compounds and analyse their
structural properties and arrangement in the solid state. Bond
lengths and angles in all structures may be considered normal.
With the exception of alkylS-substituents, the molecular frame-
works of 4a,b,d,e display relatively low deviations from
planarity. Angles between the least-square planes, defined by
the heavy atoms of the aromatic ring and neighbouring pyrrole
ring do not exceed 17.3° (in 4e, see Table 2), ensuring good
conjugation between the MPTTF and aromatic moieties. Boat-
type deviations of the TTF groups (folding along the S-S
vectors in the five-membered rings) are minor for electron-defi-
cient 4d lying below 5°, whereas they are much larger in elec-
tron-rich derivatives, where they reach 20.45° in 4a, 13.58° in
4b and 11.23° in 4e. This observation corresponds well
with previously reported data: the electron-deficient N-Ts
derivative has an almost planar arrangement of the TTF moiety,
whereas N-alkyl derivatives show significant deviation from
planarity [12].

Table 2: Angles (°) between the planes of the aromatic ring and neigh-
bouring pyrrole ring in 4a,b,d,e.

Compound Molecule1 Molecule 2
4a 3.41 3.42

4b 3.69 12.20

4d 1.36 10.68

de 13.72 17.28

Interestingly, the crystal structures of all four compounds
feature similar packing arrangements with two crystallographi-
cally distinct molecules (Z° = 2) with quasi-parallel tilted edge-
to face arrangements. In the crystal packing, molecules are
interconnected by multiple non-classical weak intermolecular
hydrogen bonds [31] and C—H--'x and S---S interactions, the
latter being common in the crystals of sulfur-rich compounds
such as TTFs [32]. Most of the close contacts involve the
central parts of neighbouring molecules, thus connecting them
with each other and leading to formation of supramolecular
layers. Parallel layers are only loosely bound to each other [33].
This layered arrangement manifests itself in the crystal
morphology: all Ar-MPTTF derivatives crystallize in the form
of thin platelets, with the plane of the parallel molecular layers
coinciding with the direction normal to the largest crystal face
of the platelets. This observation can be rationalized by
assuming fast crystal growth within each supramolecular layer,
assisted by the presence of directed weak hydrogen bonds as
well as C—H---m and S---S interactions. Addition of new parallel
layers, connected to the previous layers via dispersive interac-

tions of the van der Waals type, can be assumed to be a much
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slower process, leading to plate like crystals that mimic the lay-
ered makeup at the molecular level. Crystals of 4d, for example,
form plates with an aspect ratio of 10 and above. Such layered
arrangements make these derivatives possible candidates for
organic electronics [34] and may serve as a motivation for eval-
uation of their electronic properties in the solid state.

Beilstein J. Org. Chem. 2015, 11, 860-868.

Figures 5-8 display some aspects of molecular packing of
MPTTF derivatives 4a,b,d,e.

Conclusion
In summary, several arylated monopyrrolotetrathiafulvalene
derivatives have been conveniently prepared using a copper-

Figure 5: Crystal packing of 4a viewed along the a axis and showing one layer of molecules. Short S-S contacts are shown as black and S---C
contacts as green dashed lines. Only the major orientation of the disordered propyl chain is shown.

Figure 6: Crystal packing of 4b showing a group of four molecules interconnected by multiple weak hydrogen bonds, C—H---1r, and S--'S close

contacts.
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Figure 7: Crystal packing of 4d viewed along the b axis. Molecules of 4d form layers parallel to the (001) plane being interconnected with each other
by means of short S---S contacts (green) and C—H---O,N weak hydrogen bonds (blue).

Figure 8: Crystal packing of 4e showing a group of four molecules interconnected by multiple weak hydrogen bonds, C—H---11, and S---S close
contacts.
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mediated Ullmann-type N-arylation reaction. The reaction was
shown to tolerate substituents of different nature on the
aromatic group, as well as can be employed with substituted
and non-substituted MPTTFs, opening the way for its applica-
tion for the synthesis of more complex molecular systems, such
as conjugates with non-protected calixarenes. New aromatic-
MPTTF conjugates were characterized using different analyt-
ical methods and X-ray crystallography.

Experimental

Copper-catalyzed N-arylation reaction of monopyrrolo-
tetrathiafulvalenes, general procedure. The reaction was
performed in a similar manner as described before [22]. A
heavy walled Schlenk tube with a wide bore Teflon screw stop-
cock was charged with MPTTF derivatives 7a, 7b or 7¢, Cul,
K3POy, (+)-trans-1,2-diaminocyclohexane and an aromatic bro-
mide, then absolute dioxane was added via syringe. The reac-
tion mixture was degassed by three freeze-pump-thaw cycles,
the vessel was filled with nitrogen, tightly sealed and stirred at
110-115 °C. The reaction was complete in 18—24 h (TLC
control). The solvent was removed under reduced pressure
directly from the Schlenk tube, the residue was dissolved in
CH,Cly, filtered through a plug of celite, and evaporated to
dryness. The crude products were triturated with n-hexane to
remove the unreacted aromatic starting material and then puri-
fied by flash chromatography on silica gel to afford pure
N-arylated MPTTFs.

Preparation and characterization of 2-[4,5-bis(propylthio)-1,3-
dithiol-2-ylidene]-5-(4-methoxyphenyl)-5H-1,3-dithiolo[4,5-
clpyrrole (4a) and 2-[1,3-dithiol-2-ylidene]-5-(4-
methoxyphenyl)-5H-1,3-dithiolo[4,5-c]pyrrole (4¢) was
described before [22], also including the X-ray data of 4a (see
Supporting Information File 1 and Supporting Information
File 2). For 4a, corrected oxidation potentials are reported in
Table 1.

2-[4,5-Bis(methylthio)-1,3-dithiol-2-ylidene]-5-(4-
methoxyphenyl)-5H-1,3-dithiolo[4,5-c]pyrrole (4b). Prepared
from 7b (0.040 g, 0.119 mmol), Cul (0.023 g, 0.119 mmol),
K3POy4 (0.020 g, 0.954 mmol), trans-diaminocyclohexane
(22 pL, 0.179 mmol) and 4-bromoanisole (8a, 0.033 g,
0.179 mmol) in 3 mL of dry dioxane. The product was purified
by flash chromatography (CH,Cl,/cyclohexane, 1:2) to afford
bright yellow crystals. X-ray quality crystals were grown by
slow evaporation of CDCl3 solution. Yield: 43.2 mg
(0.098 mmol, 82%). Mp 198-200 °C; R¢= 0.32 (CH,Cly/cyclo-
hexane, 1:2); 'H NMR (360 MHz, CDCls) & 7.25-7.20 (m, 2H),
6.95-6.91 (m, 2H), 6.79 (s, 2H), 3.83 (s, 3H), 2.43 (s, 6H);
13C NMR (90 MHz, CDCl3) & 158.0, 134.0, 127.1, 121.9,
121.2,120.2, 114.7,111.4, 111.1, 55.6, 19.2; UV—vis (CH,Cl,)

Beilstein J. Org. Chem. 2015, 11, 860—-868.

Amax (€): 309 nm (25600 L-mol™!-cm™), 329 (24500); MS (EI)
miz (%): 441 (100) [M]™, 426 (10) [M — Me]™; HRMS (EI)
m/z: [M]** caled for C17H;5sNOS¢™*, 440.94780; found,
440.94675; CV (vs SCE, CH,Cly): E;,°%! = 0.48 V,
E12°%2 = 0.83 V.

2-[4,5-Bis(propylthio)-1,3-dithiol-2-ylidene]-5-(4-nitro-
phenyl)-5H-1,3-dithiolo[4,5-c|pyrrole (4d). Prepared from 7a
(0.055 g, 0.140 mmol), Cul (0.014 g, 0.070 mmol), K3POy4
(0.089 g, 0.42 mmol), trans-diaminocyclohexane (7.5 pL,
0.062 mmol) and 4-bromonitrobenzene (8b, 0.045 g,
0.224 mmol) in 2 mL of dry dioxane. The product was purified
by flash chromatography (CH;Cl,) to afford deep red crystals.
X-ray quality crystals were grown by slow evaporation of
CDCljs/heptane solution. Yield: 59.7 mg (0.116 mmol, 83%).
Mp 240-244 °C; Ry = 0.72 (CH,Cl,); "H NMR (360 MHz,
CDCl3) & 8.33-8.29 (m, 2H), 7.44-7.40 (m, 2H), 6.99 (s, 2H),
2.81 (t, 3J=7.2 Hz, 4H), 1.68 (sext, 3J = 7.2 Hz, 4H), 1.02 (t,
3J=17.2 Hz, 6H); 13C NMR (90 MHz, CDCl3) & 144.7, 144.2,
127.5, 125.8, 125.3, 118.6, 117.3, 113.7, 110.1, 38.2,
23.1, 13.2; UV-vis (CH;Cly) Apax (€): 325 nm
(25600 L-mol l-cm™!), 426 (11200); MS (EI) m/z (%): 512
(100) [M]*", 469 (5) [M — Pr]*, 436 (20) [M — HSPr]""; HRMS
(EX) m/z: [M]™" caled for CogHooN205S6"", 511.98435; found,
511.98296; CV (vs SCE, CH,Cly): E;»°%! = 0.55 V,
E1p°%2 = 0.92 V.

2-[4,5-Bis(propylthio)-1,3-dithiol-2-ylidene]-5-(4-dimethyl-
aminophenyl)-5H-1,3-dithiolo[4,5-c]|pyrrole (4e). Prepared
from 7a (0.050 g, 0.128 mmol), Cul (0.012 g, 0.063 mmol),
K3POy4 (0.082 g, 0.386 mmol), trans-diaminocyclohexane
(7.5 uL, 0.062 mmol) and 4-iodo-N, N-dimethylaniline (8¢,
0.050 g, 0.202 mmol) in 2 mL of dry dioxane. The product was
purified by flash chromatography (CH;,Cly/cyclohexane, 1:1) to
afford light orange crystals. X-ray quality crystals were grown
by slow evaporation of CDCl3/heptane solution. Yield: 53.8 mg
(0.105 mmol, 82%); Mp 196-199 °C; Ry = 0.5 (CH,Cl,/cyclo-
hexane, 1:1); IH NMR (360 MHz, CD,Cly) & 7.22-7.17 (m,
2H), 6.81 (s, 2H), 6.76-6.71 (m, 2H), 2.96 (s, 6H), 2.81 (t,
3J =17.2 Hz, 4H), 1.66 (sext, 3J = 7.2 Hz, 4H), 1.01 (t,
3J=17.2 Hz, 6H); 13C NMR (90 MHz, CD,Cl,) & 149.6, 130.7,
127.9, 122.0, 120.6, 119.8, 113.1, 111.9, 111.1, 40.8, 38.5,
23.5, 13.2; UV-vis (CH3Cly) Amax (g): 314 nm
(34000 L-mol™!-em™), 330 (33600); MS (EI) m/z (%): 510
(100) [M]**, 434 (20) [M — HSPr]**; HRMS (EI) m/z: [M]**
calcd. for CooHpeN,Se "™, 510.04147; found, 510.04104; CV (vs
SCE, CH,Cly): E1;2°%! = 0.46 V, E|»°%2 = 0.84 V,
E12°%3 = 1.06 V.

2-14,5-Bis(propylthio)-1,3-dithiol-2-ylidene]-5-(4-hydroxy-
phenyl)-5H-1,3-dithiolo[4,5-c]pyrrole (4f). Prepared from 7a
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(0.049 g, 0.125 mmol), Cul (0.012 g, 0.063 mmol), K3POy4
(0.082 g, 0.386 mmol), trans-diaminocyclohexane (7.5 pL,
0.062 mmol) and 4-bromophenol (8d, 0.035 g, 0.202 mmol) in
2 mL of dry dioxane. The product was purified by flash chro-
matography (CH,Cl,) to afford yellow crystals. Yield: 5 mg
(0.052 mmol, 42%); Mp 123-125 °C; R¢ = 0.27 (CH,Cly);
'H NMR (200 MHz, CDCl3) & 7.21-7.14 (m, 2H), 6.91-6.83
(m, 2H), 6.77 (s, 2H), 4.91 (s, 1H), 2.81 (t, 3J = 7.2 Hz, 4H),
1.66 (sext, 3J = 7.2 Hz, 4H), 1.01 (t, 3J = 7.2 Hz, 6H);
13C NMR (50 MHz, CDCl3) & 153.9, 134.1, 129.7, 127.5,
122.2,121.4, 119.2, 116.2, 111.4, 38.2, 23.1, 13.2; UV-vis
(CH3Cly) Amax (€): 309 nm (26000 L-mol™!-em™), 326 (25900);
MS (EI) m/z (%): 483 (100) [M]™*, 440 (5) [M — Pr]", 407 (25)
[M —HSPr]**; HRMS (EI) m/z: [M]** calcd. for
C20H20N20286+., 482.99419; found, 482.99474; CvV (VS SCE,
CH,Cly): E1p%%1 =047 V, E; ;%2 =0.86 V, E|x°3 =1.77 V.

Supporting Information

Supporting Information File 1

Experimental details, details on electrochemical
characterization, 'H and 13C NMR spectra of compounds
4b,d—f, UV—-vis spectrum and CV of 4b, as well as full
crystal structure descriptions.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-96-S1.pdf]

Supporting Information File 2

Zip archive containing X-ray crystallographic data for 4a
(CCDC 987551), 4b (CCDC 1049639), 4d (CCDC
1049638) and 4e (CCDC 1049637).
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-96-S2.zip]
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Abstract

A selection of cyclic and acyclic acetylenic scaffolds bearing two tetrathiafulvalene (TTF) units was prepared by different metal-
catalyzed coupling reactions. The bridge separating the two TTF units was systematically changed from linearly conjugated ethyne,
butadiyne and tetracthynylethene (trans-substituted) units to a cross-conjugated tetraecthynylethene unit, placed in either acyclic or
cyclic arrangements. The cyclic structures correspond to so-called radiaannulenes having both endo- and exocyclic double bonds.
Interactions between two redox-active TTF units in these molecules were investigated by cyclic voltammetry, UV—-vis—NIR and
EPR absorption spectroscopical methods of the electrochemically generated oxidized species. The electron-accepting properties of

the acetylenic cores were also investigated electrochemically.

Introduction
Linking together two redox-active tetrathiafulvalene (TTF) tors [1-3]. Thus, the materials properties rely on the degree of
units by a n-conjugated bridge has found immense interest in  intra- and intermolecular electronic interactions between neutral

materials science, in particular in the quest for organic conduc- and oxidized TTFs. TTF-dimers can potentially exist in five
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redox states, 0, +1, +2, +3, and +4, depending on the degree of
interactions between the two units. These five redox states have
for example been observed in compounds with two TTF units
fused to a central benzene or pyrazine ring [4]. If the two TTFs
are oxidized at the same potentials in an electrochemical experi-
ment, they behave instead as electrochemically independent
redox centres with only weak Coulombic interactions between
the cations. Interactions can also be tracked spectroscopically,
and while two TTFs might be oxidized at the same or close
potentials, the bridge may still convey communication between
the units. Works by Otsubo, Iyoda and co-workers [5-7] have
shown that two TTFs linked by ethynediyl and buta-1,3-diyn-
diyl behaved as electrochemically independent redox centres.
However, the electronic spectra of the chemically generated

radical cations (TTF-bridge-TTF*") were reported to show clear

1a (R = Et)
1b (R = Bu)

2a (R=Et)
2b (R =Bu)
Lo~J
3a (R=Et)
3b (R = Bu)

Beilstein J. Org. Chem. 2015, 11, 930-948.

intramolecular intervalence charge-transfer (IVCT) absorption
bands with broad maxima around 1300-1400 nm [6].

We have previously found that when separating two TTFs by
a cross-conjugated tetraethynylethene (TEE) spacer as in
compound 1a (Figure 1), then the two TTFs behave as inde-
pendent redox centres that are oxidized at the same potentials in
cyclic voltammetry (two two-electron oxidations) [8-10].
However, by bridging the two TTFs with an additional TEE in a
cyclic structure, as in the radiaannulene 2a, communication
between the two TTFs is observed in the cyclic voltammetry
experiment, and the first two-electron event showed the waves
diverging from each other (two stepwise oxidations) [10]. In
addition, the intermediate radical cation showed an IVCT

absorption at low energy (2257 nm). We became interested in

Figure 1: TTF dimers with linearly or cross-conjugated bridging units, acyclic or cyclic bridging units.
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elucidating the dependence on acyclic versus cyclic bridging
units in more detail by cyclic voltammetry and EPR/
UV-vis—NIR spectroelectrochemistry. With regard to con-
formational flexibility and the lack of it, it deserves mentioning
that Low and co-workers [11,12] have shown how rotamers can
indeed influence the electronic coupling in bis-ruthenium
complexes separated by oligoynediyl spacers. In addition, an
increased interaction between redox centres upon linking them
together in cyclic structures was previously observed in
ferrocene-dimers [13].

Here we present the synthesis and properties of a selection of
TTF-dimers as shown in Figure 1. The known TTF 3b [14] with
butylthio substituents, ascertaining good solubility, was used as
building block for these dimers. Although ethynediyl- and buta-
1,3-diynediyl-bridged dimers were previously studied [1,5-7],
we included 4 and 5 in the series in order to be able to compare
properties measured under identical conditions. The two TEE-
bridged dimers 1b [15] and 6 have the TTFs arranged in either

Beilstein J. Org. Chem. 2015, 11, 930-948.

cross-conjugated or linearly conjugated arrangements. The pyri-
dine-2,6-diyl-bridge present in compound 7 also connects two
TTFs in a cross-conjugated pathway. The synthesis of radiaan-
nulene 2b was very recently described [15], and the properties
of 2a and 2b are included here for comparison to those of the
new unsymmetrical radiaannulene 8 that has a cross-conjugated
TEE-diyl and a linearly conjugated buta-1,3-diynediyl bridge
between the two TTFs.

Results and Discussion
Synthesis

The synthesis of 4 and 5 was accomplished according to
Scheme 1 starting from the known TTF-iodide 9, readily
prepared from compound 3b [16]. A Sonogashira coupling with
trimethylsilylacetylene gave 10 that after desilylation was either
subjected to a Sonogashira coupling with 9 to give 4 or to an
oxidative Hay coupling to give 5 — using recently developed
conditions where 4 A molecular sieves were added to the reac-
tion mixture to remove water [17].

S S SBu
L~
S S
SB
BuS S S // !
R
Bus~ S S 4

= SiMe;

Cul, EtsN
9 78%

BuS S S
L~T
Bus~ S S

s s PdPPhsy),Cl
Lo~ T oo

1) K,CO3, MeOH/THF
2)9, Pd(PPhs),
Cul, EtsN

78%

SiMe;

1) K,CO3, MeOH/THF

56% | 2) cucl, TMEDA, air
CH,Cly, 4 A MS
Y s s _SBu
L~
// S S SBu

Z
I

Scheme 1: Synthesis of TTF dimers with alkyne bridges. TMEDA = N,N,N’,N-tetramethylethylenediamine. MS = molecular sieves.

932



Compounds 6 and 7 were prepared by treating 9 with either the
trans-TEE 11 [18] or 2,6-diethynylpyridine 12 in Sonogashira
coupling reactions (Scheme 2). The unsymmetrical radiaannu-
lene 8 was prepared according to Scheme 3. The TEE-TTF
derivative 13 [15] was reacted in a Sonogashira coupling with
an excess of trimethylsilylacetylene to furnish the product 14.
Removal of the silyl groups and subjecting the intermediate to
oxidative Hay conditions in the presence of 4 A molecular
sieves then gave the macrocyclic product 8 in good yield. The
structure of 8 was confirmed by X-ray crystallographic analysis
(Figure 2). The bond angles in the cyclic core are listed in
Figure 3. The butadiyne-diyl unit is bent from linearity — with a
Ct1r—C=C angle of 166° and a C=C-C angle of 170°. The
cyclic core is almost planar, while the two TTF units are

slightly bent.

A
Si(iPr);
L F
11
89% =Z XN
(iPr)sSi
Pd(PPhg)s, Cul
(iPr),NH

T~
Bus~ S S
9
X
z NN

80%

Pd(PPhs)s, Cul
Et;N

Scheme 2: Synthesis of TTF dimers with TEE and diethynylpyridine
bridges.
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:—SiM63
52% | Pd(PPhs),Cl,

Cul, (iPr),NH
Me;SiSiMes

1) K,CO3, MeOH/THF

37% | 2) cuCl, TMEDA, air
CH,Cly, 4 A MS
/ \
BuS S S S SBu
T =] 1
Bus~ S S ST smu

(iPr)sSi

Scheme 3: Synthesis of TTF dimer with radiaannulene core.

Compounds 1b, 6, and 8 containing TEE bridging units exhibit
longest-wavelength absorption maxima at Ap,x 529 nm
(e 5800 M~ lem™), 554 nm (e 12000 M~'em™), and 651 nm
(€ 3900 M~lem™), respectively, in CH,Cl, (for spectral data of
all compounds, see Supporting Information File 1). For radiaan-
nulene 2a we previously found a longest-wavelength absorp-
tion of 644 nm (¢ 11000 M~'em™") [10]. We assign these low-
energy bands to charge-transfer absorptions, which are usually
observed in n-conjugated systems containing TTF donors and
large acetylenic scaffolds that behave as electron acceptors
[8-10]. The significant redshifts of the charge-transfer absorp-
tions experienced for 8 and 2a relative to the absorptions of 1b
and 6 signal the stronger acceptor strength of radiaannulene
cores (lower-lying LUMOs) relative to an acyclic TEE unit.
This effect was also confirmed by electrochemistry (vide infra).
Interestingly, compound 7 containing a diethynylpyridine
acceptor unit exhibits the most redshifted absorption of all the
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Figure 2: Molecular structure of 8 (top) and packing diagram (bottom). Crystals were grown from CH,Cl,/MeOH. CCDC 1050621 contains the supple-

mentary crystallographic data.

Bond angle (°)

C1-C2-C3/C1'-C2'-C3' 166.5/166.4
C2-C3-C3'/ C2'-C3'-C3 169.6/170.0
C4-C1-C2/C4-C1'-C2' 120.9/120.3
C1-C4-C5/C1'-C4'-C5' 121.6/122.6
C4-C5-C6 / C4'-C5'-C6' 173.0/173.1
C5-C6-C7 / C5-C6'-C7' 178.6/177.3
C6-C7-C6' 118.1

Figure 3: Bond angles for the cyclic core of 8 (X-ray crystal structure
data).

compounds at Ay, 779 nm (g 210 M~ lem™), but of signifi-
cantly lower intensity than the charge-transfer absorptions of
the TEE compounds.

Electrochemistry

The redox properties of the TTF-bridge-TTF molecules were
investigated by cyclic voltammetry and differential pulse
voltammetry in CH,Cl, (0.1 M BuyNPFg). For clarity we have
broken the discussion of the electrochemistry into two sections,
the first being the oxidation of the TTFs and their electronic
interactions in comparison to related examples in the literature.
The other section deals with the reduction of the molecules.

Oxidation: Cyclic voltammograms of compounds 1a, 2a, 3b,
and 4-8 measured at a glassy carbon electrode are shown in
Figure 4 [19] and redox potentials are listed in Table 1 together
with the shortest TTF (C=C)-TTF (C=C) distance in each struc-
ture (obtained from the crystal structures or from DFT calcula-
tions). In addition to half-wave potentials obtained from cyclic
voltammetry, the table includes peak potentials from differen-
tial pulse voltammetry (see Supporting Information File 1,
Figure S3). The half-wave redox potentials have been add-
itionally determined for samples 1b and 2b (Table 1 and
Supporting Information File 1, Figure S4) using cyclic voltam-
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metry (with a platinum-wire working electrode in the presence
of internal ferrocene potential marker). They are very close to
1a and 2a, respectively, as expected. Using 3b as a reference
compound, it is seen that all the other compounds are slightly
more difficult to oxidize owing to the presence of the electron-
withdrawing alkyne system. The acyclic compounds 1a and 5-7
all undergo two reversible two-electron oxidations; that is, the
two TTFs are oxidized at the same potentials when separated by
butadiyne, gem- or trans-TEE, or bis-ethynylpyridine linkers.
When two TTFs are closer together via an ethyne spacer (4), the
two waves are rather broad. In fact, a shoulder can be seen for
each wave, which indicates weak interactions between the two
units, not only for generating two TTF radical cation units, but

also for the final generation of two TTF dication units. This
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splitting is seen more clearly in the differential pulse voltammo-
grams (Supporting Information File 1, Figure S3). We note that
for the SEt derivative of compound 4, measured under different
conditions by Iyoda and co-workers (in PhCN, BuyNClOy),
only two two-electron oxidations were reported [6]. For the
radiaannulene 2a removal of two electrons was previously [10]
found to occur stepwise with a separation between the first and
second oxidations of 90 mV. Thus, despite the long gem-TEE
bridging units, there is a weak interaction between the TTFs
that are separated by a shortest distance of 6.64 A according to
the X-ray crystal structure [10]. For the other radiaannulene, 8,
the first oxidation of each TTF unit was also split into two
waves, again indicating interaction between them. In this mole-
cule, the two TTF units are separated by a distance of 6.31 A.
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30 H1a .
20 | u
. 10 E
<
= o} 4
A0 | u
201 I I I ! I I L]
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20 - B
. 10| -
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= 0L - i
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. 10 .
<
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A0 + \J ]
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4024
30 B
20 .
g of J :
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Figure 4: Cyclic voltammograms obtained for the oxidation of compounds 1a ([10]), 2a ([10]), and 3b-8 (this work, ca. 1 mM) in CH2Cl (0.1 M

BusNPFg) at a glassy carbon electrode with a scan rate of 0.1V s™1.
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Table 1: Electrochemical data for the oxidation of compounds 1-8.2

Beilstein J. Org. Chem. 2015, 11, 930-948.

Cyclic Voltammetry (CV) Differential Pulse Voltammetry (DPV) Shortest TTF-TTF distance / A
Ex'IV Eo2 IV Eo3/V Es'1v E21V E3IV
1a® +0.12(2e)  +0.52 (2e) +0.11 (2e) +0.51 (2e) 6.88°
1b9 +0.10 (2e)  +0.50 (2e)
2aP +0.20 (1e)  +0.29 (1e)  +0.61(2e)  +0.18 (1e) +0.29 (le)  +0.61(2e)  6.64¢
2bd  +0.18 (1e) +0.25 (1e) +0.57 (2e)
3a® -0.01(1e)  +0.44 (1e) n/a
3b +0.03(1e)  +0.48 (le) -0.01 (1e) +0.44 (1e) n/a
4  +0.117(2e)  +0.54f (2¢) +0.08 / +0.12F  +0.54%/+0.56 4.04°
5  +0.14 (2e)  +0.54 (2e) +0.13 (2e) +0.55 (2e) 6.63°
6  +0.13(2e)  +0.53(2e) +0.13 (2e) +0.50 (2e) 8.92¢
7  +0.15(2e)  +0.55(2e) +0.10 (2e) +0.51 (2e) 9.27¢
8  +0.199(1e) +0.279(1e) +0.57 (2¢)  +0.21 (1e) +0.26 (le)  +0.58 (2e)  6.31¢

@Recorded at a glassy carbon working electrode (if not otherwise stated) i

n CH,Cls (0.1 M BugNPFg), potentials are given vs Fc/Fc*. CV scan rate:

0.1V s~'. DPV step potential: 0.0045 V. DPV modulation amplitude: 0.025 V. ®Data from [10]. °Distance(s) obtained by DFT calculations at B3LYP/
cc-pVDZ level of theory. 9Recorded at platinum-wire working electrode. Distance obtained from X-ray crystal structure. ‘Broad signal. 9Shoulder.

Several bis-TTF molecules and their electrochemical properties
have previously been reviewed [1-3]. Here we make a brief
discussion of some selected structures of relevance to those
studied in this work, as shown in Figure 5. For the directly
linked compound 15 [20] and the aryl/heteroaryl mono-bridged
compounds 16, 17 [20] and 18, 19 [21], only two two-electron
oxidations were observed (in PhCN, BuyNC1O4). However,
incorporation of a Ru centre between two TTF acetylides, com-
plex 20 [22], has been shown to result in a splitting of both the
first and second two-electron oxidations of the TTF units (by
110 mV for both). A fifth one-electron event associated to the
Ru metal centre was also observed. The two TTFs are 9.37 A

S Gy
|S>:<S]

<

L O
16

YoM o}

19

M

Me

Figure 5: Selected bis-TTFs from literature [20-23].

apart, hence further than in the related alkyne compounds 4 and
5. The strong communication between TTF units in 20 is medi-
ated by the Ru centre, and the bulky ligands possibly also lock
the molecule into a conformation where the two TTF units are
in co-planarity [22]. The communication dramatically increases
when the two TTFs are fused together as in compound 21 [23]
or to either a pyrazine or benzene ring [4]. Thus, compounds
21-23 all show four distinguishable one-electron oxidation
events; in our series, this was only to some extent seen for the
C,-bridged compound 4 as the cyclic radiaannulene cores
present in 2a and 8 only promoted splitting of the first oxi-

dation wave.

e
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When taking all the results together, there seem to be some
important trends. Placing two TTF units close together by a
single bridge does not by itself seem to increase significantly
the electronic communication when stepwise oxidations are
used as a measure hereof. Instead, fusing directly together the
two TTF units, connecting them to a benzene or pyrazine ring,
or even to a larger radiaannulene ring, renders them inde-
pendent redox centres, in all cases when it comes to the first
one-electron oxidation of each TTF. Co-planarity of the TTF
units seems to play a key role in these structures. This can also
be enforced by sterical means and may explain the behaviour of
20; thus, here the bulky 1,2-bis(diphenylphosphino)ethane
(dppe) ligands and the Me group on the TFF might restrict the
rotation around the triple bond and sterically keep the two TTFs
in the same plane as revealed by the X-ray crystal structure
[22]. In compound 18, the two TTFs are only separated by a
meta-phenylene bridge, but according to X-ray crystallography
they are not co-planar, and no electronic interactions were
observed [21]; the cross-conjugated nature of the bridge needs
of course to be taken into account here as well. For the deriva-
tive of 4 with SEt end-groups instead of SBu groups, we calcu-
late a barrier for rotating the two TTF units around the ethyne
bridge of 2.5 kJ mol™! (see Supporting Information File 1). The
electronic interactions between two TTFs being spanned by
alkynyl or poly-alkynyl bridges are quite poor in comparison to
other redox groups. Ferrocene units are only marginally better
than TTFs, but the interaction can here also be increased by

i (uA)

i (uA)

1 n 1 n 1 n Il 1

-25 -2.0 -15 -1.0 -05
E (V vs Fc/Fc*)

Beilstein J. Org. Chem. 2015, 11, 930-948.

“doubly-bridging” them [13]. Those redox groups that have
shown the best interaction along the all-carbon bridges are the
organometallic metal centres Re(NO)(PPh3)Cp* [24],
Ru(dppe)Cp* [25], and Fe(dppe)Cp* [26] (Cp* = 1,2,3,4,5-
pentamethylcyclopentadienyl), showing good communication
still well past five carbon—carbon triple bonds between the
metal centres.

Reduction: As expected, compound 3b was found to be non-
reducible within the potential window defined by the solvent-
supporting electrolyte system (CH,Cl,, BuyNPFg). The reduc-
tion of the remaining seven compounds falls into three groups;
the potentials have been summarized in Supporting Information
File 1, Table S2. Compounds 4, 5, and 7, without TEE cores,
were found difficult to reduce with poorly defined reduction
peaks being observed in the region —2.3 to —2.5 V (Supporting
Information File 1, Figure S6). Current corresponding to the
oxidation of the initially formed radical anions was not
observed during the reverse scan for any of these three com-
pounds. Minor oxidation peaks around —0.75 V may be attrib-
uted to the oxidation of intermediate anions presumably formed
by further reduction of radical species resulting from protona-
tion by residual water of the radical anions or by protonation of
dianions [27]. The corresponding differential pulse voltammo-
grams are shown in Supporting Information File 1, Figure S6.
Figure 6 shows the cyclic voltammograms of the four

compounds 1a, 6, 8 and 2a, for which reverse current corres-

i(uA)

i(uA)

-20 1 " 1 s 1 n ! s
-2.0 -1.5 -1.0 -0.5 0.0
E (V vs Fc/Fc")

Figure 6: Cyclic voltammograms obtained for the reduction of compounds 1a, 2a, 6, and 8 in CH,Cl, (0.1 M BusNPFg) at a glassy carbon electrode
with a scan rate of 0.1 V s~1. The reduction to the radical anion state only is shown in red color.
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ponding to the oxidation of the primarily formed radical anions
is clearly seen (DPVs are found in Supporting Information
File 1, Figure S5). The further reduction to reactive dianions is
seen for 1a and 6 and, as before, small oxidation peaks, presum-
ably of the same origin as those observed for 4, 5, and 7 are
seen around —0.75 V during the reverse scan. Most striking is
the behaviour of 8 and 2a for which reversible reduction, not
only to the radical anions, but also to the dianions, is clearly
seen although even in these two cases the dianions are suffi-
ciently basic to produce minor amounts of the monoprotonation
products, the oxidation of which are seen during the reverse
scan. We have previously shown that the radiaannulene 2a is
reduced in two sequential one-electron steps at potentials
significantly less negative, —1.16 V and —1.52 V vs Fc/Fc*, than
that required to reduce the acyclic TEE compound 1a (—-1.70 V
vs Fe/Fct) [10]. We explained this readiness of 2a to accommo-
date electrons by a gain of aromaticity; a resonance form with a
14 m, core can be drawn for the dianion and a diatropic ring-
current was supported by NICS calculations. The new radiaan-
nulene 8 underwent reversible reductions at —1.12 V and
—1.51 V. The readiness of the first reduction may again be
explained by the generation of a 14 m, aromatic core of the
radical anion as shown in Figure 7. Thus, again the first
reduction occurred at much less negative potential than that
of its acyclic components, 1a and 5 (=1.65 V and —2.35 V vs
Fc/Fc').

Beilstein J. Org. Chem. 2015, 11, 930-948.

BuS

(iPr)sSi Si(iPr)s

Figure 7: One possible resonance form of the radical anion of 8 with a
14 1, aromatic core.

UV-vis—NIR and EPR spectra of oxidized
species

The EPR and optical (UV-vis—NIR) properties of the oxidized
species were studied by in situ spectroelectrochemistry in
CH,Cl, (BuyNPFg) at a platinum mesh electrode. Even at low
scan rate of 2 mV s~ ! used for these studies, the reversibility
remains unchanged confirming the high stability of the formed
radical cation and dication states within each TTF redox site (in
further text defined as “polaron” and “bipolaron” states, res-
pectively; see Scheme 4). The small peak separation, AE,
between the neighbouring voltammetric peaks for the first and
the second electron transfer as well as for the third and the
fourth electron transfer indicates a weak (but still certain) inter-
action between the two TTF units in the investigated TTF
dimers.

-e
polaron polaron
. IVCT
-
polaron TRIPLET polaron polaron SINGLET polaron
<a» Co-—CG 1D C 4+
‘-e
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Scheme 4: Spin—spin interactions resulting from oxidation of TTFdimers.

o

bipolaron

938



Beilstein J. Org. Chem. 2015, 11, 930-948.

During the in situ oxidation of 1b, 2b, 4, 5, 6, and 8 at the first  radical (polaron) species [28,29], as illustrated for compound 2b
voltammetric double peak, two dominating optical transitions in Figure 8 and for compound 4 in Figure 9. Simultaneously,
arise, the first one in the region 700-950 nm and the second one  singlet EPR spectra with g-values around 2.007 were observed

in the region 450—-550 nm, both characteristic of TTF cation (see insets of Figures 8b and 9b) confirming delocalized spin
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Figure 8: In situ EPR-UV-vis—NIR cyclic voltammetry of 2b (1 mM)
(a) potential dependence of difference vis—NIR spectra with the corres-
ponding cyclic voltammogram (in CH,Cl»/0.1 M BuygPFg, scan rate

v =2 mV s~'; the arrows indicate separation between the first and
second oxidations); (b) evolution of vis—NIR spectra in forward scan in
2D projection in the region of the first (red lines) and the second (blue
lines) voltammetric double peak (inset: representative EPR spectrum
of radical species monitored upon oxidation); (c) time dependence of
the current (red line) and double-integrated EPR intensity (black solid
squares).
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Figure 9: In situ EPR-UV-vis—-NIR cyclic voltammetry of 4 (0.4 mM):
(a) potential dependence of difference vis—NIR spectra with corres-
ponding cyclic voltammogram (in CH,Cl2/0.1 M BugPFg, scan rate
v=2mV s™'); (b) selected vis—NIR spectra observed at the foot of the
first anodic double peak (1), behind the first voltammetric double peak
(2), at the foot of the second anodic double peak (3) and behind the
second voltammetric double peak (4); see coloured marked circles in
the corresponding voltammogram (inset: representative EPR spec-
trum of radical species monitored upon oxidation); (c) time depend-
ence of the current (red line) and the double-integrated EPR intensity
(black solid squares).
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predominantly within the TTF moieties. These data confirm that
in the region of the first voltammetric double peak, the only
polaronic states are formed in the TTF-dimer. At the second
voltammetric double peak, a new dominating absorption band
in the region 600-900 arises for all investigated dimers, which
corresponds to the formation of doubly charged (bipolaronic)

TTF moieties.
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Interestingly, it seems that by increasing the interaction between
the polaronic species in the dimer we can observe a slight shift
of the optical transition characteristic of TTF radical cation
going from the first to the second electron transfer as shown in
Figure 10. The strongest shifts were observed for dimers 4 and
5 while no shift was found for dimer 1b. These correspond to
Davydov redshifts of head-to-tail TTF*"—TTF"*, signalling
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Figure 10: Vis—NIR spectral changes observed during anodic oxidation of each TTF unit to cation radical within the first voltammetric double peak:

TTF-TTF — TTF*-TTF — TTF*-TTF"™.
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intramolecular interactions rather than face-to-face intermolecu-
lar interactions [2,30]. Additionally, although all investigated
TTF dimers show quite analogous electrochemical and
UV-vis—NIR spectroelectrochemical response, the EPR spec-
troelectrochemical behaviour differs to a certain extent
(compare Figure 8c and 9c). Due to a very weak interaction
between both mono-charged TTF units in 2b, the optical spectra
of both mono-charged and doubly-charged TTF dimers are very
similar and no remarkable changes both in the optical and the
EPR spectra were observed in the region of the first cyclo-
voltammetric double peak. The EPR intensity reaches its
maximum behind the first voltammetric double peak
(Figure 8c). The maximum of the low energy band of the pola-
ronic TTF species in 2b is only slightly shifted from 922 nm
to 932 nm (small Davydov redshift) upon oxidation in the
region of the first voltammetric double peak (Figure 10b).
Going to the region of the second voltammetric double peak,
the EPR intensity starts to decrease with the minimum behind
the second voltammetric double peak, proving the EPR silent
character of the TTF dimer tetracation with the optical band at
Amax = 810 nm (Figure 8b). Analogous EPR-spectroelectro-
chemical behavior was observed for compounds 1b, 6, and 8
(see Supporting Information File 1, Figures S7-S9). It should
be noted that almost the same EPR spectroelectrochemical
response was found for concentrated as well as for much diluted
solutions (see Supporting Information File 1, Figure S10 for
illustration, conc. of 8 at 1 mM vs 0.05 mM).

In EPR-UV-vis—NIR cyclovoltammetric experiments of com-
pounds 4 and 5, the potential dependencies of the EPR signal
are different in comparison to compounds 1b, 2b, 6, and 8. The
EPR intensity reaches two maxima in both the forward and back
scans. The minimum of EPR intensity was monitored at the
second electron transfer as well as at the fourth electron transfer
as illustrated for compound 4 in Figure 9c. The increase of the
absorbance at dominating band around 790 nm found at the foot
of the first anodic double peak for compound 4 corresponds to
the increase of the EPR intensity. Simultaneously, a new optical
band at 485 nm appears with an additional low-intense NIR
band at ca. 1400 nm (see Figure 9b), confirming the primarily
formed monocharged dimer 4°*, which exhibits an IVCT band
as also observed by chemical [6] or electrochemical oxidation
(vide infra; also 2b*" exhibited an IVCT band, with maximum
>2000 nm, as previously reported for the related species 2a"*
[10]). By increasing the electrode potential to the value of the
second electron transfer (still in the region of the first anodic
double peak), a quite strong shift of the low energy transition
from 785 nm to 825 nm (Figure 10c) was observed with simul-
taneous decrease of the corresponding EPR intensity. Changing
the concentration from 0.4 mM to 0.05 mM for sample 4, the
same EPR spectroelectrochemical response was found (see

Beilstein J. Org. Chem. 2015, 11, 930-948.

Supporting Information File 1, Figure S11 for illustration). The
analogous behaviour was found for compound 5 with the wave-
length shift of the low optical band from 800 nm to 825 nm (see
Figure 10d and Supporting Information File 1, Figure S12). The
EPR silent character of TTF dimer dications found for samples
4 and 5 indicates a substantial interaction of the formed pola-
ronic states leading to the EPR silent species. Interestingly, at
the foot of the second anodic double peak, actually corres-
ponding to the third electron transfer, an increase of EPR inten-
sity was monitored confirming that trication of the TTF dimer is
paramagnetic. It should be noted that at this anodic potential
both optical transitions from polaronic and bipolaronic species
are present (see green line 3 in Figure 9b). This confirms that
one TTF unit is in its polaronic form while the second one is
bipolaron (see Scheme 4). At the potentials behind the second
voltammetric double peak, where the absorbance at 715 nm
shows a maximum (see blue line 4 in Figure 9b), the EPR inten-
sity has a minimum confirming the EPR silent character of
bipolaronic TTF species and that TTF dimer tetracation is EPR

silent as expected.

The complex spectroelectrochemical responses may be
explained by two possible mechanisms. The first one concerns
an intramolecular interaction of two polaronic TTF units
leading to the EPR silent polaron pair in the singlet state. The
second possibility could be the formation of intermolecular
n-dimers [28,31] represented by the EPR silent tetracationic
structures formed from the two doubly charged TTF dimers.
After the third electron transfer to each TTF dimer these struc-
tures are no more stable and the EPR active TTF dimer trica-
tions are formed, which are further immediately charged to the
EPR silent TTF dimer tetracations.

As already extensively discussed in [32] concerning the redox
properties of self-assembled polyelectrolyte multilayers,
consisting of well-defined water-soluble electronically conduct-
ing poly-3-(30-thienyloxy)propyltriethylammonium, the spin-
less doubly charged species can be explained by the interchain
or intrachain coupling of two polarons, leading to the formation
of dimeric structures between the neighboring chains or to the
formation of two polaronic structures in a singlet ground state
within the chain [33]. The structures corresponding to polarons
and polaron pairs exhibited similar optical spectra and only a
small shift in wavelengths was found [32]. It should be noted
that the formation of interchain n-dimers is strongly suppressed
in dilute solutions. As already mentioned above, we observed
the same potential dependence of the EPR signal for com-
pounds 4 and 5 both in the concentrated and in the diluted solu-
tions. This suggests that the doubly charged structures 4 and 5
are in the form of a spinless dication, represented by the two

interacting intrachain polarons. Obviously, the optical spectra of
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interchain n-dimers of short oligomers are characterized by two
optical transitions, which exhibit a rather large blue shift with
respect to the two bands of the corresponding radical cations
which was not observed for TTF-dimers 4 and 5.

Going to the region of the second voltammetric double peak,
when both TTF segments are already monocharged, the bipola-
ronic EPR silent TTF structures start to be formed and a new
optical band appears in the spectral region between the two
polaronic bands (see blue line 4 in Figure 9b and Scheme 4).

For compound 8, in addition to the small shift of the TTF cation
optical band from 876 nm to 886 nm (Figure 10f), we observed
also a small shift of g-value going to the second electron
transfer (see Supporting Information File 1, Figure S9d). This
indicates the non-negligible interaction between the polaronic
states within the doubly charged TTF dimer 8 but this inter-
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action does not lead to the spinless species as found for 4 and 5.
Both polaronic structures behave as nearly independent and

their weak interaction probably leads to the shift in the g-value.

NIR absorptions of monocations. Finally, we wanted to
examine, in more detail, the broad bands in the NIR region of
the spectra of the mixed-valence radical cations. For this objec-
tive, compounds 1b, 4, 5, and 8 dissolved in CH,Cl, + 0.1 M
BuyNPF¢ were studied using another spectroelectrochemical
set-up, an optically transparent thin-layer electrochemical Ottle
cell equipped with a Pt mini grid working electrode and CaF,
windows. Figure 11 shows the spectral evolution upon elec-
trolysis of 1b, 4, 5, and 8. Not surprisingly, compound 1b,
which showed no sign of electronic interactions between the
TTF units in the CV (two two-electron oxidations), exhibited no
CT absorption band during the oxidation from neutral to dica-
tion. Instead, compound 8, and, in part, compound 4 showed
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Figure 11: UV-vis—NIR absorptions of 1b (2.4 mM), 4 (3.5 mM), 5 (2.9 mM), and 8 (1.9 mM) in CH,Cl, + 0.1 M BuyNPFg at different oxidation states
(obtained by electrolysis of the neutral species in an Ottle cell, ultimately generating the tetracation). The insets show expansions of the NIR region.
For 1b, the assignment “approximately monocation” refers to the stage during the electrolysis where this cation is judged to be the major species

present.
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interactions during the first oxidation of each TTF in the cyclic
and differential pulse voltammetry experiments. In accordance
hereto, both 4°" and 8" exhibited broad absorption bands
extending to 3000 nm (and apparently beyond for 8°*, but, in
general, baseline fluctuations add some uncertainty to the inten-
sities of the NIR absorptions and where they exactly end in our
spectra). The maximum is around 2300 nm for 8'" (the noise
present is due to strong interference from vibrational transitions
in the CH,Cl, solvent), while it is somewhat blueshifted for 4°*
and seems to agree with the value 1400 nm estimated from the
parallel measurement described above (Figure 9b). The NIR
absorption of 4™ is in agreement with the broad absorption at
1300 nm reported by Iyoda and co-workers [6] for a derivative
of 4 with SEt substituents (measured at one order of magnitude
lower concentration, <10™* M, in MeCN/CH,Cl, 1:4 using
Fe(ClOy4)3 as oxidizing agent). It is difficult to say if the long
and weak absorption tail extending to almost 3000 nm observed
in our experiment could be an IVCT absorption of the intermo-
lecular mixed valence species, if present. The NIR absorptions
of 4" and 8"* disappeared upon further oxidation to the dica-
tions, corroborating the CT character. The position of the more
well-defined NIR absorption band of 8" is close to that of 2a*"
at 2257 nm [10]; 2b"" also experiences this absorption
according to the EPR-spectroelectrochemistry described above
(see Figure 8), but in that experiment, the NIR detection only
goes to 2000 nm and therefore does not provide the full NIR
absorption band. The neutral spectrum of 8 was not fully regen-
erated after one cycle (neutral — monocation — dication — tetra-
cation — neutral), presumably due to some degradation (see
Supporting Information File 1) although an air-tight Ottle cell
was used, filled with solution kept under inert atmosphere.
When a TEE is separating the two TTFs in an acyclic structure
(1b*"), they are too remote to interact. However, when cyclized
into TEE-based radiaannulene structures, 2a’", 2b"*, and 8%,
interactions appear despite the similar distance between the TTF
units as in 1b. The triisopropylsilyl groups in 2a and 2b prevent
the formation of face-to-face complexes in which the TTF units
interact pairwise (calculations indicate that the TTF units cannot
come closer together than approximately 13 A, see Supporting
Information File 1) and the NIR absorptions of the radiaannu-
lene cations are therefore most likely of intramolecular origin.
No interaction between the two TTF units was observed in the
CV of 5. There seems, however, to be a very weak CT band
around 1700 nm for 5°% with a tail until ca. 3000 nm (but this
weak absorption does not disappear fully upon further oxi-
dation). In comparison, Iyoda and co-workers [6] reported a
broad absorption at 1200 nm for the monocation of the SEt
derivative obtained by chemical oxidation. We also subjected
selected compounds to chemical oxidations using tris(4-
bromophenyl)aminium hexachloridoantimonate (“magic blue”)

as oxidant (spectra not shown), but weak NIR absorption bands

Beilstein J. Org. Chem. 2015, 11, 930-948.

were here not only present for the monocations of 4, 5, and 8,
but also for the higher oxidation states, and it is likely that some

decompositions have occurred.

UV-vis—NIR and EPR spectra of reduced
species

In cyclic voltammetric studies discussed above, a nearly revers-
ible first cathodic reduction was observed for radiaannulenes 2b
and 8. At the low scan rates (2 mV s™1) used in spectroelectro-
chemistry, the cyclic voltammetric peaks become nearly irre-
versible indicating much lower stability of the formed radical
anions in comparison to the corresponding radical cations.
Nevertheless, a hint of counter peak in the back anodic scan at
low scan rates for both compounds indicates that the primarily
formed radical anions could be observed in the EPR spectro-
electrochemical experiment. Figure 12 shows the vis—NIR/EPR
spectrolectrochemical response found for sample 2b in CH,Cl,
(BuyNPFg) at a platinum mesh electrode. A new dominating
absorption band with maximum at 842 nm having a rich
vibronic pattern was observed during the in situ reduction in the
region of the first cathodic voltammetric peak (a similar absorp-
tion at A,y 845 nm was previously found for 2a™ [10]) with
the coincident monitoring of narrow single line EPR spectrum
with g-value of 2.0024 (see Figure 12b). The intensity of the
new optical band correlates well with the EPR intensity of the
simultaneously-taken narrow EPR spectra (compare Figure 12a
and 12¢). However, in addition to the narrow EPR singlet line,
an additional EPR signal was found (see EPR spectrum marked
with asterisks in inset of Figure 12b), the intensity of which
increased after prolonged reduction, indicating the formation of
a new paramagnetic product by follow-up reactions. Conse-
quently the first EPR signal can be tentatively ascribed to the
radical anion 2b*~ while the second EPR signal is an unidenti-
fied product formed by conversion of this radical anion. Very
similar EPR spectra were observed upon cathodic reduction of
radiaannulene 8 as shown in Supporting Information File 1,
Figure S13. A new optical band at A;;,x = 653 nm accompanied
with a narrow EPR signal at g = 2.0024 were monitored in the
region of the first reduction peak. The observed g-values close
to the free electron value for both anions 2b*~ and 8~ are char-
acteristic of delocalized spin and correspond to spin delocaliz-
ation within the 7, aromatic core.

Conclusion

In conclusion, the interactions between TTF units in dimeric
structures depend strongly on the spacer unit in a rather com-
plex manner. The interactions do not only rely on the length of
the separation between the units, but also on the rigidity/
planarity of the dimer, which can be enforced by cyclic cores.
First of all, cyclic radiaannulene cores as spacers promote step-

wise oxidation of each TTF unit to its radical cation, via an
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Figure 12: In situ EPR-UV-vis—NIR cyclic voltammetry of 2b (1 mM)
in the cathodic region: (a) potential dependence of vis—NIR spectra
with corresponding cyclic voltammogram (in CH2Cl / 0.1 M BugPFg,
scan rate v =2 mV s~1); (b) representative difference vis—NIR spectra
observed at the first reduction peak (inset: characteristic EPR spec-
trum of radical species monitored upon reduction); (c) potential
dependence of EPR signal monitored during in situ cyclic voltam-
metric experiment.

intermediate cationic species that exhibits an IVCT band. The
generated dication is paramagnetic, signalling two unpaired
TTF cation radicals. In contrast, TTF units separated by TEE-
bridges in acyclic arrangements, either linearly conjugated or
cross-conjugated, behaved as independent redox centres and the
intermediate singly-charged gem-TEE species did not exhibit
IVCT bands. With simple ethynediyl or butadiynediyl spacers
in acyclic structures, each TTF unit was also oxidized almost at
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the same potential, but with some broadening of the first wave
for the former compound and its monocation experienced a
clear IVCT band, while this band was somewhat weaker for the
monocation of the second one. An EPR silent species was
generated for the dication of both of these compounds, which
signals intramolecular interaction of the two polaronic TTF
units as we exclude n-dimerization since the EPR inactivity did
not depend on the concentration of the species. A non-negli-
gible interaction between the polaronic states was observed for
the dication of the radiaannulene with butadiynediyl and TEE-
diyl-bridging units, but in this case, it did not lead to a spinless
species. The CT absorptions observed for the radical cations
with a short bridge between the two TTF units or a cyclic
bridging unit are in general very weak, and it is difficult to
make unambiguous assignments of these to intra- and/or inter-
molecular mixed valence transitions. It is noteworthy, however,
that the dications (TTF""—TTF"") experienced Davydov
redshifts rather than blueshifts, which signal intramolecular
head-to-tail interactions rather than face-to-face n-dimer inter-
actions when both TTF units exist as radical cations (in agree-
ment with the paramagnetic properties). In addition, the triiso-
propylsilyl groups prevent formation of face-to-face dimers in
which all TTFs interact pairwise for those radiaannulenes
containing two such bulky groups, pointing to an intramolecu-
lar origin of the NIR absorptions.

Finally, the different radiaannulene cores also present redox-
active units, undergoing reversible and ready reductions, which
we ascribe to some gain in aromaticity upon reduction. On
account of these electron-accepting properties, the neutral TTF-
radiaannulenes exhibit low-energy CT absorptions.

Experimental

General Methods — Synthesis. Chemicals were purchased
from Aldrich, Fluka, and GSF Chemicals and used as received.
THF was distilled over the Na/benzophenone couple. Solvents
were of HPLC grade and used as received. Thin layer chroma-
tography (TLC) was carried out using aluminum sheets
precoated with silica gel 60 Fps4 (Merck 5554). Flash column
chromatography was carried out using ROCC or Merck silica
gel (40-63 um). 'H NMR and '3C NMR spectra were recorded
on a Bruker instrument (500/126 MHz) with non—inverse
cryoprobe using the residual solvent as the internal standard
(chloroform-d éy = 7.26 ppm, 6c = 77.16 ppm;
dichloromethane-d, 8y = 5.32 ppm, 6c = 54.00 ppm). All
coupling constants are expressed in Hertz (Hz). Melting points
were measured on a Reichert melting point apparatus equipped
with a microscope and are uncorrected. Mass spectrometry
(MS) was performed using Matrix Assisted Laser Desorption
Ionization (MALDI); TOF = time-of-flight; FT-ICR = Fourier
Transform Ion Cyclotron Resonance. IR spectra were measured
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using the attenuated total reflectance (ATR) method on
diamond. The relative peak intensities in IR spectra are desig-

nated as vw = very weak, w = weak, m = medium, s = strong.

General methods — electrochemistry: Cyclic voltammetry and
differential pulse voltammetry were carried out in CH,Cl,
containing 0.1 M BuyNPFg as supporting electrolyte using
Autolab PGSTAT12 or CH Instruments 400A or 630B poten-
tiostats. The working electrode was a circular glassy carbon
disk (d = 3 mm), the counter electrode was a platinum wire and
the reference electrode was a silver wire immersed in the
solvent-supporting electrolyte mixture and separated from the
solution containing the substrate by a ceramic frit. The poten-
tial of the reference electrode was determined vs the ferrocene/
ferrocenium (Fc/Fc™) redox system in a separate experiment.
Solutions were purged with nitrogen saturated with CH,Cl, for
ten minutes before the measurements were made. Substrate
concentrations were in all cases close to 1 mM. All measure-
ments were carried out at room temperature (=23 °C). EPR/
UV-vis—NIR spectroelectrochemistry: Commercially avail-
able dichloromethane (CH,Cl,) and ferrocene (Fc) purchased
from Sigma-Aldrich were used without further purification.
Tetrabutylammonium hexafluorophosphate (BuyNPFg) of
puriss. quality (Fluka) was dried under reduced pressure at
70 °C for 24 h and stored in a desiccator. Cyclic voltammo-
grams (CV) were recorded using a one-compartment electro-
chemical cell with platinum wires as working and counter elec-
trodes and a Ag wire as a pseudo-reference electrode. Electro-
chemical measurements were performed under inert argon
atmosphere on a PAR 273 potentiostat (EG&G, US) at room
temperature. In situ ESR/UV—vis—NIR spectroelectrochemical
experiments were performed in an optical ESR cavity (ER
41040R, Bruker Germany) [34]. EPR spectra were recorded by
an EMX X-band CW spectrometer (Bruker, Germany).
UV-vis—NIR spectra were measured using the Avantes spec-
trometer AvaSpec-2048x14-USB2 with an CCD detector and
AvaSpec-NIR256-2.2 with an InGaAs detector applying the
AvaSoft 7.5 software. Both, the ESR spectrometer and the
UV-vis—NIR spectrometer are linked to a HEKA potentiostat
PG 390 which triggers both spectrometers. Triggering is
performed by the software package PotMaster v2x40 (HEKA
Electronik, Germany). For standard in situ ESR/vis—NIR spec-
troelectrochemical experiments an ESR flat cell was used. A
laminated platinum mesh as the working electrode, a silver wire
as the pseudo-reference electrode, and a platinum wire as the
counter electrode were used in spectroelectrochemical experi-
ments. To reach the nearly thin layer conditions, the electrolyte
volume was reduced by inert foil sheets inserted into the flat
cell. Experiments were also performed at room temperature in
CH,Cl, (0.1 M BuyNPFg) using an optically transparent thin-
layer electrochemical (OTTLE) cell equipped with a Pt mini
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grid working electrode (32 wires cm 1) and CaF, windows [35].
The cell was positioned in the sample compartment with the
photon source passing through the working electrode mini grid.
A narrow slit width setting was chosen in the instrument
settings to get good resolution. The UV—vis—NIR spectra were
obtained using a Varian Cary SE spectrophotometer in double
beam mode. The controlled-potential electrolysis was carried
out using a CH Instruments Model CHI630B potentiostat to
manually adjust the potential.

4',5'-Bis(butylthio)-4-(trimethylsilyl)tetrathiafulvalene (10).
To a degassed solution of 9 (315 mg, 0.62 mmol) in EtzN
(15 mL) were added PdCl,(PPhj), (87 mg, 0.12 mmol), Cul
(12 mg, 0.06 mmol) and trimethylsilylacetylene (0.70 mL,
5.0 mmol). The mixture was stirred at rt for 3 h after which it
became orange. Petroleum spirit (10 mL) was added, the mix-
ture was filtered through a short plug of silica (SiO,, CH,Cl,)
and the solvent evaporated in vacuo. Column chromatography
(Si0,, EtOAc/petroleum spirit 1:25) followed by size exclusion
column chromatography (Biobeads, S-X3, CH,Cl,) afforded
compound 10 (230 mg, 78%) as an orange oil. 'H NMR
(500 MHz, CDCl3) 8 6.51 (s, 1H), 3.24-2.27 (m, 4H), 1.41 (p, J
=17.3 Hz, 4H), 1.32-1.15 (m, 4H), 0.72-0.52 (m, 6H), 0.00 (s,
9H) ppm; '3C NMR (126 MHz, CDCl3) § 128.21, 127.66,
125.42, 116.12, 112.62, 109.26, 100.27, 94.97, 36.15, 36.14,
31.91, 31.89, 21.78, 13.74, —0.22 ppm (2 signals missing); MS
(MALDI-TOF): m/z = 476 [M*"]; HRMS (MALDI+, FT-ICR,
dithranol): m/z = 476.02777 [M'*] (calcd for C;9H»gS6Si™:
476.02790).

1,2-Bis(4,5-bis(butylthio)tetrathiafulvalene)ethyne (4). To a
solution of K,COj3 (121 mg, 0.88 mmol) in MeOH (30 mL) was
added a solution of 10 (56 mg, 0.12 mmol) in THF (5 mL). The
mixture was stirred at rt for 20 min, until quantitative conver-
sion was detected by TLC (SiO,, CH,Cly/heptane 1:4). The
mixture was diluted with Et,O (100 mL), washed with water
(3 x 100 mL) and brine (3 x 100 mL). The organic phase was
dried over MgSOy4 and filtered. Et3N (15 mL) was added and
the solution was concentrated in vacuo until only Et3N was left.
The solution of the desilylated compound in Et3N was degassed
and Pd(PPh3)4 (21 mg, 0.02 mmol) and Cul (7 mg, 0.04 mmol)
were added followed by a degassed solution of 9 in EtzN
(10 mL). After stirring at rt for 3 h, the color changed from
orange to red; petroleum spirit was added and the mixture was
filtered through a short plug of silica (SiO, in CH,Cl,) and the
solvent evaporated in vacuo. Size exclusion column chromatog-
raphy (Biobeads, S-X3, CH,Cl,) gave compound 4 (73 mg,
78%) as a red amorphous solid. 'H NMR (500 MHz, CDCls) &
6.57 (s, 2H), 2.83-2.80 (m, 8H), 1.63—1.59 (m, 8H), 1.46-1.41
(m, 8H), 0.93 (t, J= 7.4 Hz, 6H), 0.92 (t, J = 7.4 Hz, 6H) ppm;
13C NMR (126 MHz, CDCl3) & 128.28, 127.77, 126.50, 114.90,
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111.75,110.43, 84.61, 36.20, 36.19, 31.98, 31.91, 21.95, 13.75
ppm (2 signals missing); MS (MALDI-TOF): m/z = 782 [M"*];
HRMS (MALDI+, FT-IRC, dithranol): m/z = 781.96161 [M"*]
(calcd. for C30H38812+3 781.96165).

1,4-Bis(4,5-bis(butylthio)tetrathiafulvalene)-1,3-butadiyne
(5). To a solution of K,CO3 (190 mg, 1.37 mmol) in MeOH
(50 mL) was added a solution of 10 (164 mg, 0.34 mmol) in
THF (5 mL). The mixture was stirred at rt for 20 min, until
quantitative conversion was detected by TLC (SiO,, CH,Cl,/
heptane 1:4). The mixture was diluted with CH,Cl, (150 mL)
and washed with brine (3 x 100 mL). The organic phase was
dried over MgSQOy, filtered and concentrated in vacuo until the
total volume was ca. 50 mL. To the obtained solution of the
desilylated product in CH;Cl, were added CuCl (3 mg,
0.03 mmol), TMEDA (0.1 mL, 0.67 mmol), and 4 A molecular
sieves (0.12 g), instantly turning the mixture to red. The mix-
ture was stirred vigorously for 2 h, after which it was passed
through a short plug of neutralized silica (SiO,, CH,Cl,) and
concentrated in vacuo. Size exclusion column chromatography
(Biobeads, S-X3, CH,Cl,) gave compound 5 (77 mg, 56%) as a
red amorphous solid. 'H NMR (500 MHz, CDCl3) & 6.70 (s,
2H), 2.83-2.79 (m, 8H), 1.63—1.57 (m, 8H), 1.47-1.40 (m, 8H),
0.92 (t,J="7.4 Hz, 6H), 0.92 (t, J = 7.4 Hz, 6H) ppm; 13C NMR
(126 MHz, CDCl3) 6 129.61, 128.34, 127.70, 114.89, 111.27,
111.20, 77.92, 75.31, 36.19, 31.92, 31.89, 21.79, 13.74 ppm (3
signals missing); MS (MALDI-TOF): m/z = 806 [M"*]; HRMS
(MALDI+, FT-IRC, dithranol): m/z = 805.96170 [M**] (calcd.
for C35H3gS1,™: 805.96165).

trans-TEE-TTF (6). A solution of 11 (37 mg, 0.09 mmol) in
(iPr),NH (8 mL) was degassed with argon on an ultrasound
bath for 30 min. Then Pd(PPh3)4 (7 mg, 0.01 mmol), Cul (4 mg,
0.02 mmol), followed by 9 (106 mg, 0.21 mmol) in degassed
(iPr)o,NH (2 mL) were added, instantly turning the mixture to
dark purple. The mixture was protected from light and stirred at
rt for 4 h. Heptane (20 mL) was added and the mixture was
filtered through a short plug of silica (Si0,, CH,Cl,) and
concentrated in vacuo. Column chromatography (SiO,, heptane)
afforded compound 6 (90 mg, 89%) as a dark purple oil.
TH NMR (500 MHz, CD»Cl,) § 6.63 (s, 2H), 2.86-2.79 (m,
8H), 1.75-1.54 (m, 8H), 1.51-1.39 (m, 8H), 1.23-1.12 (m,
42H), 1.03-0.82 (m, 12H); !3C NMR (126 MHz, CD,Cl,) &
128.76, 128.19, 127.75, 117.30, 115.75, 112.42, 110.47, 105.11,
102.61, 92.01, 90.10, 36.59, 32.42, 32.37, 22.20, 22.19, 19.08,
13.92, 11.87 ppm (2 signals missing); HRMS (MALDI+,
FT-ICR, dithranol): m/z = 1192.24515 [M**] (calcd for
C56H80$128i2+: 1 192.24415).

Compound 7. A flask containing Pd(PPh3)4 (11 mg,
0.01 mmol), 2,6-bis(ethynyl)pyridine (6.3 mg, 0.05 mmol), and
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Cul (1 mg, 0.01 mmol) was charged with an argon balloon. A
solution of 9 (50 mg, 0.01 mmol) in argon-flushed Et;N
(10 mL) was added and the resulting orange reaction mixture
was stirred for 6 h. The reaction was quenched by addition of
saturated aqueous NH4Cl1 (10 mL) followed by water (100 mL),
and the mixture was extracted with CH,Cl, (100 mL). The
organic extract was washed with saturated aqueous NH4Cl
(3 x 50 mL), dried with NaySQy, filtered and concentrated in
vacuo. Purification by flash column chromatography (SiO, pre-
treated with a 2% solution of Et;N, CH,Cly/petroleum spirit 1:9
to 1:4, loaded using CCly), followed by size-exclusion chroma-
tography (Biobeads S-X3, CH,Cl,) gave compound 7 (35 mg,
80%) as a red oil which slowly solidified. M.p. 91-93 °C
(CH,Cl,). 'H NMR (400 MHz, CDCls) & 7.65 (t, J = 7.8 Hz,
1H), 7.38 (d, J= 7.8 Hz, 2H), 6.71 (s, 2H), 2.82 (t, /= 7.3 Hz,
4H), 2.81 (t, J = 7.3 Hz, 4H), 1.64-1.60 (m, 8H), 1.47-1.41 (m,
8H), 0.93 (t, J = 7.3 Hz, 6H), 0.93 (t, J = 7.3 Hz, 6H) ppm;
13C NMR (126 MHz, CDCl3) & 143.01, 136.78, 128.29, 127.80,
127.65, 126.78, 115.05, 111.99, 110.21, 91.89, 80.97, 36.20,
31.94,31.92, 21.81, 21.80, 13.76, 13.75 ppm (1 signal missing);
HRMS (MALDI+, FT-ICR, dithranol) m/z = 882.99032 [M"*]
(caled. for C37H4 N*: 882.98820).

Compound 14. A solution of 13 (99 mg, 0.07 mmol) in
(iPr);NH (10 mL) was degassed on an ultrasound bath for
30 min. Thereafter, PACl,(PPh3); (5 mg, 0.01 mmol), Cul
(1 mg, 0.01 mmol), and trimethylsilylacetylene (0.15 mL,
1.03 mmol) were subsequently added. After stirring at rt for
1.5 h, the mixture was filtered through a plug of silica (SiO,,
CH,Cly/petroleum spirit 1:1) and concentrated in vacuo to give
compound 14 (49 mg, 52%) as a green oil. 'H NMR (500 MHz,
CDCl3) 6 2.81 (t, J = 7.3 Hz, 4H), 2.81 (t, J = 7.3 Hz, 4H),
1.64-1.58 (m, 8H), 1.46—1.41 (m, 8H), 1.12-1.11 (m, 42H),
0.92 (t, J=17.3 Hz, 6H), 0.92 (t, J = 7.3 Hz, 6H), 0.22 (s, 18H)
ppm; 13C NMR (126 MHz, CDCls) 8 127.92, 127.87, 122.84,
120.88, 119.92, 115.19, 112.03, 109.43, 107.77, 105.30, 103.51,
95.07, 94.51, 89.23, 36.22, 31.94, 31.92, 21.80, 18.88, 13.75,
11.41, —0.24 ppm (3 signals missing); HRMS (MALDI+,
FT-ICR, dithranol): m/z = 1384.32641 [M**] (calcd. for
Ce6HoeS 12814 m/z = 1384.32321).

Radiaannulene 8. To a solution of K,COj3 (30 mg, 0.22 mmol)
in MeOH (20 mL) was added a solution of 14 (74 mg,
0.05 mmol) in THF (5 mL). The mixture was stirred at rt for
20 min, until quantitative conversion was detected by TLC
(SiO,, CH;,Cly/heptane 1:4). The mixture was diluted with
CH,Cl; (150 mL) and washed with brine (3 x 100 mL). The
organic phase was dried over MgSQy, filtered and concentrated
in vacuo until the total volume was ca. 50 mL. To the obtained
solution of the desilylated product in CH,Cl, were added CuCl
(2 mg, 0.02 mmol), TMEDA (0.1 mL, 0.67 mmol), and 4 A
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molecular sieves (0.06 g). The mixture was stirred vigorously
for 2 h, after which it was passed through a short plug of silica
(Si0,, CH,Cly) and concentrated in vacuo. Size exclusion
column chromatography (Biobeads, S-X3, CH,Cl,) gave com-
pound 8 (24 mg, 37%) as a green oil. Crystals suitable for X-ray
crystallography were grown from CH,Cl,/MeOH. 'H NMR
(500 MHz, CDCl3) 6 2.83-2.80 (m, 8H), 1.64-1.60 (m, 8H),
1.46-1.41 (m, 8H), 1.15-1.14 (m, 42H), 0.93 (t, J = 7.4 Hz,
6H), 0.93 (t, J = 7.4 Hz, 6H) ppm; '3C NMR (126 MHz,
CDCl3) 6 128.34, 127.75, 127.59, 121.79, 120.68, 114.29,
108.45, 108.28, 103.90, 98.13, 91.56, 87.85, 86.92, 36.32,
36.28, 31.99, 31.91, 21.82, 21.79, 18.93, 13.74, 13.73, 11.48
ppm (1 signal missing); IR (ATR): 2955s, 2927s, 2863s,
2725vw, 2154w (C=C), 1716vw, 1676vw, 1461m, 1417w,
1380w, 1346w, 1254m, 1224w, 1201w cm™'; HRMS
(MALDI+, FT-ICR, dithranol): m/z = 1238.22912 [M"*] (calcd.
for CoH7S12Si,™: m/z = 1238.22851).
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A dissymmetric TTF-type electron donor, cyanobenzene-ethylenedithio-tetrathiafulvalene (CNB-EDT-TTF), was obtained in high
yield, by a cross-coupling reaction with triethyl phosphite between 2-thioxobenzo[d][1,3]dithiole-5-carbonitrile and 5,6-dihydro-

[1,3]dithiolo[4,5-b][1,4]dithiin-2-one. This new donor was characterized namely by single crystal X-ray diffraction, cyclic voltam-

metry, NMR, UV-visible and IR spectroscopy.

Introduction

The tetrathiafulvalene molecule (TTF) and its many derivatives,
due to its unique n-donor properties, have been at the basis of
the large majority of organic metals and superconductors known
so far [1,2]. Their success as building blocks for conducting ma-
terials is due to unique m-donor properties of TTF with two
oxidized states readily accessible and the possibility of large
intermolecular interactions in solid state through rather
extended m-orbitals of these flat molecules. The exploration of
new TTF derivatives in this context has followed two main
guidelines. First, the further extension of the conjugated
n-system to render more accessible the different oxidation
states, and maximize the intermolecular interactions between
planar molecules that tend to be organized in the solid state as
stacks or layers with their long axis parallel to each other.

Second, the incorporation of additional sulfur and other

chalcogen atoms in the molecular periphery to promote side
intermolecular interactions along the molecular plane allows a
possible 2D or 3D character to the electronic interactions.

More recently there has been an increasing interest in TTF
derivatives containing N atoms in their periphery which, while
retaining the electroactive behaviour of TTF, could also be able
to coordinate to transition metals [3-11]. Some TTF derivatives
symmetrically substituted with cyano groups have been
reported [12], but non-symmetrically substituted have been a lot
less explored with the possible exception of some preligands for
dithiolene complexes [13].

Aiming at enlarging this type of electron donors we report here

a new non-symmetrically substituted TTF donor with one
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dithiin ring and one cyanobenzene ring obtained by a cross
coupling reaction. These two rings are expected to enhance the
degree of m-delocalization over the molecule when compared
with simple TTF, while the presence of the nitrogen atom can
favour specific intermolecular interaction at the molecular
periphery, either coordinating to other metals as found in other
TTF type ligands or promoting weak hydrogen bonds.

Results and Discussion

Synthesis and structure of CNB-EDT-TTF

The synthesis of CNB-EDT-TTF 3 was obtained under a
general route to prepare non-symmetrically substituted TTF
derivatives by cross coupling of two different 1,3-dichalcogen-
ole-2-chalconegones [14,15], involving the coupling between
2-thioxobenzo[d][1,3]dithiole-5-carbonitrile (1) [16] and 5,6-
dihydro[1,3]dithiolo[4,5-b][1,4]dithiin-2-one (2) in 1:1.1 ratio
in pure triethyl phosphite during 4 hours at 130 °C leading to
the formation of 3 in relatively high yield (63%) (Scheme 1).
This coupling reaction also gives rise to smaller amounts of
BEDT-TTF (14% yield) and dicyanodibenzene tetrathiafulva-
lene (dedb-TTF) [13] as byproducts resulting from homocou-
pling reactions. The separation of the products was easily
achieved by chromatography. The dcdb-TTF yield was not
determined since due to its insolubility it was retained at the top

Beilstein J. Org. Chem. 2015, 11, 951-956.

of the chromatography column. The yield of 3 decreased for
longer reaction times and this is likely attributed to the higher
formation of insoluble dedb-TTF.

The CNB-EDT-TTF 3 electron donor is thermally stable, not
sensitive to oxygen and soluble in common solvents such as
CH,Cl,, CHCl3 and AcOEt. The molecular structure and purity
of the isolated compound after column chromatography were
confirmed by 'H and '3C NMR spectroscopy, UV—-vis and IR
spectroscopy, mass spectrometry and elemental analysis.

In the IR spectra of 3, the characteristic C=N and C=C
stretching absorption bands appeared around 2229 ¢m™! and
1637 and 1446 cm™!, respectively. The 'H NMR spectra
showed signals at 7.48-7.31 and 3.33 ppm, integrating with
ratios expected for the seven protons.

Single crystals of 3 suitable for X-ray analysis were grown by
slow evaporation from a dichloromethane solution. The X-ray
structural refinement confirm the molecular structure of the
compound 3 and was found to crystallize in the monoclinic
system, space group P2,/n with one crystallographically inde-
pendent molecule in a general position (Figure 1). This mole-
cule is almost planar; the dihydrodithiin ring adopts a half-chair

S_S8
s

H
1

NC s NC S, S-S
T I
s P(OEt)s, 130 °C H s  s7T>g
3

Scheme 1: Synthesis of cyanobenzene-ethylenedithio-tetrathiafulvalene (CNB-EDT-TTF) 3.

Figure 1: ORTEP diagrams of compound 3 drawn at 30% probability level with the atomic numbering scheme.
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conformation with five coplanar atoms. The central C=C bond
length (C5-C6 = 1.355(8) A) is typical of neutral TTF donors
[17-20].

The crystal structure is made by piling up molecules head to
head forming stacks along the b axis (Figure 2) with short S-H
contacts (S1-H1B; S4-H2B) in the range 2.751-2.824 A.
Neighbouring stacks are arranged head to tail in the a,c plane
with several short contacts between molecules in neighbouring
stacks S-S, C-N, S—-H, N-H (S2-S3; N1-C1; NI1-HIA;
S2-H9; S5-H10; S6-H10). Short-contact details are given in
Table S1 in Supporting Information File 1. Molecules in neigh-
bouring stacks along a are tilted by 54.35° (Figure 3).

Spectroscopic and electrochemical

properties

The electronic properties of 3 were investigated by UV—vis
absorption spectroscopy in dichloromethane solution. The
UV-vis spectra in DCM (Figure S6 in Supporting Information
File 1) showed n—n* transitions typical of TTF donors [21],
with an intense absorption band centred at approximately at 231
nm and other weaker bands at 269, 305 and 329 nm.

The redox properties of this donor were studied by cyclic
voltammetry in dichloromethane using [n-BuyN][PF¢] as the
supporting electrolyte (Figure 4) showing two one-electron
quasi-reversible redox waves at 0.405 V and 0.850 V vs

Beilstein J. Org. Chem. 2015, 11, 951-956.

Figure 3: View of three neighbouring molecular stacks in 3.

Ag/AgNOj as typical of TTF donors, which are ascribed to the
couples [CNB-EDT-TTF]%[CNB-EDT-TTF]" and [CNB-EDT-
TTF]"/[CNB-EDT-TTF]?", respectively. Comparing the redox
potentials of the new TTF electron donor 3 with the well-known
BEDT-TTF donor also measured by us in the same conditions,
as shown in Table 1, we can conclude that, as expected, the
cyanobenzene group reduces the donor properties, shifting the
redox potentials to higher values due to the electron with-
drawing effect of the cyano groups possibly with a partial elec-

Figure 2: Crystal structure of compound 3 viewed along the b axis.
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Table 1: Redox potentials for donors in CH,Cly with [n-Bug][PFg] 0.1 M, E in V vs Ag/AgNO3 with scan rate = 100 mV s~".

Donor Solvent Eq% (V)
3 DCM

BEDT-TTF DCM

dcdb-TTF [13] benzonitrile 0.270
cbdc-TTF [13] DMF 0.380

ays Fc/Fc+ and Pvs SCE.

tron transfer from the donor to the acceptor moiety. This ten-
dency is also in agreement with the redox potentials of other
cyanobenzene and pyrazine groups substituted TTFs recently
reported by our group [13,22,23].

1,0x10™ -
5,0x107° -

0,0 -

1 (A)lcm

-5,0x10° -
-1,0x10*- .
X 111
L1y

-2,0x10* ,
1,0

-1,5x10™ -

05 00
E vs Ag/Ag’(V)

Figure 4: Cyclic voltammogram of 3.

Conclusion

In conclusion, we have prepared in fair yield a new non-
symmetrically substituted cyanobenzene TTF-type electron
donor, CNB-EDT-TTF, by a cross coupling reaction followed
by chromatographic separation. The crystal structure of this
donor is dominated by a large number of S-, C- and N-medi-
ated contacts. CNB-EDT-TTF presents the electroactive behav-
iour of TTF-type donors although with slightly enhanced oxi-
dation potentials due to the incorporation of the CN group. This
new donor is expected to be a valuable building unit to prepare
new charge transfer salts where both the dipolar moment and
the possibility of metal coordination and other interactions
mediated by the cyano group can be further explored to obtain
compounds with interesting properties.

Experimental
Materials and methods

Elemental analyses of the compounds were performed using an

EA 110 CE Instruments automatic analyzer. Melting points

0.405; (0.1392; 0.705P)
0.234; (-0.3207; 0.534b)

Ex” (V)

0.850; (0.5847; 1.15P)
0.642; (0.376; 0.942b)
0.600

0.540

were studied on a Stuart Scientific SMP2. IR spectra were
obtained on a Bruker FTIR Tensor 27 spectrophotometer. 'H
and 13C NMR spectra were recorded on Brucker Avance 300
(300 MHz for 'H) with CDCIlj and (CDj3),SO used as solvents
respectively and TMS the internal reference. UV—vis spectra
were recorded on an UV-1800 Shimadzu spectrophotometer.
Cyclic voltammetry data were obtained using a BAS C3 Cell
Stand. The voltammograms were obtained at room temperature
with a scan rate of 100 mV/s, platinum wire working and
counter electrodes and an Ag/AgNOj reference electrode. The
measurements were performed on fresh solutions with a
concentration of 1073 M, in CH,Cl,, that contained n-BugPFg
(107! M) as the supporting electrolyte. Mass spectra were
obtained with a Bruker HCT electrospray ionization quadru-
pole ion trap mass spectrometer (ESI-QIT/MS). X-ray diffrac-
tion studies were performed with a Bruker APEX-II CCD
detector diffractometer using graphite monochromated Mo Ka
radiation (A = 0.71073 A), in the ¢ and ® scan modes. A semi
empirical absorption correction was carried out using SADABS
[24]. Data collection, cell refinement and data reduction were
done with the SMART and SAINT programs [25]. The struc-
tures were solved by direct methods using SIR97 [26] and
refined by full-matrix least-squares methods using the program
SHELXL97 [27] using the winGX software package [28]. Non-
hydrogen atoms were refined with anisotropic thermal parame-
ters whereas H-atoms were placed in idealised positions and
allowed to refine riding on the parent C atom. Molecular
graphics were prepared using MERCURY 1.4.2 [29].

General procedure for the synthesis of 3

In freshly destilled triethyl phosphite (10 mL), 2-thioxo-
benzo[d][1,3]dithiole-5-carbonitrile (1, 1 mmol, 0.21 g) and
5,6-dihydro[1,3]dithiolo[4,5-b][1,4]dithiin-2-one (2, 1.1 mmol,
0.23 g) were heated up to 130 °C under N, at reflux for 4 h,
which led to a formation of an orange precipitate. The precipi-
tate was filtered and washed with cold methanol and dried
under vacuum. The product was isolated by silica gel column
chromatography with DCM:hexane (3:1) as eluent. Yield 63%;
mp 238.6 °C; anal. caled for C;3H7NSq: C, 42.25; H, 1.91; N,
3.79; S, 52.05; found: C, 41.41; H, 2.45; N, 3.43; S, 49.25; MS
m/z (100%): 369.0 (M*,100); "H NMR (CDCls, ppm) 7.46 (d,
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J =1 Hz, 1H,), 7.38 (dd, J = 1, 8.1 Hz, 1H,), 7.31 (d,
J = 8.1 Hz, 1H), 3.32 (s, 4H); 13C NMR (CD3),S0) 142.8,
138.1, 130.9, 126.3, 123.9, 118.7, 113.44, 109.73, 30.11; vppax
(KBr)/em™L: 3062 (m, Ar-H), 2922 (s, CHy), 2229 (s, C=N),
1637 and 1446 (m, C=C), and 582 (m, C-S); UV-vis (DCM)
Amax = 231 nm.

Crystal structure data: The crystal structure data have been
deposited at the Cambridge Crystallographic Data Centre and
allocated the deposition number CCDC-1049230 for 3. These
crystallographic data can be obtained free of charge at http://
www.ccdc.cam.ac.uk.

Cyanobenzene-ethylenedithio-tetrathiafulvalene 3 crystallized
from dichloromethane saturated solution as orange needles,
C13H NS (M, = 369.59), crystal size 0.35 x 0.22 x 0.18 mm3,
monoclinic, a = 10.8794(6) A, b = 4.1490(3) A, ¢ =
31.9854(16) A, B =97.185(4), V' =1432.44 A3, Z =4, peaicd =
1.714 g cm™3, space group P2,/n.

Supporting Information

Supporting Information File 1

NMR ('H and '3C), infrared spectra, UV—vis absorption
spectra and short contact list of CNB-EDT-TTF.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-106-S1.pdf]
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A class of carboxyl and carboxylate ester-substituted dithiafulvene (DTF) derivatives and tetrathiafulvalene vinylogues (TTFVs)

has been synthesized and their electronic and electrochemical redox properties were characterized by UV—vis spectroscopic and

cyclic voltammetric analyses. The carboxyl-TTFV was applied as a redox-active ligand to complex with Zn(II) ions, forming a

stable Zn-TTFV coordination polymer. The structural, electrochemical, and thermal properties of the coordination polymer were

investigated by infrared spectroscopy, cyclic voltammetry, powder X-ray diffraction, and differential scanning calorimetric

analyses. Furthermore, the microscopic porosity and surface area of the Zn-TTFV coordination polymer were measured by nitrogen

gas adsorption analysis, showing a BET surface of 148.2 m? ¢! and an average pore diameter of 10.2 nm.

Introduction

Tetrathiafulvalene (TTF) has been widely applied as a redox-
active building block in organic electronic materials and supra-
molecular assemblies [1-5], since the first discovery by Wudl
and others in the early 1970s that TTF upon interactions with
suitable electron acceptors could give rise to charge-transfer
complexes exhibiting excellent metallic conductivity [6,7]. The
remarkable electron-donating properties of TTF arise from its
aromaticity-stabilized cationic states after releasing one and/or
two electrons [1-5,8-10]. Tetrathiatulvalene vinylogues

(TTFVs) are n-extended analogues of TTF bearing extended

vinyl bridges between the two dithiole rings of TTF [9-11].
Similar to their parent TTF, TTFVs are excellent electron
donors as well and they can undergo reversible electron trans-
fers under mild redox conditions [11-15]. Of particular interest
is the class of aryl-substituted TTFVs which show interesting
conformational switching properties governed by redox
processes [12,14-16]. For instance, the structure of dipheny-
lated TTFV 1 can be transformed from a pseudo cis to a
complete trans conformation upon oxidation (see Scheme 1).

The application of TTFVs in material development began

957


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:yuming@mun.ca
http://dx.doi.org/10.3762%2Fbjoc.11.107

several decades ago, while the past few years have witnessed
surging research activities on integrating TTFVs into a variety
of m-conjugated molecular and macromolecular systems [12,17-
26]. In many of the studies, the remarkable redox activity and
intriguing conformational switching properties of TTFVs were
taken advantage of to enhance structural and electronic prop-
erties as well as to introduce some “intelligent” functions such
as conformational switchability and selectivity in terms of

molecular recognition and supramolecular interactions.

1 1P

peudo cis trans

Scheme 1: Redox-induced conformational switching of diphenyl-TTFV
1.

The synthesis of TTFV structures is usually carried out through
a facile iodine-promoted oxidative dimerization reaction of
corresponding dithiafulvene (DTF) precursors [27]. This
straightforward C—C bond forming reaction has not only

Beilstein J. Org. Chem. 2015, 11, 957-965.

allowed TTFV derivatives with different substituents to be
readily assembled, but served as an effective methodology to
construct the n-conjugated frameworks of some TTFV-based
macrocycles and polymers [12,28]. Previously, we have investi-
gated a series of diphenyl-TTFVs with alkynyl groups attached
to the phenyl units as synthetic building blocks, through which
extension of m-conjugated structures could be conveniently
executed via the Pd-catalysed coupling and Cu-catalysed
alkyne—azide cycloaddition (i.e., click) reactions [22-26]. In this
work, we continued to explore the class of carboxylated
diphenyl-TTFVs, in view of the synthetic versatility of the
carboxyl group towards various commonly used linkage groups
(e.g., amides, esters). The carboxyl group also presents a reli-
able and useful ligand to coordinate with transition metal ions,
which in turn provides easy access to novel organic—inorganic
hybrid materials. The most notable example of research in this
context is the recent development of metal organic frameworks
(MOFs), wherein the design and synthesis of carboxyl func-
tional ligands has played a pivotal role prompting the advance-
ment of this field [29-31]. Very recently, some TTF-based
ligands have been employed to achieve organic—inorganic
hybrid materials with redox activity [32-35]; however, the use
of TTFVs as ligands has not been reported in the literature prior
to this work. This article thus describes the first exploration of
the synthesis and properties of a carboxylated diphenyl-TTFV 6
(Scheme 2) and its ability to form new redox-active porous ma-
terials through the formation of coordination polymer with
Zn(II) ions.

MeS SMe
O MeS SMe MeS SMe
MeS. o @COOMe () I, CHyCly. 1 /
H overnight
T s \ /
Mes~ S P(OMe)s, 105 °C (i) Na,S,03 (aq)
) 3h, 77% 3 h, rt, 80%
MeOOC
MeOOC COOMe
(i) NaOH, MeOH () NaOH, MeOH
H20, ?5 °C (ii) HS:I (aq), rt H,0, 75 °C (i) HC! (ag), t
overnight 84% overnight 84% )
MeS SMe MeS SMe
= MeS SMe
S_ .S ~ g g7
S \ / S
H
HOOC ’ \
7

Scheme 2: Synthesis of carboxylated TTFV 6 and DTF 7.

HOOC 6

COOH
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Results and Discussion

The synthesis of carboxyl-TTFV 6 and its DTF precursor 7 was
conducted via a route well established for aryl-substituted
TTFV derivatives [22,23]. As shown in Scheme 2, thione 2 was
first reacted with benzaldehyde 3 in the presence of
trimethylphosphite at 105 °C [36]. This olefination reaction
went completion within 3 hours to give DTF 4 in 77% yield
after column separation. Compound 4 was then subjected to an
oxidative dimerization in CH,Cl; at room temperature using
iodine as oxidant. The dimerization gave TTFV 5 as a stable
yellow solid in 80% yield. Saponification was then performed
on compound 5 in a solution of NaOH in water and methanol to
finally afford carboxyl-TTFV 6 in 84% yield. Compound 6
showed relatively poor solubility in non-polar organic solvents,
but could be readily dissolved in polar solvents such as MeOH,
EtOH, THF, and DMSO. For comparison purposes, carboxyl-
DTF 7 was also prepared by hydrolysis of DTF 4 using similar
reaction conditions.

With carboxyl-TTFV 6 in hand, the preparation of coordination
polymers with Zn(II) ions was undertaken. As outlined in
Scheme 3, compound 6 was first mixed with two molar equiva-
lents of Zn(NO3),-6H,0 in EtOH, and to this solution triethyl-
amine was allowed to slowly diffuse in [37]. In a period of
4 days, coordination polymer 8 was gradually formed as a
yellow coloured crystalline solid, which was insoluble in
common solvents. By the same approach, complexes of
carboxyl-DTF 7 with Zn(II) ions were also produced as a
yellow powder.

The electronic properties of TTFVs 5 and 6 as well as their DTF
precursors 4 and 7 were investigated by UV—vis absorption
spectroscopy. Figure 1 shows the UV—vis absorption spectra of
these compounds, in which the maximum absorption wave-
lengths (Ap,x) of all the compounds appear to be nearly iden-
tical at ca. 385 nm. There are, however, slight variations in the
cut-off energies of long-wavelength absorption bands. The
origins of these long-wavelength absorption bands are mainly
due to HOMO to LUMO, HOMO to LUMO+1, and HOMO-1
to LUMO+1 transitions according to time-dependent density
functional theory (TD-DFT) calculations (see the Supporting
Information File 1 for details). The UV—vis data indicates that
the degrees of n-delocalization for the TTFVs and DTF com-
pounds are quite similar. This result is congruous with the fact
that diphenyl-TTFVs generally prefer a twisted cisoid con-
formation in the ground state [12,15,16], which in theory
significantly disrupts the n-delocalization within the molecules.
Therefore, even though the molecular sizes of TTFVs 5 and 6
are doubled in comparison with their DTF precursors 4 and 7,
the degrees of m-electron delocalization in these molecules are

still retained at a similar level in the ground state.

Beilstein J. Org. Chem. 2015, 11, 957-965.
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Scheme 3: Complexation of compounds 6 and 7 with Zn(ll) ions.
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Figure 1: UV-vis spectra of TTFVs 5 and 6 (solid lines) and DTF 4
and 7 (dashed lines). Compounds 4 and 5 were measured in CH,Cly,
while compounds 6 and 7 were in THF.

The electrochemical redox properties of compounds 4-9 were
characterized by cyclic voltammetry, and the detailed cyclic
voltammograms are shown in Figure 2. For methyl ester-
appended DTF 4 (Figure 2A) an anodic peak was observed at
+0.82 V in the first cycle of scan, which is due to the single-
electron oxidation of the dithiole moiety into the dithiolium
radical cation [15,16]. In the reverse scan, a cathodic peak
emerged at +0.54 V which is assigned to the bielectronic reduc-

tion of the TTFV product electrochemically generated on the
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Figure 2: Cyclic voltammograms of compounds 4-9. Experimental conditions: supporting electrolyte: BusNBF4 (0.1 M), working electrode: glassy
carbon, counter electrode: Pt wire, reference electrode: Ag/AgCI (3 M NaCl), scan rate: 200 mV s~1. Compounds 4 (1.5 mM), 5 (0.73 mM), 8, and 9
were measured in CH,Cl,. Compounds 6 (0.76 mM) and 7 (1.5 mM) were measured in CH3CN.

electrode surface via the DTF dimerization reaction [15,16]. In
the following scan cycles, the redox wave pair characteristic of
TTFV at E,, = +0.62 V and Ej,c = +0.54 V was found to gradu-
ally increase in intensity as a result of increasing electrochem-
ical dimerization. The same electrochemical patterns can be
seen in the cyclic voltammograms of carboxyl-DTF 7 and
Zn-DTF complex 9 (Figure 2C and 2E); however, their redox
potentials showed a slight degree of variation. Experimentally,
the cyclic voltammogram of 9 was determined from its solid
thin film compressed on the working electrode surface. It is
interesting to note that Zn-DTF complex 9 retained the redox
activity and electrochemical reactivity of DTF even in the solid

state. The cyclic voltammograms of compounds 5 and 6 both

featured a reversible redox wave pair due to the simultaneous
bielectronic transfers occurring at the TTFV moieties
(Figure 2B and 2D). In the cyclic voltammogram of Zn-TTFV
coordination polymer 8 (measured from a solid film prepared in
the same way as 9), the redox wave pair of TTFV is discernible
but much weaker than that of Zn-DTF 9 (Figure 2F), suggesting
that the electrochemical activity of the coordination polymer is
considerably reduced in comparison with the smaller-sized
Zn-DTF complex.

The structural properties of Zn-TTFV coordination polymer 8

and Zn-DTF complex 9 were examined by IR spectroscopy
(Figure 3). Compared with the IR spectra of carboxyl-TTFV 6
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Figure 3: FTIR spectra of compounds 6-9.

and carboxyl-DTF 7, the vibrational bands of free carboxyl
groups were clearly absent in the spectra of 8 and 9, confirming
that the carboxyl groups were completely coordinated with
Zn(11) ions. The crystalline properties of coordination polymer
8 were examined by powder X-ray diffraction (PXRD) analysis.
The diffraction patterns shown in Figure 4 confirm that co-
ordinate polymer 8 possesses crystallinity in the solid state.
Actually, the diffraction patterns were found to bear resem-
blance to those of zincite ZnO. Such crystalline features hence
point to a possibility of the coordination polymer to take some
kind of framework-like structures in the solid state with certain

microscopic porosity.

To assess the porous properties of Zn-TTFV 8, nitrogen gas
adsorption analysis was conducted at 77 K. The adsorption
isotherm shown in Figure SA indicates a Type-1I adsorption
behaviour. Application of the Brunauer—-Emmett—Teller (BET)
model gave a BET surface area of 148.2 m? g~! and an adsorp-
tion average pore diameter of 10.2 nm. The pore size distribu-
tion analysis data revealed that Zn-TTFV coordination polymer
8 carried microporosity primarily in the range of tens of
nanometers. Scanning electron microscopic (SEM) imaging was
performed on the particles of 8 to show some kind of crys-
talline-like micromorphology. In line with the gas adsorption
results, there were no relatively large pores on the micron scale
observable in the particles (see the inset of Figure 5B). On the
submicron scale, however, corrugated microporous features
could be clearly observed (see Figure 5B). To understand the
origin of the micropores, nitrogen gas adsorption experiments

were performed on Zn-DTF complex 9. The experimental
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Figure 4: PXRD patterns of the Zn-TTFV coordination polymer 8 (red
line) in comparison with the diffraction data of zincite ZnO (blue bars).
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Figure 5: (A) Nitrogen adsorption isotherm of coordination polymer 8
measured at 77 K. Inset: pore size distributions. (B) SEM image of the
powder of 8.
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results did not lead to any meaningful measurements of BET
surface area and microporosity, indicating a lack of porous
structures in the solid of 9. The major structural difference
between Zn-DTF 9 and Zn-TTFV 8 is that 8 assumes crys-
talline polymeric frameworks as evidenced by PXRD analysis,
whereas 9 is in the form of small clusters and amorphous (see
Figure S10 in Supporting Information File 1 for the detailed
PXRD data of 9). It is therefore reasonable to propose that the
microporosity in 8 is directly related to the coordination
polymer structure.

Finally, the thermal stability of coordination polymer 8 and
Zn-DTF 9 were evaluated by differential scanning calorimetric
(DSC) analysis, and detailed DSC traces are illustrated in
Figure 6. The DSC data of Zn-TTFV 8 (Figure 6A) manifested
very good thermal stability up to 400 °C, without any signifi-
cant melting or decomposition except a slight phase transition at
272 °C. Comparatively, the DSC trace of carboxyl-TTFV ligand
6 showed a distinctive melting process at 317 °C, which was
immediately followed by a prominent sharp exothermic peak at
326 °C (Figure 6B). The exothermic process is possibly due to a
chemical reaction(s); however, the exact reactivity awaits
further investigation to clearly elucidate. Zn-DTF 9 gave a
moderate endothermic peak at 152 °C and a significant
exothermic peak at 358 °C (Figure 6C). For carboxyl-DTF 7, a

Beilstein J. Org. Chem. 2015, 11, 957-965.

notable melting point was observed at 199 °C, and the melting
was followed by certain exothermic processes in the range of
200 to 285 °C. The DSC results indicated that the formation of
Zn-TTFV coordinate polymer could give rise to considerably
improved thermal stability, a property particularly beneficial for
practical device and material applications.

Conclusion

In summary, we have synthesized carboxylated diphenyl-TTFV
6 and phenyl-DTF 7 as redox-active ligands to complex with
Zn(II) ions. The electronic and electrochemical properties of the
TTFV and DTF compounds were found to be in line with other
related TTFV and DTF derivatives. Of great interest is that the
complexes with Zn(II) ions retain the redox activity and electro-
chemical reactivity of their TTFV and DTF ligands in the solid
state. Another significant added value is the thermal robustness
of the Zn-TTFV coordination polymer. Collectively, the good
electrochemical and thermal properties point to a promising
prospect for them to be further developed into practically useful
organic—inorganic hybrid materials through the coordination
polymer approach. The Zn-TTFV coordination polymer was
also found to be crystalline in nature. At this stage, meaningful
single-crystal diffraction data has not yet been successfully
determined. Without such data clear understanding of the
detailed solid-state structural properties cannot be established.
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Figure 6: DSC traces of compounds 6-9 measured under a nitrogen atmosphere. Scan range: 25-400 °C, scan rate: 10 °C min~".
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Our future work is moving towards tuning the side groups of
the TTFV ligand to produce Zn complexes with better crys-
tallinity. Finally, the Zn-TTFV coordination polymer exhibited
significant microporosity and surface area. Overall, our current
studies have cast a light on the fundamental redox and solid-
state properties of the class of TTFV-based organic—inorganic
hybrid materials, and the findings disclosed in this article
should offer useful guidance to further material design and

development.

Experimental

Chemicals were purchased from commercial suppliers and used
directly without purification. All reactions were conducted in
standard, dry glassware and under an inert atmosphere of
nitrogen unless otherwise noted. Evaporation and concentration
were carried out with a water-aspirator. Flash column chroma-
tography was performed with silica gel 60 (240-400 mesh).
Thin-layer chromatography (TLC) was carried out with silica
gel F254 covered on plastic sheets and visualized by UV light.
Melting points were measured on a SRS OptiMelt melting point
apparatus. 'H and '3C NMR spectra were measured on a Bruker
Avance III 300 MHz multinuclear spectrometer. Chemical
shifts (3) are reported in ppm downfield relative to the signal of
the internal reference SiMe,4. Coupling constants (J) are given
in Hz. Infrared spectra (IR) were recorded on a Bruker Alfa
spectrometer. HRMS analyses were performed on an Agilent
6230 TOF LC/MS instrument using an APPI ionizer. UV—vis
absorption spectra were measured on a Cary 6000i spectropho-
tometer. Cyclic voltammetric analyses were carried out in a
standard three-electrode setup controlled by a BASi epsilon
workstation. Differential scanning calorimetric (DSC) analyses
were performed on a Mettler-Toledo DSC1 calorimeter. Powder
X-ray diffraction (PXRD) data was collected on a Rigaku
Ultima IV diffractometer equipped with a copper X-ray source
with a wavelength of 1.54 nm. Scanning electron microscopy
(SEM) was performed on an FEI MLA 650 FEG microscope.
BET surface area and pore size analyses were performed on a
Micromeritics TriStar II Plus instrument. The degassing was
done on a Flow Prep 060 instrument. The calculations were
carried out with the MicroActive for TriStar II Plus software
(Version 2.02). Thione 2 was prepared according to the pro-
cedures we reported previously [22,23].

DTF 4: A mixture of methyl 4-formylbenzoate (3, 1.83 g,
11.1 mmol) and thione 2 (3.03 g, 13.4 mmol) in P(OMe)3
(100 mL) was stirred and heated at 105 °C for 3 h. The excess
P(OMe); was removed by vacuum distillation. The residue was
purified by silica column chromatography (EtOAc/hexanes,
1:9) to afford compound DTF 4 (2.93 g, 8.55 mmol, 77%) as a
yellow crystalline solid. mp 88.6-90.9 °C; 'H NMR (300 MHz,
CDCl3) & 8.01 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.3 Hz, 2H),

Beilstein J. Org. Chem. 2015, 11, 957-965.

6.51 (s, 1H), 3.91 (s, 3H), 2.44 (d, J = 2.8 Hz, 6H) ppm;
I3C NMR (75 MHz, CDCl3) & 166.8, 140.5, 136.2, 129.9,
127.9, 126.7, 126.3, 124.5, 113.3, 52.0, 19.0, 18.9 ppm; FTIR
(neat): 2914, 1704, 1599, 1567, 1545, 1492, 1422, 1265, 1175,
1096, 851, 798, 693, 470 cm™!; APPI-HRMS (m/z, positive
mode): [M*] caled for C;4H[40,S4, 341.9877; found,
341.9878.

TTFV 5: A mixture of DTF 4 (0.25 g, 0.73 mmol) and I,
(0.55 g, 2.2 mmol) in CH,Cl, (100 mL) was stirred at rt
overnight. Then a satd Na,;S,03 solution (aq, 90 mL) was
added. The mixture was stirred for another 3 h at rt. The organic
layer was separated, washed with H,O, dried over MgSQy, and
concentrated under vacuum. The residue was purified by silica
column chromatography (EtOAc/hexanes, 1:4) to afford
compound 5 (0.20 g, 0.29 mmol, 80%) as a yellow solid.
mp 183.9-185.4 °C; '"H NMR (300 MHz, CDCl3) & 7.97 (d,
J=8.7 Hz, 4H), 7.46 (d, J = 8.7Hz, 4H), 3.89 (s, 6H), 2.44 (s,
6H), 2.38 (s, 6H) ppm; '3C NMR (75 MHz, CDCl3) & 166.6,
141.1, 140.3, 130.1, 129.1, 127.9, 126.1, 125.5, 122.9, 52.0,
18.9, 18.8 ppm; FTIR (neat): 2942, 2918, 1709, 1600, 1519,
1473, 1430, 1273, 1182, 1107, 766, 713, 465 cm™!;
APPI-HRMS (m/z, positive mode): [M*] caled for
C28H260488, 681.9597; found, 681.9584.

Carboxylated TTFV 6: A mixture of TTFV 5 (50.0 mg,
0.0732 mmol) and NaOH (46.9 mg, 1.17 mmol) in MeOH/H,0
(40 mL, 3:1) was stirred at 75 °C overnight. The solvent MeOH
was removed under vacuum, and the residue was diluted to
50 mL with H,O and acidified to pH 4 with HCI (aq). The
precipitate formed was extracted with EtOAc, washed with
H,O, dried over MgSQy, and concentrated under vacuum to
afford compound 6 (40.3 mg, 0.0615 mmol, 84%) as a yellow
solid. mp 292.9-295.7 °C; 'H NMR (300 MHz, DMSO-dg) &
7.94 (d, J= 8.5 Hz, 4H), 7.48 (d, J = 8.4 Hz, 4H), 2.48 (s, 6H),
2.40 (s, 6H) ppm; '3C NMR (75 MHz, DMSO-dg) & 166.7,
140.0, 139.1, 130.0, 128.8, 126.8, 125.9, 125.1, 122.7, 18.2,
18.2 ppm; FTIR (neat): 2916-2536 (br), 1672, 1596, 1515,
1467, 1416, 1280, 1186, 789, 541, 469 cm™!; APPI-HRMS
(m/z, negative mode) [M ] calcd for CygHy204Sg, 653.9284;
found, 653.9293.

Carboxylated DTF 7: A mixture of DTF 4 (0.30 g, 0.88 mmol)
and NaOH (0.56 g, 14 mmol) in MeOH/H,0 (240 mL, 3:1) was
stirred at 75 °C overnight. The solvent MeOH was removed
under vacuum, and the residue was diluted to 100 mL
with H,O and acidified to pH 4 with HCI (aq). The
precipitate formed was subjected to suction filtration to afford
compound 7 (0.24 g, 0.73 mmol, 84%) as a yellow solid.
mp 191.0-193.2 °C; '"H NMR (300 MHz, DMSO-dq) & 12.86
(s, 1H), 7.94 (d, J = 8.4 Hz, 2H), 7.32 (d, J= 8.3 Hz, 2H), 6.82
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(s, 1H), 2.47 (s, 3H), 2.45 (s, 3H) ppm; '3C NMR (75 MHz,
DMSO-dg) 6 166.9, 139.7, 134.6, 129.7, 127.4, 127.3, 126.3,
122.7, 113.7, 18.3, 18.1 ppm; FTIR (neat): 2914-2540 (br),
1677, 1602, 1567, 1545, 1490, 1408, 1291, 1178, 850, 796, 505,
470 cm™!; APPI-HRMS (m/z, negative mode) [M~] calcd for
C13H120284, 327.9720; found, 327.9727.

Zn-TTFYV 8: A solution of TTFV 6 (0.12 g, 0.18 mmol) and
Zn(NO3),6H,0 (0.11 g, 0.37 mmol) in EtOH (350 mL) was
added into a beaker, which was placed in a larger beaker
containing Et3N/EtOH (40 mL, 1:1). The larger beaker was
sealed and left standing for 4 days. The precipitate formed
within the smaller beaker was collected by centrifugation and
rinsed with EtOH to afford Zn-TTFV 8 (50.8 mg) as a yellow
solid. FTIR (neat): 3381, 1586, 1535, 1400, 857, 787 cm ™.

Zn-DTF 9: A solution of DTF 7 (20.0 mg, 0.0610 mmol) and
Zn(NO3),-6H,0 (21.8 mg, 0.0733 mmol) in EtOH (40 mL)
was added into a vial, which was placed in a jar containing
Et3N/EtOH (6 mL, 1:2). The jar was sealed and left standing for
2 days. The precipitate formed in the vial was collected by
centrifugation and rinsed with EtOH to afford Zn-DTF 9
(15.1 mg) as a yellow solid. FTIR (neat): 3360, 2990, 2916,
1585, 1559, 1538, 1494, 1392, 1187, 803, 768, 472 cm™!.

Supporting Information

Supporting Information File 1

'H and '3C NMR spectra of compounds 4-7, PXRD data of
8 and 9, thermal gravimetric analysis (TGA) data of 8, and
time-dependent (TD) DFT calculation results for
compounds 6 and 7.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-107-S1.pdf]
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The synthesis of a new Pd coordination-driven self-assembled ring MgL3 constructed from a concave tetrapyridyl m-extended

tetrathiafulvalene ligand (exTTF) is described. The same ligand is also able to self-assemble in a ML, mode as previously

described. Herein, we demonstrate that the bulkiness of the ancillary groups in the Pd complex allows for modulating the size and

the shape of the resulting discrete self-assembly, which therefore incorporate two (MyL,) or three (MgL3) electroactive exTTF

sidewalls.

Findings

The coordination-driven approach is a well-established method
that has been extensively used to reach more and more sophisti-
cated cage-like discrete molecules [1-19], including redox-
active ones [20]. In this context and since this strategy results
from one single chemical step (metal to ligand assembly), there
is a great interest in controlling the parameters which govern the
final size and geometry of the resulting discrete self-assembled
structures. Some general trends have first to be considered: i) as
awaited from a lower kinetic stability, the ligand exchange
process in the case of square-planar Pd(II) complexes is faster
than with Pt(II) analogues; ii) the most thermodynamically
stable species is formed along the assembly process, but if no

evident energetic advantage exists for one structure, a dynamic
equilibrium between two or more macrocyclic entities may be
observed in solution [21-26]. This is in particular the case with
flexible (including long) linear ditopic ligands, which favor the
formation of triangle species whereas shorter ones shift the
equilibrium towards molecular squares for which the enthalpic
gain (less steric constraint) compensates for the entropic
penalty. Beside the conformational flexibility of the ligand,
parameters such as temperature, concentration and solvent type
can influence the equilibrium. Isolation of the species from a
given equilibrium has not been often carried out [27,28]. We

were able in our case to operate the separation of a mixture of a
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triangle and a square [29]. The triangle—square dynamic equilib-
rium also depends on the nature of the ancillary ligand on the
metal corner [21,22,26,30-33]. In particular, steric repulsions
due to the ancillary ligand may displace the equilibrium towards
the triangular species since the latter offers more space around
the metal center. A change in the ancillary group can also lead
to a modification of the cavity volume for a given cage [34].
Beyond those results, additional important issues still need to be
addressed and concern in particular the possibility to obtain,
from one given ligand, one single and stable assembly whose
cavity size can be controlled.

We recently depicted the preparation and properties of redox-
active rings [29,35] and cages [36-40] integrating the tetrathia-
fulvalene (TTF) skeleton. In particular, we described self-
assembled containers prepared from an electron-rich ligand
precursor based on the extended-TTF framework (exTTF) [39].

On this basis, we report herein that the size and the shape of
coordination-driven self-assembled redox-active cages,
constructed from a exTTF-based tetratopic ligand, can be tuned
by modulating the bulkiness of the ancillary group on the metal
complex precursor.

The tetrapyridyl-exTTF ligand L1 (Scheme 1, Figure 1a)
was synthesized through a palladium catalysed C—H arylation
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from the naked exTTF [39]. We already reported that the self-
assembly process of this tetratopic ligand with cis-
M(dppf)(OTf), (M = Pd or Pt; dppf = 1,1’-bis(diphenylphos-
phino)ferrocene; OTf = trifluoromethanesulfonate) in
nitromethane at 40 °C converged into a single symmetrical
MyL, discrete species (Scheme 1, Figure 1b) [39]. It is worth
noting that the through space interaction between the phenyl
rings of the bulky 1,1’-bis(diphenylphosphino) ferrocene (dppf)
coligand and the pyridine moieties force the exTTF unit to
increase significantly its curvature in comparison to ligand L1
(56° vs 86° respectively between the 1,3-dithiol-2-ylidene mean
planes (Figure 1)). This leads to the formation of the compact
MyL, assembly in which the pyridyl units are wedged between
the dppf units, producing therefore a robust assembly affording
an oblate spheroidal cavity. On this basis and considering the
relative flexibility of the large exTTF moiety, we assumed that
the bulkiness of the metal complex coligand could be adjusted
to tune the macrocycle size and shape.

Complexation of ligand L1 with precursor Pd(en)(OTf),
(en = 1,2-ethylenediamine) was carried out in DMSO at 40 °C
and monitored by "H NMR. In 30 min, the reaction converged
into a unique symmetrical discrete species that could be isolated
in more than 90% yield after precipitation in ethyl acetate. In
contrast with assembly MyL, for which the presence of

through-space interactions (Figure 4a) between the coligand

N 2N
4-iodopyridine, Cs,C05 [ | < |
[(t-Bu) sPHIBF 4, Pd(OAc), | S . S |
dioxane, reflux \ =~ S S i N

0,
240, 70% N~ O _N
L1

CH3N02
5 min
95%

Scheme 1: Synthesis of ligand L1, self-assemblies M4L, and MgL3.
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Figure 1: X-ray crystal structures of: (a) ligand L1, (b) self-assembly MyL,. For clarity, H atoms and TfO™ counteranions have been omitted.

phenyl units (dppf) and pyridyl groups result in an upfield shift
of their signals (Figure 2b) compared to L1, the pyridyl protons
are in this case shifted downfield (Figure 2c), as expected from

d Dm,L, = 3.24x1010m2s1 ig

0 |

@@DMSLQ = 6.35x10!m?2s1 )

d |}

e)

T
85 80 75 70 65 6.0 55 5.0
ppm

D

Figure 2: "H NMR, downfield region (a and B signals correspond res-
pectively to a and B pyridyl protons): (a) L1 (DMSO-dg), (b) M4l
(CD3N02), (C) MgL3 (DMSO-de), (d) DOSY NMR of MyLo (CD3N02)
and (e) DOSY NMR of MgL3 (DMSO-dg).

coordination to a metal center. The corresponding DOSY NMR
shows only one alignment of signals and confirms the forma-
tion of one unique species diffusing in solution with a D value
of 6.35 x 10! m2s~! (Figure 2¢). An estimated hydrodynamic
radius (Ryg) of 17.2 A could be calculated from the
Stokes—Einstein equation (7 = 298 K) for this new discrete
system [41]. This result indicates that the latter is larger than the
already described MyL, container (Ry = 10.8 A (Figure 2d)),
and that the corresponding size is compatible with the forma-
tion of a MgL3 assembly (Scheme 1).

ESI-MS mass spectroscopy experiments were carried out in
acetone and agree with a MgL3 stoichiometry in the gas phase
for the new assembly, with multicharged isotopic patterns at
m/z =2278.3, 1468.9, 1064.4, 821.8, corresponding respective-
ly to [MgL3-10TfO™ ]2, [MgL3-9TfO 3%, [M¢L3-8TfO]**,
[MgL3-7TfO™ 15" species and matching perfectly with theoreti-
cal ones (Supporting Information File 1, Figure S8).

Single crystals of assembly MgL3 were grown by slow diffu-
sion of ethyl acetate in DMSO and allowed for determining
unambiguously the solid-state structure by a synchrotron X-ray
diffraction study (Figure 3). Whereas the sterically demanding
dppf moiety leads to a MyL, structure characterized by
1) exTTF moieties which are highly distorted and ii) short inter-
planar distances between the phenyl units of the ancillary dppf
complex and the pyridyl rings (3.5 A) (Figure 4a), a much less
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Figure 3: X-ray crystal structure of self-assembly MgL3. For clarity,
H atoms and TfO™ counteranions have been omitted.

constrained system is observed in the case of the MgL3 com-
plex, characterizing a prismatic structure which is not driven by
steric effects but which is mainly governed by thermodynamic
aspects.

Beilstein J. Org. Chem. 2015, 11, 966-971.

The MgL3; assembly forms a trigonal prismatic structure
presenting a cavity defined by 17.7 A high, 19.0 A edge and
9.5 A depth. The curvature of the exTTF moiety in the complex
(70° between the 1,3-dithiol-2-ylidene mean plans, Figure 3) is
intermediate between those observed for the free ligand L1 and
the ligand in MyL,, which illustrates a lower ring constraint
than in MyL,. In addition to the expected variation of the
N(pyridyl)-Pd-N(pyridyl) angle within the distorted square
planar — i.e. the dppf complex (MyL,, 86°) and the en one
(MgL3, 93°) (Figure 4) —, the change in the ancillary ligand also
results in a modification of the rotation angles between the
pyridyl units and the 1,3-dithiol-2-ylidene heterocycles.
Because of the lower steric demand with the 1,2-ethylenedi-
amine co-ligand, the vicinal pyridyl units are free to rotate
around the C-pyridine axis in MgL3, resulting in dihedral angles
of 40° and 52° in the crystal (Figure 4b). These values are in the
same range as those observed in the free ligand L1 (35° and
63°). By comparison, the pyridyl units in complex ML, are
tilted with angles of 52° and —69° in the solid (Figure 4a).
Those higher values result from the increased steric demand
generated by the dppf coligand.

A cyclic voltammetry study of prism MgL3 was carried out in
acetonitrile containing 0.1 M NBu4PF¢ (Figure 5). Compared to
ligand L1 which presents the usual electrochemical behavior of

Figure 4: Geometry (from XRD) around two Pd centers in M4Ly (a) and MgL3 (b). The exTTF moieties have been cut for clarity.
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Figure 5: Cyclic voltammogram of L1 (¢ = 1073 M, CH3CN/CH4Cly
(v/v 50/50), 0.1 M n-BusNPFg, 100 mV-s~", Pt), ML, and MgL3
(c=1073M, CH3CN, 0.1 M n-BusNPFg, 100 mV-s~!, Cgr), V vs
Fc/Fc*.

exTTF derivatives, i.e. one poorly electrochemically reversible
two-electrons oxidation process, the oxidation of exTTF in self-
assembly MgLj is shifted to higher potential (+0.26 V), which
is mainly attributed to the coordination to the Pd center. It can
be noted that the redox behavior of MgLj is very similar to the
one of MyL, [42], with an irreversible oxidation occurring
exactly at the same potential (Eyx = +0.57 V vs Fc/Fc™), illus-
trating the fact that the nature of the ancillary ligand does not
impact the electronic properties of exTTF in the corresponding
self-assemblies.

In summary, two different coordination-driven discrete self-
assemblies varying by the size and the shape can be built from
the same tetratopic exTTF-based ligand, simply by changing the
ancillary group on the Pd metal center. In particular, whereas a
1,1°-bis(diphenylphosphino)ferrocene co-ligand promotes a
clipping of the ligand pyridyl units and leads to a strong curva-
ture of the exTTF moiety integrated in a MyL, coordination
cage, the use of a smaller co-ligand leads to the formation of a
larger MgL3 cavity in which the curvature of the exTTF is
closer to ligand L1. The new MgL3 system has been fully char-
acterized and exhibits electrochemical properties which are
essentially similar to those of MyL,, indicating that the strong
n-donating ability of the cavity can be maintained while
enlarging its size, and illustrating the high potential of the coor-
dination-driven approach in tuning the size and the shape of a
target cavity. This approach constitutes a promising strategy to
address the design of organic materials (e.g. for organic photo-
voltaics or molecular electronic devices). Indeed, mastering the
geometry of multicomponent redox-active systems offers a
unique opportunity to fine-tuning electronic interactions within
the material [43], an issue which is of prime importance for

optimizing electron transport in organic materials.

Beilstein J. Org. Chem. 2015, 11, 966-971.
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A novel tetrathiafulvalene dimer, bridged by a chiral 1,3-diphenylallene framework, has been prepared as an optically active com-

pound having strong chiroptical properties. Although a chiral allene bearing strong electron-donating group(s) often undergoes slow

photoracemization even in daylight, the present allene is totally configurationally stable under ordinary conditions. Each isomer

possesses pronounced chiroptical properties in its ECD spectra reflecting the chiral allene framework. Moreover, the elongation of

the chiral main chain was also carried out by direct C—H activation of the TTF unit, and the chiroptical properties of the resulting

polymer were also investigated.

Introduction

Recently, there has been a growing interest in chiral w-conju-
gated systems having strong chiroptical properties because they
have great potential for use in optical devices involving polar-
ized light [1-3]. Chiral response, in electronic circular dichroism
(ECD) based on an exciton coupling between two adequate
n-chromophores, can express a pronounced chiroptical effect
over various optical energy regions. Therefore, embedding the
chromophores into a chiral rigid framework can be a practical

molecular design for ascertaining chiroptical materials [4-7].

A symmetric allene framework is one of the most reliable chiral
resources that can preserve a consistent orientation of the chro-
mophores [8,9]. We recently introduced 1,3-bis(tetrathiaful-
valenyl)allene derivatives 1, as a new class of chiral elec-
trochromic (EC) materials consisting of redox-active chro-
mophores and a non-centrochiral framework (Figure 1) [10].
The intensive Cotton effect on the ECD spectra is switchable by
tuning the electronic structure of the tetrathiafulvalene (TTF)

moieties. However, compound 1 exhibited slow racemization in
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Figure 1: TTF-substituted allenes 1-3.

solution under daylight. The chirality of an allene is configura-
tionally firm in general, because the barrier of the rotation of the
allenic double bonds is quite high (AG* = 180 kJ mol™! for
CH;CH=C=CHCH3) [11]. In contrast, several allenes directly
connected with electron-donating groups occasionally under-
went photoracemization [12,13]. Although the mechanism of
the photoracemization is not clear, a comparative examination

of the racemization rate in 1 and 2, the latter of which is a
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dissymmetric allene having a TTF and a pyrenyl group at 1,3-
position, suggests that the direct connection of the TTF units
may strongly affect the fast racemization [14]. From this point
of view, we decided to employ a 1,3-diphenylallene derivative
(3) as a stable chiral framework. We conceive that the insertion
of the phenylene units between the central chiral allene and
TTFs would overcome the vulnerability toward the photoracem-
ization under ambient conditions. Previsously, Krause and
co-workers reported the first synthesis of a cyclic allenophane
involving a racemic 1,3-diphenyl allene unit [15]. In addition,
Fallis and co-workers synthesized a cyclic oligoallene based on
a chiral 1,3-diphenylallene [16]. More recently, Kijima and
co-workers reported the use of a racemic 1,3-diphenylallene
framework as a new building block for a m-conjugated polymer
[17]. However, there have been few investigations regarding the
use of 1,3-diphenylallene as a chiral source and involving the
detailed investigations of the chiroptical property. In this paper,
we report the synthesis of chiral 1,3-bis(4-(tetrathiafulvale-
nenyl)phenyl)allene derivative 3 and its chiroptical properties.
Furthermore, the first synthesis of a chiral copolymer
containing TTFs based on a chiral allenic framework (poly-3:
PTDPA is also demonstrated.

Results and Discussion

To anchor the TTF groups into the allene framework, we chose
a cross-coupling reaction of unknown 1,3-bis(4-iodophenyl)-
1,3-diisopropylallene (9) with a TTF-zinc intermediate
(Scheme 1). Previously, 1,3-bis(2-bromophenyl)allene deriva-
tives were reported by Ready et al. as a precursor of an asym-
metric catalyst [18]. To obtain the chiral 1,3-bis(4-bromo-
phenyl)allene (8) in a larger scale, we modified the synthesis
and the chiral separation process as shown in Scheme 1. Thus,
starting with 1-(4-bromophenyl)-2-methylpropanone (4), which

_ OH
ipr 1 IOBr iPr
N
» Pr =i X pe— O A
Br o 3)4, LU Br
THF, -78 °C Br EtsN, THF Br
4 94% (rac)-5 quant. (rac)-6
X MeS ZnCl
Et3N OAc e S S
Ac,0, DMAP iPr iPrMgBr, Cul X I = ]/
s s
CH,Cl, O A LiBr, THF _0/ MeS (rac)-3
93% Br O —78°C iPr “iPr Pd(_ll_::;‘fih
(rac)-7 Br 0%
(rac)-8 (X = Br)— 1) -BulLi, ether 89%
~78°C
(rac)-9 (X =1) 2) CeF 1l
92%

Scheme 1: Synthesis of 3.
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was prepared from bromobenzaldehyde (see Supporting Infor-
mation File 1), which upon treatment with lithium acetylide at
low temperature gave racemic propargyl alcohol § in 94% yield.
Sonogashira coupling reaction of 5 with 4-bromoiodobenzene
gave compound 6 quantitatively. The treatment of 6 with Ac,O
and a catalytic amount of N,N-dimethyl-4-aminopyridine
(DMAP) gave the acetyl ester 7 in 93% yield. The formation of
1,3-bis(4-bromophenyl)-1,3-diisopropylallene (8) was achieved
by an SN2’-type reaction of 7 with iPrMgCl-Cul-LiBr at low
temperature in 90% yield. This allene was easily transformed
into the precursor 9 by halogen exchange with #-BuLi followed
by the addition of CgF 3l in 92% yield. Subsequently, the reac-
tion of the diiodo precursor 9 with 2 equiv of an organozinc
species derived from 4,5-bis(methylthio)TTF [19] in the pres-
ence of Pd(PPhs)4 gave racemic compound 3 in good yield
(89%). In the 13C NMR spectrum, the allenic =C= carbon was
found to be at 204 ppm, which is a typical value of the linear
allene framework. In addition, the FTIR spectrum also exhib-
ited a reasonable vibrational stretching of the C=C=C unit at
1914 em™ L.

Because new symmetrical allenes were subject to optical resolu-
tion, the separation of (rac)-3 was carried out by using a recy-
cling HPLC method on a chiral stationary phase (DAICEL
Chiralpak TA-3) with hexane/CHCI3/EtOH (v/v = 20:10:0.2)
elution. Thus, equimolecular amounts of the optically pure
allenes (+)-3 and (—)-3, whose optical rotations ([a]p2’) are
+726 (¢ 0.853 in CH,Cly) and —721(c 0.853 in CH,Cl,), res-
pectively, were collected. Similarly, optical resolution of (rac)-
9 also provided (+)/(—)-9 with optical rotations ([a]p2) of +338
(c 0.83 in CH,Cly) and —341 (c 0.83 in CH,Cl,), respectively.

Figure 2 depicted the electronic circular dichroism (ECD)
spectra of the enantiomers of (+)/(—)-3 and (+)/(—)-9, and their
UV-vis absorption spectra. The ECD spectrum of the (—)-9
enantiomer exhibited a clear bisignate CD curve with a nega-
tive peak at 274 nm and a positive peak at 248 nm. According
to the chiral exciton coupling method [20], the spectrum trend
of (—)-9 suggests that the isomer should have the (R)-configur-
ation. This assignment was also validated by spectral simula-
tion, obtained from the electronic transition energies and the
rotational strengths using TD-DFT calculations [21]. Thus, the
intensive Cotton effect is associated with the exciton coupling
of the two chromophores of the iodobenzene units. In the ECD
spectrum of (+)-9, the mirror image of the trend lines of (—)-9
was found.

The UV-vis absorption spectrum of 3 exhibits absorption
maxima at 314 and 405 nm. In the ECD spectra of (+)/(—)-3, the
Cotton effect was observed over the entire absorption range. A

simulated spectrum of 3 with the (R)-configuration, calculated
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Figure 2: (a) ECD spectra of (R)-(-)-3 (3.5 x 1075 M), (S)-(+)-3

(3.8 x 1075 M), (R)-(-)-9 (3.0 x 1075 M), and (S)-(+)-9 (2.9 x 107 M) in
CH.Cl, together with the simulated ECD spectra of 3 and 9 in (R)-con-
figuration. (b) UV spectra of 3 (3.5 x 1075 M) and 9 (3.8 x 107> M) in
CH,Cly.

by TD-DFT (B3LYP/6-31G(d,p)), has moderate resemblance to
the spectrum obtained from (—)-3. This result is also consistent
with the hypothesis from the chiral exciton coupling method. To
solidify the absolute configuration, the synthesis of (R)-3 from
(R)-9 was carried out separately, and the ECD spectrum of the
product from (R)-3 was in complete accord with that of (—)-9.
Therefore, the absolute configuration of (+)-3 and (—)-3 should
be (+)-(S)-3 and (—)-(R)-3, respectively. In the spectra, the
intensive Cotton effect was observed at 270 and 316 nm as a
bisignate couple, together with broad shoulder tails to ca.
500 nm. The Cotton effect associated with the HOMO-LUMO
transition was relatively weak, presumably due to the long-
range coupling between two TTF units in the chiral situation.
Although allenes 1 and 2, reported previously, underwent quick
photoracemization, the present allenes, 3 and 9, exhibit photo-
chemical stability without racemization in common organic
solvents. It clearly suggests that the insertion of the phenylene
units effectively prevents racemization.

To examine the potential of the 1,3-diphenylallene frameworks

as a stable chiral resource, a chiral alternate copolymer
consisting of TTF and chiral diphenylallene (PTDPA) was
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prepared, and its chiroptical properties were investigated. Previ-
ously, a racemic conjugated polymer in the literature was
prepared by a Suzuki-Miyaura or Yamamoto coupling reaction
from (rac)-8 [17]. In contrast, to the best of our knowledge,
there is no example of a chiral polymer based on the 1,3-di-
phenylallene frameworks that can be a unit of copolymer with
various types of aryl groups. At this point, we have chosen the
direct arylation of TTF in the presence of a palladium catalyst
as a key reaction for the chiral polymer synthesis (Scheme 2)
[22]. Thus, the chiral allenes, (R)-9 or (S)-9, react with an active
palladium species, prepared in situ from Pd(OAc), and
P(#-Bu)3-HBF salt in the presence of CsCOs, to give the chiral
copolymer of (R)-PTDPA and (S)-PTDPA, respectively, after
purification by column chromatography on polystyrene Bio-
beads. By using gel permeation chromatography (GPC), the
number-average molecular weights (M,) of the collected
PTDPA were in the range of 2800—5600 g mol~! with polydis-
persity index (PDI) values between 1.01-1.54. These polymers
solubilized well in common organic solvents, and they were
characterized by their NMR spectra.

Figure 3 depicts normalized UV—vis absorption and ECD
spectra of (R)-PTDPA and (S)-PTDPA, together with (R)-3 and
(S)-3. The polymer exhibited absorption maxima at 310 nm and
shoulder absorption at ca. 415 nm, extending up to 600 nm. The
shape of the spectrum is quite similar to that of the monomer 3.
The ECD spectra of both enantiomeric polymers exhibited the
mirror image. There are two intensive Cotton effects at 318 nm
(Mfirst) and 254 nm (Agecond), together with a weak ellipticity in
the range of ca. 360-450 nm. The shape of the trend line of
PTDPA is similar to that of 3 with the same absolute configur-
ation at the allenic moiety except for the small blue shift of the
Asecond Value of PTDPA (254 nm). Consequently, the chiral
situation of the chromophores is preserved in the polymeric
structure. However, the Cotton effect associated with the TTF
moieties was observed as a relatively weak band, and hence

Beilstein J. Org. Chem. 2015, 11, 972-979.

there is not any amplification owing to a higher order structure
in the polymer. Moreover, the ECD intensities of both enan-
tiomers did not change under ambient light, at least over several
days. Therefore, 1,3-diphenylallene is a reliable chiral source
for a chiral polymer having electron-donating units.
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Figure 3: (a) UV-vis absorption spectra of 3 and PTDTA in CH,Cly.
(b) Normalized ECD spectra of (R)-PTDPA, (S)-PTDPA, (R)-3, and
(S)-3 in CH20|2.
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Scheme 2: Synthesis of chiral (R)-PTDPA and (S)-PTDPA.
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The electrochemical properties of 3 and PTDPA were investi-
gated by cyclic voltammetry (CV) analyses (Figure 4 and
Table 1). In CVs, there are two sets of reversible redox waves in
the conventional potential range. Compound 3 exhibits
two two-electron transfer waves at E';, = —0.01 V and
E%,,=0.31V, whereas PTDPA exhibits in a similar manner at
E'1»=0.03 V and E2,,, = 0.30 V. These results suggest that
the TTF units in both compounds are oxidized independently to
form TTF/TTF' and, subsequently, TTF**/TTF2*. A small
positive shift of £!{/, in PTDPA is presumably due to the
substituent effects of the two phenylene groups in the TTF unit.

SERTHE

—— PTDPA e

-0.2 0 0.2 0.4 0.6 0.8
Potentials (V vs Fc/Fc*)

Figure 4: CV of 3 (7.8 x 107 M) and PTDPA in PhCN.

Table 1: Redox potentials of 3 and PTDPA.2

Compound El4p E2yp,
3 -0.01 0.31
PTDPA 0.03 0.30

@ln PhCN containing 0.1 M n-Bu4ClO4 at 25 °C. Potentials were
measured against an Ag/Ag* electrode and adjusted to the Fc/Fc*
potential under identical conditions.

To investigate the electronic structures of 3 in various redox
states, cationic species of 32* and 3*" were prepared by their
reaction with an adequate amount of Fe(ClOy4)3, as the oxidant,
in a MeCN/CH,Cl, (v/v = 1:4) solution (Figure 5a). During the
sequential addition of between 0 to 2 equivalents of the oxidant,

32", Therefore,

no isosbestic point was seen other than that of 3/
32* was formed first other than 3°*, suggesting that there is few
intramolecular interactions between two TTF units through the
central 1,3-diphenylallene moiety. The obtained spectrum of
32 is quite similar to those of 4,5-bis(methylthio)tetrathiaful-
valenylbenzene radical cation 10**, which was reported previ-
ously [7] (Table 2). In the spectrum of 32%, the absorption

maximum at 8§10 nm is assigned to an electronic transition to
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Figure 5: Electronic spectra of (a) 3 and its cationic species, and
(b) PTDPA and its cationic states of PTDPA-(+1) and PTDPA-(+2).

the SOMO in the TTF*" moieties. The value was slightly red-
shifted compared with that of 10" (775 nm). This small
bathochromic shift can be ascribed to the conjugation to the
central allene moiety. As for the spectrum of 3T, the absorp-
tion maximum at 667 nm, assigned to the HOMO-LUMO tran-
sition in the TTF2" moieties, was also red-shifted compared
with the corresponding absorption maximum (637 nm) of 102",

Similarly, cationic species of PTDPA were also produced by the
sequential addition of Fe(ClO4)3 (Figure 5b). During the oxi-
dation, three phases of PTDPA-(0), PTDPA-(+1), and PTDPA-
(+2), corresponding to the oxidation stages involving TTF,
TTE"", and TTF*, respectively, were observed during the oxi-
dation. The spectrum of the intermediate phase of PTDPA-(+1)
having absorption maxima at 459 and 816 nm are almost coinci-
dent with that of 32* (Table 2). With excess addition of the
oxidant, the third phase of PTDPA-(+2) appeared, and the spec-
34+

trum was almost identical to . The spectral resemblance
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Table 2: Absorption maxima of 3, 10 and PTDPA.2

Compound Amax

3 313 (66600), 405 (11900)

32+ 313 (41100), 412 (17500), 466
(22300), 810 (19700)

34 313 (43900), 667 (34600)

10° 332 (14800), 393 (3900)

10*b 256 (18300), 449 (11200), 775 (8100)

102+D 259 (21500), 646 (17900)

PTDPA-(0) 309, 410

PTDPA-(+1) 459, 816

PTDPA-(+2) 667

aConditions: in CH,Cl>-MeCN (v/v = 4:1) solution at 25 °C. The molec-
ular structure of 10 is depicted as follow:

S S SMe
L~
S S SMe
10
bData from [7].

implies that the influence of the central 1,3-diphenylallene on
the electronic structure of the TTF units in PTDPA is quite

small.

Finally, the ECD spectra of these cation species of 3 and
PTDPA were measured (Supporting Information File 1, Figure
S15). Contrary to the absorption spectra, there is no distinctive
ellipticity based on the cationic species of TTF in any cationic
species derived from 3 or PTDPA. Only small changes of Ag;.t
and Agecond peaks, mainly associated with the 1,3-diphenyl-
allene framework, were observed during the oxidation reac-
tions. In the present chiral system, the chiroptical effects
between two TTF units are small due to the long-range exciton
coupling, and hence the Cotton effect derived from the elec-
tronic transition of the TTF moiety was not clearly seen.
However, both chiral compounds of 3 and PTDPA did not
undergo the racemization in daylight. Therefore, the chirality

was also preserved in the cationic species.

Conclusion

In this paper, we have shown the synthesis and chiroptical prop-
erties of a novel chiral TTF dimer linked by a 1,3-diphenyl-
allene framework for the purpose of the development of a stable
chiral source without racemization under ambient conditions.
The title compound was synthesized from 1,3-bis(4-
iodophenyl)-1,3-diisopropylallene (9) and organozinc species
derived from 4,5-bis(methylthio) TTF. Optical resolution of the
enantiomer 3 and its precursor 9 was achieved by a recyclable
HPLC on a chiral stationary phase. The ECD spectra were
measured, and the obtained spectra allowed for the validation of
the absolute configurations based on the TD-DFT method.
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Although the observed Cotton effect associated with TTF
moieties is relatively weak, each chiral allene is stable towards
the racemization under ambient light. A chiral copolymer based
on TTF and a chiral 1,3-diphenylallene as the main chain scaf-
fold (PTDPA) was also prepared using a direct C—H activation
of the TTF framework. The resultant chiral polymers exhibited
the characteristic Cotton effect associated with the central chiral
1,3-diphenylallene moieties. The polymer also did not undergo
racemization under daylight. Moreover, electrochemical prop-
erties were also investigated by the CV method. Cationic
species were prepared by the addition of Fe(ClOy4)3 as the
oxidant, and their UV and ECD spectra were also recorded.
Other molecular designs, including a copolymer based on the
1,3-diphenylallene units, are currently underway to create valu-
able chiral molecules.

Experimental

4,5-Bis(methylthio)TTF was prepared according to literature
procedures [19]. Dehydrated THF and Et,O were purchased
from Wako Pure Chemical Industries, LTd. (Super Dehydrated,
Stabilizer Free, HyO < 10ppm). Anhydrous ZnCl, (99%) was
purchased from Wako Pure Chemical Industries, and dried in
vacuo for 4 h with heating over 220 °C. Other commercially
available materials were used as received. Column chromatog-
raphy was carried out using Kanto chemical silica gel 60N,
60-210 pm meshes. 'H and '3C NMR spectra were recorded on
Bruker AVANCE-III-400 (400 MHz for 'H, 100 MHz for 13C)
or on Bruker AVANCE-III-600 (600 MHz for 'H, 150 MHz for
13C). Spectra are reported (in 8) referenced to internal Me,Si.
Mass spectra were recorded on Thermo Scientific, Exactive
Plus Orbitrap Mass Spectrometer with atmospheric pressure
chemical ionization (APCI) probe. IR spectra were recorded on
JASCO FT/IR-610 spectrometer. Melting points were deter-
mined with Yanaco melting point apparatus. Elemental analyses
were performed on Perkin Elmer PE 2400-11 CHNA/O
analyzer. Optical resolution was carried out with recyclable
preparative HPLC (JAI Model LC-9204) equipped with Daicel
CHIRALPAK-IA3 column (20 @ x 250 mm). The optical rota-
tions were measured with JASCO P-1300 spectropolarimeter in
1 dm quartz cell at 24 °C. Electronic circular dichroism (ECD)
spectra were recorded on JASCO J-725 spectrodichrometer.
The spectra were combined after the baseline correction of each
measurement. cyclic voltammetry (CV) measurements were
performed on Hokuto Denko HZ-5000 electrochemical
analyzer. GPC analysis for the polymer products was carried
out at 40 °C on a Shodex GPC apparatus equipped with two
SB-806M HQ GPC columns (Showa Denko K. K.) and a UV
detector. DMF was used as the eluent at a flow rate of
0.5 mL/min. Polystyrene standards with a narrow distribution of
molecular weight (My,: 580-377, 400) were used for molecular
weight calibration.
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Synthesis of 8: To a solid mixture of dried Cul (5.7 g,
30 mmol) and LiBr (2.6 g, 30 mmol) was added dropwise acetyl
ester 7 (6.7 g, 15 mmol) in THF (170 mL) during 15 min at rt,
and the mixture was cooled to —78 °C. Then, freshly prepared
iPrMgC1 (30 mmol) in THF (15 mL) was added dropwise into
the mixture at =78 °C. After stirring for 1 h at =78 °C, the mix-
ture was further stirred for 14 h at rt. The resultant mixture was
poured into saturated aqueous NH4Cl solution, and the prod-
ucts were extracted by EtyO. The organic phase was washed
with brine and dried over MgSQy. After evaporation, the crude
products were purified on silica gel column chromatography
with the elution of hexane. Removal of the solvent afforded 8 as
colourless oil (5.8 g, 90%): MS (GC) m/z = 432 (50%, M™:
Cy1H,""Bry), 434 (100%, M™: CoHa,7?Br8!Br), and 436
(50%, M™: C51Hy,8!Bry); 'H NMR (400 MHz, CDCl3) & 7.42
(d, J = 8.6 Hz, 2H), 7.27 (d, J = 8.6 Hz, 2H), 2.91 (septet,
J=6.8Hz), 1.17 (d, J= 6.8 Hz, 3H), 1.15 (d, J = 6.8 Hz, 3H);
13C NMR (100 MHz, CDCl3) & 203.0, 135.6, 131.7, 128.0,
120.7, 117.1, 28.8, 22.7, 22.4; IR (neat): 2961, 2926, 2870,
1919, 1489, 1464, 1074, 1009, 825 cm™'; HRMS (APCI-orbi-
trap) calcd for Co1HyyBry (M™) 432.0088; found, 432.0089.

Synthesis of 9: To a solution of 1,3-bis(4-bromophenyl)allene
derivative 8 (1.0 g, 2.3 mmol) in Et,O (50 mL) was added drop-
wise -C4HgLi (6.0 mL, 9.8 mmol) at =78 °C under Ar atmos-
phere. After stirring for 30 min at the same temperature, CgF 3l
(1.3 mL, 5.84 mmol) was added dropwise by syringe. The resul-
tant mixture was stirred for 3 h at =78 °C, and then saturated
aqueous NH4Cl solution was poured into the solution at —78 °C.
After allowing to warming up to rt, the mixture was extracted
by Et;0. The organic phase was washed with brine and dried
over Nap;SQy. After removal of the solvent, the crude product
was purified by column chromatography on silica gel with
hexane elution to give colourless oil of 9 (1.0 g, 92%): MS
(APCI) m/z =528 (M"); 'H NMR (400 MHz, CDCls) § 7.62 (d,
J = 8.6 Hz, 2H), 7.14 (d, J = 8.6 Hz, 2H), 2.94 (septet,
J=6.7Hz, 1H), 1.17 (d, J = 6.8 Hz, 2H), 1.15 (d, J = 6.8 Hz,
2H); 13C NMR (100 MHz, CDCls) 8 202.9, 137.6, 136.0, 128.1,
117.0,92.2, 28.6,22.7, 22.4; IR (neat): 2961, 2926, 2869, 1918,
1483, 1463, 1383, 1216 cm™!; HRMS (APCl-orbitrap) calcd for
Cy1Hpolp (M™) 527.98108; found, 527.98108.

Synthesis of 3: To a solution of 4,5-bis(methylthio)TTF
(640 mg, 2.2 mmol) [20] in THF (30 mL) was added dropwise
nC4HgLi (1.3 mL, 2.2 mmol) at —78 °C under Ar atmosphere.
After the mixture was stirred for 90 min, a suspension of ZnCl,
(377 mg, 2.8 mmol) in THF (3 mL) was added at —65 °C. The
solution was further stirred for 30 min, then 1,3-bis(4-iodo-
phenyl)allene derivative 9 (458 mg, 0.87 mmol) in THF
(2.5 mL) and Pd(PPh3)4 (100 mg, 0.087 mmol) were added into
the mixture at —20 °C. The resultant mixture was stirred for 14 h
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at rt, and then poured into saturated aqueous NH4Cl solution.
The product was extracted by Et,O, and the organic phase was
washed with saturated brine and dried over MgSQOy. The crude
product was purified by column chromatography on silica gel
with CH,Cly/hexane (v/v = 1:4). Recrystallization from
CH,Cl,/MeOH (v/v = 1:1) solution gave 3 (664 mg, 89%):
orange powder; mp: 77.8-79.2 °C; MS (APCI) m/z = 865 (M" +
H); 'H NMR (400 MHz, CDCl3) & 7.40 (d, J = 8.6 Hz, 4H),
7.34 (d, J = 8.6 Hz, 4H), 6.48 (s, 2H), 2.97 (sept, J = 6.8 Hz,
2H), 2.44 (s, 6H), 2.43 (s, 6H), 1.19 (t, J = 6.8 Hz, 12H);
13C NMR (100 MHz, CDCl3) & 204.2, 136.9, 136.0, 130.8,
127.8, 127.7, 126.7, 126.6, 117.4, 114.8, 112.8, 107.3, 28.7,
22.8,22.5,19.4; IR (KBr): 2958, 2918, 2866, 1914, 1568, 1499,
1418, 835, 759 cm™!; anal. calcd for C37H36S12: C, 51.35; H,
4.19; found: C, 51.36; H, 4.25.

Synthesis of (R)/(S)-PTDPA: A mixture of Pd(OAc); (8.9 mg,
40 pmol), P(#-Bu)3-HBF4 (35 mg, 120 mmol), Cs,CO3 (290
mg, 2.8 mmol) in degassed NMP (1 mL) was stirred for 20 min
at 100 °C under Ar atmosphere. Then, (R)-3 (80 mg, 151 pmol)
and 4,5-bis(methylthio)TTF (67 mg, 226 pmol) were added to
the solution, and the reaction mixture was stirred for 3 days at
100 °C. After cooling to rt, the solvent was removed under
reduced pressure, and then the residue and N,N-diethylphenyl-
azothioformamide (100 mg, 40 umol), as a metal scavenger,
were dispersed in THF (2 mL). The resultant suspension was
stirred for 30 min at rt, then further for 1 h at 100 °C. After
cooling at rt, the solution was poured into CH30H (150 mL).
The resulted precipitates were collected by filtration, washing
with CH30H. The residue on the filter was collected, and then
purified by column chromatography on non-polar polystyrene
gel (Bio-beads S-X3 Support) with the elution of toluene. The
crude product was further purified reprecipitation with toluene-
hexane, yielding copolymer of (R)-PTDPA as an orange-brown
powder (24 mg, 26%). The number-average molecular weight
(M,) was estimated to be 5.6 x 103, and its distribution
(My/My,) was estimated to be 1.01: orange-brown powder;
'H NMR (400 MHz, CDCls) & 7.13-7.36, 6.46, 2.89, 2.40,
1.14. In similar manner, (S)-PTDPA was obtained from the
reaction of (S)-3 in 31% yield. Its M, value was estimated to be
2.8 x 103 and its distribution was estimated to be 1.54.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data, copies of
'H and '3C NMR charts, recyclable chiral HPLC chart and
DFT calculation summary.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-109-S1.pdf]
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Abstract

Glycoluril-based molecular clips incorporating tetrathiafulvalene (TTF) sidewalls have been synthesized through different strate-
gies with the aim of investigating the effect of electrochemical and spatial properties for binding neutral accepting guests. We have
in particular focused our study on the spacer extension in order to tune the intramolecular TTF--TTF distance within the clip and,
consequently, the redox behavior of the receptor. Carried out at different concentrations in solution, electrochemical and spectro-
electrochemical experiments provide evidence of mixed-valence and/or n-dimer intermolecular interactions between TTF units
from two closed clips. The stepwise oxidation of each molecular clip involves an electrochemical mechanism with three one-elec-
tron processes and two charge-coupled chemical reactions, a scheme which is supported by electrochemical simulations. The fine-
tunable n-donating ability of the TTF units and the cavity size allow to control binding interaction towards a strong electron
acceptor such as tetrafluorotetracyanoquinodimethane (F4-TCNQ) or a weaker electron acceptor such as 1,3-dinitrobenzene
(m-DNB).

Introduction

Thanks to its remarkable redox properties and strong n-donating  science [2-5]. In addition to the well-known access to molecu-
character demonstrated with the pioneering work of F. Wudl in  lar conductors [6,7] and TTF-acceptor assemblies [8,9], new
the early 1970s [1], tetrathiafulvalene (TTF) has become one of  concepts have been explored in the field of supramolecular

the most popular electroactive frameworks used in materials chemistry using the TTF unit as a powerful electroactive
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building block [10]. Exploiting its peculiar electronic (two
successive reversible oxidation steps giving rise to three stable
redox states) characteristics, more and more sophisticated TTF-
based supramolecular systems have been designed, being able
to operate as machines, chemical sensors, redox-switchable
ligands, molecular shuttles, molecular switches and logic gates
[11]. Considering that molecular receptors prone to specifically
recognize neutral molecules through donor—accceptor interac-
tions are of particular interest [12], the unique n-donating ability
and the planar geometry of the TTF building-block are suited to
the construction of such receptors. Nevertheless, the incorpor-
ation of TTF as a n-donating element in molecular clips or
tweezers for recognition of neutral electron acceptor guests is
still relatively unexplored [13].

Molecular clips and tweezers can be defined as receptors
presenting an open cavity composed of two interaction sites
which are separated by a spacer [13-15]. Ideally, these systems
are designed with the aim of sandwiching a molecular guest
with a high degree of selectivity and control of the interactions
between the guest and the sidewalls. While the nature and the
flexibility of the spacer between the two sidewalls play a criti-
cal role in the recognition process, we were interested in rigidi-
fying the molecular clips in order to favor the “lock and key”
model [15]. This rigid structure offers the possibility to orient
the interaction sites in a defined manner allowing an increase of
the binding strength with the guest. In the last two decades,
glycoluril-based molecular clips have shown that they were
capable of acting as excellent receptors by exploiting the dis-
tance between the two aromatic sidewalls which is usually close
to 7 A. Since then, a large number of host systems based on this
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2: R =SCH,CH,CN

3: R= SCH3

Figure 1: Structures of molecular clips 1-4.
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principle have been synthesized in order to use them for recog-
nition of aromatic guest molecules through n—x interactions
[16,17].

We recently described various glycoluril-based molecular clips
1-4 [18,19] (Figure 1) for which the structure varies by: i) the
nature of connection between the glycoluril spacer and the TTF
sidewalls, ii) the nature of the peripheral substituents on both
TTF pincers. In this full research paper we propose to study
how these structural parameters influence the electron donating
ability of TTF pincers and the size of the cavity and how the
control over the inter-TTFs distance within the molecular clip
impacts the ability for sandwiching neutral acceptor guests.
Those studies are supported by electrochemical analyses
(including simulation), time-resolved spectroelectrochemical
experiments and UV—visible titrations.

Results and Discussion

Synthesis

We have designed molecular clips 1-4 through three different
synthetic strategies starting from diphenylglycoluril 5
(Scheme 1). The key building-block 5 is available in multigram
scale by reaction of benzil with urea [20]. The first approach
leading to molecular clips 1 and 2 is based on a straightforward
double nucleophilic substitution leading to a seven-membered
ring using 4,5-bis(bromomethyl)-2-thioxo-1,3-dithiole (6) [21].

In order to determine the optimized experimental procedure to
carry out the urea N-alkylation of compound 5, we took advan-
tage from literature of previous works realized on glycoluril for
such reaction using a 2,3-bis(halogenomethyl)aryl derivative.
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Scheme 1: Different routes developed for the synthesis of molecular clips 1-4.

Reported procedures were using KOH [22,23], +-BuOK [24-26] between diphenylglycoluril 5 and 4,5-bis(bromomethyl)-2-
or NaH [27] as the base with DMSO as an aprotic polar solvent.  thioxo-1,3-dithiole (6) as the electrophilic reagent (Scheme 2)
Different experimental conditions were tested for the reaction by varying parameters such as the nature of the base, the reac-
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Scheme 2: Reaction between diphenylglycoluril with 4,5-bis(bromomethyl)-2-thioxo-1,3-dithiole.

tion time and the temperature (Table 1). Optimal conditions
were using four equivalents of ~-BuOK in anhydrous DMSO by
keeping the temperature at 20 °C with a cryostat apparatus for
3 h. Compound 7 was isolated in 36% yield after purification by
silica gel chromatography. We should note that an increase of
temperature resulted in the degradation of starting material 6.

Table 1: Optimized experimental conditions for the synthesis of com-
pound 7.

Base Temperature (T) Reactiontime (f)  Yield [%]
KOH rt 24 h 6
NaH rt 24 h 5
KOH rt 4h 12
t-BuOK rt 4h 19
t-BuOK Controlled 30 °C 4h 12
t-BuOK Controlled 20 °C 3h 36

This first strategy to reach clips 1 and 2 was considering the
trimethylphosphite-mediated cross-coupling reaction involving
2-0x0-1,3-dithiole moiety 8 [28] as an efficient route to prepare
dissymmetrical TTF derivatives [29]. The polarity of com-
pounds which were formed was sufficiently different to allow
an efficient purification by silica gel chromatography affording
molecular clip 1 in 15% yield. This route was successfully
applied using compound 9 [30] and clip 2 was also isolated in
15% yield. Target clip 3 was finally obtained in 72% yield by
deprotection of precursor 2 using CsOH-H,O in DMF/MeOH
mixture [31], followed by the tetraalkylation of tetrathiolate
with iodomethane. Considering that this multi-step synthesis
was affording molecular clip 3 in an overall 4% yield starting
from diphenylglycoluril 5, we took advantage of the accessi-
bility of 2,3-bis(bromomethyl)TTF 10 [32] bearing methylsul-
fanyl groups to investigate a more straightforward strategy.
Alternatively, the above methodology described for the prepar-
ation of compound 7 was efficiently applied to reach molecular
clip 2 in 48% yield using similar experimental conditions.

Whereas the synthesis of molecular clips 1, 2 and 3 uses the

nucleophilic substitution onto diphenylglycoluril 5 as a key-

step, the introduction of the naphthoquinone spacer in clip 4
required the previous transformation of compound 5 into a
glycoluril-based framework possessing quinone moieties for
developing a Diels—Alder cycloaddition strategy. Thus com-
pound 12 [33] was prepared in 73% yield by treatment with
an excess of hydroquinone in 1,2-dichloroethane using a
Friedel-Crafts alkylation as an electrophilic aromatic substitu-
tion onto compound 11 [34]. The hydroquinone moieties were
subjected to a dehydrogenation reaction using DDQ in THF to
reach desired glycolurildiquinone 13 [35] in 91% yield. The
Diels—Alder cycloaddition was carried out by treatment of bis-
dienophile 13 with TTF derivative 14 [36], able to give rise in
situ to the transient diene by reductive elimination using naked
iodide [37-39] or the iodo-ionic liquid 1-butyl-3-methylimida-
zolium iodide [40]. After purification by column chromatog-
raphy on silica gel, we noted that complete aromatization has
occurred concomitantly and molecular clip 4 was isolated in
around 20% yield.

Whereas all attempts at growing crystals of molecular clips 1
and 4 of sufficient quality for X-ray analysis have been unsuc-
cessful so far, suitable single crystals were obtained by slow
diffusion from a solution of clips 2 and 3 in a CH,Cl,/hexane
mixture. Considering the central double bond of each TTF
moiety, the intramolecular wall-to-wall distance was deter-
mined to be equal to 8.25 A and 7.41 A for clip 2 and 3, res-
pectively (Figure 2) [18]. Then the corresponding wall-to-wall
distance between the two TTF units was determined by theoreti-
cal calculations using the semi-empirical AM1 method in the
case of 4 [19]. This distance was estimated to be equal to 9.7 A
indicating that this enlargement around 2 A was the result
mainly of the spatial contribution of the additional naphtho-
quinone spacer in molecular clip 4.

Electrochemical properties
The electrochemical behaviour of molecular clips 1-4 were
determined using cyclic voltammetry experiments (Table 2).

These studies displayed a different electrochemical behavior for

clips 1, 2 and 3 in comparison to clip 4. In the latter case, the

cyclic voltammogram (CV) showed two oxidation waves at
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Figure 2: Intramolecular distances between TTF moieties from X-ray analysis for clips 2 and 3 and theoretical calculations for clip 4.

Table 2: Apparent redox potentials of molecular clips 1, 2, 3 and 4
reported vs Fc*/Fc in 0.1 M TBAPFg/CH,Clo/CH3CN 3:1 on glassy
carbon electrode at 100 mV-s~!. Absolute errors on potentials were
found to be around +/-10 mV.

C"p Eappored'l Eapp00x1 Eappoox1’ Eapp00x2
1 - +0.06 +0.21 +0.51
2 - +0.03 +0.14 +0.45
3 - -0.05 +0.06 +0.36
4 -1.05 +0.28 +0.65

Eqapp’ox1 = +0.28 V and Eppp’ox2 = +0.65 V vs Fc*/Fe corres-
ponding to the successive generation of cation radical then dica-
tion species simultaneously on each TTF framework (Figure 3).
This unique first two-electron oxidation step indicates that the
two TTF units are electrochemically equivalent, thus excluding
the presence of intra- or intermolecular electronic interactions
between them. It should be noted that the electroactive naphtho-
quinone acceptor group incorporated in the spacer unit is char-
acterized by a reduction wave (Eapporedl) at —1.05 V vs Fc*/Fe.
On the contrary, the CV of clips 1-3 shows a significant split-
ting of the first oxidation wave (Eappooxl and Eappooxly),
suggesting the presence of intermolecular (between two clips)
or intramolecular (within a clip) interactions between two TTF
units (i.e., mixed valence and/or n-dimer) [41]. Eventually, the
reversible two-electron process (i.c., 1 ¢~ on each TTF"" unit)
for the second oxidation step (Eappooxz) leading to fully
oxidized TTF units is in accordance with independent TTF2*
states subject to repulsive electrostatic interactions. Such split-
ting phenomenon of the first oxidation wave has been previ-
ously reported by Azov et al. for TTF-containing molecular

tweezers based on a 1,2,4,5-tetramethylbenzene scaffold
[42,43].

At this stage, one should keep in mind that the distance between
two TTF sidewalls within clips 2 and 3 is quite important (8.2 A
and 7.4 A, respectively). Such a distance, even though deter-
mined in the solid state, does not seem compatible to allow an
intramolecular interaction to occur between two TTF units
during the first oxidation step. In order to address this issue and
to explore possible intermolecular (between two clips) interac-
tions, concentration dependence electrochemical experiments
were performed. Cyclic voltammograms were recorded using
molecular clip 2 at different concentrations (1073 M, 1074 M
and 5 x 1075 M) (Figure 4).

Importantly, whereas the splitting of the first oxidation wave
was perfectly observed at high concentration (1073 M), we
noted that the phenomenon was significantly decreased at lower
concentration. First, the absence of a splitting or broadening of
the first oxidation process at low concentration informed us that
the two TTF units are equivalent, thus excluding intramolecular
interactions. Secondly, the concentration dependence and the
splitting at higher concentrations provided evidence for the
existence of intermolecular interactions and the formation of
mixed-valence and radical cation dimer states. These results
clearly demonstrated the presence of an intermolecular mixed-

valence phenomenon.
According to these first results, the following model could be

proposed in agreement with the successive oxidation steps in
the CV of molecular clips 1, 2 and 3 (Scheme 3). Because the
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Figure 3: Cyclic voltammograms of molecular clips 1, 2, 3, 4 and F4~-TCNQ at 1073 M in 0.1 M TBAPFg/CH,Cl/CH3CN 3:1 on a glassy carbon elec-
trode at 100 mV-s™".

two TTF units are equivalent, the first oxidation step of the clip  shown on CVs suggested that this clip with two radical cations

involves a one-electron process on each TTF unit, leading to the  stack with and/or without self-assembly affording mixed-

clip bearing two radical cations. The concentration dependence  valence or n-dimer interactions. At higher potential, the tetra-
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Figure 4: Cyclic voltammograms of molecular clip 2 at different concentrations (left: 1072 M; middle: 10™# M; right: 1073 M) in 0.1 M TBAPFg/CHoClo/
CH3CN 3:1 on a glassy carbon electrode at 100 mV-s~!. Red dashed line: electrochemical simulation performed from experiments (E4 = 0.090 V,
E;=0.165V, E3 = 0.435 mV, Kyy = 11400 M~!, Kpjy = 680 M, ks = 1 x 109 M~1-s™" for all the forward reactions, a = 0.5 and ks = 0.01 cm-s~" for all
the charge transfers).
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Scheme 3: Graphical representation of the stepwise oxidation of molecular clips 1, 2 and 3.

cation is provided by another one-electron process on each TTF
unit leading to a clip bearing two dications.

The graphical representation can be simulated by an electro-
chemical simulation program (DigiElch 7) involving an electro-
chemical mechanism (Scheme 4) composed by three one-elec-
tron processes and two charge-coupled chemical reactions (i.e.,

formation of mixed-valence and dimerization via a square

—e
D E— .
——
(E1)
D* (Kmv)
p— 67
D--D* _—
—_
(E2)

(mixed valence)

scheme). Due to the equivalence of the two TTF units, it is
important to note that the input value of the concentration of D
in Scheme 4 (D represents one TTF unit of the clip) must be
twice that of the experimental concentration of a molecular clip.
The good agreement between experimental data and modelled
CVs over the whole range of concentration supports the graphi-
cal representation of the stepwise oxidation of molecular clips
1, 2 and 3 (Scheme 3).

—e
D+ —_— D2+
(E3)
D™ (Kpim)
D*--D*
(n-dimer)

Scheme 4: Electrochemical mechanism used to simulate the CV's of molecular clips 1, 2 and 3.

1029



Optical and spectroelectrochemical
properties

The optical properties of oxidized states of molecular clip 1
were monitored by UV—-vis—NIR spectroscopy, by successive
aliquot addition of NOSbFg (5 x 1073 M in CH3CN) used as
oxidizing reagent in a solution of clip 1 (107* M in CH,Cl,) in a
quartz cell (0.2 cm) (Figure 5). Clip 1 bearing methoxycar-
bonyl groups at the periphery of the TTF framework was
chosen because, to our knowledge, the optical characteristics of
such a TTF derivative have not been yet reported. The redox
potential (+ 0.87 V vs Fc*/Fc) of the NOSbF reagent is in
agreement to allow the oxidation of TTF units. Chemical oxi-
dation led to the rapid disappearance of the band at 320 nm
attributed to the neutral TTF derivative and to the concomitant
development of new bands characteristic for the cation radical
and/or the n-dimer (440, 595 nm), bands which are character-
istic for substituted TTF derivatives. After addition of nearly
two equivalents of oxidizing reagent, we noted the appearance
of the absorption band characteristic of the formation of the
TTF dication (340 nm). As soon as we started to add aliquots of
NOSbF¢ oxidant onto molecular clip 1, we could observe in the
NIR region an absorption band centered at approximately
815 nm and a broad and weak band between 1300-2000 nm.

1.0
— 0.0 equiv
0.8 4 — 1.0 equiv
— 2.0 equiv
8 06
C
®
2
o ﬁ
[%2]
£ 04
0.2
00 T T T T T 1 T L

400 600 800 1000 1200 1400 1600 1800 2000

A (nm)

Figure 5: Chemical oxidation of molecular clip 1 (1074 M, CH,Cl,)
using aliquots of NOSbFg oxidizing reagent (5 x 1073 M, CH3CN).

Known to be a powerful tool for analyzing the formation of
n-dimers (DIM) and mixed-valence (MV) systems, time
resolved spectroelectrochemical experiments [44-46] were
performed on molecular clip 1 in order to probe the first oxi-
dation step at two different concentrations between 350
and 1700 nm in 0.1 M TBAPF4/CH,Cl,/CH3CN (3:1). At

Beilstein J. Org. Chem. 2015, 11, 1023—-1036.

5 x 107> M, only two absorption bands (i.e., 450 and 600 nm)
were observed (Figure 6). Confirming a concentration depend-
ence, the absorbance profile at 5 x 1074 M was different from
the one obtained at 5 x 107> M. Two additional absorption
bands simultaneously emerged at the beginning of the oxi-
dation process and the end of the reduction process: one at
825 nm and a broad band in near infrared range beyond
1300 nm (Figure 6).

In agreement with the simulated concentration—time profiles in
thin layer conditions (Figure 6 — bottom), the appearance of the
absorption bands centered around 825 and beyond 1300 nm
were attributed to the formation of [(TTF),]" mixed-valence
dimer [47,48] and the absorption bands centered around 600 nm
to the (TTF ), n-dimer [49]. The band close to 825 nm could
be assigned to cation radicals stack with self-assembly affording
mixed-valence. Nevertheless, at this stage, it would be prema-
ture to conclude with certainty. The origin of this band is
currently under investigation and requires complementary
studies to carry out on different substituted molecular clips.

By analogy with unsubstituted TTF derivative, these three
bands reasonably support the presence of mixed-valence and
cation radical dimers during the oxidation process. Whereas the
phenomenon of dimer formation of the TTF cation radical is
commonly observed in the solid state, it was also described in
solution at low temperature in a concentrated TTF solution [50],
or at room temperature in a dilute solution. In the latter case, the
characterization of [(TTF),]*" mixed-valence dimer and/or
(TTF*"), dimer species concerned systems for which the dimer
stabilization is resulting from the close proximity of the two
TTF units. That is the case for conjugated bisTTF systems [51],
bisTTF-substituted calix[4]arenes [52], or supramolecular archi-
tectures such as [3]catenane [53], cucubit[8]uril [54] or self-
assembled cages [55] which facilitate the formation of TTF
dimers.

Studying the glycoluril-based molecular clip 15 presenting also
TTF sidewalls [56,57], Chiu et al. have observed the mixed-
valence and radical cation dimer states at high concentration
(1073 M) and at room temperature [58]. Indeed, the CV of mo-
lecular clip 15 exhibited four consecutive oxidation waves,
which were interpreted by a succession of oxidation processes
of the TTF sidewalls (Figure 7). These dimer interactions were
predicted to exist at room temperature by theoretical investi-
gation realized on this system [59].

By comparison with these results observed for molecular clip
15 [58], it is clear that clips 1-3 exhibit [(TTF),]"" mixed-
valence dimer and/or (TTF*"), dimer species but their self-

association organization could not be yet demonstrated. The
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Figure 6: Spectroelectrochemical experiment of molecular clip 1 during the first oxidation step at different concentrations (left: 5 x 107> M; right :
5x 1074 M) in 0.1 M TBAPFg/CH,Clo/CH3CN (3:1) on glassy carbon on Pt electrode in thin layer conditions (close to 50 um) electrode at 5 mV-s™"
and 293 K. (top) CV in current vs time representation. (middle) 3D representation: x-axis = wavelength, y-axis = time and z-axis = absorbance.
(bottom) concentration-time profiles of each simulated species in the thin layer (50 um) calculated from electrochemical simulations of Figure 4
(E1=0.090V, E» =0.165V, E3 = 0.435 mV, Kyy = 11400 M~", Kpjm = 680 M~", ks = 1 x 10° M~"-s™" for all the forward reactions, a = 0.5 and

ks = 0.01 cm's~" for all the charge transfers).

presence of more or less sterically bulky groups at the periphery
of the TTF moieties does not provide an advantage for the self-
assembly of dimers. Moreover, this dimerization phenomenon
which is driven by the inclusion of one sidewall into the cavity
of the opposing clip is not observed in the solid state for clips 2
and 3 (Figure 8). This typical packing arrangement was previ-
ously observed in many cases of glycoluril-based molecular
clips containing two aromatic sidewalls [26,60-63]. On the
contrary, considering the unit cell for single crystals of clip 2,
X-ray analysis showed that two neighboring molecules of clip 2

appeared in a head-to-tail arrangement and short TTF---TTF
intermolecular distances (3.51 A) were determined between two
clips in the solid state.

Binding properties

In order to establish the influence of electronic and spatial prop-
erties of the clips towards binding ability of neutral electrodefi-
cient guest molecules, we have chosen compounds 3 and 4 for
this study. Molecular clip 3 presents better n-donating ability
according to CV study and a smaller interplanar TTF distance
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Figure 7: Molecular structure of molecular clip 15 and representation of its stepwise oxidation processes proposed by Chiu et al. [58].

(7.41 A compared to calculated 9.2 A for clip 4). Binding prop-
erties were studied using 1,3-dinitrobenzene (m-DNB) as a
weak and small aromatic electron acceptor molecule. It should
be noted that Nolte et al. have successfully observed the com-

)

0
)

plexation of m-DNB using a glycoluril-based receptor bearing
2,7-dimethoxynaphthalene walls (K, = (115 £ 10) M 1) [64]. In
the latter case, it was proposed that binding was occurring

through an induced-fit mechanism with a recognition process on

R

e d
%

[ X

Figure 8: Molecular packing diagram of clips 2 (left) and 3 (right) obtained from X-ray analysis. A molecule of CH,Cl; is included inside the cavity of

each clip. Hydrogen atoms are omitted for clarity.
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the basis of the size rather than the acceptor strength. We can
suppose that the presence of stronger n-donor TTF sidewalls in
clip 3 favorize donor—acceptor interactions and consequently
the binding properties towards m-DNB. We have also checked
the influence of the redox properties towards binding ability by
studying the strong electrodeficient acceptor F4-TCNQ.

Interaction with 1,3-dinitrobenzene (m-DNB)

The host—guest affinity was detected by UV—visible spec-
troscopy upon titration of clip 3 (1073 M in 0-CgH4Cl,) with
addition of m-DNB (107! M in 0-CgH4Cl,) aliquots. No addi-
tional change of the spectra was observed after the addition of
one equivalent of m-DNB (—1.30 V vs Fc*/Fc) [65] which is in
agreement with the formation of a 1:1 complex. A Job plot
carried out in 0-C¢H4Cl; between clip 3 and m-DNB shows a
maximum at 0.5, confirming the formation of the 1:1 complex
(m-DNB@clip 3) (Figure 9 left). The association constant was
determined to be K, = (7 = 3) x 103 M~! by exploiting the Job
plot analysis according to literature [66]. Despite many efforts
devoted to the search for a complexation of m-DNB using mo-
lecular clip 4, we could not observe any host—guest binding
interaction. These results suggest that electronic and spatial
properties of the cavity constitute fundamental parameters for
binding the m-DNB guest. The binding of such a weak electron
acceptor was successful for molecular clip 3 presenting the
most suitable intramolecular distance between TTF sidewalls

and the strongest n-donor ability.

Interaction with tetrafluoroquinodimethane
(F4-TCNQ)
The binding affinity of molecular clip 3 (5 x 1074 M in CH,Cl,)

was studied by a UV—visible titration with the electron acceptor
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F4-TCNQ (107> M in CH,Cl,). Addition of aliquots of molecu-
lar clip 3 onto a F4-TCNQ solution showed the presence of an
isosbestic point at 395 nm with the concomittent formation and
increase of bands at 760 and 860 nm which could be attributed
to the progressive formation of the F4-TCNQ radical anion
(Figure 10) [67,68]. The increase of the bands around 750 and
850 nm was attributed to the cumulative contribution of the
increasing formation of TTF cation radical species and the
F4-TCNQ anion radical.

0.4
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Figure 10: UV-visible absorption spectra of F4~-TCNQ (CH,Cly,
1075 M) upon titration with molecular clip 3 (CHoClp, 5 x 1074 M).
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Figure 9: Left: Job plot analysis for DNB vs molecular clip 3 ([3 + DNB] = 1073 M in 0-CgH4Cl at 800 nm) at room temperature. Middle: Job plot for
F4-TCNQ vs molecular clip 3 at room temperature ([3 + F4~-TCNQ] = 102 M in CH,Cl, at 860 nm) consistent with a 2:1 binding stoichiometry. Right:
Job plot for F4~-TCNQ vs molecular clip 4 at room temperature ([4 + F4~-TCNQ] = 1075 M in CH,Cl, at 860 nm) in agreement with a 1:1 binding

stoichiometry.
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A Job plot carried out in CH,Cl, between clip 3 and F4-TCNQ
exhibited a maximum at around 0.7, a finding that corroborates
with the formation of a 1:2 complex (F4-TCNQ);@clip
3 (Figure 9 middle) with an average binding constant of
K,=(8+5)x 108 ML

Similar studies were carried out using molecular clip 4 and
quantitative measurements were performed using UV—visible
titration considering the changes in the spectra of F4-TCNQ at
860 nm upon addition of sensor 4. The construction of the Job
plot is in agreement with the 1:1 binding stoichiometry between
clip 4 and F4-TCNQ with a maximum centered at a molar ratio
of 0.5 (Figure 9 right). The high association constant
K,=(1.3£0.8) x 10° M~ in CH,Cl, confirms that this rigidi-
fied molecular clip 4 is an efficient receptor for F4-TCNQ guest
electron acceptor.

This difference in binding interaction between host molecular
clips 3 and 4 towards the F4-TCNQ guest could be explained by
their electrochemical properties. By comparing the first oxi-
dation potential of clips 3 and 4 with the first reduction poten-
tial of F4-TCNQ (Egpp’red1 =+ 0.14 V vs Fc*/Fc — Figure 3), it
is clear that F4-TCNQ guest presents a high reduction potential,
sufficient to allow the oxidation of molecular clip 3. Conse-
quently, the (F4-TCNQ),@clip 3 complex should result from a
redox interaction between the host and the guest. On the other
hand, the oxidation potential of molecular clip 4 is increased
due to the introduction of the naphthoquinone spacer. Conse-
quently, the corresponding 1:1 stoichiometry should reasonably

§ g
. ﬁw

NC_ CN
S
F g S sj/<3 F F
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correspond to the binding of F4-TCNQ inside the cavity of clip
4 (Figure 11). This binding of F4-TCNQ also results from
favourable spatial parameters with the increase of the intramole-
cular distance between the two TTF sidewalls. Thanks to the
good m-donor ability of the TTF sidewalls, in combination with
a well-suited size of the cavity, it is here demonstrated that mo-
lecular clip 4 constitutes one of the rare examples of systems
exhibiting good affinity for sandwiching F4-TCNQ as an elec-
tron poor guest.

Conclusion

We have presented original synthetic strategies leading to
glycoluril-based molecular clips containing electroactive TTF
sidewalls. In particular, the one-step preparation of molecular
clip using the N-tetraalkylation of glycoluril constitutes a
powerful versatile method allowing an easy access to new
architectures for which electrochemical properties can be tuned
by simple modification of peripheral substituents on the TTF
moiety. Cyclic voltammetry and spectroelectrochemical
measurements demonstrated that the mixed-valence state in
these fused glycoluril-TTF molecular clips seems to originate
from intermolecular TTF interactions, according to measure-
ments at various concentrations and to cyclic voltammogram
simulations. Spatial and electrochemical properties were shown
to be fundamental parameters towards the binding interaction of
a weak (m-DNB) or strong (F4-TCNQ) electrodeficient guest.
Consequently, the selectivity for a given target guest could be
precisely tuned via the choice of the molecular clip according to
its electrochemical and spatial considerations.
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Figure 11: Redox interaction (left) and complexation (right) of F4-TCNQ with molecular clips 3 and 4.
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Experimental

Synthesis
Molecular clips 1-3 [18] and 4 [19] were synthesized according
to our previous reports.

Electrochemical and spectroelectrochemical
experiments

Electrochemistry and time-resolved spectroelectrochemistry in
solution were performed using the already described home self-
made cell [44,45]. Electrochemical measurements were carried
out using a platinum wire counter electrode and a silver wire as
a quasi-reference electrode with a Biologic SP-150 potentiostat
driven by the EC-Lab software including ohmic drop compen-
sation. Experiments were recorded in dry HPLC-grade acetoni-
trile and dichloromethane with tetrabutylammonium hexafluo-
rophosphate (BuyNPFg, electrochemical grade, Fluka) as
supporting electrolyte. All solutions were prepared and trans-
ferred into the spectroelectrochemical cell in a glove box
containing dry, oxygen-free (<1 ppm) argon, at room tempera-
ture.

Spectrophotometric measurements were carried out in direct
reflexing mode on the working electrode (i.e., Pt or glassy
carbon) with a homemade bench composed of different
Princeton Instruments modules (light sources, fibers, monochro-
mators, spectroscopy camera and software). The connection
between the light source, the cell and the spectrophotometer is
ensured through a “Y-shaped” optical fiber bundle: 18 fibers
guide the light to the cell, and 19 fibers collect the reflected
light from the cell to visible (320—1080 nm / maximum acquisi-
tion frequency 2 MHz) and IR (900-1700 nm / maximum
acquisition frequency 8 MHz) CCD detectors. The sensitivity of
the spectroscopic measurement (<3 electrons at 100 kHz and
<13 electrons at 2 MHz between 320 and 1080 nm; 400 elec-
trons (high gain) and 5000 electrons (low gain) between 900 nm
and 1700 nm) allows performing a spectroelectrochemistry
experiment under the usual conditions of electrochemistry.
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Abstract

A series of donor—acceptor type co-crystals of fullerene (as the acceptor) and arylthio-substituted tetrathiafulvalene derivatives (Ar-
S-TTF, as the donor) were prepared and their structural features were thoroughly investigated. The formation of co-crystals relies
on the flexibility of Ar-S-TTF and the size matches between Ar-S-TTF and fullerene. Regarding their compositions, the studied
co-crystals can be divided into two types, where types I and II have donor:acceptor ratios of 1:1 and 1:2, respectively. Multiple
intermolecular interactions are observed between the donor and acceptor, which act to stabilize the structures of the resulting
co-crystals. In the type I co-crystals, the fullerene molecule is surrounded by four Ar-S-TTF molecules, that is, two Ar-S-TTF
molecules form a sandwich structure with one fullerene molecule and the other two Ar-S-TTF molecules interact with the fullerene
molecule along their lateral axes. In the type II co-crystals, one fullerene molecule has the donor—acceptor mode similar to that in
type I, whereas the other fullerene molecule is substantially surrounded by the aryl groups on Ar-S-TTF molecules and the solvent
molecules.

Introduction

Tetrathiafulvalene (TTF) [1-3] and its derivatives have attracted
significant interest for decades. This is because this unique
heterocycle system has provided most of the organic conduc-
tors possessing diverse electronic ground states [4-11]. Owing
to their good electron donating ability and reversible electro-

chemical activity, TTF derivatives have recently been employed

as building blocks for functional supramolecular systems [12-
22]. Among the TTF-based supramolecular systems, those
involving fullerene molecules are of growing interest due to
their potential application in organic voltaics [20]. The
TTF—fullerene dyad is a typical donor—acceptor (D—A)
system, where TTFs and fullerenes act as donors and acceptors,
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respectively. The TTF—fullerene dyad can be constructed by
(1) connection of two components through covalent bonds [23-
27] or (2) supramolecular assembly between TTFs (as host) and
fullerene (as guest) [28-41].

For the formation of the host—guest type supramolecular
system, the shape and size complementarity between TTFs and
fullerenes are key factors that give rise to the effective surface
contact for the stabilization of the resulting supramolecular
structures. Because pristine TTF cannot form good enough
surface contact with fullerenes due to the shape and size
mismatch [42], chemical modifications of TTF have been
carried out. To this regard, introduction of substituents onto the
peripheral sites [43-54] and expansion of the m-systems have
been reported [55-59]. As reported, the m-extended TTFs
(exTTF) can encapsulate fullerenes in solution, and form the
inclusion complex with fullerenes as well [28-37]. Very
recently, we have disclosed a facile approach toward the
arylthio-substituted TTFs (hereafter denoted as Ar-S-TTF) [60-
62], which bear four aryl groups on the peripheral positions of
the TTF core through the sulfur bridges. The Ar-S-TTF mole-
cules are size and shape matched for fullerenes (Cgy/C7¢), and
the peripheral aryls show large rotational freedom that could
adjust their spatial alignment to adapt to the environmental
variations [61].

Regarding the structural feature of Ar-S-TTF, we have
performed the complexation of Ar-S-TTFs with C¢o/C7, and
found that Ar-S-TTF could form D—A type inclusion complexes
with Cgo/C7¢ [63]. Crystallographic investigation reveals that
the multidimensional interaction networks consisting of a
central TTF core, peripheral aryls, and fullerenes are the key
factors to stabilize the resulting supramolecular structures.
Meanwhile, the solid state absorption study indicates that the
inclusion complexes display a photoexcited electronic tran-
sition between Ar—S—TTF and Cg/C7g. To gain further insight
into the structural features of Ar-S-TTF upon complexation
with Cgo/C79, we have carried out the preparation a series of
[(Ar-S-TTF)—(fullerene)] co-crystals and investigated their solid
state structure, as reported herein. In this report we focus on the
synthesis, composition (donor:acceptor ratio), and crystal struc-
ture of the resulting co-crystals.

Results and Discussion

Synthesis and compositions

On the basis of hundreds of experimental runs, we found that
the Ar-S-TTFs possessing the first redox potential (E;,!)
smaller than 0.6 V could form the co-crystal-type complexes
with fullerene molecules Cgy and/or C7(, whereas those with
E1;! > 0.6 V could not afford the desired complexes. The
complexes obtained thus far are intrinsically neutral [63], which

Beilstein J. Org. Chem. 2015, 11, 1043—-1051.

means the charge transfer does not take place between Ar-S-
TTF and fullerenes in the ground state. In this regard, the £y
values of Ar-S-TTFs would not affect the formation of co-crys-
tals. On the other hand, the interaction between the aryls and
fullerene molecules is very important to stabilize the structure
of the co-crystals as reported in the crystal structures section.
For Ar-S-TTFs exhibiting E1/,! > 0.6 V, the aryl groups are
more electron deficient than the phenyl [61,62]. The interaction
between the electron-deficient aryls and fullerenes is weak;
consequently, these TTFs (E;,2' > 0.6 V) could not form the
co-crystals with fullerenes.

Among the [(Ar-S-TTF)—(fullerene)] complexes obtained to this
point, the complexes of Ar-S-TTFs 1-8 (Scheme 1) with
Cg0/Cq9 were cropped in the single crystalline form, and the
others were obtained as powdery samples with difficult to deter-
mine compositions. The [(Ar-S-TTF)—(fullerene)] co-crystals
were prepared by evaporating the mixed solution of Ar-S-TTF
and the corresponding fullerenes at room temperature. As a
typical example, compound 1 (12.8 mg, 2 mmol) and Cg
(7.2 mg, 1 mmol) were dissolved in carbon disulfide (CS,,
7 mL), and the resulting mixed solution was then placed in the
dark hood and left standing without disruption. After 2 weeks,
the black block-like single crystalline complex was cropped,
and the composition of the complex was determined to be
1:(Cg0)2:(CS»), on the basis of the X-ray single crystal struc-
ture analysis. The synthetic conditions, compositions, yields,
and morphologies for the 11 complexes are summarized in
Table 1.

Concerning the compositions (donor:acceptor ratio), most of the
co-crystals could be divided into two types (I and II), except for
2:(C70)4'(PhCl);. The ratio of donor:acceptor (abbreviated as
D:A) for the type I and type II co-crystals are 1:1 and 1:2, res-
pectively. No solvent molecule was involved in most of the type
I co-crystals, except for 4:Cgy-CS,, which contains a small,
linear solvent, CS,. On the other hand, all of the type Il co-crys-
tals contain solvent molecules in their matrix. Since one Ar-S-
TTF is capable of encapsulating a fullerene molecule [63], the
larger ratio of fullerenes would result in the formation of addi-
tional void space by fullerene molecules, which could poten-
tially accommodate the solvent molecules. In a previous report,
we have proposed that C7( tends to form co-crystals with a
larger acceptor ratio [63]. However, the present results suggest
that this prediction would not hold because both Cg( and Cy
form the type I and type II co-crystals with Ar-S-TTFs as
shown in Table 1. The D:A ratio for the co-crystals results from
the cooperative effects of the geometry of Ar-S-TTF (particu-
larly the peripheral aryls), the shape and size of the fullerene
molecules, and the solvent molecules. Although we cannot

presently provide a clear estimation of the D:A ratio of the

1044



QS =<7 ) @S °
@Slgfsis Qslsi

Ot
4

Beilstein J. Org. Chem. 2015, 11, 1043—-1051.

e EaTugpegs
Lo OO

SIS@ /N_\ SIS SISQ
SS}\,_/ L_\SSGSS@

TG LS

N S N
8

Scheme 1: Chemical structures of Ar-S-TTFs 1-8.

Table 1: Experimental conditions for the preparation of the co-crystals.
Donor Acceptor Solvent? Complex? Appearance
1,12.8 mg Cgo, 7.2 mg CS,, 7 mL 1:(Cgp)2:(CS2)2, 7.3 mg Black block
1,7 mg Cg0, 5.7 mg PhCI, 6 mL 1:(Cgo)2'PhCl, 7.5 mg Black block
2,6.9mg Cg0, 5.5 mg PhCI, 14 mL 2-Cgp, 8.2 mg Black plate®

Cgo complexes 4,341 mg Cgo, 14.4 mg CSy, 14 mL 4-Cg0'CSyp, 29.2 mg Black block®
6, 10 mg Cgo, 11 mg PhCI, 9 mL 6:(Cgp)2'(PhCl)2, 17.1 mg  Black block
7,144 mg Cgo, 5.5 mg PhCI, 12 mL 7-Cgo, 8.8 mg Black plate
8, 14.6 mg Cg0, 5.5 mg PhCI, 12 mL 8-:Cg0, 9.7 mg Black block
1,9 mg C70,5.9mg PhCI, 12 mL 1:C70, 9.2 mg Black plate
2,69m C70,4.2m PhCI, 10 mL 2:(C70)a'(PhCl)2, 6.1 m Black prism

Cyo complexes g 70 g (C70)a'(PhCl)2 g pri
3,13.8 mg C70, 8.4 mg PhCI, 10 mL 3-(C70)2:(PhCl),, 6 mg Black prism®
5,6.5 mg C70,4.2mg PhCI, 8 mL 5-C70, 4.1 mg Black block

aCS,: carbon disulfide, PhCl: chlorobenzene; Pthe compositions of the co-crystals were determined by X-ray single crystal structure analysis; °see

reference [63].

co-crystals, this work further demonstrates that Ar-S-TTFs are
promising candidates to serve as receptors for fullerenes and
have diverse supramolecular structures.

Crystal structures
The single crystalline structure of the complex is suitable for

X-ray single crystal diffraction measurements. In most cases,

the fullerene molecules and solvent molecules are disordered.
The disorder of fullerenes and solvents cannot be suppressed
even at low temperature, and can thus be characterized as

having statistic rather than rotational disorder. The selected

crystallographic data are summarized in Tables S1 and S2 in
Supporting Information File 1. In the following sections, the
structures of the type I and type II co-crystals will be discussed

in sequence.

Type | co-crystals

The type I co-crystals include four Cg( complexes and two Cr
complexes, namely, 2-Cgg, 4-Cgo'CS;, 7-Cg0, 8:Cgp, 1:C7¢, and
5-C7p. It should be noted that we recently reported the struc-
tures of 2-Cgg and 4-Cgo'CS, [63]. As a typical example of the
newly obtained co-crystals, the structure of 5-C7 is discussed
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here, and those of 7-Cg, 8:Cgp, and 1-:Cq are provided in the
Supporting Information File 1 (Figures S4-S15).

Complex 5-C crystallizes in the triclinic space group P-1 with
one molecule 5 and one Cy( crystallographically unique
(Figure 1a). The central TTF core on molecule 5 has a chair
conformation. The molecular geometry of 5 in the co-crystal,
both the spatial alignment of pyridyl groups and the con-
formation of the TTF core, is very close to its neutral crys-
talline form obtained in CS; [61]. The Cy¢ molecule is
surrounded by four molecules 5 (Figure 1b), and the long axes
of Cyg and TTFS are almost parallel to each other. A pair of 5
and a C7o molecule in a sandwich configuration is stabilized by
multiple intermolecular atomic close contacts [64]: C—S of
3.33-3.36 A and C—C of 3.17-3.40 A. The other two molecules
of 5 have C-S contacts (3.23-3.50 A) with Cy, along their
lateral axes. Moreover, the C—C contacts (3.18-3.36 A) are also
observed between the peripheral pyridyl groups and C79. Com-
pound 5 and Cy( form separated layers (Figures S1-S3 in
Supporting Information File 1), and the arrangement of C
molecules in the ac-plane is shown in Figure 1c. The center-to-
center distances between C7y molecules along the (a—c) and
(a+c) directions are 10.2 A and 10.6 A, respectively. The
former is close to the short axis of Cq (10 A), thus C7o mole-
cules form one-dimensional (1D) columnar arrays along this

Beilstein J. Org. Chem. 2015, 11, 1043—-1051.

direction. The structural features for both donor—acceptor inter-
action mode and fullerene arrangement of 7-Cg, 8-:Cg, and
1:Cyq are very similar to that of 5:Cy.

Type Il co-crystals

Among the type II co-crystals, the structure of 3-(C7¢), (PhCl),
has been reported [63]. Herein, we report the structures of
1‘(C60)2’(C82)2 and 1'(C60)2'PhCl, and that of 6'(C60)2'(PhCI)2
is provided in the Supporting Information File 1 (Figures
S25-S29).

Complex 1:(Cgg)2°(CSy), crystallizes in the triclinic space
group P-1. The asymmetric unit contains half a molecule of 1,
two halves of Cgg (A and B), and one CS; molecule. The
central CgS4 moieties of both molecules 1 (A and B) are nearly
planar. Molecule A is disordered and surrounded by four mole-
cules of 1. The donor—acceptor interaction mode for molecule A
is very similar to those in type I co-crystals (Figure 2a): a pair
of molecules of 1 forms a sandwich structure with A through
multiple interactions (C-S, 3.50 A; C—C, 3.20-3.38 A), and the
other two molecules of 1 interact with A along their lateral axes.
On the other hand, the Cgp molecule B is ordered and
surrounded by four phenyl groups with multiple C—C contacts
(3.19-3.38 A) as shown in Figure 2b. 1 and Cg( form separated
layers (Figures S16—S17 in Supporting Information File 1). The

Figure 1: Crystal structure of 5-C7q. a) Unit cell contents viewed along the short axis of 5; b) Interactions between 5 and C7q, where the blue and
black dashed lines represent the C—S and C—C contacts, respectively; c) packing motif of C7o molecules viewed along the b-axis. The grey, blue and
green spheres represent carbon, nitrogen and sulfur atoms, respectively, and the hydrogen atoms are omitted for clarity.
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Figure 2: Crystal structure of 1:(Cgp)2:(CS2)2. @) Interactions of Cgg molecule A with 1, where the blue and black dashed lines indicate the C—S and
C—C contacts between 1 and Cgg, respectively. b) Interactions of Cgg molecule B with 1; c) packing motifs of Cgg, depiction along the a-axis. The

hydrogen atoms and solvent molecules are omitted for clarity.

Figure 3: Packing motifs of Cgg molecules A (a) and B (b) of 1:(Cgp)2:(CS>)2 in the crystallographic ab-plane with the center-to-center distance

between the neighboring Cgg molecules shown.

packing structure of Cgq in the bc-plane is shown in Figure 2c.
Molecules A and B form two kinds of two-dimensional (2D)
sheets in the ab-plane as shown in Figure 3, and two sheets
alternate along the c-axis. In both 2D sheets, the center-to-
center distances between adjacent Cgp molecules are 10.4 A
along the a- and b-axes.

Complex 1-(Cgg)oPhClI crystallizes in the triclinic space group
P-1. Unlike 1:(Cgg)2:(CS»y);, the asymmetric unit of
1:(Cgp)2°PhCl contains one molecule of 1, four halves of Cgg

(A, B, C, and D), and one PhCIl molecule. The central TTF
core of 1 is in a planar conformation. As shown in Figure S18 in
Supporting Information File 1, Cgy molecules A and B have a
donor—acceptor interaction mode similar to those in the
type I co-crystals, and several C—C (3.17-3.39 A) and C-S
(3.46-3.49 A) contacts are observed between the central TTF
core of 1 and Cgn molecules. On the other hand, Cgy molecules
C and D are surrounded by the phenyl groups of 1 and solvent
molecules PhCl (Figure S19 in Supporting Information File 1).
The donor and acceptor molecules that form the separated
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layers are shown in Figures S20-S24 (Supporting Information
File 1). Molecules A and B form a 2D sheet in the ab-plane
(Figure S23 in Supporting Information File 1), where A and B
form the different columnar arrays along the a-axis. The center-
to-center distances between the adjacent Cgy molecules are
around 10.4 A along the a- and h-axes. Molecules C and D also
form the 2D sheet in the ab-plane (Figure S24 in Supporting
Information File 1), and the configuration of the molecular
arrays is similar to that in the AB sheet. The AB and CD sheets
alternate along the crystallographic c-axis.

Co-crystal 2:(C7g)4:(PhCI)2

This complex crystallizes in the monoclinic space group C2/n,
and the asymmetric unit contains half of molecule 2, two Cyg
molecules (A and B), and two halves of PhCI molecules. The
central C¢Sy4 moiety of molecule 2 is nearly planar. In types I
and II co-crystals, fullerene molecules are encapsulated by
Ar-S-TTF molecules. However, in 2-(C7()4'(PhCl),, molecule 2
penetrates into the void space formed by C7o molecules due to
the large A:D ratio (4:1). Referring Figure 4, one molecule 2 is
surrounded by six C7 neighbors. Along the longitudinal and
lateral axes of molecule 2, four A molecules are located to show
multiple donor—acceptor interactions (Figure 4a): C—C contacts
(3.22-3.37 A) between p-tolyl moieties and Cy along the longi-
tudinal axis of 2, and C—S contacts (3.44, 3.47A) between the
central TTF core and Cy( along the lateral axis of molecule 2.
On the other hand, two B molecules are located above and
below the mean plane of 2 (Figure 4b), and there are C-S
(3.44-3.50 A) and C—C (3.13, 3.35 A) contacts between the C7¢
molecules and the central TTF core of 2. The C7( molecules
form the 3D network of the present co-crystals. As shown in
Figure S30 Supporting Information File 1, one A molecule is
surrounded by five B molecules, and one B molecule is
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surrounded by five A molecules. There are multiple C—C close
contacts (3.20-3.38 A) between the neighboring C7¢ molecules
along the different directions, which result in the 3D carrier
transport pathway [38-41].

Structural comparison

As has previously been reported, the van der Waals length of
the C¢Sg core in the Ar-S-TTF molecule is about 12.8 A
[61,63], which is larger than the van der Waals diameters of Cg
(10 A) and C7g (11 A) [65,66]. In this regard, a single Ar-S-
TTF molecule is able to encapsulate Cgp/C7g, and the size
difference between Cgy and C7¢ would not be the sole factor
determining the composition of the co-crystal. The D:A ratio for
the co-crystal is attributed to the cooperation of the geometry
of the Ar-S-TTF (particularly the geometry and rotational
freedom of the peripheral aryls), the shape and the size of the
fullerene molecules, and the solvent molecules. Furthermore,
the dynamic effect on the crystal growth is also taken into
account.

Additionally, the D:A ratio of the co-crystal plays a significant
role on the donor—acceptor interaction mode and the packing
motif of the fullerenes. In the type I co-crystals (D:A = 1:1), the
donor—acceptor interactions mainly exist between the central
TTF core of the Ar-S-TTF and the fullerene molecules. There-
fore, Ar-S-TTF serves as the host and the fullerene molecule is
the guest. The fullerene molecules form the 1D columnar stacks
with a center-to-center distance of around 10.3 A, which is
comparable with that of superconducting Cgy complexes with
alkali metals (e.g.,10.29 A in RbCs,Cg) [67]. When the ratio of
fullerene molecules increases (i.e., the type Il co-crystals,
D:A = 1:2), one fullerene molecule is substantially encapsu-
lated by the central TTF core of Ar-S-TTF, and another

Figure 4: Crystal structure of 2-(C7q)4:(PhCl),. a) Interactions between C7o molecule A and 2; b) Interactions between C7o molecule B and 2. The
blue and black dashed lines indicated the intermolecular C—S and C—C contacts, respectively. The hydrogen atoms are omitted for clarity.
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fullerene molecule is surrounded by the aryls on the Ar-S-TTF
and solvent molecules. In this case, the Ar-S-TTF molecule still
acts as the host for at least one of the fullerene molecules.
Moreover, the dimensionality of the packing motifs of fullerene
molecules increases, resulting in a 2D network through multiple
van der Waals forces. Upon further increase of the ratio of
fullerene molecules in the co-crystal (e.g., 2:(C7¢)4:(PhCl),), the
packing structure becomes dominated by the Cyy molecule,
which forms the 3D network. The Ar-S-TTF and solvent mole-
cules serve as the guests to occupy the void formed by the Cy

molecules.

The present results demonstrate that Ar-S-TTF molecules have
three key features that enable formation of donor—acceptor type
co-crystals with fullerenes: (1) size and shape complementarity,
(2) flexibility, and (3) the ability to introduce an additional
interaction with fullerene by peripheral aryls. While the interac-
tions between the TTF framework and fullerenes have been
observed in many TTF—fullerene supramolecular systems [38-
41], the rotational freedom of the peripheral aryls on Ar-S-TTF
causes the aryls to locate at the appropriate positions to form
additional interactions with fullerenes. This therefore enhances
the stability of the resulting co-crystals. By complexation with
Ar-S-TTF molecules, the 1D columnar array, 2D sheets, and 3D
networks of fullerene molecules have been successfully estab-
lished, resulting in the carrier transport pathway, in principle.
However, the ground state of the present co-crystals is intrinsi-
cally neutral, as demonstrated by the IR spectra (Figures
S34-S40 in Supporting Information File 1). To improve the
functionality of the co-crystals, one interesting strategy would
be the generation of itinerant carriers in the co-crystals, i.e.,
charge transfer between the donor and acceptor in the ground

state.

Conclusion

In summary, we have prepared eleven donor—acceptor type
co-crystals of Ar-S-TTFs with fullerenes (Cg¢/C7g), and
performed thorough investigations on their solid state struc-
tures. These co-crystals mainly belong to two types according to
the donor:acceptor ratios (D:A), types | and II having D:A of
1:1 and 1:2, respectively. The composition of the co-crystals is
thought to be the cooperative consequence of the molecular
geometry of Ar-S-TTF, the shape and size of the fullerene
molecule, the solvent adduct, and the crystallization dynamics.
The donor—acceptor interaction mode and the packing motif of
the fullerenes largely depend on the composition of the
co-crystal. The present results suggest that Ar-S-TTF mole-
cules would be promising receptors for fullerenes as they are
easily accessible. Meanwhile, Ar-S-TTFs possess the unique
structural features to encapsulate fullerenes. That means the size

matches with that of fullerenes and the flexibility is helpful to

Beilstein J. Org. Chem. 2015, 11, 1043—-1051.

adapt to the shape of the fullerenes, which is supported by the
additional stabilization force from the peripheral aryls moieties.
Moreover, by varying the peripheral aryls and solvents, the 1D,
2D, and 3D packing motifs of fullerenes can be selectively
achieved.

Supporting Information
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Additional experimental data.
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Abstract

Two new photosensitizers featured with a cyanoacrylic acid electron acceptor (A) and a hybrid electron donor (D) of cyclopenta-
dithiophene and dithiafulvenyl, either directly linked or separated by a phenyl ring, were synthesized and characterized. Both of
them undergo two reversible oxidations and strongly absorb in the visible spectral region due to a photo-induced intramolecular
charge-transfer (ICT) transition. To a great extent, the electronic interaction between the D and A units is affected by the presence
of a phenyl spacer. Without a phenyl ring, the D unit appears more difficult to oxidize due to a strong electron-withdrawing effect
of the A moiety. In sharp contrast, the insertion of the phenyl ring between the D and A units leads to a broken n-conjugation and
therefore, the oxidation potentials remain almost unchanged compared to those of an analogue without the A group, suggesting that
the electronic coupling between D and A units is relatively weak. As a consequence, the lowest-energy absorption band shows a
slight hypsochromic shift upon the addition of the phenyl spacer, indicative of an increased HOMO-LUMO gap. In turn, the direct
linkage of D and A units leads to an effective n-conjugation, thus substantially lowering the HOMO-LUMO gap. Moreover, the
application in dye-sensitized solar cells was investigated, showing that the power conversion efficiency increases by the insertion of
the phenyl unit.

Introduction

Dye-sensitized solar cells (DSSCs) have been intensively  voltaic performances with high power conversion efficiencies
investigated as an alternative to silicon-based solar cells [1-4].  of over 11% [4], metal-free organic dyes have significant
Although devices with the most commonly used dyes based on  advantages in several aspects. These comprise for example

polypyridyl transition-metal complexes show excellent photo- large molar extinction coefficients, ease of synthesis, fine-
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tuning of structural and electronic properties, and low-cost
production [1-4]. Particularly, the hitherto best DSSC based on
organic sensitizers shows an efficiency of 10.3% [5]. Among
the most efficient organic dyes are those featured with an elec-
tron-donor (D) and an electron-acceptor (A) unit linked through
a m-bridge, leading to a broad and intense optical absorption
band in the visible spectral region due to an effective intramole-
cular charge transfer (ICT) from D to A units. To develop high-
efficient DSSCs, a variety of organic donors [2,6-8] have been
used in the construction of photosensitizers. Not surprisingly,
tetrathiafulvalene (TTF), as a strong m-electron donor, has been
incorporated into different D-n—A systems for numerous poten-
tial applications [9-14]. However, TTF-sensitized solar cells
have rarely been explored [15-17], mainly due to the high-lying
HOMO energy levels leading to a thermodynamically unfavor-
able dye regeneration. To overcome this problem, we recently
applied a Schiff-base reaction to obtain a rigid and planar
quinoxaline-fused TTF-based dye that shows an intense optical
ICT absorption over a wide spectral range and a substantially
stabilized HOMO, leading to a power conversion efficiency of
ca. 6.5% [17]. This example represents the currently best
performance for TTF-sensitized solar cells. An alternative ap-
proach is based on dithiafulvene (DTF), which from a struc-
tural point of view, can be treated as half of a TTF unit. DTF-
based D—n—A sensitizers have been proven quite promising with

high power conversion efficiencies of up to 8.3% [18,19].

Taking into account all these considerations, we set ourselves
the synthetic task to prepare two new molecular dyes (Figure 1)
configured with DTF-substituted 4,4-dihexyl-4H-cyclo-
penta[2,1-b:3,4-b]dithiophene (CPDT) as an electron-donor
and cyanoacrylic acid as an electron-acceptor moiety. The
incorporation of the rigid and coplanar electron-donating
moiety CPDT to the DTF core could increase the electron-
donating ability of the dyes, beneficial for the electron-injec-
tion process. In addition, on the one hand, the presence or
absence of a phenyl ring between the D and A units in the

Figure 1: Chemical structures of the target dyes 1 and 2.
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organic sensitizers is expected to tailor the frontier orbital
energy level, which is an essential aspect for good device
performance. On the other hand, the presence of side chains on
both DTF and CPDT moieties could prevent dye aggregation
and thus retard charge recombination. Herein, we describe the
preparation, characterization and the electronic properties of
two new organic dyes as well as their application in DSSCs.

Results and Discussion
Synthesis

Under Knoevenagel condensation reaction conditions, the
corresponding aldehydes 4 and 7 can readily react with cyano-
acetic acid leading to the target sensitizers 1 and 2, as depicted
in Scheme 1. For the synthesis of the aldehyde precursor 4, the
Horner—Wadsworth—-Emmons (HWE) reaction [20] of 4,5-
bis(hexylthio)-1,3-dithiole-2-thione with the dialdehyde CPDT
3 [21] was successfully applied. The preparation of the latter
was accomplished in 57% yield through the reaction of 4,4-
dihexyl-4H-cyclopenta[2,1-b:3,4-b "]dithiophene [22] with
oxalyl chloride in the presence of DMF. However, the syn-
thesis of the key intermediate 7 involves the protection of one
aldehyde group as an acetal using pinacol prior to HWE reac-
tion of 5 with 4,5-bis(hexylthio)-1,3-dithiole-2-thione, fol-
lowed by deprotection under acidic conditions. Aldehyde 5 was
readily obtained by palladium-catalyzed Suzuki—Miyaura
coupling reaction between 4,4,5,5-tetramethyl-2-(4-(4,4,5,5-
tetramethyl-1,3-dioxolan-2-yl)phenyl)-1,3,2-dioxaborolane and
6-bromo-4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b ]dithiophene-
2-carbaldehyde [23]. All these new precursors and the two
target dyes 1 and 2 were purified by chromatography and char-
acterized by NMR and HRMS analyses.

Electronic properties

To estimate the energy values of the frontier orbitals (HOMO
and LUMO) of dyes 1 and 2 that are essential for the evalua-
tion of two critical processes in DSSC devices, namely the elec-
tron injection from the photo-excited sensitizer to the TiO;
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Scheme 1: Synthetic routes to the target dyes 1 (top) and 2 (bottom).

conduction band and the dye regeneration, the corresponding
electrochemical and photophysical properties were investigated.
As depicted in Figure 2, cyclic voltammograms of dyes 1 and 2
in CH,Cl, show two reversible oxidation waves. To gain addi-
tional insight into the redox processes, the cyclic voltammetry
of the reference compound 6 was carried out as well. The latter
undergoes two reversible oxidations at 0.44 V and 0.75 V vs
Fc'/Fc, hence at values which are lower than the oxidation
potentials of the individual components DTF [24] and CPDT
[25]. This observation indicates the formation of an extended
hybrid donor as the HOMO is delocalized over the DTF and
CPDT moieties. Compared to 6, dye 2 is only marginally more
difficult to oxidize as evidenced by slightly more positive
values for both oxidation potentials (0.02 V and 0.03 V, res-

2 (66%)

pectively, Table 1). This is due to the electron-withdrawing
effect of the cyanoacrylic acid. Obviously, the electronic inter-
action between D and A units is fairly weak because the
m-conjugation is partially broken upon the insertion of the phe-
nyl ring which can adopt a non-coplanar conformation. In
contrast to 2, 1 is much more difficult to oxidize as its oxi-
dation potentials (0.63 V and 0.99 V vs Fc'/Fc) are substan-
tially shifted to positive values by 0.17 V and 0.21 V, respect-
ively, suggesting a stronger electronic interaction between the D
and A moieties. Clearly, the insertion of the phenyl ring has a
significant effect on the redox potentials. Moreover, the ener-
gies of the HOMO levels of dyes 1 and 2 are —5.36 eV and
—5.17 eV, respectively (Table 1), and thus they are lower than
the energy level of the Co/Co®" redox shuttle [26,27]. It can
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Figure 2: Cyclic voltammograms of 1 (blue line), 2 (red line) and 6 (black line) in CH,Cl, (0.1 M BusNPFg; Pt working electrode; scan rate

100 mV s ).

Table 1: Optical and electrochemical data, HOMO and LUMO energy levels of the dyes 1 and 2.

Amax (nm) e(MTem™)  E %Pt (ev)d
1 577 74500 1.82
2 548 56700 1.86

Eq! (V)P Eq2% (V)P Enomo (€V)°  Epumo (eV)®
0.63 0.99 -5.36 -3.54
0.46 0.78 -5.17 -3.31

aThe optical band gap is estimated from the onset of the lowest-energy absorption band. PThe oxidation potential of Fc*/Fc against Ag/AgCl was
recorded in a CHoClo/BugNPFg (0.1 M) solution to be 0.49 V, therefore the half-wave potentials are converted to Fc*/Fc by subtracting 0.49 V from the
corresponding Ag/AgCl values. “The HOMO level is calculated from the onset of the first oxidation potential in cyclic voltammetry, according to the
equation Eqomo = [~e(Eonset + 4.8)] €V, where 4.8 eV is the energy level of ferrocene below the vacuum level. 9The LUMO level is estimated

according to the equation E, ymo = [Eg°p‘ + Enomol eVv.

therefore be deduced that the oxidized dyes can efficiently be
regenerated.

The UV—vis absorption measurements of sensitizers 1 and 2
were performed in CH,Cl, solutions and the spectra are shown
in Figure 3. Both of them reveal quite similar absorption
patterns with an intense and broad absorption band in the visible
region peaking at 577 nm (17330 cm™!) and 548 nm
(18250 cm™"), respectively, with high extinction coefficients on
the order of 6 x 10* M~! cm™! (Table 1). The lowest-energy
absorption band is attributed to ICT transitions originating from
electronic excitations from MOs spread over the hybrid donor
to the MO localized on the cyanoacrylic acid. Compared to 2,
sensitizer 1 shows for the lowest-energy absorption band a
higher extinction coefficient and a slight red shift by virtue of
the more extended m-conjugation. Based on the onset of the
lowest-energy absorption band, the HOMO-LUMO gap is esti-
mated to be 1.82 eV for 1 and 1.86 ¢V for 2. Therefore, the
values of their LUMO energy levels of —3.54 eV and —3.31 eV
(Table 1) ensure an efficient electron injection from the photo-

excited dyes to TiO,. As a consequence, the direct linkage of

the D and A units leads to an effective m-conjugation and a
planar molecular configuration, thus substantially lowering the
HOMO-LUMO gap, while the insertion of the phenyl spacer
causes a partially interrupted mn-conjugation, hence the elec-
tronic interactions between the D and A units are weaker. This
result is in good agreement with the aforementioned electro-
chemical data.

Photovoltaic properties

DSSC devices based on sensitizers 1 and 2 were investigated
with both I/I>~ and Co2"/Co3" electrolytes and the detailed
photovoltaic parameters, such as short-circuit photocurrent
density (Jy.), open-circuit voltage (V,.), fill factor (FF), and
power conversion efficiency (n) are listed in Table 2. As
depicted in Figure 4, the presence of the phenyl spacer has a
pronounced effect on the DSSC device performances. Although
dye 1 has a slightly better light-harvesting ability and the
HOMO level of 2 is energetically higher than that of 1, both the
Jse and V. values increase on going from 1 to 2, leading to an
increase of the n value from 2.18% to 4.12% with cobalt
tris(bipyridine)-based redox mediator. With iodide/triiodide
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Figure 3: Electronic absorption spectra of 1 (blue line) and 2 (red line) in CH,Cl, solutions.
Table 2: Photovoltaic performances of DSSCs based on dyes 1 and 2.
Jsc (MA cm™2) Voe (MV) FF n(%)
1 (Co?*/Co3*) 3.97 632 0.78 2.18
2 (Co2*/Co3*) 7.27 687 0.77 412
1(17/1%) 9.26 485 0.72 3.19
2(17/187) 12.26 493 0.69 4.13
the large distortion between the donor and the anchoring
14+ acceptor. On the other hand, the planar structure of 1 with full
o m-conjugation increases the propensity of dye aggregation on
§ -12 the TiO, surface, leading to a decrease of the electron-injection
E -10- yield, too.
> -8
2 Overall, the dyes show a relatively poor DSSC performance
7] -6 .
s 6 compared to the analogous systems reported in the literature so
§ -4 far [18,19], which is mainly due to substantial charge recombi-
§ -2 nation losses during the electron-injection process, very prob-
° 0 ably caused by self-aggregation on the TiO, surface and fast
L
o \\ \ \ back-electron transfer upon photoexcitation.
T T T T
0.0 0.2 04 0.6 0.8 :
Voltage / V Conclusion

Figure 4: Photovoltaic performance of the two sensitizers. Photocur-
rent density (J) as a function of voltage (V) for 1 (black and blue
curves) and 2 (red and green curves) measured under standard air
mass 1.5 and simulated sunlight at 1000 W/m? intensity.

as redox shuttle, both devices based on dye 1 and dye 2 showed

2 and

higher photocurrent densities of 9.26 mA cm™
12.26 mA cm ™2, respectively. However, they showed lower
photovoltages of 485 mV and 493 mV. As a result, in the pres-
ence of the iodine-based electrolyte, the PCEs for 1 and 2 were
3.19% and 4.13%, respectively. The higher photocurrent of dye

2 is probably due to a lower charge recombination because of

In summary, we have synthesized two new organic photosensi-
tizers featured with a DTF—CPDT hybrid as an electron donor
and a cyanoacrylic acid either directly linked or linked through
a phenyl spacer. Both of them show two reversible oxidations
and strongly absorb in the visible spectral region. As evidenced
by electrochemical and optical data, the electronic interaction
between the D and A units is greatly affected by the presence of
a phenyl spacer. For dye 1, without a phenyl ring, the D unit
appears more difficult to oxidize due to a strong the electron-
withdrawing effect of the A moiety, and also the lowest-energy
absorption band shows a slight bathochromic shift compared to
that for dye 2 with a phenyl spacer. As a consequence, the direct

linkage of the D and A units leads to an effective m-conjugation,
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thus substantially lowering the HOMO-LUMO gap and
increasing the light-harvesting ability. The application in dye-
sensitized solar cells was further investigated, showing that the
power conversion efficiency increases by insertion of a phenyl
ring spacer. To further enhance the device performance by
retarding charge recombination upon photoexcitation and
increasing the charge injection efficiency, appropriate modifica-
tions of the structures of sensitizers based on the DTF—-CPDT
hybrid donor are currently undertaken.

Experimental

General

Air and/or water-sensitive reactions were conducted under
nitrogen in dry, freshly distilled solvents. 'H NMR and
13C NMR spectra were recorded on a Bruker Avance 300 spec-
trometer operating at 300 MHz for 'H and 75.5 MHz for '3C.
Chemical shifts are reported in parts per million (ppm) and are
referenced to the residual solvent peak (chloroform,
'H = 7.26 ppm, '3C = 77.0 ppm; dichloromethane,
'H = 5.32 ppm, '3C = 54.00). Coupling constants (J) are given
in Hertz (Hz). Peak multiplicities are described in the following
way: s, singlet; d, doublet; t, triplet; m, multiplet. HRMS data
were obtained with electrospray ionization (ESI). Cyclic
voltammetry was performed in a three-electrode cell equipped
with a platinum-disk working electrode, a glassy carbon counter
electrode, and Ag/AgCl was used as the reference electrode.
The electrochemical experiments were carried out under dry
conditions and an oxygen-free atmosphere in dichloromethane
with 0.1 M BuyN(PFy) as a supporting electrolyte. The voltam-
mograms were recorded on a PGSTAT 101 potentiostat.
Absorption spectra were recorded on a Perkin Elmer Lambda
900 UV/Vis/NIR spectrometer.

Synthesis of 3: In a similar manner as described in [22], oxalyl
chloride (0.872 g, 6.86 mmol) was added to a cold solution of
4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b "]dithiophene (0.301 g,
0.86 mmol) and N, N-dimethylformamide (0.502 g, 6.87 mmol)
in 1,2-dichloroethane (10 mL) at 0 °C under nitrogen protec-
tion. After stirring at constant temperature for 3 h, saturated
sodium acetate aqueous solution (20 mL) was added to the reac-
tion mixture. The mixture was further stirred at room tempera-
ture for 2 h, then extracted with dichloromethane for three
times. The combined organic layer was washed with brine
(100 mL), water (100 mL), and dried over anhydrous sodium
sulfate. After removing solvent under reduced pressure, the
residue was purified by column chromatography on silica gel
using hexane/dichloromethane 1:1 (v/v) as eluent to yield 3 as a
yellow solid (0.198 g, 57%). 'H NMR (300 MHz, CDCl3) &
9.91 (s, 2H), 7.62 (s, 2H), 1.95-1.87 (m, 4H), 1.21-1.10 (m,
12H), 0.96-0.78 (m, 10H) ppm; 13C NMR (75 MHz, CDCl3) &
183.0, 161.5, 146.8, 145.2, 129.6, 37.7, 31.7, 29.8, 29.7, 24.8,

Beilstein J. Org. Chem. 2015, 11, 1052—-1059.

22.7, 14.1 ppm; ESIMS (m/z): [M + H]" calcd for C»3H310,S,,
403.18; found, 403.18.

Synthesis of 4: A solution of 4,5-bis(hexylthio)-1,3-dithiole-2-
thione (0.160 g, 0.5 mmol) in toluene (50 mL) was added drop-
wise into a hot solution of 3 (0.212, 0.5 mmol) and triethyl
phosphite (10 mL) in toluene (50 mL) under nitrogen protec-
tion. The resulting mixture was stirred at reflux overnight. After
removing the solvent under reduced pressure, the residue was
purified by column chromatography on silica gel using di-
chloromethane/ethyl acetate 9:1 (v/v) as eluent to yield 4 as a
red oil (0.122 g, 34%). '"H NMR (300 MHz, CDCl3) & 9.80 (s,
1H), 7.52 (s, 1H), 6.70 (s, 2H), 2.91-2.81 (m, 4H), 1.90-1.79
(m, 4H), 1.71-1.59 (m, 4H), 1.46-1.08 (m, 28H), 0.90 (t,
J = 6.0 Hz, 6H), 0.81 (t, J = 6.0 Hz, 6H) ppm; '3C NMR
(75 MHz, CDCl3) & 182.4, 163.0, 157.4, 148.3, 146.0, 142.8,
1344, 132.6, 129.9, 129.0, 126.3, 118.1, 108.4, 54.1, 37.9, 36.5,
36.4,31.7,29.8,29.7,28.4, 24.6, 22.7, 14.1 ppm; ESIMS (m/z):
[M]" caled for C3gHs560Sg, 720.27; found, 720.26.

Synthesis of 1: A mixture of 4 (52 mg, 0.07 mmol), 2-cyano-
acetic acid (85 mg, 1 mmol) and ammonium acetate (13 mg) in
acetic acid (15 mL) was refluxed for 12 h at 120 °C under
nitrogen protection. After cooling, the mixture was poured into
water. The precipitate was collected by filtration and washed
with water. The residue purified by column chromatography on
silica gel using dichloromethane/methanol/acetic acid 95:4:0.5
(v/v) as eluent to give 1 as a purple solid (49 mg, 92%).
TH NMR (300 MHz, CD,Cl,) & 8.33 (s, 1H), 7.61 (s, 1H), 6.76
(s, 1H), 6.74 (s, 1H), 2.94-2.81 (m, 4H), 1.97-1.83 (m, 4H),
1.75-1.60 (m, 4H), 1.49-1.39 (m, 4H), 1.38-1.27 (m, 12H),
1.22-1.09 (m, 12H), 0.90 (t, J = 6.0 Hz, 6H), 0.81 (t,
J = 6.0 Hz, 6H) ppm; '3C NMR (75 MHz, CD,Cl,) § 169.5,
165.2, 158.8, 152.2, 148.3, 136.4, 134.8, 134.7, 132.7, 129.5,
127.1, 118.7, 117.7, 108.7, 54.6, 38.4, 36.9, 36.8, 32.2, 31.9,
30.4, 30.3, 30.2, 28.8, 25.1, 23.2, 14.4 ppm; ESIMS (m/z): [M]"
calcd for (C41H57NO,S¢), 787.27; found, 787.27.

Synthesis of 5: In a similar manner as described in [23],
Pd(dppf)Cl, (0.101 g, 0.12 mmol), 4,4,5,5-tetramethyl-2-(4-
(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)phenyl)-1,3,2-dioxaboro-
lane (0.451 g, 1.35 mmol), and K,COj3 (0.502 g, 3.61 mmol)
were added to a solution of 6-bromo-4,4-dihexyl-4H-cyclo-
penta[2,1-b:3,4-b ]dithiophene-2-carbaldehyde (0.453 g,
0.66 mmol) in toluene/ethanol 1:1 (10 mL) in a microwave vial.
The reaction mixture was heated in a microwave reactor at
100 °C for 1 h. After cooling to room temperature, the resulting
mixture was poured into water and extracted with dichloro-
methane. The organic phase was washed with water
(3 x 150 mL), dried over anhydrous sodium sulfate and concen-

trated under reduced pressure. The residue was purified by
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column chromatography on on silica gel using hexane/dichloro-
methane 1:1 (v/v) as eluent to give 5 as a yellow oil (0.312 g,
82%). '"H NMR (300 MHz, CDCl3) & 9.83 (s, 1H), 7.63 (d,
J=6.0 Hz, 2H), 7.56 (s, 1H), 7.53 (d, J = 6.0 Hz, 2H), 7.22 (s,
1H), 6.00 (s, 1H), 1.96-1.82 (m, 4H), 1.34 (s, 6H), 1.28 (s, 6H),
1.23-1.10 (m, 12H), 1.03-0.92 (m, 4H), 0.81 (t, /= 6.0 Hz, 6H)
ppm; 13C NMR (75 MHz, CDCls) 6 182.6, 163.4, 157.8, 149.2,
148.0, 143.4, 140.0, 135.0, 134.8, 130.0, 127.1, 125.6, 118.0,
99.6, 82.9, 54.3, 37.8, 31.7, 29.8, 24.7, 24.4, 22.7, 22.3, 14.1
ppm; ESIMS (m/z): [M]" caled for C35H4603S,, 578.29; found,
578.29.

Synthesis of 6: A solution of 4,5-bis(hexylthio)-1,3-dithiole-2-
thione (0.090 g, 0.2 mmol) in toluene (50 mL) was added drop-
wise into a hot solution of § (0.101 g, 0.2 mmol) and triethyl
phosphite (5 mL) in toluene (100 mL) under nitrogen protec-
tion. The resulting mixture was stirred at reflux overnight. After
removing the solvent under reduced pressure, the residue was
purified by column chromatography using hexane/dichloro-
methane 2:1 (v/v) as eluent on silica gel to give 6 as a yellow oil
(0.066 g, 37%). '"H NMR (300 MHz, CDCl3) § 7.59 (d,
J=28.2 Hz, 2H), 7.49 (d, J = 8.2 Hz, 2H), 7.17 (s, 1H), 6.69 (s,
1H), 6.66 (s, 1H), 5.99 (s, 1H), 2.90-2.80 (m, 4H), 1.87-1.79
(m, 4H), 1.72-1.61 (m, 4H), 1.47-1.39 (m, 4H), 1.37-1.25 (m,
20H), 1.22-1.10 (m, 12H), 1.02-0.93 (m, 4H), 0.90 (t,
J = 6.9 Hz, 6H), 0.81 (t, J = 6.8 Hz, 6H) ppm; '3C NMR
(75 MHz, CDCl3) & 158.5, 158.3, 144.0, 141.3, 138.7, 136.5,
136.1, 135.6, 128.3, 127.0, 125.0, 118.5, 117.9, 109.3, 99.8,
82.8, 54.1, 38.1, 36.4, 36.3, 31.8, 31.5, 29.9, 29.8, 28.4, 24.6,
24.4,22.8,22.7,22.3, 14.2 ppm; ESIMS (m/z): [M]" calcd for
C50H720286, 896.39; found, 896.38.

Synthesis of 7: A solution of 6 (0.107 g, 0.119 mmol) in 10%
HCI/THF (1:2, 30 mL) was heated at 50 °C for 3 h and then
poured into water. The organic layer was extracted with di-
chloromethane and washed with water (3 x 100 mL), then dried
over anhydrous sodium sulfate, and filtered. The solvent was
removed under reduced pressure and the crude product (0.84 g,
red-orange oil) was used without further purification. ESIMS
(m/z): [M]" caled for C44HgoOS, 796.30; found, 796.29.

Synthesis of 2: Crude 7 (0.84 g), 2-cyanoacetic acid (0.050 g,
0.588 mmol) and ammonium acetate (11 mg) in acetic acid
(10 mL) were refluxed for 12 h at 120 °C under nitrogen. After
cooling, the mixture was poured into water. The precipitate was
collected by filtration and washed with water. The residue was
purified by column chromatography on silica gel using di-
chloromethane/methanol/acetic acid 97:3:0.5 (v/v) as eluent to
give 2 as a purple solid (0.69 g, 66%). 'H NMR (300 MHz,
DMSO-dg) 6 8.24 (s, 1H), 8.04 (d, J = 8.5 Hz, 2H), 7.82 (d,
J = 8.5 Hz, 2H), 7.75 (s, 1H), 6.99 (s, 1H), 6.92 (s, 1H),
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2.94-2.84 (m, 4H), 1.92-1.83 (m, 4H), 1.67-1.56 (m, 4H),
1.46-1.35 (m, 4H), 1.33-1.23 (m, 12H), 1.18-1.05 (m, 12H),
0.91-0.83 (m, 6H), 0.76 (t, J = 7.0 Hz, 6H) ppm; '3C NMR
(75 MHz, DMSO-dg) & 158.9, 158.8, 141.80, 141.8, 138.7,
137.7, 134.8, 131.4, 129.7, 127.80, 127.6, 124.5, 124.5, 120.4,
118.8, 109.6, 53.4, 36.8, 35.3, 35.1, 30.7, 30.5, 29.1, 29.0, 28.7,
27.2, 23.8, 21.7, 13.5 ppm; ESIMS (m/z): [M]" calcd for
(C47Hg1NO,Sg), 863.30; found, 863.30.

Fabrication of DSSCs

In a similar manner as described in [15], electrodes with a 4 pm
or 8 um transparent layer and a 4 pm scattering layer of TiO,
were screen-printed on fluorine-doped tin oxide (FTO). After
sintering at 500 °C for 0.5 h and cooling to room temperature,
the electrodes were treated with 20 mM TiCly solution at 70 °C
for 0.5 h. The films were sintered at 500 °C for 0.5 h and cooled
to 80 °C before dipping into the dye solution (0.1 mM dye with
0.3 mM chenodeoxycholic acid in a mixture of THF/ethanol
1:1) for 12 h. After the sensitization, the electrodes were rinsed
with acetonitrile and dried in air. The cells were sealed with a
Surlyn film and platinized FTO counter electrode. The compos-
ition of the cobalt complex-based electrolyte of this study is
0.2 M [Co(bpy)3][B(CN)4]2, 0.05 M [Co(bpy)3][B(CN)4]3,
0.1 M lithium bis(trifluoromethanesulfonyl)imide, 0.5 M 4-tert-
butylpyridine in acetonitrile. The composition of the iodine-
based electrolyte is 1-methyl-3-propylimidazolium iodide
(PMII; 1 M), iodine (60 mM), 4-tert-butylpyridine (0.5 M), and
lithium perchlorate (0.1 M) in acetonitrile.
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Abstract

We describe the synthesis and single-molecule electrical transport properties of a molecular wire containing a n-extended tetrathia-
fulvalene (exTTF) group and its charge-transfer complex with F4,TCNQ. We form single-molecule junctions using the in situ break
junction technique using a homebuilt scanning tunneling microscope with a range of conductance between 10 Gy down to 1077 G,
Within this range we do not observe a clear conductance signature of the neutral parent molecule, suggesting either that its conduc-
tance is too low or that it does not form a stable junction. Conversely, we do find a clear conductance signature in the experiments
carried out on the charge-transfer complex. Due to the fact we expected this species to have a higher conductance than the neutral
molecule, we believe this supports the idea that the conductance of the neutral molecule is very low, below our measurement sensi-
tivity. This idea is further supported by theoretical calculations. To the best of our knowledge, these are the first reported single-

molecule conductance measurements on a molecular charge-transfer species.
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Introduction

The development of molecular electronics is a current chal-
lenge in nanoscience. The ultimate goal is to fabricate different
electronic devices based on a variety of active elements such as
wires, transistors, diodes or switches (to name just a few),
where each is built from individual, suitably functionalized
molecules. Although the controlled handling of molecules to
form reliable molecule-based circuits remains a demanding
task, modern organic synthesis allows the design and prepar-
ation of nearly any challenging molecule [1].

Among the aforementioned electroactive elements, the study of
molecular wires has received great attention and, in this regard,
a great variety of molecules of different nature involving single,
double and triple C—C bonds (conjugated or not) have been
extensively studied [2-4]. Furthermore, most of these systems
have been covalently connected to a great variety of different
anchor groups in order to improve the connection to various
metal electrodes. However, despite the huge number of molec-
ular systems that find application as wires, the use of electroac-
tive molecules exhibiting different oxidation states that can
modify/control the conductance through the wire have been
considerably less studied.

In the realm of organic chemistry there are a great variety of
organic compounds able to show different redox states that are
very appealing candidates to be used as wires and/or switches in
molecular electronics. In this regard, molecules having redox
centers such as viologen [5,6], aniline [7,8], thiophene [9],
anthraquinone [10] and ferrocene [11] have been previously
studied. However, a particularly suitable redox-active molecule
for molecular electronics is the well-known electron donor
tetrathiafulvalene (TTF) molecule. Pristine TTF, as well as the
tetraselenafulvalene analogue (TSF), have been previously
reported. In this study, the authors hypothesized that in the
Au-TTF-Au junctions, the molecule is connected to the elec-
trodes in a face-to-face overlapping configuration [12]. In
contrast, since the first report on a suitably functionalized TTF
as a molecular wire using two thioacetate anchoring groups
[13], most of the TTF derivatives synthesized for this purpose
have been functionalized with sulfur atoms as alligator clips.
These belong either to a fused ring on the TTF [14], or to a
chain covalently connected to the TTF core bearing a thiol
group at the end [15,16]. Furthermore, extended TTF cruciform
molecules, formed by two orthogonally placed, n-conjugated
moieties bearing the 1,3-dithiole rings at the ends, have also
been used for single-molecule measurements [17].

A singular TTF analogue is the so-called n-extended TTF
(exTTF, (9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthra-
cene) which, in contrast to pristine TTF that exhibits two oxi-
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dation peaks to form the radical cation and dication species,
shows only one oxidation peak involving a two electron process
to form the dication state. Furthermore, the geometrical prop-
erties of exTTF are quite different from pristine TTF. Thus,
whereas TTF is mostly planar in the neutral form, exTTF is a
highly distorted, out-of-plane molecule with a butterfly shape in
its neutral state. It undergoes a dramatic gain of planarity and
aromaticity upon oxidation (Figure 1) [18,19]. This gain of
stability upon oxidation has been skillfully used in a variety of
D-—n—A systems, namely exTTF-n-bridge—Cg derivatives, for
determining the attenuation factor of the molecular wire
(oligomer) acting as the m-bridge [20-22].

Figure 1: Depictions of 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydro-
anthracene (exTTF) in the (a) neutral form and (b) in the oxidized (2+)
state. In the oxidized state the two positive charges reside on the two
1,3-dithiole rings.

In this paper, we describe the synthesis of a new exTTF deriva-
tive, suitably functionalized with two (p-acetylthio)phenyl-
ethynyl substituents at positions 2 and 6 of the anthracene
central core. We then describe single-molecule conductance
measurements on this new derivative, along with measure-
ments of the charge-transfer complex formed with F4TCNQ.
Finally, we present theoretical calculations to understand its
electrical transport properties.

Results and Discussion
Synthesis and characterization of molecular

wire 5

The synthesis of the target molecule is shown in Scheme 1 and
starts from the previously reported 2,6-diiodo-exTTF 1 [23].
Reaction of 1 under Sonogashira conditions (Pd(IIl), Cul,
DIPEA) with trimethylsilylacetylene affords the symmetrically
substituted exTTF 2 in good yield. Further removal of the
trimethylsilyl group is easily achieved by treatment with potas-
sium carbonate, yielding the free terminal alkyne 3 in quantitat-
ive yield. The introduction of the two anchor groups in 3 is
carried out through a second Sonogashira reaction. The
coupling of 2,6-diethynyl-exTTF 3 with 1-acetylthio-4-iodoben-
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Scheme 1: Synthetic route to the target exTTF-based molecular wire 5.

zene (4), in the presence of Pd(I) and copper iodide and DIPEA
in THF, led to the target molecule 5 in moderate yield (35%).
Compound 4 was obtained in one step and with high yield from
1,4-diiodobenzene by reaction with n-BuLi in ether, followed
by reaction with Sg, and eventually, acetyl chloride [24].

All new compounds were fully characterized by spectroscopic
and electrochemical means. Interestingly, compounds 2, 3 and 5
showed similar 'H NMR spectra due to their symmetry result-
ing in relatively simple spectra, which confirms the proposed
structures. In particular, compound 5 exhibits the methyl groups
as a singlet at 2.45 ppm, and the protons corresponding to the
1,3-dithiole rings appear as a singlet at 6.37 ppm. In the
13C NMR of the target molecule 5, the carbonyl groups appear
at 192.4 ppm and the carbons of the alkyne moieties at 88.0 and
90.4 ppm, with the terminal methyl groups at 28.7 ppm.

The redox properties of compound 5 (0.2 mM) were deter-
mined by cyclic voltammetry at room temperature in THF using
TBAPFg (0.1 M) as a supporting electrolyte under argon atmos-
phere and at a scan rate of 0.1 Vs™!. The electrochemical cell
consisted of a glassy carbon working electrode, Ag/AgNO3
reference electrode and a Pt wire counter electrode. It is worth
mentioning that ferrocene was not employed as the inner refer-
ence since its oxidation potential overlaps with that of the
exTTF unit. Similar to pristine exTTF, the new exTTF deriva-
tive 5 exhibited only one quasi-reversible oxidation peak,
involving a two-electron process to form the dication state
[25,26]. This oxidation peak appears at E,; = 217 mV
(AE =285 mV, peak-to-peak separation), which is quite similar

to the oxidation peak found for pristine exTTF (£, = 244 mV,
AE =350 mV) (Figure 2).
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Figure 2: Cyclic voltammograms of compound 5 and pristine exTTF
(at concentrations of approximately 0.2 mM) using THF as a solvent
and TBAPFg (0.1 M) as a supporting electrolyte. Scan rate: 0.1 Vs~".

Break junction measurements

Neutral molecule

We first tried to form neutral-molecule molecular junctions.
Simply, compound 5 can be seen as an analogue of an
oligo(phenylene ethynylene), specifically an OPE3-dithiol com-
pound (where 3 indicates the total number of phenyl rings), in
which the central phenyl ring has been substituted by an exTTF
unit. We could, therefore, expect compound 5 to form molec-
ular junctions in a similar way to the OPE3-dithiol, which
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readily does so either in solution, or under solvent-free condi-
tions as recently reported [27]. Hence, as a starting point, we
followed the same sample preparation conditions as previously
with the OPE3-dithiol [27]. We prepared 0.1-1 mM solutions of
compound 5 in both 1,2,4-trichlorobenzene (TCB) or mesity-
lene/tetrahydrofuran (Mes/THF 4:1), and exposed a clean gold
substrate to the solution for a period of approximately 30 min.
The sample was then dried under a flow of argon and mounted
inside the scanning tunneling microscope (STM). All experi-
ments were then performed under solvent-free, ambient condi-
tions. In order to form molecular junctions of compound 5, we
followed the break junction technique [28]. During the experi-
ment, the variation in conductance (G) is recorded while an
STM tip is moved vertically (z) in and out of contact with a
gold substrate, forming and breaking gold nanocontacts (G vs z
trace). When the two gold electrodes (the STM tip and the sub-
strate) are in contact, or in close enough proximity, one or more
molecules of the compound adsorbed on the surface can bridge
the two electrodes. This binding occurs through one of the
terminal groups (thiols in this case) to each of the electrodes,
hence forming a molecular junction. In this configuration, when
separating the electrodes (larger z values), we observe conduc-
tance plateaus while the gold nanocontact or a molecular junc-
tion remains intact during the pulling. The plateaus then end
abruptly when the junction is broken.

Figure 3c and 3d show the 2D histograms consisting of several
thousand individual G vs z traces recorded in a break junction
experiment in the presence of compound 5. These are compared
with those recorded on an unmodified gold substrate and in the
presence of OPE3-dithiol. These histograms include all the
measured traces without filtering out the tunneling-only traces
from those with plateaus. One can see that the colored region of
the 2D histogram of OPE3-dithiol extends significantly to larger
inter-electrode distances than the unmodified gold substrate.
Also, it does so within a narrow band of conductance values
(roughly between log(G/Gy) = —3 and —4.5). This 2D profile
exemplifies the presence of plateaus occurring in a narrow
region of conductance. In the 2D histograms of compound 5, we
can also see that the colored region extends to higher electrode
interdistance values (z) than for the unmodified gold substrate.
However, as opposed to the case of OPE-dithiol, there is no
clear protuberance in the histogram that would indicate the

concentration of plateaus at a given conductance value.

Therefore, in order to determine whether the signature of com-
pound 5 is simply very weak, we performed a trace separation
process to build histograms of only the traces displaying
plateaus. Figure 4 shows the results of this separation for the
traces considered in Figure 3. In particular, for compound 5,

two separation steps were carried out, resulting in three cate-
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Figure 3: 2D histograms resulting from break junction experiments on
an unmodified gold sample (a), OPE3-dithiol drop-cast from TCB (26%
of traces displayed plateaus around 10 Gg) (b), compound 5 drop-
cast from TCB (c) and, compound 5 dip-cast from dichloromethane (d).
All measurements were performed in dry ambient conditions.

gories of traces: (1) those with only a smooth exponential decay
(Figure 4a and Figure 4d, labeled “No Plat.”), (2) those with
poorly-defined plateaus (Figure 4b and Figure 4e, labeled “Plat.
1), and (3) those with well-defined plateaus (Figure 4c and
Figure 4f, labeled “Plat. 2””). We considered the conductance
range between log(G/Gg) = —5.3 and —0.5 and established that a
trace has a plateau whenever a z interval (Az) longer than
0.15 nm is needed to observe a change of conductance
Alog(G/Gy) = 0.12 along the trace. Amongst these traces, we
separate the well-defined plateaus as those traces for which a Az
larger than 0.2 nm is needed to observe a Alog(G/Gy) = 0.1
along the trace. These are empirical criteria which gave us the
best separation results. We see that the histograms built from
the trace of the third group present protuberances, suggesting
that molecular junctions are successfully formed from
compound 5.

From a close inspection of Figure 4c and Figure 4f, we see that
the plateau conductance in these experiments varies by more
than 2 orders of magnitude (between log(G/G() = —3 and —5),
significantly greater than OPE3-dithiol, and also that they
extend to between 1 and 2 nm. However, it is important to note
here that the percentage of traces with well-defined plateaus
(given in parentheses in Figure 4) is very low. Even with a total

number of 5000 measured traces, the final number of traces
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Figure 4: 2D histograms corresponding to compound 5 after exposing a gold substrate to the solution of the compound in TCB. For each measure-
ment, the traces were separated into 3 groups: traces with no plateau (No Plat.), traces with poorly defined plateaus (Plat. 1), and traces with well-
defined plateaus (Plat. 2). See text for details on the separation process. The percentage of traces included in each group is indicated in the brackets.

with well-defined plateaus is less than 50 traces. We also note
here that these results correspond to the most successful
measurement runs, and the percentage of traces with plateaus
was even lower in other cases. We stress that under the same
experimental conditions, we obtained percentages of around
35% of well-defined plateaus for OPE3-dithiol.

We have recently measured the conductance of a series of mole-
cules based on a similar OPE3 backbone, also terminated with
thiols, but with differing numbers of dithiafulvalene (DTF)
substituents placed at various positions along the OPE back-
bone [17]. One of the main structural differences with these
molecules compared to compound 5 is that conjugation is main-

tained along the OPE3 backbone. For this series of compounds,
we could observe a clear signature for each, which was similar
to the unmodified OPE3. We showed that the presence of the
DTF side groups does not influence the low-bias conductance
and secondly, and that their presence does not significantly
hinder molecular junction formation. Different to the measure-
ments carried out thus far on compound 5, we carried out these
measurements using dichloromethane as the deposition solvent,
and since the results were clear, we decided to applied this also
to compound 5. The sample was prepared by exposing the gold
to a solution of compound 5 in dichloromethane (DCM) for 1 h,
followed by drying the sample with a flow of Nj. The results of
these measurements are shown in Figure 5.

4 Set 1 from DCM{2
¢ No Plat (94%)

Set 1 from DCM{2
Plat. 1 (4.4%)

Set 1 from DCMj
Plat. 2 (1.6 %) |

normalised counts

z (nm)

Figure 5: 2D histograms corresponding to compound 5 after exposing a gold substrate to a solution of the compound in DCM. The traces were sep-
arated into three groups as described in Figure 4. The total number of traces recorded was 3830.
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As with the measurements on compound 5 using the TCB drop-
casting method, after dip-casting from DCM, we could observe
the presence of G(z) plateaus, in this case down to just above
1077 Gy facilitated by the use of larger gains. The percentage of
traces displaying these plateaus was again low, however, and
similar to that found before, with less than 2% fitting the well-
defined criteria. From the 2D histograms in Figure 4, we see
again that no favored region of conductance develops after
separating the junctions displaying plateaus (labeled Plat. 1 and
Plat. 2). This, we believe, indicates that whilst the formation of
molecular junctions is possible, it is unclear exactly how the
molecule binds in these junctions. The low percentage of mole-
cular junction formation can be considered consistent with our
observations on the OPE3 series with DTF side groups, in that
the presence of sulfur atoms in the center of the molecule
slightly reduces the probability of forming junctions. This is
likely because the mobility of the molecule over the surface is
reduced, which in turn makes it difficult for molecules to
diffuse into the freshly created nanogaps.

The lack of a clear molecular signature may ultimately be due to
several reasons. Aside from reducing the probability of junc-
tion formation, the sulfur atoms in the center of the molecule
can also bind to the electrodes during the evolution of the junc-
tions, preventing the wire from becoming fully stretched. This
is a distinct possibility for this molecule due to the well-known
interaction of the parent extended-TTF and gold [29]. An alter-
native explanation for the lack of a clear signal for compound 5
is that its end-to-end conductance is too low for it to be
observed in our setup. If this is the case, this would mean the
conductance is lower than 1077 Gg. This is quite likely due to
the cross-conjugated nature of the exTTF unit, and the known

effect this has on conductance.

Conductance measurements on the exTTF-
F4TCNQ charge-transfer complex

Despite the lack of a clear signal for the neutral molecule, we
decided to proceed by trying to form the charge-transfer (CT)
complex of compound 5 with 7,7,8,8-tetracyanoquinodi-
methane (TCNQ). When combining two equimolar solutions of
the two compounds in DCM, we observed no color change,
suggesting no complexation. The solvent was then changed to
acetonitrile, a more polar solvent better able to stabilize com-
plex formation, but this too did not give the anticipated strong
color change. Only when the solution was heated at reflux for
3 h under ambient conditions and a large excess of TCNQ was
added (5 equiv), a dark green color developed. UV—vis absorp-
tion spectroscopy confirmed the formation of a CT complex
(Supporting Information File 1, Figure S1). To ensure the quan-
titative formation of the CT complex, a more straightforward

method compatible with the conductance measurements was
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considered. Specifically, we switched from TCNQ to the
stronger acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F4TCNQ). This produced a clear change of color as
soon as the first drops of the acceptor were added to the solu-
tion of compound 5 in DCM, yielding a green solution. We
monitored the formation of the CT complex by recording the
UV-vis spectrum of the solution. As successive amounts of the
acceptor are added to the solution of the donor, the peak at
448 nm of the neutral donor species decreases and new peaks
appear between 600-900 nm that grow with the addition of
more acceptor and also methanol (see Supporting Information
File 1, Figure S2). Specifically, we observe three peaks at
689 nm, 764 nm and 867 nm, which can be assigned to the
radical anion F4TCNQ species [30]. For the break junction
measurements, it was necessary to avoid having an excess of
the acceptor because F4TCNQ forms molecular junctions itself
due to its four terminal cyano groups (see Supporting Informa-
tion File 1, Figure S7). Hence, we formed the charge-transfer
(CT) complex by adding approximately 0.5 mL of a 107* M
solution of F,TCNQ in DCM to a 1 mL 10™* M solution of
compound 5. In this way, we can avoid having significant
amounts of free acceptor on the surface. This, however, means
we do not exactly know the ratio of donor to acceptor in our
case. It is known that the CT complex of the parent exTTF with
TCNQ forms in a 1:4 ratio [31]. However, as we have evidence
of the formation of a radical anion of F4,TCNQ, we believe a
donor to acceptor ratio of 1:2 is more likely, for which there is a
precedent in a substituted exTTF complex with TCNQ [32]. We
then allowed 24 h for the molecules to adsorb onto the gold in
order to obtain as high a density of molecules as possible. This
increases the possibility that a significant fraction of the solu-
tion is still the free donor species. Although there will still be
some of the neutral donor species present on the surface, as we
have shown that this molecule does not give a clear signal in
break junction experiments, there will be no problem of signal
overlap with the CT complex.

In contrast to the neutral form of compound 5, a significant
percentage of conductance plateaus for the CT complex sample
were observed. They were found fall into two main groups,
labeled as high and low conductance. Figure 6a shows exam-
ples of individual G(z) traces displaying conductance plateaus.
Firstly, we separate traces showing only tunneling (Figure 6b)
from those containing plateaus (Figure 6¢) using the following
criteria: z interval (Az) longer than 0.12 nm needed to observe a
change of conductance Alog(G/Gy) = 0.16. We then further
divided the traces into two more groups for those with plateaus
above or below log(G/Gy) = —3.8. Dividing the traces using a
value slightly above or below this does not change the sep-
aration significantly as the difference between the two types of

plateaus is clear. By fitting a Gaussian function to the
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Figure 6: a) Examples of individual G(z) traces showing clear conductance plateaus. b—e) 2D histograms corresponding to the CT complex between
compound 5 and F4TCNQ after exposing a gold substrate to the solution of the complex in DCM. The traces are separated into four groups: b) traces
without plateaus; c) traces with plateaus between log(G/Gg) = —0.5 and —6.0. From these traces the traces were divided into high and low plateau
groups: d) traces with plateaus above log(G/Gp) = -3.8; e) traces with plateaus below log(G/Gg) = —3.8. The total number of traces recorded was

4868.

histograms we find peak positions of log(G/Gy) = —3.0 for
the high group, and log(G/Gy) = —4.7 for the low group (see
Supporting Information File 1, Figure S6 for the 1D
histograms). We also measured the junction break-off distance
for the two groups (which we define as the separation required
to move from log(G/Gy) = —0.5 to either log(G/G() = —4 for the
high plateaus, or log(G/Gg) = —6.1 for the low plateaus). We
found mean values of 0.65 + 0.25 nm and 1.14 + 0.30 nm for
the high and low groups, respectively (see Supporting Informa-
tion File 1, Figure S3 for break-off histograms). We repeated
the measurements using a freshly prepared CT complex and
gold electrodes, and obtained a very similar result for the low
conductance group (see Supporting Information File 1, Figures
S4 and S5). In the repeated measurement, however, we did not

observe a signal in the high conductance region, above 107 G,

As can be seen from the separation of plateaus into high and
low groups, the two types generally occur independently. The
origin of the high conductance state is difficult to be totally sure
about. The two groups may arise from independent chemical
species, in which case it would be natural to label the high
group as junctions for which transport takes place through a

molecule of F4,TCNQ. The length and conductance are similar
to the control test we carried out on only this molecule (see
Supporting Information File 1, Figure S7). It may also be
possible that the high conductance state arises through contact
to the central part of the CT complex and one of the terminal
thiol groups. We observed a similar feature for the neutral
molecule (see Figure 4b and Figure 4c) although for the neutral
molecule, this signal was never very reproducible. The low
group, on the other hand, fits well with conductance taking
place across the whole molecule (i.e., thiol to thiol). We calcu-
late an S-S distance of 2.4 nm for the CT complex (substituting
the dihydroanthracene core of compound 5 for anthracene). We
estimate the amount of gold retraction to be 0.5 nm, which then
gives a real Au—Au separation of 1.64 £+ 0.30 nm for the mean
breaking distance of the low group, corresponding well with the
length of the molecule. The fact that the molecule does not
seem to fully stretch inside the junctions (unlike the OPE3-
dithiol) may be due to the bulky nature of the complex, which
contains many groups with the potential to interact with gold.

We cannot be totally sure of the species which gives rise to the

low conductance state in so much as we do not know its exact
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charge and ratio of donor to acceptor molecules. It is conceiv-
able that some charge is transferred to the electrodes upon
molecular junction formation, as is common for molecular junc-
tions [33]. However, it is well known that the cationic (1+) state
of exTTF is less thermodynamically stable than the dication
(2+) [34], resulting in inverted oxidation potentials of the cation
and dication. Additionally, it is known that the resonance
between the neutral and dication is impossible due to the strong
difference in geometries. Thus, it is more than plausible that the
molecule retains its cationic state in the junction. We further
point out that in several recent studies, a very similar conduc-
tance was found for a molecule that is structurally similar and
contains only the anthracene central group. In a study by Hong
et al., a conductance peak was found at log(G/Gy) = —4.5, which
is close to the low conductance group we observe [10]. As it is
known that the oxidation of exTTF compounds results in the
planarization and aromatization of the central three rings to the
anthracene unit, the similarity in conductance is perhaps indica-
tive of these changes. We have also recently shown that adding
substituents to the central phenyl rings of OPE wires has no
noticeable influence on the molecular conductance (groups
were tested ranging from electron-withdrawing fluorine to elec-
tron-donating methoxy groups) [35]. It is also rational to
suppose that the, albeit charged, dithiole side groups of our CT
complex would not strongly modify the conductance of the
otherwise neutral anthracene-containing wire. Finally, we point
out that recent conductive AFM measurements carried out on
self-assembled monolayers of anthracene and anthraquinone
OPE derivatives showed a difference of approximately two
orders of magnitude between their respective conductance
values [36]. This would fit with our hypothesis that the conduc-
tance of the neutral exTTF molecule, which has a similar
bonding pattern to anthraquinone, is below our experimental

resolution, based on the value we measure for the CT complex.

Ab initio calculations

To gain insight into the conduction mechanism of compound 5,
we performed theoretical calculations based on a combination
of density functional theory (DFT) and Green’s functions tech-
niques within the framework of the Landauer theory for
coherent transport. The complete technical details are reported
in Supporting Information File 1.

We first optimized the geometry of the molecule in the gas
phase. The HOMO was found to be localized on the exTTF
unit, which presented the expected butterfly shape, while
the LUMO appeared delocalized over the whole molecule
(Figure 7).

Subsequently, we constructed two kinds of metal-mole-

cule—metal junctions, where the molecule is bound to a gold
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Q
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Figure 7: Frontier orbitals of compound 5 in the gas phase.

cluster in a top and hollow position, respectively (Figure 8). We
then computed the zero-bias electron transmission following the
procedure explained in Supporting Information File 1. The
corresponding transmission curves are shown in Figure 9.
Notice that the molecular HOMO-LUMO gap was corrected,
following the procedure previously reported [37]. The
HOMO and all other occupied orbital energies were shifted by
Yocc=1IP — g +Aycc, While the LUMO and all other unoccu-
pied orbital levels were shifted by Xyj=—EA — e +Ayj;. Here,
Aoce (Ayiry) 1s the image charge correction for the occupied
(unoccupied) states, ey (g1) is the Kohn—Sham energy of the
gas phase HOMO (LUMO), and IP(EA) is the gas phase ioniza-
tion potential (electron affinity). All quantities are reported in
Table 1 for both binding geometries.

The alignment of the Breit—Wigner resonances related to both
the HOMO and LUMO (at approximately —1 and 2.7 eV from
the Fermi level, respectively) do not show a strong dependence
on the binding geometry (Figure 9). The electron transport is
dominated by the HOMO, although interference features (reso-
nance—antiresonance pairs) appear in the energy region close to
the Fermi level. This is not surprising, given the spatial exten-
sion of the frontier orbitals, in particular of the HOMO, which
is localized on the ex-TTF unit only. In fact, Fano resonances
are known to arise when a “pendant” orbital, which is weakly
coupled to the electrodes, is coupled to an orbital delocalized

over the main axis of the molecular wire [38,39].
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Figure 8: Top a) and hollow b) binding geometries of 5 to a gold cluster in metal-molecule—metal junctions.

Transmission

0
E-E (eV)

Figure 9: Transmission as a function of energy for the top and hollow
binding geometries.

Table 1: Kohn—Sham HOMO and LUMO, ionization potential (IP),
electron affinity (EA) and image charge correction for occupied Agcc
and At unoccupied orbitals. All quantities are in eV.

HOMO IP Mocc  LUMO EA Nt
top -427 568 -035 -254 -116 -0.38
hollow -4.27 568 -0.32 -254 -1.16 -0.33

The computed conductance values, evaluated as the transmis-
sion at the Fermi level, are in the range 107 to 1077 Gy. These
low conductance values are at the limit of what we can observe

experimentally. This, therefore, would be consistent with the

idea that the real conductance of the molecule is too low to be
recorded in the experiments. Nevertheless, we cannot absolutely
rule out the possibility that the molecule does not form molec-

ular junctions in the experiments.

Conclusion

We have synthesized a molecular wire containing a n-extended
tetrathiafulvalene (exTTF) group and studied its single-mole-
cule electrical transport properties along with those of its
charge-transfer complex with F4TCNQ. Within the accessible
conductance range (10 to 1077 Gg) we did not observe a clear
conductance signature of the neutral parent molecule. This
alone could suggest either that its conductance is too low or that
it does not form stable junctions. We did, however, find a clear
conductance signature in the experiments carried out on the
charge-transfer complex. As complexation with the acceptor
oxidizes the molecule by removing two electrons from the
exTTF group, thus converting it from a buckled and cross-
conjugated group into a planar aromatic group, we predict the
CT species to have a higher conductance than the neutral mole-
cule. This, we believe, supports the idea that the conductance of
the neutral molecule is very low, below our measurement sensi-
tivity. This would make the conductance difference between the
neutral and CT species at least two orders of magnitude. This
can be considered as favorable for the use of single molecules
as chemical sensors, in which analyte molecules may bind to a
backbone to alter its conductance. Further combinations of
donors and acceptors should be explored in order to evaluate

this potential.
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Supporting Information

Supporting Information File 1

Detailed experimental procedures for the synthesis and
characterization of 5, break junction experiments and
theoretical methods.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-120-S1.pdf]
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Enantiopure (R,R) and (S,5)-dimethyl-bis(ethylenedithio)tetrathiafulvalene monosulfones have been synthesized by the aerial oxi-

dation of the chiral dithiolates generated from the propionitrile-protected precursors. Both enantiomers crystallize in the

orthorhombic chiral space group P21212;. They show a boat-type conformation of the TTF moiety, a rather rigid dithiin sulfone

ring and the methyl groups in a bisequatorial conformation. Cyclic voltammetry measurements indicate fully reversible oxidation in

radical cation and dication species.

Introduction

Chiral tetrathiafulvalene (TTF) derivatives have been addressed
for the first time in the middle of 80s by Dunitz and Wallis
through the synthesis of the (S,S,S,S)-enantiomer of tetramethyl-
bis(ethylenedithio)tetrathiafulvalene (TM-BEDT-TTF)
(Scheme 1) [1], thus opening opportunities towards the prepar-
ation of chiral molecular conductors [2]. Since then a large
number of chiral TTF derivatives have been prepared [3], espe-
cially those derived from bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) [4]. Although numerous derivatives have been
prepared only ten years ago different transport properties were
observed for enantiopure and racemic conducting salts based on
ethylenedithiotetrathiafulvalene-oxazoline (EDT-TTF-Ox)
donors [5,6], due to a structural disorder effect [7]. Evidence

was thus provided, and confirmed later on with a second
complete series of conducting salts based on the same donors
[8], that the presence of chiral centers can modulate the struc-
tural disorder of radical cation salts in the solid state, and subse-
quently, differences in their conducting properties can occur. A
similar effect was observed more recently in the [TM-BEDT-
TTF][I3] family of enantiopure and racemic semiconducting
salts [9]. In all these examples the crystal-cell parameters were
similar for the enantiopure and racemic salts excepting the
space groups which were non-centrosymmetric and centrosym-
metric, respectively. On the other hand, complete different
solid-state packings may be observed in enantiopure and

racemic forms of the same donor, as recently described for a
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series of mixed valence salts based on the dimethyl-ethyl-
enedithiotetrathiafulvalene (DM-EDT-TTF) precursor
(Scheme 1). Here the racemic salt was found to be metallic,
while the enantiopure forms showed semiconducting behavior
[10]. One of the most important results is the observation of a
synergistic effect between chirality and conductivity in enan-
tiopure mixed-valence metallic salts formulated as [DM-EDT-
TTF]5[ClO4] [11
tochiral anisotropy (eMChA) effect. This effect, which trans-
lates the influence of chirality on the transport properties

]. This is referred to as the electrical magne-

measured in a parallel magnetic field [12], was previously
observed only in bismuth wires and carbon nanotubes [13].
Another interesting research area is the redox modulation of the
chiroptical properties described in derivatives such as TTF-
allenes [14], TTF-helicenes [15], or TTF-paracyclophanes [16].
Thus, to address the different opportunities offered by the
combination of chirality with the TTF motif, a certain number
of families of precursors have been reported. They possess
various types of chirality, i.e., stereogenic centers, axial, planar,
helical chirality, and supramolecular chirality [17-21]. Since
methylated BEDT-TTF derivatives such as dimethyl-bis(ethyl-
enedithio)tetrathiafulvalene (DM-BEDT-TTF) [22-24],
TM-BEDT-TTF [2,9,25,26] and DM-EDT-TTF [10] proved to
be the most promising precursors for the preparation of chiral
conductors, we were interested in the synthesis of functional
derivatives thereof. One of the possibilities hardly addressed so
far in TTF chemistry is the oxidation of the sulfur atoms into
sulfoxides or sulfones. Indeed, only two reports deal with the
oxidation of BEDT-TTF into BEDT-TTF monosulfoxides
(Scheme 1), along with enantioselectivity issues [27,28]. We
describe herein the synthesis, characterization and solid-state
structures of the (S,S) and (R,R) enantiomers of DM-BEDT-
TTF monosulfones 1 (Scheme 1).

Results and Discussion
In our previous studies dealing with the sulfoxidation of the
BEDT-TTF donor we could selectively obtain the inner BEDT-

Beilstein J. Org. Chem. 2015, 11, 1105-1111.

O SOy,

BEDT-TTF (S,5,5,5)-TM-BEDT-TTF
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Scheme 1: BEDT-TTF and chiral derivatives.

TTF sulfoxide (Scheme 1) by using chiral sulfonyl-oxaziridines
as oxidizing agent [27,28]. However, the inner BEDT-TTF
sulfoxide was shown to be of only limited interest as precursor
for molecular conductors, since it does not reversibly oxidize
into a radical cation. This behavior is due to the moderate
kinetic stability of the latter, which releases oxygen to trans-
form into BEDT-TTF. Moreover, since the inner sulfur atoms
present large orbital coefficients in the HOMO, the introduc-
tion of the electron-withdrawing oxygen atom induces a
massive increase of the oxidation potential from the neutral to
the radical cation states. We have then hypothesized that the
oxidation of the outer sulfur atoms into sulfoxide or sulfone
should only moderately influence the oxidation potential and
thus provide more stable radical cation species. In order to
access chiral precursors with controlled stereochemistry we
decided to investigate the sulfoxidation of the DM-BEDT-TTF
precursor.

Compounds (S,S)-1 and (R,R)-1 were synthesized in two steps
from the corresponding enantiopure dithiole-thiones (S,S)-5 and
(R,R)-5 and the dithiolone-dithiopropionitrile 4 (Scheme 2). In

S.__s —/S S ™CN P(OMe); S_s s S~"CN
T =s + o= : T =1
s~ S S™Ng~~\_CN 110°C,5h 7S 8T g\ CN
S)-5 (S,5)-3
(RR)-5 4 (RR)-3
l 1. BusNOH, THF
O ” Br s Se
2.Br7 :j: IS SI
== - | = |
:j: I I ] CH4CN, air S s
(S,S)-1 (S,5)-2
(R,R)-1 (RR)-2

Scheme 2: Synthesis of the chiral sulfones (S,S)-1 and (R,R)-1.
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the first step the phosphite-mediated heterocoupling between
the two units provides the enantiomeric DM-EDT-TTF-dithio-
propionitriles (S,5)-3 and (R,R)-3 as the major products. Tetra-
butylammonium hydroxide was then used to generate the
corresponding dithiolates 2 in THF that, after solvent evapor-
ation during which air was allowed in the Schlenk tube, were
further refluxed in acetonitrile with 1,2-dibromoethane to afford
the chiral monosulfones (S,5)-1 and (R,R)-1. Thus, the oxi-
dation of one of the outer sulfur atoms takes place in situ as the
intermediate DM-EDT-TTF dithiolates are reactive towards
oxygen. Interestingly, the reaction is regio- and chemoselective,
as only compound 1 was isolated after column chromatography.

We have thus succeeded, through this simple strategy, to selec-
tively oxidize one of the outer sulfur atoms of the DM-EDT-
TTF donor, which represents a remarkable regio- and chemose-
lectivity.

Besides NMR (Figures S1 and S2 in Supporting Information
File 1), mass spectrometry and elemental analysis, which are all
concordant, the definite proof for the sulfone structure of 1 has
been provided by single crystal X-ray diffraction analysis.
Single crystals of the two enantiomers (S,5)-1 and (R,R)-1 were
obtained by slow evaporation from dichloromethane/pentane or
dichloromethane solutions, respectively. Although both enan-
tiomers crystallize in the orthorhombic system (chiral space
group P21212), they are not isostructural, very likely because
of the slightly different crystallization conditions. Indeed, the
cell parameters are completely different and in the asymmetric
unit of (R,R)-1 there is one molecule and in that of (S,S)-1 there
are two independent molecules (Figure 1).

In both structures the methyl groups adopt equatorial positions,
unlike the structure of DM-BEDT-TTF, in which they are
axially oriented [22]. We have previously shown that for the
TM-BEDT-TTF donor the axial orientation is slightly more
favored in the gas phase than the equatorial one, but both can

occur in the solid state [9,25]. In some cases even mixed

c11

c12

Beilstein J. Org. Chem. 2015, 11, 1105-1111.

(ax,ax,eq,eq) conformations have been observed in the solid
state [25,26,29]. In the (R,R)-1 molecule the dithiole and the
methyl-substituted dihydrodithiin rings show rather strong
distortions, with dihedral angles about the S-S hinges of 27.6°
(S3-S8), 22.1° (S5-S6) and 46.1° (S1-S4). On the contrary, the
dihydrodithiin sulfone ring is almost planar, with a S2---S7
folding angle of only 5.3°, certainly because of the rigidity
imposed by the tetrahedral R,SO, sulfur atom. The S=O bond
lengths have values of 1.396(5) A for S2=01 and 1.380(5) A
for S2=02, which are somewhat shorter than the usual values of
1.43—1.44 A reported in the literature [30-32] (Table 1). More-
over, these S=O bonds are shorter when compared to those in
inner TTF sulfoxides [27,28], yet the same feature was already
observed in other sulfoxide/sulfone series [30,31]. The central
C7=C8 bond measures 1.346(6) A, which is a typical value for
a neutral donor. In the packing the donors interact laterally
along the a direction, with the shortest intermolecular S-S dis-
tance of 3.60 A for S3--S7 (-1+4x, y, z), forming chains which
further dimerize through S6---S5 (-0.5+x, 0.5—y, 1-z) and
S6--S8 (—0.5+x, 0.5—y, 1-z) contacts amounting to 3.54 and
3.59 A, respectively. Then, the dimerized chains arrange
perpendicular to each other in the bc plane (Figure 2).

Table 1: Selected bond distances for (R,R)-1 and (S,S)-1.

Bond lengths (A)

(RR)-1 (S,S)1 A (S,5-18B

C7=C8--1.346(6) C5=C6-1.347(7) C5=C6--1.347(7)

S5-C7-1.759(5) S3-C5--1.770(5)  S3-C5--1.760(5)
S6-C7--1.748(5) S4-C5--1.751(6)  S4-C5--1.755(5)
S8-C8--1.762(6) S5-C6--1.741(6)  S5-C6--1.751(5)
S3-C8-1.771(6) S6-C6--1.766(5)  S6-C6-1.750(5)
S2-01--1.396(5) S2-01--1.395(5) S1-01--1.435(5)
S2-02--1.380(5) S2-02--1.404(5) S1-02--1.430(4)

In the structure of (S,S5)-1 the overall configuration of the two

independent molecules is similar, of boat type, with distortions

Tms
Cc7B S1B

c11e C9B ) s78

858 $3B C3B 028 c2B
S2B cgp CciB
cizs C108 ciE S8
S4B
S3A
CiA S1A c3a C5A S5A C11A
C8A s7A C10A
C2A S ¢ C12A

CoA

Figure 1: Molecular structure of (R,R)-1 (left) and (S,S)-1 (right) together with atom numbering scheme (H atoms have been omitted for clarity).
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Figure 2: Packing of (R,R)-1 in the bc plane (left) and detailed S:--S interactions (only S3--S7 (-1+x, y, z) 3.60 A and S6--S8 (-0.5+x, 0.5-y, 1-z) of

3.59 A are highlighted) between molecules in each stack (right).

along the internal S---S axes in the same sense, having rather
close values of 23.5° (S3A---S4A) and 16.7° (S5A--S6A) for
molecule A, and 27.4° (S3B--S4B) and 14.4° (S5B---S6B) for
molecule B. As far as the dihydrodithiin rings are concerned,
the methyl-substituted ones are much less folded, according to
the dihedral angles of 8.8° (S1A-+S2A) and 16.5° (S1B---S2B),
compared to those in the unsubstituted rings, amounting to
26.9° (S7TA:--S8A) and 22.1° (S7B--S8B). The S=0O-bond

lengths range between 1.395(5) and 1.435(5) A, while the
central C5=C6 bonds have the same value of 1.347(7) A for
both A and B molecules, typical for neutral donors (Table 1).
(S,8)-1 packs in pseudo-centrosymmetric head-to-tail dimers
which are orthogonally disposed in an edge-to-face arrange-
ment (Figure 3). The shortest intermolecular S---S distances
within the dimers are 3.72 A for S5A--S5B (2—x, —0.5+y,
0.5-z) and 3.76 A for S6A--S5B (2—x, —0.5+y, 0.5—z), while

Figure 3: Packing of (S,S)-1 in the ab plane (left) and detailed S-S intermolecular interactions within (highlighted S5A---S5B (2-x, —0.5+y, 0.5-z)
3.72 A and S6A--S6B (2-x, -0.5+y, 0.5-z) 3.72 A) and between (highlighted S5B:--S8B (2-x, 0.5+y, 0.5-z) 3.72 A and S3B:--S8B (2-x, 0.5+y, 0.5-z)

3.74 A) orthogonal dimers (right).
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they are smaller between dimers, as for example S5B---S8B
(2-x, 0.5+y, 0.5-z) (3.52 A) or S6A-S7TA (3—x, —0.5+y, 0.5-2)
(3.49 A).

A very important aspect related to the interest of these chiral
TTF sulfones as precursors for molecular conductors is the
stability of the radical cation species. As mentioned earlier, the
major drawback of the inner BEDT-TTF sulfoxides is their irre-
versible oxidation, as the radical cations once generated lose
oxygen to afford BEDT-TTF. However, in strike contrast with
the behavior of the latter, cyclic voltammetry measurements for
(R,R)-1 and (S,5)-1 show reversible two single-electron oxi-
dation processes into radical cation and dication species at
AE |y =+0.67 and 1.00 V vs SCE, respectively (Figure S3 in
Supporting Information File 1). The first value is thus largely
cathodically shifted with respect to the oxidation of the inner
BEDT-TTF sulfoxide occurring at +0.95 V vs SCE, and only
slightly anodically shifted when compared to the DM-BEDT-
TTF donor [22].

Conclusion

Enantiopure (R,R) and (S,S)-dimethyl-bis(ethylene-
dithio)tetrathiafulvalene (DM-BEDT-TTF) monosulfones have
been selectively prepared by the in situ aerial oxidation of a
TTF dithiolate precursor followed by quenching with dibromo-
ethane. Both enantiomers have been thoroughly characterized in
solution and in the solid state by single crystal X-ray diffrac-
tion. The conformation of the enantiomers is very similar in the
solid state, including the equatorial position of the methyl
substituents, in spite of their different packing diagrams which
are dominated by the intermolecular S-S interactions. The elec-
trochemical behavior of these outer DM-BEDT-TTF sulfones is
strikingly different from the one of the inner BEDT-TTF
sulfoxide, as it shows fully reversible oxidation processes at
much lower potentials. Accordingly, these new donors repre-
sent valuable precursors for crystalline chiral radical cation
salts. Moreover, the partial reduction to the corresponding outer
sulfoxides, which would generate an additional stereogenic
center at the SO sulfur atom can be envisaged. These aspects
are currently addressed in our laboratory.

Experimental

Materials and instrumentation: Reactions were carried out
under argon; dry solvents were obtained from solvent drying
machines. Nuclear magnetic resonance spectra were recorded
on Bruker Avance DRX 300 and 500 spectrometers operating at
300 and 500 MHz for 'H and 75 and 125 MHz for 13C, respect-
ively. Chemical shifts are expressed in parts per million (ppm)
downfield from external TMS. The following abbreviations are
used: d, doublet; t, triplet; m, multiplet. MALDI-TOF MS
spectra were recorded on a Bruker Biflex-IIITM apparatus,
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equipped with a 337 nm N, laser. Elemental analyses were
recorded using Flash 2000 Fisher Scientific Thermo Electron
analyzer. The starting compounds 4 [33] and 5 [10] have been
prepared as described in the literature.

Syntheses

(5,9)-3: A mixture of (S,5)-5 (0.56 g, 2.21 mmol) and 3,3'-((2-
ox0-1,3-dithiole-4,5-diyl)bis(sulfanediyl))dipropanenitrile (4,
1.23 g, 4.36 mmol, 2 equiv) in 10 mL of freshly distilled
trimethylphosphite was heated under argon at 110 °C for 5 h.
The solvent was evaporated in a rotary evaporator, and then
20 mL of toluene were added and evaporated. The last proce-
dure was repeated twice. The product was dissolved in dichloro-
methane and passed through a silica column to remove the
remaining phosphate, and then purified by chromatography
using petroleum spirit/dichloromethane 1:1 followed by di-
chloromethane as eluent, to afford an orange solid (0.53 g,
48%). "TH NMR (300 MHz, CDCls) & 3.23-3.17 (m, 2H, -CH-
CHj), 3.06 (t, 2H, -CH»-), 2.71 (t, 2H, -CH»-), 1.42 (d, 6H,
-CH3) ppm; MALDI-TOF MS (m/z): [M — CH,CH,CN)]*
437.4; Anal. calcd for CgH¢N»Sg: C, 38.99; H, 3.27; N, 5.68;
S, 52.05; found: C, 38.65; H, 3.05; N, 5.34; S, 52.43 (%).

(R,R)-3: The same synthetic procedure was followed as for the
(S,S) enantiomer starting from (R,R)-5. Yield 55%. Anal. calcd
for C1¢H6N3Ss: C, 38.99; H, 3.27; N, 5.68; S, 52.05; found: C,
38.71; H, 3.08; N, 5.32; S, 52.51 (%).

DM-BEDT-TTF monosulfone (S,S)-1: After the solution of
(S,5)-3 (100 mg, 0.2 mmol) in 7 mL of dry THF was degassed
for 10 min by bubbling argon through the solution, tetrabutyl-
ammonium hydroxide solution (1 M in methanol, 0.44 mL,
0.44 mmol) was added and the mixture was stirred at rt for
30 min. Then the THF was evaporated under vacuum, 10 mL of
dry acetonitrile were added and the mixture was refluxed for
2 h. After the solution was concentrated the crude reaction mix-
ture was chromatographed on silica gel using dichloromethane/
pentane 1:1 to up to 4:1 as eluent to afford a yellow orange
solid (27 mg, 30%). Single crystals were obtained by slow
evaporation of a dichloromethane solution. "H NMR (500 MHz,
CD,Cl,) & 3.71-3.68 (m, 2H, -SCH-), 3.56-3.53 (m, 2H,
-CH>-S), 3.27-3.21 (m, 2H, S-CH-CHj3), 1.42 (d, 6H, -CH3)
ppm; 13C NMR (100 MHz, CD,Cly) & 136.06, 120.59, 116.56,
112.02, 111.44, 50.10, 44.04, 30.38, 27.39, 21.36 ppm;
MALDI-TOF MS (m/z): 444 [M]" (M¢aicq = 443.86); Anal.
caled for C1,H,0,Sg: C, 32.41; H, 2.72; O, 7.19; S, 57.68;
found: C, 32.72; H, 2.55; O, 6.95; S, 57.93 (%).

(R,R)-1: The same synthetic procedure was followed as for the

(S,9)-enantiomer starting from (R,R)-3. Yellow orange solid
(32 mg, 35%). Single crystals were obtained by slow evapor-
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ation of a dichloromethane solution. Anal. calcd for
C12H20,S8g: C, 32.41; H, 2.72; O, 7.19; S, 57.68; found: C,
32.68; H, 2.61; O, 7.01; S, 57.88 (%).

Crystallography: X-ray diffraction measurements were
performed on a Nonius Kappa CCD diffractometer, using
graphite-monochromated Mo Ka radiation (A = 0.71073 A).
The structures were solved (SHELXS-97) by direct methods
and refined (SHELXL-97) by full-matrix least-square pro-
cedures on F2 [34]. The non-H atoms were refined with
anisotropic displacement parameters. A summary of the crystal-
lographic data and the structure refinement is given in Table 2.
CCDC reference numbers: CCDC 1057825 (R,R)-1 and CCDC
1057826 (S,S)-1. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via http://
www.ccde.cam.ac.uk/data request/cif.

Table 2: Crystallographic data, details of data collection and structure
refinement parameters for (S,S)-1 and (R,R)-1.

(R,R)-1 (S,5)-1
Moiety formula C12H120,Sg C12H120,Sg
M [gmol™"] 444.70 444.70
TIK] 293(2) 293(2)
Crystal system Orthorhombic Orthorhombic
Space group P212121 P212121
alAl 6.9459(9) 10.1062(9)
b[A] 15.258(2) 11.5753(12)
c[A] 16.523(3) 29.583(2)
al] 90.000 90.000
B[] 90.000 90.000
v [ 90.000 90.000
VA3 1751.1(4) 3460.7(6)
z 4 8
Pealed [9 cm™3] 1.687 1.707
u[mm™ 1.020 1.032
Goodness-of-fit on F2  1.077 1.040
Final R1/wR2 [l > 0.0429/0.0809 0.0591/0.0978
20(I)]
R1/wR2 (all data) 0.0737/0.0910 0.1058/0.1089

Electrochemical studies: Cyclic voltammetry measurements
were carried out with a Biologic SP-150 potentiostat in a glove
box containing dry, oxygen-free (<1 ppm) argon at 293 K, by
using a three-electrode cell equipped with a platinum millielec-
trode of 0.126 cm? area, an Ag/Ag" pseudo-reference electrode
and a platinum-wire counter electrode. The potential values
were then re-adjusted with respect to the saturated calomel elec-
trode (SCE). The electrolytic media involved a 0.1 mol/L solu-
tion of (n-BugN)PF¢ in CH,Cly/acetonitrile 1:1. All experi-
ments were performed at room temperature at 0.1 V/s.
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Abstract

The electron-donor and unique redox properties of the tetrathiafulvalene (TTF, 1) moiety have led to diverse applications in many
areas of chemistry. Monopyrrolotetrathiafulvalenes (MPTTFs, 4) and bispyrrolotetrathiafulvalenes (BPTTFs, 5) are useful struc-
tural motifs and have found widespread use in fields such as supramolecular chemistry and molecular electronics. Protocols
enabling the synthesis of functionalised MPTTFs and BPTTFs are therefore of broad interest. Herein, we present the synthesis of a
range of functionalised MPTTF and BPTTF species. Firstly, the large-scale preparation of the precursor species N-tosyl-(1,3)-di-
thiolo[4,5-c]pyrrole-2-one (6) is described, as well as the synthesis of the analogue N-tosyl-4,6-dimethyl-(1,3)-
dithiolo[4,5-c]pyrrole-2-one (7). Thereafter, we show how 6 and 7 can be used to prepare BPTTFs using homocoupling reactions
and functionalised MPTTFs using cross-coupling reactions with a variety of 1,3-dithiole-2-thiones (19). Subsequently, the incorpor-
ation of more complex functionality is discussed. We show how the 2-cyanoethyl protecting group can be used to afford MPTTFs
functionalised with thioethers, exemplified by a series of ethylene glycol derivatives. Additionally, the merits of
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) as an alternative to the most common deprotecting agent, CSOH-H,O are discussed.
Finally, we show how a copper-mediated Ullman-type reaction can be applied to the N-arylation of MPTTFs and BPTTFs using a
variety of aryl halides.

Introduction
Tetrathiafulvalene (TTF) derivatives are of considerable interest ~ chemosensors [1,8-11], coordination chemistry [12-14], cataly-
in the fields of supramolecular chemistry and molecular sis [15] and beyond [16-21]. This owes much to the strong elec-

machines [1-5], molecular and organic electronics [5-7], tron-donor character of the TTF moiety and its derivatives,
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which have been utilized in the formation of charge-transfer
(CT) complexes for more than 40 years [21-23].

TTF (1) (Figure 1) is not aromatic according to the Hiickel
definition as its 14 n-electrons lack cyclic conjugation. Upon
oxidation to the radical cation (2) and dication (3) states, a gain
in aromaticity occurs: 2 contains a single aromatic, 6 n-electron
1,3-dithiolium system, and 3 possesses two such systems
(Figure 1). These oxidations occur at low potential (E'y,, =
0.34 V and E%}, = 0.73 V vs Ag/AgCl in MeCN [4]) and can
be performed sequentially and reversibly. Additionally, both 2
and 3 are thermodynamically stable. These properties are re-
sponsible for the strong electron-donor character of TTF and its
derivatives. Furthermore, the precise oxidation potential of a
TTF derivative can be changed by the addition of electron-
donating or electron-withdrawing substituents [4]. Usually, each
of the three stable oxidation states possesses a distinct UV—vis
absorption spectrum [4], facilitating studies of redox behaviour.

S S —e S S —e” S S
Dt OaN b OaC
1 2 3

Figure 1: The sequential, reversible oxidation of TTF (1) to its stable
radical cation (2) and dication (3) states.

To exploit the properties of TTF in more complex systems,
various functionalised derivatives have been prepared,
including both alkylated, arylated and annelated species [7]. A
common complication encountered with such functionalised
TTFs is the existence of cis and trans stereoisomers. The
investigation of the properties of a single isomer is challenging,
not only due to difficulties in the separation of the isomers, but
also because it is possible for the isomers to interconvert in the
presence of acid or light [24]. Studies of functionalised TTFs
must therefore often use mixtures of isomers, although in some
cases only one isomer exhibits the desired behaviour [9].
Isomeric mixtures can also complicate the interpretation of

spectroscopic data.

These drawbacks led the group of Jeppesen and Becher to
develop pyrrole-annelated TTF derivatives: monopyrrolotetrath-
iafulvalenes (MPTTFs, 4) and bispyrrolotetrathiafulvalenes
(BPTTFs, 5) (Figure 2) [4,25]. The presence of either one or
two fused pyrrole rings, respectively, eliminates cis—trans
isomerism whilst still allowing for further functionalisation.
Methodologies have been developed which facilitate the prepar-
ation of MPTTFs and BPTTFs independently substituted in
almost all of the positions indicated in Figure 2. This ranges

from the addition of simple alkyl, acyl or aryl substituents

Beilstein J. Org. Chem. 2015, 11, 1112-1122.

[13,19,26-28] to the preparation of fused ring systems [11,27],
to the incorporation of MPTTFs and BPTTFs into more com-
plex molecular architectures such as macrocycles [8,9,14],
calix-pyrroles [1,10,11], calixarenes [29] and porphyrins [30].
Note that for MPTTFs, R! and R? can be either the same or
different.

1 R3 RS RS
R
S, S—— S S——
I > J_N-RY RN = [T N-R
RZ S S s s
R3 R3 R3
4 5

Figure 2: Structures and possible substitution positions of MPTTFs (4)
and BPTTFs (5).

Here, we present recent developments in the synthesis of func-
tionalised MPTTFs and BPTTFs. We report a more convenient
and larger scale (>20 g) synthesis of the key building block
N-tosyl-(1,3)-dithiolo[4,5-c]pyrrole-2-one (6), than that previ-
ously published [25], in addition to the synthesis of its
dimethylated analogue, N-tosyl-4,6-dimethyl-(1,3)-
dithiolo[4,5-c]pyrrole-2-one (7). We then provide a range of
examples where 6 and 7 are used in the preparation of function-
alised MPTTFs and BPTTFs. We expand on this by discussing
subsequent additional functionalisation of MPTTFs and
BPTTFs by two different methods: (i) the use of 2-cyanoethyl-
protected thiols as a means to further functionalise MPTTFs
with thioethers and (ii) copper-mediated N-arylation of both
MPTTFs and BPTTFs.

Results and Discussion

An improved large-scale synthesis of N-tosyl-
(1,3)-dithiolo[4,5-c]pyrrole-2-one (6)

The known compound 6 [4,25] is an important building block in
the preparation of MPTTFs and BPTTFs. We have further
developed the synthesis previously reported by our group [4,25]
and can now isolate 6 in quantities in excess of 20 g. Our
current large-scale synthetic strategy (Scheme 1) is comparable
to that described in 2000 [25] but requires fewer intermediate
purification steps. Diester 8 can be prepared from commer-
cially available ethylene trithiocarbonate (9) and dimethyl acet-
ylenedicarboxylate (10) at around 100 g scale in 74% yield
(based on previously reported large-scale syntheses [31,32]).
We have scaled up the reduction of 8 using sodium boro-
hydride and lithium bromide to 40 g scale, obtaining diol 11
with only a small reduction in yield (77% vs 85% at 15 g scale
[33]). Compound 11 is then treated with phosphorus tribromide
to afford dibromide 12. The scale up of this reaction to 36 g
scale also results in a lower, but still acceptable yield (75% vs
91% at approximately 5 g scale [25]). The conversion of 12 to 6
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is achieved in three steps with minimal intermediate purifica-
tion, beginning with up to 44 g of 12. Reaction of 12 with
sodium tosylamide (13) (prepared from tosylamide according to
a literature procedure [34]) affords the cyclised product 14.
Crude material of sufficient purity for the following step can be
isolated by precipitation (see the Experimental section in the
Supporting Information File 1). Transchalcogenation of crude
14 affords 15 and aromatisation of crude 15 using 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) gives 6, which is puri-
fied by column chromatography, in 52% overall yield (22.5 g)
from 12. We have also consistently obtained comparable yields
of around 55% using the same method at approximately half
this scale. The ability to isolate multigram quantities of 6, which
can be stored for years on the shelf, makes the subsequent syn-
thesis of various MPTTF and BPTTF derivatives much more

convenient and accessible.

Synthesis of N-tosyl-4,6-dimethyl-(1,3)-di-
thiolo[4,5-c]pyrrole-2-one (7)

To the best of our knowledge, the synthesis of 7, the dimethyl-
ated analogue of 6, has not been previously reported by other
groups. N-Phenylated and N-Boc-protected analogues were,
however, reported in 1996 [35]. Based on that work, we have

(@) OMe (@]
S a) S ol
s ]+ I = s=]
S S N
O~ "OMe 0
9 10 8
(0]

i 0] S (ii)
12 + NaHN—S@— ——> S | N-Ts —
.. T

0]
13 14

Beilstein J. Org. Chem. 2015, 11, 1112-1122.

developed a preparation of 7 (Scheme 2) [36]. Functionalised
pyrrole 16 was prepared according to the literature [35,37] then
tosylated in high yield to afford 17. The reduction of the
thiocyanate moieties with LiAlH, afforded the air-sensitive
intermediate 18 (not characterised), which was treated with
1,1’-carbonyldiimidazole to afford 7, in 83% yield over the two
steps.

Preparation of functionalised MPTTFs and
BPTTFs

Coupling reactions

Pyrrole-annelated TTF derivatives can be prepared from 6 and 7
by means of coupling reactions in triethyl phosphite
(Scheme 3). The known homocoupling reaction of 6 affords the
bis-tosylated BPTTF Sa in high yield with minimal purification
[25]. We have obtained a comparable yield (76% vs 84%)
working at twice the previously published scale [25]. The
equivalent reaction can be conducted using 7 to give BPTTF 5b
with a similar yield of 79% [36], a modest improvement on the
reported yield of 73% for the Boc-protected analogue [35].

The synthesis of MPTTFs can be achieved using cross-coup-
ling reactions between 6 and 1,3-dithiole-2-thiones 19 [38].

b) S OH c) S Br
—» S | — > S |
:<SJ\;\OH :<S Br
11 12

d)l

S (iiif) S
o) | N-Ts —>| O N—T:
< | o= e

15 6

Scheme 1: Large-scale synthesis of 6. Reagents and conditions: a) PhMe, reflux, 19 h, 74%; b) LiBr, NaBH4, THF, MeOH, -10 °C — rt, 20 h, 77%;
¢) PBr3, THF, 0 °C — rt, 20 h, 75%; d) (i) 13, MeCN, DMF, 80 °C, 15 min, (ii) Hg(OAc),, CHCI3, AcOH, rt, 24 h, (iii) DDQ, PhClI, reflux, 4 h, 52% (from

12).

NCS a) NCS b)
— =
NH —— N-Ts —
= =
NCS NCS
16 17

HS _ C) S _
N-Ts| —— o= N—Ts
= S =

HS

18 7

Scheme 2: Preparation of 7. Reagents and conditions: a) TsCl, EtzN, DMAP, MeCN, rt — reflux, 3.5 h, 82%; b) (i) LiAlH4, THF, 0 °C, 2.5 h, (ii) AcOH,

Et,0, 0 °C; c) (Im)2CO, THF, 0 °C, 1 h, 83% (from 17).
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R3

R3
R1
b) s S
~ N-Ts — I = ] N-Ts
= =
R! RS s
R R3

R3=H: 5a R3=H:6 R2

R3 = H: 4a—f

R3 = Me: 5b R3 = Me: 7 19a-g R', R2 = SMe; R® = Me: 4g

Scheme 3: Homo and cross-coupling reactions of 6 or 7 afford BPTTFs and MPTTFs, respectively. Reagents and conditions: a) (EtO)3P,

120-130 °C, 5-5.5 h, 76-79%; b) (EtO)3P, 120-135 °C, 1—4 h, 70-87%.

These reactions (Scheme 3 and Table 1) use an excess of 19 to
minimise the formation of Sa as a byproduct, making it possible
to isolate tosylated MPTTFs (such as 4a—f) in high yields. This
is believed to be due to the higher reactivity of sulfur ylide
intermediates (formed from 1,3-dithiole-2-thiones) with
1,3-dithiole-2-ones than with excess 1,3-dithiole-2-thiones [39].

Table 1 lists a selection of N-tosylated MPTTFs 4a—f prepared
from 6 and 19a—f, respectively, with yields ranging from
70-87% despite the concomitant formation of homocoupled
byproducts. Compound 7 (and related species [27]) can also be
used in cross-coupling reactions, exemplified by its reaction
with 19¢g to give 4g (Scheme 3 and Table 1) [36]. Our group has

Table 1: Cross-coupling reactions between 1,3-dithiole-2-ones and 1,3-dithiole-2-thiones affording MPTTFs.

1,3-Dithiole-2-one 1,3-Dithiole-2-thione
S— _— ~S S
0= EN—TS Jvl\ >=s
6 19a
S NS s
0= EN—TS :[ >=s
S NC\/\S S
6 19b
S S
o= EN—TS I >=s
S S
6 19¢
S S __s
0= /I:/\N—Ts I >=s
6 19d

S NCTN-S s
0= /l:\/N—Ts I >=s
S S

6

S -
0= J::N—Ts
s
6

Product % Yield
~S_s s
NC\/\SIS>:<S _NTs 85 (lit. 64 [41])
4a
NoSS. S
NC \/\Sisﬁs < Te 83 (lit. 74 [42])
4b
s, s
[s>:<s : N-Ts 71 (lit. 60 [28])
4c
S s s
\/\SIS>:<S TS 87 (lit. 62 [43])
4d

=T N-Ts 70 (iit. 64 [25])

NC\/\S S S
de
\/\/S s s _
I — N—Ts 85 [44
Pae - 5]
4f
~S_s s
—
- IS/E% TS 80 [36]
s
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previously shown that it is also possible to introduce substitu-
ents directly onto the pyrrole ring of MPTTF 4d [40].

Further functionalisation of MPTTFs bearing a
2-cyanoethyl-protected thiol

The 2-cyanoethyl protecting group offers a convenient means of
synthesising MPTTFs where one or both of R! and R? are
thioethers. When only simple alkyl thioethers are targeted, it is
often more effective to incorporate these moieties prior to the
cross-coupling step that is used to form the TTF core, as
described in the previous section. However, many functional-
ities or larger molecular architectures do not tolerate the harsh
coupling conditions and must be added subsequently. The
preparation of a series of analogous compounds can also be
facilitated by preparing a common, protected MPTTF inter-
mediate, such as 4a, 4b or 4e, in large quantities, particularly in
light of the good stability of the cyanoethyl and tosyl protecting
groups.

As a simple example of this protocol, it has previously been
shown that caesium hydroxide monohydrate (CsOH-H,0) and
methyl iodide can be used to accomplish the transformation of
2-cyanoethyl thioethers to methyl thioethers in high yield for
both TTFs [38] and MPTTFs [25]. Thus deprotection and alkyl-
ation are achieved in a single synthetic step (e.g. the prepar-
ation of 4h from 4a in Scheme 4). Furthermore, when R! and
R2 are both 2-cyanoethyl thioethers (4e) these reagents can be
used to selectively deprotect and alkylate only one of the two
thiols, affording MPTTF 4a (Scheme 4) [25]. Indeed, the direct
preparation of 4h from 4e requires two iterative additions of
base and alkylating agent. A wide range of other, more com-
plex alkylating agents can be successfully used in place of
methyl iodide. For example, functionalised ethylene glycol
oligomers have been used in the preparation of rotaxanes and
pseudorotaxanes [28,41,42,45].

Although CsOH-H,O is most commonly used, other bases are

also known to remove the cyanoethyl protecting group from

NCTN-S s S a)
I P EN—TS —
s s

4e

NC._"~g NC._g

I>:<ji\/NTs 2,
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TTF derivatives [46]. However, some of these bases (e.g.
sodium methoxide) are incompatible with the N-tosyl protecting
group typically present during the synthesis of functionalised
MPTTFs (see Scheme 3), and therefore cannot be used with
these materials.

We have found that in many cases the use of 1,8-diaza-
bicyclo[5.4.0]Jundec-7-ene (DBU, Scheme 5), rather than
CsOH-H,O, allows for a more convenient and consistent syn-
thesis with a comparable or higher yield, which is also easier to
conduct on a larger scale. DBU is an easily handled liquid
which can be directly added to a deprotection reaction in a
single portion. In contrast, CSOH-H,O is a highly hygroscopic
solid which must typically be added dropwise as a solution in (a
minimum of) methanol, in which it has low solubility. This
dropwise addition is important to minimise deprotection of the
tosyl group of MPTTFs, a side reaction which can be caused by
the presence of small quantities of methoxide ions in the reac-
tion mixture. As DBU is a non-nucleophilic base, such depro-
tection cannot occur. Note that unlike in the case of CsOH-H,O
it is important to heat reactions using DBU to achieve good
conversion. Thus, this base is unsuitable if temperature-sens-
itive moieties are present elsewhere in the molecule. Represen-
tative substitutions of MPTTFs [47] with alkyl halides 20-X
[48], 21-X [49] and 22-X [50] (where X is a halogen) using
both bases are shown in Scheme 5 and Table 2. The products
4i-1 are used as building blocks in our work on rotaxanes and

psuedorotaxanes [45,50].

When the preparation of the same product using each of the two
bases is compared, it can be seen that the use of DBU rather
than CsOH'H,O usually results in at least a modest increase in
yield. We have prepared 4i several times with each base and
achieved more consistent yields with DBU (typically 88—90%)
than with CsOH-H,O (typically 80—90%, occasionally lower),
although the latter afforded the highest yield of 4i we have
obtained to date (92%). The largest difference in yields is seen
for the preparations of 4k, but it should be noted that the reac-

I>:<I>NTS

4a

b)

Scheme 4: Deprotection and methylation of cyanoethyl-protected thiol moieties on MPTTFs as reported by Jeppesen et al. [25]. Reagents and condi-
tions: a) (i) 1 equiv CsOH-H,0, MeOH, THF, rt, 1 h, (ii) Mel, THF, rt, 30 min; b) (i) 1 equiv CsOH-H,0, MeOH, THF, rt, 1 h, (ii) Mel, THF, rt, 45 min,

(iii) 1 equiv CsOH-H,0, MeOH, THF, rt, 1 h, (iv) Mel, THF, rt, 30 min.
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R1
base, RX S S
- I >:< : N—Ts

NC._"s R~ S S
4a,b 4i—1
\N /O\/\O/\/O\/\’; o\/\o/\/o\/\fr

DBU

21

Q/ OOy
O\/\O/\/O\/\O
22

Scheme 5: Deprotection and alkylation of cyanoethyl-protected thiol moieties on MPTTFs using CsOH-H,O or DBU. Reagents and conditions are

detailed in Table 2.

Table 2: Deprotection and alkylation of cyanoethyl-protected thiol moieties on MPTTFs using CsOH-H,O or DBU.

Base and

Substrate (R')  RX Product conditions % Yield
oSS s CsOHHR0, THF, o5 (1it. 88 [45))
I —( EN_TS MeOH, 1t, 16 h
4b (SEY 20- O g Og s S DBU, THF, reflux, %
4i 20 h
S s s CsOH-H,0, THF,
- I p— ji\/N_TS MeOH, t, 2.5 h 87
4a(SMe) 20 O Oeng s s S DBU, THF, o1
4j reflux, 18 h
4a(SMe)  21-Br N CsOH H,0, THF, 53
I —( N—Ts  MeOH,1t, 20h
| AN O\/\O/\/O\/\S S S
DBU, THF,
4a(SMe) 21 = 4k reflux, 17 h 93
S__s s CsOH-H,0, THF,
- I S T N-Ts  MeOH.rt 18h 88
O =~
\/753 s s
4a (SMe) 22-| 0
\/\}30 4l DBU, THF, 92
reflux, 3 d

tion with CsOH-H,O used an alkyl bromide whereas that with
DBU used the more reactive alkyl iodide analogue. Therefore,
this effect may not relate to the change of base alone. In
summary, the use of DBU as a deprotecting reagent was found
to be high-yielding, consistent and more convenient than the use
of CsOH-H,0.

N-Arylation of MPTTFs and BPTTFs

N-Alkylation of MPTTFs and BPTTFs can be easily achieved
using SN2 reactions between a deprotonated pyrrole and a suit-
ably activated aliphatic species [19,28]. N-Arylation of
MPTTFs and BPTTFs, which allows an annelated TTF to be

incorporated into a larger conjugated system, is less common,
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although interest has increased in recent years. These reactions
can be accomplished using a copper-mediated Ullman-type
reaction, based on conditions reported by Buchwald and
co-workers for the arylation of nitrogen-containing hetero-
cycles and the amidation of aryl halides [51,52]. Examples of
TTF derivatives synthesised using this protocol by other groups
include: MPTTF and BPTTF-triarylamine conjugates (as
possible charge-transport materials) [53], MPTTF-triarylborane
conjugates (with possible applications as fluoride sensors) [54],
and MPTTF-functionalised calix[4]arenes (which can bind to
electron-deficient aromatics and form charge-transfer
complexes) [29]. Alternative routes to N-arylated MPTTFs
proceed through N-arylated (1,3)-dithiolo[4,5-c]pyrrole-2-ones
or (1,3)-dithiolo[4,5-c]pyrrole-2-thiones (i.e. analogues of 6). In
some cases these can be prepared similarly to 6 [55], but an
alternative route may be required if the desired aryl unit pos-
sesses reactive functional groups [12]. These routes are also
limited to intermediates that can tolerate the harsh conditions of
the subsequent coupling reaction used to form the TTF moiety.
Our discussions here will be limited to copper-mediated
C—N-bond formation, as we find this to be a flexible and con-
venient method.

Recent work in our laboratory has involved the N-arylation of
MPTTFs, including both unsubstituted and thioether-substi-
tuted examples (Scheme 6 and Table 3). These materials have
served as intermediates and model systems in the synthesis of,

for example, donor—acceptor systems, chemosensors and ma-

R3
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terials with molecular electronics applications [44,56]. The
N-tosyl protecting group of precursor MPTTFs (4¢, 4d, 4f and
4¢g) must first be removed. This can be achieved in excellent
yield (89-95%) using sodium methoxide (Scheme 6). The
deprotection of MPTTFs derived from 6 proceeded rapidly
(15-40 min), whereas that of 4g, derived from 7, required 6 h,
presumably because of the increased steric bulk of the substi-
tuted pyrrole ring. Copper-mediated coupling between the
MPTTF products (4¢’, 4d’, 4> and 4g’) and a range of aryl
halides is then possible. In this study we have investigated
several p-substituted species (23-X-28-X, Scheme 6).

As satisfactory results have been reported for similar arylations
[29,53,54] when (£)-trans-1,2-diaminocyclohexane, 29
(Scheme 6), is used as the ligand, we also followed this ap-
proach, rather than using the costlier methylated analogue
favoured by the Buchwald group [52]. To improve reaction
yields, we made modifications to the published procedures
[29,52-54], which typically utilise catalytic Cul in a sealed reac-
tion vessel with 1,4-dioxane as solvent. Firstly, in our hands,
comparable yields could be achieved using either THF or
1,4-dioxane as solvent; THF was therefore favoured to facil-
itate workup. We also saw improvement upon increasing the
amount of Cul to 1-2.5 equiv (typically 2 equiv were used). We
investigated the use of a microwave reactor (exemplified by the
syntheses of 4m and 4n in Table 2, which were carried out
under both sealed tube and microwave conditions), which typic-
ally allowed for shorter reaction times and resulted in higher

RS

Ar—X R2

R3
R! R! R!
S, S—— a) S, S—— b), ¢) or d) S, S——
I)z\/ _ N-Ts —> I/E< N —— I):( _ N-Ar
RS

RS
R',R2, R3=H: 4¢c
R!,R? = SPr, R® = H: 4d
R!, R2 = SBu, R3 = H: 4f
R', R? = SMe, R3 = Me: 4g

| i—@%

H2N \\N H2 Ar

29

§4< }s CN
26

R', R2, R® = H: 4¢'

R', R2=SPr, R3 = H: 4d'
R', R2 = SBu, R® = H: 4f
R', R2 = SMe, R3 = Me: 4¢'

R3
4m—4w

24 25

O Do

27 28

Scheme 6: Deprotection and N-arylation of tosylated MPTTFs. Reagents and conditions: a) NaOMe, THF, MeOH, reflux, 15 min—6 h, 89-95%;
b) Cul, K3POy, 29, THF, 80-115 °C (sealed tube), 3—48 h, 25-68%; c) Cul, K3POy, 29, THF, 100—130 °C (microwave), 2-3 h, 51-93%; d) Cul,

K3POy, 29, THF, reflux, 3 h, 67%.
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Table 3: Copper-mediated N-arylation of MPTTFs.

MPTTF

S S
[~
S S
4c’

—

N

— NH
\/\S S S =
4d’
n-BuS
S S
T~ T
nBus” S S
4f'
S, S
[ — NH
S S
4c’
S, S
(5w
S S
4c'’
oS s _
I == [ NH
\/\S S S
4d’
~S_s s
-
I == | NH
4qg’
S __s S
I =
\/\S S S
4d’
S __s S
I == |__NH
~~"s S S
4d’
S s S
:[ = [ NH
4d’
S __s S
I == [ NH
\/\S S S
4d’

Ar-X

23-Br

23-Br

24-|

25-|

26-|

26-|

23-Br

25-|

26-|

27-|

28-|

Product

Beilstein J. Org. Chem. 2015, 11, 1112-1122.

eeTavs
Bessetats
e r Vg S—

n-BuS

Eﬁﬁ%}

[ﬁSENOQN
4q

/S S _
T
~g” 8 8T
4s
/\/S S S _ /O
T~ IO )
~ g S s
4t
T =T
4u
NS

| = N@CN
\/\sjis SE

agT = sealed tube conditions; PMW = microwave conditions; “Reflux = conventional reflux.

Conditions

STA

Mwb

ST

MW

Reflux®

MW

ST

ST

ST

ST

MW

% Yield

35

81

68

93

67

54

35

52

65

25

82 [56]

80

64
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yields. Small alterations to base and ligand loading and reac-
tion temperature were also made, but with no significant effects.
A larger-scale synthesis of 40 has also been conducted under
conventional reflux conditions in good yield.

Scheme 6 and Table 3 show the results of reactions between
MPTTFs 4¢’, 4d’, 41 and 4g’ and aryl halides 23-X-28-X to
give N-arylated products 4m—w. Acceptable yields can be
obtained with both aryl bromides and aryl iodides, suggesting
that the choice of halogen is not critical. N-Arylation of
dimethylated MPTTF 4g’ gave the lowest yield amongst the
reactions performed under sealed tube conditions, which may
be attributable to its more sterically hindered pyrrole-H. The
highest yielding reactions under sealed tube conditions gave
comparable yields to the lowest yielding reactions under
microwave conditions. In general, the microwave conditions
give high yields and can tolerate a range of functional groups on
the aryl halide. We believe that the higher yield of 40 under

Beilstein J. Org. Chem. 2015, 11, 1112-1122.

conventional reflux as compared to microwave conditions
relates to the significant increase in scale. This result indicates
that the larger scale synthesis of related species should also be
viable.

We have begun to extend the sealed tube protocol to the
N,N-diarylation of BPTTFs with promising initial results
(Scheme 7 and Table 4). Difficulties were encountered with the
isolation, purification and characterisation of the targeted
species, which appeared to relate to their extremely poor solu-
bility. Nonetheless, it proved possible to synthesise Sc—f (see
Scheme 7 and Table 4), and accomplish some characterisation.
The parent deprotected BPTTFs Sa’ and 5b’ were first prepared
in near-quantitative yield, comparably to MPTTFs 4¢’, 4d’, 4
and 4g’ (similarly, bulkier 5b’ required a much longer reaction
time than 5a”). In some cases 5a’ was observed to decompose
when stored for periods of more than 24 h, although the nature
of this decomposition is unclear. Therefore, these materials

R3 R3 R3 R R3 R3
s. S a) s. S b) s, S
Ts-N | »= J[_N-Ts —> HN | = [_ N — AN | = [ N-Ar
— = — Y — =
s s s s Ar—X s s
R3 R3 R3 R R3 R3

R3=H: 5a
R3 = Me: 5b

R3 = H: 5a"
R3 = Me: 5b'

R3 =H: 5¢c—e
R3 = Me: 5f

Scheme 7: Deprotection and N,N-diarylation of tosylated BPTTFs. Reagents and conditions: a) NaOMe, THF, MeOH, reflux, 30 min—-8 h, 95-99%;
b) Cul, K3POy, 29, THF or 1,4-dioxane, 98-110 °C (sealed tube), 22—65 h, 24-72%.

Table 4: N,N-Diarylation of BPTTFs.

Substrate Ar—X Product % Yield
s S A( >L
S - ~ S S _—
HNJ A N SQNCE = I;NOS 429/73b
5a’ 5c
S S o] S S O
HNJ = _J N 251 < ) NJ bt LN < > 453 [56]
s s s s
5a’ 5d
S S \ S S N\
=~ — ~ -
HNJ == [ NH 261 NC S@N;[ Dt J:\/NOS CN 4
s s s s
5a’ 5e
S, 3 A< s S >L
~ - = -
N [ = LN g S@N L =1 NOS 4021240
s s s s
5b’ 5f

aTHF as solvent: 1,4-dioxane as solvent.
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were prepared and isolated directly before the subsequent coup-
ling reactions, and stored for no longer than 24 h before use.
The isolated yields of the N,N-diarylated BPTTFs compare
reasonably with the N-arylated MPTTF analogues discussed
above, given that two C—N bonds are formed in these syntheses.
For these systems we observed larger variation than for
MPTTFs when the solvent was changed from 1,4-dioxane to
THF; however, a different solvent gave the higher yield in each
of the two cases where both solvents were used (5S¢ and 5f). We
expect that further optimisation of these reactions can be
achieved using microwave or larger scale conditions, and
investigations are currently underway in our laboratory.

Conclusion

Pyrrole-annelated tetrathiafulvalenes (MPTTFs and BPTTFs)
are versatile functional groups in many areas of chemistry. The
large-scale synthesis of the key intermediate 6 improves the
accessibility of these species and their derivatives. The related
species 7 can be used to prepare further analogues. Compounds
6 and 7 can both be used to prepare BPTTFs and MPTTFs using
homocoupling reactions or cross-coupling reactions with
1,3-dithiole-2-thiones (19), respectively. Additional functional-
isation of MPTTFs and BPTTFs is important to allow their
incorporation into systems with materials applications. The use
of the 2-cyanoethyl protecting group allows thioether-function-
alised MPTTFs to be prepared, including the addition of large
ethylene glycol-based substituents utilised in the preparation of
rotaxanes and pseudorotaxanes. N-Arylation of MPTTFs is an
area of increasing interest and can be achieved using a copper-
mediated reaction. We have applied this methodology to a range
of aryl halides and achieved improved yields using microwave
conditions. Optimisation of this arylation reaction is ongoing in
our laboratory, including its extension to BPTTFs. We are
continuing to improve and exploit these synthetic routes in our
studies of MPTTF and BPTTF-based materials with applica-
tions in supramolecular chemistry, molecular electronics and as
Sensors.
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Abstract

Derivatives of tris-fused TTF extended with two ethanediylidenes (5), tris- and pentakis-fused TTFs extended with two thiophene-
2,5-diylidenes (6-9) were successfully synthesized. Cyclic voltammograms of the tetrakis(n-hexylthio) derivative of 5 and 7 (5d,
7d) consisted of two pairs of two-electron redox waves and two pairs of one-electron redox waves. On the other hand, four pairs of
two-electron redox waves and two pairs of one-electron redox waves were observed for the tetrakis(n-hexylthio) derivative of 9
(9d). Coin-type cells using the bis(ethylenedithio) derivatives of 5 (Sb), 6 (6b) and the tetrakis(methylthio) derivatives of 5 (5¢) and
8 (8¢) as positive electrode materials showed initial discharge capacities of 157-190 mAh g™! and initial energy densities of

535-680 mAh g~!. The discharge capacities after 40 cycles were 64—86% of the initial discharge capacities.

Introduction

Tetrathiafulvalene (TTF, 1a) and its analogues have attracted = TTF oligomers [5] are of considerable interest as multi-electron
much attention as potential components for organic functional redox systems, because the TTF units strongly interact with
materials as well as multi-electron redox systems [1-5]. Fused each other. For example, a bis-fused TTF, 2,5-bis(1,3-dithiol-3-

1136


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:misaki.yohji.mx@ehime-u.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.11.128

ylidene)-1,3,4,6-tetrathiapentalene (BDT-TTP or simply TTP)
exhibits four pairs of one-electron redox waves at +0.44, +0.62,
+1.05 and +1.13 V (V vs SCE, in benzonitrile) [6]. The E,—E|
value is considerably larger than most dimeric TTF derivatives
linked by o-bond (typically 0.05-0.10 V) [7]. Fused TTF
donors also play important roles in the development of highly
functional materials. For example, TTP and its derivatives have
yielded a large number of molecular conductors retaining
metallic conductivity down to <4.2 K, because they have a ten-
dency to construct two-dimensional molecular arrays through
side-by-side sulfur---sulfur interaction [5,8]. On the other hand,
a tris-fused TTF, 2,2°-bis[5-(1,3-dithiol-2-ylidene)-1,3,4,6-
tetrathiapentanylidene] (TTPY, 2a) and its derivatives have
afforded highly conducting SbFg~ and iodine salts of
or = 1071-10' S cm™! on compressed pellets [9,10].

Recently, we reported that TTP and TTPY can be utilized as
positive electrode materials for rechargeable batteries [11]. All
organic molecules exhibiting multi-electron redox behaviour
seem to be promising as active materials for rechargeable
batteries. However, most organic molecules have a crucial
disadvantage, that is, they dissolve in organic solvents used for
electrolyte solutions. TTF cannot be used as an active electrode
material for rechargeable batteries for the above reason, while
bis(ethylenedithio)-TTF (BEDT-TTF, 1b) exhibits relatively
good charge—discharge cycle performance because of its lower
solubility in organic solvents [12]. However, the substitution of
two ethylenedithio groups on TTF results in a significant
decrease in the theoretical capacity (about half that of TTF).
Utilization of polymerized materials is one of the solutions to
decrease solubility. However, insertion of a linkage group,
which is usually required to construct polymers, also results in
considerable decrease in the theoretical capacity [13]. As for
fused TTF oligomers, theoretical capacity rather increases as the
number of TTF units increases because two carbons are shared
in the two TTF units. TTP and TTPY are actually less soluble in
organic solvents than TTF. In particular, TTPY is barely soluble
in common solvents even in carbon disulfide. However, the
maximum electrons cannot be utilized for TTP and TTPY
batteries because TTP and TTPY dissolve in the electrolyte
solutions in their maximum oxidation states (tetravalent for TTP
and hexavalent for TTPY, respectively) [11].

Possible molecular modifications for TTPY to reduce solubility
in electrolyte solvents are as follows; (i) introduction of rigid
substituents such as the ethylenedithio group as mentioned
above, (ii) use of a rigid extended-TTF unit, (iii) increase of the
number of (extended) TTF units. As for the modification (ii),
insertion of a m-spacer is sometimes useful. A vinylogous TTF
(3, Figure 1) [14-16] shows lower solubility in ordinary organic

solvents than TTF, although the thiophene-containing analog (4,

Beilstein J. Org. Chem. 2015, 11, 1136-1147.

Figure 1) [17-19] is more soluble than TTF. Increase of the TTF
units might be the best way; however, the preparation of
tetrakis- and/or pentakis-fused TTFs is not easy because of the
low solubility of the precursor molecules. Insertion of thio-
phene spacers is a possible strategy for synthesizing fused TTF
oligomers, because thiophene inserted precursors are more
soluble than the TTF-type precursors as mentioned above. We
succeeded in the synthesis of fused TTF pentamer and heptamer
composed of the unit of 4 [20]. In this paper, we report the syn-
thesis and electrochemical properties of vinyl extended TTPY
analogue (5b—d) and tris- and pentakis-fused TTF analogues
extended by the insertion of two thiophene rings (6b, 6d, 7d, 8¢
and 9d). We also report the charge—discharge properties of
rechargeable batteries incorporating the methylthio and ethyl-
enedithio derivatives of 5, 6 and 8 (Sb, S¢, 6b and 8c) as a posi-
tive electrode material.

Results and Discussion
Synthesis

The synthesis of new donors was carried out according to
Scheme 1. A trimethylphosphite-mediate cross coupling
between a 1,3-dithiole-2-thione (10) [21] and 1,3-dithiol-2-one
(11) [22-24] gave a TTF derivative with two ethoxyphosphoryl
groups (12) in 63% yield. We adopted the cross-coupling
reaction between the 1,3-dithiole-2-thione and the 1,3-dithiol-2-
one derivatives for the following reasons. The homo-coupling
reaction of 10 afforded 12 in low yields, and purification by
column chromatography was difficult because of undesired
byproducts. The homo-coupling reaction using 11 might give
12 in a good yield, however, toxic and expensive mercury(Il)
acetate has to be used for the synthesis of 11. Thus, the
cross-coupling reaction is useful for saving 11. The
Horner—Wadsworth—-Emmons reaction of 12 with 2 equiv of
aldehydes 13b—d [16,25] in the presence of BuLi in THF at
—78 °C gave the desired bis-adducts 5b—d in 54—85% yields.
Similarly, 6b, 6c, 7d, 8c and 9d were obtained in 62—-85%
yields by the reaction of 12 with 14b,c, 15d [17-19] or 16¢, 17d
[26] in the presence of BuLi in THF. All the new donors were
obtained as stable solids.

Theoretical calculations

We performed theoretical calculations of SA, 6Aa and 7Aa by
using the Gaussian 09 program based on the density functional
theory (DFT) at the B3LYP/6-31G(d) level [27]. Their HOMO
and HOMO-n (n = 1-2 and 1-4) of the trans isomers of 5a, 6a
and 8a are shown in Figures 2—4, respectively. The shapes,
energy levels and total energies of the trans and cis isomers
were almost the same as each other. The HOMO of 5a was
distributed over the whole molecules. Molecular orbital coeffi-
cients were largely observed in the vinylogous TTF moieties

rather than in the central TTF moiety (Figure 2). In the
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Figure 1: Chemical structures of 1-9 and TTP.

HOMO-1, most molecular orbital coefficients were found on  the thiophene extended donor 6a resembled those of Sa
the bilateral vinylogous TTF moieties. The HOMO-2 was (Figure 3). The HOMO of 8a spread mainly over the central
mainly located on the central TTF unit. In the bilateral vinylo- TTF and the bilateral extended TTF moieties, and the TTF
gous TTF moieties, small molecular orbital coefficients were  moieties at the both ends barely contributed to the HOMO
observed. The shapes of the HOMO, HOMO-1 and HOMO-2 of  (Figure 4). Similarly to 6a, larger molecular orbital coefficients
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Figure 2: Molecular orbitals of 5a (trans isomer).
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of the sulfur atoms were found in the extended TTF moieties of
8a rather than in the central TTF moiety. The HOMO-1 was
mainly distributed on the two extended TTF moieties. Small
molecular orbital coefficients were observed in the TTF
moieties at the both ends. In contrast, the HOMO-2 was hardly
distributed on the extended TTF units, but was substantially
located on the three TTF units. The TTF moieties at the both
ends considerably contributed to the HOMO-3. The HOMO-4
is distributed mainly on the central TTF moiety, although small
molecular orbital coefficients were observed in the other donor
units.

The orbital energies of the HOMO and HOMO-# (n = 1-2 and
1-4) for 5a, 6a and 8a are summarized in Table 1. The orbital
energies of HOMO of 5a, 6a and 8a (—4.532 to —4.605 e¢V) are
comparable to each other, and are higher by 0.18—0.25 ¢V than
that of TTPY (—4.787 eV). If the oxidation relates to the orbital
energy, the first oxidations of 5-9 might occur at lower poten-
tials than TTPY. The energy differences between the HOMO
and HOMO-1 of all the donors (0.041-0.113 eV) were smaller
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Figure 3: Molecular orbitals of 6a (trans isomer).

than that of TTPY (0.186 eV). In particular, the orbital energies
of the HOMO and HOMO-1 of 8a (—4.602 and —4.643 eV, res-
pectively) were close to each other, suggesting that the first
four-electron oxidation of 8a might occur in a narrow potential
range. The HOMO-2 of 5a and 6Aa (—5.257 and —5.129 eV,
respectively) and HOMO-4 of 8a (—5.328 eV) were slightly
higher than the orbital energy of the HOMO-2 of TTPY
(—5.439 eV). These results suggest that the electrons at the
HOMO-2 of 5a and 6a and HOMO—4 of 8a might be removed
more easily than those at the HOMO-2 of TTPY.

Table 1: Orbital energies (eV) of 5a, 6a and 8a.

5a 6a 8a TTPY
HOMO -4.605 -4.532 -4.602 -4.787
HOMO-1 -4.718 -4.589 -4.643 -4.973
HOMO-2 -5.257 -5.129 -4.967 -5.439
HOMO-3 - - -5.061 -
HOMO-4 - - -5.328 -

Figure 4: Molecular orbitals of 8a (trans isomer).
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Electrochemical properties

The redox behaviors of 5d, 7d and 9d were investigated by
using cyclic voltammetry. Deconvoluted cyclic voltammo-
grams of 5d, 7d and 9d measured in a carbon disulfide/benzo-
nitrile (1:1, v/v) solution are shown in Figure 5. As for the tris-
fused donors 5d and 7d, four pairs of redox waves were
observed. The peak currents of the first and second redox waves
were about double those of the others. The maximum number of

electrons participating in the redox was six, considering that

(a) -0.9

il pAs2
o
o

0.9 . . .
-0.5 0.0 0.5 1.0 1.5
Potential / V vs Fc/Fc*
(b) -1.0
200}
=
1.0 \ .
-0.5 0.0 0.5 1.0
Potential / V vs Fc/Fc*
(C) -0.5
200}
3
0.5 . . .
-0.5 0.0 0.5 1.0 1.5

Potential / V vs Fc/Fc*

Figure 5: Deconvoluted cyclic voltammograms of (a) 5d, (b) 7d and (c)
9d.

Beilstein J. Org. Chem. 2015, 11, 1136-1147.

both donors have six redox-active 1,3-dithiol-2-ylidene (DT)
sites. Thus, we think that the first and second redox waves
correspond to two-electron redox processes and that the
remaining waves correspond to one-electron transfer processes.
The pentakis-fused donor 9d shows six pairs of redox waves.
The peak currents of the last two pairs of redox waves were
about half as large as those of the others. Considering that 9d
has ten redox-active 1,3-dithiol-2-ylidene sites, it is suggested
that the last two pairs of redox waves of 9d correspond to one-
electron transfer process, while the others correspond to two-

electron transfer processes.

The redox potentials of 5d, 7d and 9d are summarized in
Table 2 together with their related compounds. The first two-
electron redox potentials of 5d (E,,; = —0.01 V) and 7d
(Em1 = —0.04 V) were more negative by 0.13 and 0.16 V than
the first redox potential of a TTPY derivative 2e (£] =+0.12 V)
measured under the identical conditions. The first redox waves
of 5d and 7d involved two-electron transfer processes, and that
E; of the extended donors 3¢ and 18 (—0.06 V) was lower than
that of the TTF derivative 1¢ (+0.03 V). These results suggest
that two positive charges formed by the first two-electron oxi-
dation process of 5d and 7d are presumably distributed mainly
on each of the two extended TTF moieties so as to reduce
on-site Coulomb repulsion (Scheme 2). Similarly, the two posi-
tive charges in 5d*" and 7d** might be located mainly on each
of the two extended TTF donors. Observation of two sequent
one-electron redox waves in the higher potential region (+0.6 to
+0.9 V) indicates that the central TTF moiety contributes to the
remaining redox processes. The significant positive shifts of the
Es5 and Eg of 5d and 7d by 0.62-0.75 V and 0.41-0.63 V, res-
pectively, compared to the £ and E, of 3¢ is probably due to
the strong electron-withdrawing effect by two dicationic
extended TTF units in the tetracationic states. In other words,
the presence of five and six positive charges in the molecules
induces significantly large on-site coulomb repulsion. The E5
and Eg of 7d are lower by 0.12-0.14 V than those of 5d,
suggesting that 7d®" is more stabilized than 5d®*. The thio-
phene spacers inserted between two cationic 1,3-dithiole rings
might reduce the intramolecular coulomb repulsion in 7d°.

As for 9d, two positive charges in 9d2" are probably distrib-
uted mainly on each of the two thiophene-inserted TTF
moieties, since the first redox wave of 9d corresponds to a
simultaneous two-electron transfer process, and the E,;
(—=0.07 V) is comparable to the £} of 18 (—0.06 V) as shown in
Scheme 3. The Ep of 9d (+0.16 V) is lower by 0.20 V than the
E3 of 19 (+0.36 V) [28], suggesting that the second redox
process is contributed by two extended TTF moieties similarly
to the first redox process. On the other hand, both the third and

fourth redox waves involve two-electron transfer, and their
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Table 2: Redox potentials of 5d, 7d, 9d and their related compounds (V vs Fc/Fc*, in benzonitrile/carbon disulfide 1:1, v/v).

Donor Eq E> E3 Ey Es Eg E; Es Eq E1o
Emt® Em2? Emg® Ema®
5d -0.01 +0.19 +0.79 +0.89
7d -0.04 +0.09 +0.65 +0.77
9d -0.07 +0.16 +0.38 +0.57 +0.81 +0.92
2e +0.12 +0.19 +0.39 +0.87
1c +0.03 +0.36
3c -0.06 +0.05
18 -0.06 +0.02
19 +0.03 +0.36 +0.56

8 Em1 = (E4*ER)/2. Emp = (E3+E4)/2. Em3 = (Es+Eg)/2. Emg = (E7+Es)/2.

MeS___s >Me n-CgHi3S__s S _S S-Cetlis
I S/%/SMe I —( :[[ sJ\\rs-n-cﬁH13
Mes™ S ) S S n-CegHysS~ S S S I S s
MeO 7 MeO 7
18  OMe 19 OMe

RIS/E\:iIziiIz@zIR
RI®S +2eH—2e

S< S S—_S
R 3>_\\_<S IS>:<SIS>_\\_<§> IR

RIS +2eu—2e
)\ 8-S S-S
R s>_\_<SG>IS>:}Sj@S>_\\_<§>I:
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N\ S8 S~ -8
RI@ +9H_e S
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Scheme 2: Plausible redox processes of 5d and 7d.
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potentials (£3 = +0.38 V, Ejqg = +0.57 V, respectively) are
comparable to the £3 and E4 of 19 (E3 =+0.36 V, E4=+0.56 V,
respectively). Therefore, it is indicated that positive charges
formed by the third and fourth redox processes are distributed
over two TTF moieties at the both ends. The central TTF
moiety contributes to the remaining two stages of the one-elec-
tron redox processes at +0.81 and +0.92 V, similarly to 5d and
7d.

Charge and discharge properties of

rechargeable batteries

In order to examine the cell performance, IEC R2016 coin-type
cells were fabricated using a positive electrode incorporating 5,
6 and 8 (5b, 5¢, 6b and 8c) as positive electrode materials. The
applied current densities were 40 mA g~! (0.2 C rate) and
100 mA g~! (0.5 C rate), respectively. The nominal charge
capacity of a battery or an electrode is expressed as a C-rate. A
0.2 C rate means that the full discharge capacity reached in 5 h.
Cyclic voltammetry in the solid state was carried out prior to
the charge—discharge test so as to determine the turning back
voltage (Supporting Information File 1, Figure S4). The elec-
trodes incorporating Sb and 5¢ exhibited three indistinct oxi-
dation peaks at 3.4, 3.6 V and 4.1 V. Multi-scan cycle voltam-
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metry revealed a significant decay of redox waves at 4.1 V
presumably due to dissolution of the oxidative species of 5b and
5c in the electrolyte solution. In contrast, there was no distinct
decay of the redox waves at 3.6 V, suggesting that the oxida-
tive species of 5b and 5¢ formed at 3.6 V barely dissolved in the
electrolyte solution. In contrast, no distinct dissolution was
observed for the 6b and 8c cells even at 4.2 V. Thus, we deter-
mined the turn-back voltages as 3.8 V for the 5b and Sc cells,
and 4.2 V for the 6b and 8¢ cell.

The results are summarized in Table 3, and the first five
charge—discharge curves of 5b/Li and 6b/Li cells cycled at
room temperature are shown in Figure 6. A Sc cell also exhib-
ited charge—discharge curves similar to 5b/Li and 6b/Li cells.
No distinct plateau was observed in both the charge and
discharge processes for all the cells in spite of observation of
well-separated redox waves in a solution. This is possibly due
to the apparent overlap of the redox processes in the solid state
(see also Figure S4 in Supporting Information File 1) [11]. The
initial discharge capacities of Sb/Li, Sc¢/Li and 6b/Li cells were
157, 168 and 158 mAh g1, respectively. They correspond to 93
and 99% of the theoretical capacity for the five-electron redox
of 5b and 5S¢, and 94% of the theoretical capacity for the six-

Table 3: Charge—discharge parameters for the rechargeable batteries using 5, 6 and 8.

Theoretical capacities for maximum electrons utilization
indicated in parentheses (mAh g™").

15t Discharge capacity (mAh g~')

Number of electron per molecule participating discharge
Average voltage for 15t discharge (V)

18t Energy density (mWh g™

40t Discharge capacity/15t discharge capacity (%)

(@) 4
L g
S of A
. 5th st
[
>
2 2f
(]
(@]
8
gy
0 1 1 L
0 50 100 150 200
Capacity (mAh/g)

5bl/Li 5c/Li 6b/Li 8c/Li
203(6) 203(6) 169(6) 205(10)
157 168 158 190
5 5 6 10
3.41 3.40 3.44 3.58
535 571 544 680
86 73 74 64
(b) 5
—~ 4
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23
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s
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Figure 6: (a) Galvanostatic charge-discharge curves of (a) 5c/Li and (b) 6b/Li cells.
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electron redox of 6b, respectively. The first discharge capaci-
ties observed are comparable to those of the positive active ma-
terials for commercially available lithium ion batteries on the
market (150-170 mAh g™ !). Cycle-life performances for 5b/Li,
5¢/Li and 6b/Li cells are shown in Figure 7. In all cases, the
discharge capacities decreased gradually as the number of
cycles increased. The discharge capacities after 40 cycles were
86, 73 and 74% of the first discharge capacities for Sb/Li, S¢/Li
and 6b/Li cells, respectively. The decrease in capacities for the
cells using organic electrode materials might be attributed to
elution of the positive electrode materials into the electrolyte
solution. The result that the Sb cell shows higher cycle perfor-
mance than the other cells is consistent with the lower solu-
bility of 5b with rigid ethylenedithio substituents than S¢ with
flexible methylthio substituents.

200
T 150 [eeaeiise
£ Bl LT *%eee 4
< amy ....-::00........
é LI
> 100}
‘©
8 #5blLi
© e5c/Li
o %0t m6b/Li
0 1 L L
0 10 20 30 40

Number of Cycles

Figure 7: Cycle-life performances for 5b/Li, 5¢/Li and 6b/Li cells.

Figure 8 shows the first five charge—discharge curves of a 8¢/Li
cell cycled at room temperature and their cycle performances up
to 40 cycles. The initial charge and discharge capacities were

(@ s
54
=
¢ 3
\>-’ 5th 1st
S2r
8
=gt
0 1 1 1 1
0 50 100 150 200 250

Capacity (mAh/g)
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202 and 190 mAh g1, respectively. They correspond to 99%
and 93% of the theoretical capacity for ten-electron utilization
(205 mAh g™!). This result strongly indicates that ten-electron
redox per molecule participates in the charge and discharge
processes. Similarly to the 5b, 5¢ and 6b cells, the 8c/Li cell
shows no distinct plateau in both the charge and discharge
processes in spite of observation of six pairs of redox waves in a
solution. The initial discharge capacity of the 8c¢/Li cell
(190 mAh g 1) is higher than those of the cathode active ma-
terials for commercially available lithium ion batteries. The
discharge capacity after 40 cycles (121 mAh g™!) was 64% of
the first discharge capacity. The high cycle-life performance in
spite of utilization of the highest oxidation state of +10 might be
because of strong van der Waals force between the large n-elec-
tron frameworks of the thiophene-inserted pentakis-fused TTF.

The energy densities for the first discharge process (1% energy
densities) calculated by multiples of the initial discharge
capacity and the average voltage are also summarized in
Table 3. The first energy densities of 5b, Sc and 6b cells were
535-571 mWh g~!, which are comparable to that of TTPY
(543 mWh g! for four-electron utilization). On the other hand,
the first energy density of 8c cell (680 mWh g !) is larger
which is larger by 110-150 mWh g~! than those of the others.
This value is also superior to the energy densities of most inor-
ganic cathode materials for LIBs [29,30], 20/Li (605 mWh g™ 1)
[31], and is slightly smaller than that of 21/Li (700 mWh g™ 1)
[32] (Figure 9).

Conclusion

A TTF derivative with two phosphonate groups (12) is a useful
building block for the synthesis of odd-numbered fused TTF
donors containing extended TTF units. We have demonstrated
that some derivatives of 5, 6 and 8 can be utilized as positive
electrode materials for rechargeable batteries. The 5b/Li cell

(b)

250

200

°
5 200[eedag
= 88
<
E 10 MM
%‘ 100l ® Charge process
@ ® Discharge process
3
O
50T
0 . . .
0 10 20 30 40

Number of Cycles

Figure 8: (a) Galvanostatic charge—discharge curves, and (b) cycle-life performances for a 8c/Li cell.
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Figure 9: Molecular structures of 20 and 21.

showed considerably higher cycle performance when the
number of electrons is suppressed to five per molecule (5/6 of
the maximum electrons). It is noted that the 6b and 8c cells
showed good cycle performance in spite of utilizing the
maximum amounts of electrons (six and ten electrons, respect-
ively). The 8c cell exhibited significantly high energy density
(680 mWh g™!) at the first discharge thanks to ten electrons
utilization. The information obtained from the present work
could be helpful in the molecular design and synthesis of new
positive electrode materials for rechargeable batteries. We are
engaged in the synthesis of the other derivatives of 5, 6 and 8
containing unsubstituted derivatives and higher homologues of
5, which are expected to exhibit higher charge—discharge

performance than the materials described in this paper.

Supporting Information

Supporting Information File 1

Experimental details and spectroscopic data, optimized
structures of Sa, 6a and 8a (frans isomers) and cycle-life
performances for rechargeable batteries using S¢, 5b and
6b.
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supplementary/1860-5397-11-128-S1.pdf]
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Two novel tetrathiafulvalene (TTF) containing compounds 1 and 2 have been synthesised via a four-fold Stille coupling between a

tetrabromo-dithienoTTF 5 and stannylated thiophene 6 or thiazole 4. The optical and electrochemical properties of compounds 1

and 2 have been measured by UV—vis spectroscopy and cyclic voltammetry and the results compared with density functional theory

(DFT) calculations to confirm the observed properties. Organic field effect transistor (OFET) devices fabricated from 1 and 2

demonstrated that the substitution of thiophene units for thiazoles was found to increase the observed charge transport, which is

attributed to induced planarity through S—N interactions of adjacent thiazole nitrogen atoms and TTF sulfur atoms and better

packing in the bulk.

Introduction

The TTF moiety has received much attention in the field of
organic electronics owing to its reliable redox behaviour [1],
good charge transport properties [2] and scope for functionalisa-
tion [3]. This has led to widespread use of TTF-containing com-

pounds in organic photovoltaic (OPV) devices [4-7] and in

organic field effect transistors (OFETSs), as both single crystals
[8,9] and thin films [10,11] demonstrating charge carrier mobil-
ities of up to 1.2 em? V! s7 [2] for single crystal devices.
Similarly, oligothiophenes have demonstrated excellent prop-

erties for use in both light-emitting [12] and light-harvesting
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devices [11,13]. Previously, our group reported a series of
molecules containing various oligothiophenes fused to a TTF
moiety through the central thiophene [11,14], which
demonstrated thin film charge carrier mobilities of up to
8.61 x 1073 cm? V™! s71 [11]. Crystallographic studies of the
largest of these structures revealed significant twisting of the
terminal thiophene units in septithiophene chains, leading to
weak conjugation in this part of the molecule [14]. We reasoned
that by replacing the terminal thiophene unit with a thiazole
moiety, we could induce rigorous planarity throughout the
structure and thus improve conjugation, packing and therefore
charge transport properties.

A typical synthesis of a dithienoTTF is performed convergently:
by constructing a half-unit functionalised with a 1,3-dithiol-2-
one, that can undergo a triethyl phosphite-mediated homocou-
pling to synthesise the central dithienoTTF in the final step.
Herein, we present an alternative divergent route to dithieno-
TTFs, by utilising 4,6,4’,6’-tetrabromo-[2,2’|bis(thieno[3,4-
d][1,3]dithiolylidene) [15] as a core and appending hetero-
cyclic arms through microwave assisted Stille couplings. It is
worth noting that the tetrabromo-dithienoTTF core is still
prepared via a triethyl phosphite-mediated homocoupling, but in
this divergent route valuable heterocyclic groups can be intro-
duced at the end of the synthesis, instead of being carried
through from the outset.
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Results and Discussion
Figure 1 shows the two novel dithienoTTFs 1 and 2 which were
prepared according to the synthesis section below and studied in

conjunction with a derivative 3 previously reported by our
group [11].

Synthesis

Compounds 5 [15] and 6 [16] were prepared according to the
relevant literature. Compound 4 was prepared in three
steps starting with 1-bromooctan-2-one (Scheme 1). The substi-
tution of the bromine atom for a thiocyanate group gave
1-thiocyanatooctan-2-one, which was subsequently cyclised
under acidic conditions to give 2-bromo-4-hexylthiazole.
Halogen—lithium exchange gave the lithiated thiazole which
was quenched with trimethyltin chloride to afford 4 following
purification via distillation.

Initial attempts at coupling 5 with 4 or 6 by using conventional
heating methods proved ineffective due to the poor solubility of
5 in common organic solvents. However, under microwave
conditions successful couplings could be readily achieved
in dimethylformamide (DMF) at 160 °C (Scheme 2). It is
noteworthy that in both cases no partially substituted
TTFs were observed as reaction byproducts (due to the
incomplete reaction of all the bromine atoms), and this

is attributed to the increased solubility of the intermediates,
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Scheme 1: Synthesis of compound 4.
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Scheme 2: Synthesis of compounds 1 and 2.

which in turn increases their statistical likelihood of reacting
further.

Optical and electrochemical properties

The optical properties of TTFs 1 and 2 were analysed by solu-
tion state UV—vis spectroscopy using dichloromethane (DCM)
as the solvent (Figure 2). The obtained spectrum of compound 1
shows a maximum absorption at 380 nm and two less intense
peaks at 308 nm and 274 nm. The most intensive absorption
peak of 2 shows a 7 nm bathochromic shift compared to 1 and
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Figure 2: UV-vis absorption spectra of 107> M solutions of com-
pounds 1 (black) and 2 (red) in dichloromethane.
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this main peak shows vibronic splitting, suggesting that com-
pound 2 is planar, induced by S—N interactions. The main peak
of compound 1 also has a slight shoulder suggesting a very
small amount of vibronic splitting. There is also a broad
shoulder present in the spectrum for compound 2 at 454 nm,
showing evidence of charge transfer (CT) from the TTF to the
electron-deficient thiazole units, facilitated due to their
planarity. The structural properties of each compound will be

expanded upon in the theoretical calculations section.

Solution-state cyclic voltammetry was employed to determine
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of TTF
derivatives 1 and 2 (Figure 3). Full details of the measurements
are given in Supporting Information File 1 and the results are
summarised in Table 1.

The reduction waves of compounds 1 and 2 show two irre-
versible peaks. DFT calculations (Supporting Information
File 1, Figure SI1) indicate that the reduction of these mole-
cules primarily takes place across the triaryl units of the substi-
tuted TTF structures, with little involvement of the electron-rich
TTF moiety. The LUMO energy level of compound 2
(—2.87 eV) is 0.25 eV lower than for compound 1 (=2.62 eV),
which can be explained by the incorporation of electron-defi-
cient thiazole units leading to the stabilisation of the LUMO
orbital.
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Figure 3: Cyclic voltammograms showing the reduction (left) and oxidation (right) of compounds 1 (top) and 2 (bottom) as 10 M solutions in

dichloromethane.

Table 1: Summary of optical and electrochemical properties of compounds 1-3.

Compound Amax (NM) HOMO-LUMO gap (eV)@  HOMO (eV)P  LUMO (eV)P Eox (V)° Ereq (V)©
268 0.63,ir
1 380 (2'86) -5.30 -2.62 0.94/0.78, qr -2.41,ir
' 1.36/1.26, qr
2.22 0.49/0.41 )
2 387 (2.26) 5.09 2.87 0.93/0.84 2.11/-1.94, ir
214 0.39/0.32
3[11] 350 (2'92) -5.06 -2.92 0.86/0.75 -2.12,ir
' 1.13/1.02, qr

2The electrochemical HOMO-LUMO gap calculated from the difference in HOMO and LUMO energy levels. The optical HOMO-LUMO gap is calcu-
lated from the onset of absorption and is shown in parentheses. "HOMO(LUMO) calculated from EHOMO(LUMO) = (~4 80 -E,,¢°X(®9)). °The cathodic
and anodic peaks are reported for reversible and quasi-reversible (gr) waves. The peak values on both forward and reverse scans are reported for re-
versible and quasi-reversible (qr) waves. The peak value on forward scan is shown for irreversible (ir) waves. The peak values are referenced to

Fc/Fc*.

The oxidation of compound 1 shows an irreversible wave fol-
lowed by two quasi-reversible waves. The three anodic peaks
are well resolved but there is a non-resolved peak caused by
overlap of the cathodic peaks on the reverse scan. Compound 2
appears to show a first oxidation wave at 0.09 V, however, this
is an artefact due to a minor degree of aggregation induced by
n—m stacking between some of the molecules. This is followed

by two quasi-reversible waves with well-resolved peaks. DFT

calculations (Supporting Information File 1, Figure SI1) show
that the HOMO is localised on the central TTF unit suggesting
that this is where the first oxidation of compounds 1 and 2 will
occur. The HOMO of compound 2 (—5.09 e¢V) was found to be
0.21 eV higher than the HOMO calculated for compound 1
(=5.30 eV). Given that TTF 2 contains electron-deficient thia-
zole units, it might be expected that the HOMO is lower (further
from the vacuum) than that of compound 1, however this is not
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the case. The increased HOMO of 2 is due to S—N interactions,
resulting in donation from the nitrogen lone pair to the sulfur
atoms of the TTF unit increasing the electron density on the
TTF unit and destabilising the HOMO.

Theoretical calculations

DFT calculations were carried out using the CAM-B3LYP [17]
functional and TZVP [18] basis set in dichloromethane with the
SMD [19] solvent model implemented in Gaussian 09 [20]. In
order to reduce computational cost, hexyl chains of 1-3 were
reduced to methyl groups (Figure 4). The dihedral angle
between the peripheral thiophene and TTF units in 3 is 62°,
with the presence of the alkyl chain causing inter-ring twisting
due to steric hindrance. This twist is lessened when the alkyl
chain is placed in the 3-position, with 1 showing a 33° twist
with respect to the central TTF unit. However, replacing the
thiophene units of 1 and 3 with a thiazole in 2 leads to a struc-
ture with a dihedral angle of just 5°, suggesting the influence of
favourable S—N interactions contributes to a more planar struc-
ture. The S and N atoms are separated by a distance of 3.01 A,
0.34 A shorter than the sum of the van der Waals radii of the
two atoms (3.35 A).

In the electrochemistry section of this paper we discussed how
the S—N interactions cause destabilisation of the HOMO of 2.
The HOMO energies determined from the DFT calculations
(Supporting Information File 1, Figure SI1) show that the
HOMO of 1 (-6.61 eV) is lower in energy that that of 2
(—6.50 eV), which is consistent with the observed experimental
trend.

Organic field-effect transistors (OFETS)

Compounds 1 and 2 were used in the fabrication of bottom-gate
bottom-contact OFETs to give an indication on the applicabil-
ity of these small molecules to organic semiconductor devices.
The use of self-assembled monolayers (SAMs) was investi-
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gated with pentafluorobenzenethiol (PFBT) and octadecyl-
trichlorosilane (OTS), and chloroform and o-dichlorobenzene
were compared for solution processing of the TTF derivatives.
The output and transfer characteristics for devices fabricated
using compound 2 with OTS and PFBT/OTS SAMs are shown
in Figure 5 and Supporting Information File 1, Figure SI2, res-
pectively and the results are summarised in Table 2.
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Figure 5: Output characteristics of OFETs fabricated using compound
2 in CHCI3 with OTS (top) and PFBT/OTS (bottom) as self-assembled
monolayers.

Figure 4: Optimised structures of 1 (left), 2 (centre) and 3 (right).
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Table 2: OFET data produced from devices using CHCI3 as the solvent for spin coating TTF 2.

Compound Self-assembled monolayers up (cm2v~1s™ ON/OFF ratio VT (V)
2 oTS 1.35 % 107° 107 -30
PFBT/OTS 3.47 x 1074 103 -34

The OFETs fabricated using only OTS as the SAM from a
chloroform solution show an average saturation hole
mobility of 1.35 x 107 ¢m? V™! s7! and an ON/OFF ratio of
101, However, the use of both PFBT and OTS SAMs and a
chloroform solution of compound 2 results in a mobility of
3.47 x 107* cm? V7! 571, an increase of an order of magnitude.
An increase is also observed in the ON/OFF ratio by two orders
of magnitude to 103. There was no observed field-effect for
devices fabricated using compound 2 in an o-dichlorobenzene
solution or any OFETs fabricated using compound 1.

Atomic force microscopy (AFM) was used in order to analyse
the surfaces of the devices fabricated. Shown below in Figure 6
are images from devices containing compound 2 with OTS and
PFBT/OTS SAMs. The images look similar with a combination
of small and large clusters covering the surface. This suggests
that the improvement in OFET performance with the addition of
PFBT is due to improved charge injection, rather than an
improvement in the morphology of the film. The OFETs were
tested for n-type mobility but there was no field-effect
observed.

Interestingly, despite OFETs fabricated from compound 1
showing no field-effect, films formed using this compound

250.00 nm

0.00 nm

show a good degree of order. Figures SI3 and SI4 in Supporting
Information File 1 show the surfaces of OFETs made using
solutions of compound 1 in o-dichlorobenzene and chloroform,
respectively. The film formed from spin-coating the
o-dichlorobenzene solution shows the formation of long needle-
like structures, whilst the film that results from spin-coating
from the chloroform solution is less thick and shows needle-like
structures which are shorter and wider. An explanation for the
fact that there was no observed field-effect could be due to
limited charge transport between the needles in these films.

Conclusion

By successfully coupling the tetrabrominated dithienoTTF (5)
with stannylated intermediates 4 and 6 (via a four-fold Stille
coupling), we have presented a novel route to substituted di-
thienoTTFs that does not necessitate the need for the synthesis
of a half-unit and a final triethyl phosphite mediated homo-
coupling. The resultant compounds, 1 and 2, were fully charac-
terised and their optical and electrochemical properties eluci-
dated via UV—-vis spectroscopy and cyclic voltammetry, and
explained in conjunction with DFT level calculations. OFETs
fabricated using 1 were found to have no observable field
effect, but those fabricated from compound 2 were found to
sustain charge carrier mobilities up to 3.47 x 107* ¢cm? V1 71,

220.00 nm

0.00 nm

Figure 6: AFM images of OFET devices fabricated using compound 2 in CHCI3 with OTS (left) and PFBT/OTS (right) as the SAMs.
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The increased performance of thiazole TTF 2 is attributed to the
planarising effect brought about by S—N interactions between

the thiazole nitrogen atom and TTF sulfur atoms.

Supporting Information

Supporting Information File 1

Full experimental and characterisation for compounds 1, 2
and 4-6, as well as OFET fabrication methods and AFM
images of OFETs containing 2.
[http://www.beilstein-journals.org/bjoc/bjoc/content/
supplementary/1860-5397-11-129-S1.pdf]
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The synthesis and full characterization of two tetrathiafulvalene-appended azine ligands, namely 2-([2,2’-bi(1,3-dithiolylidene)]-4-
yl)-6-((2,4-dinitrophenyl)hydrazono)methyl)pyridine (L1) and 5-([2,2’-bi(1,3-dithiolylidene)]-4-yl)-2-((2,4-dinitrophenyl)hydra-
zono)methyl)pyridine (L2) are described. The crystal structure of ligand L1 indicates that the ligand is completely planar with the

presence of a strong intramolecular N3—-H3---O1 hydrogen bonding. Titration experiments with inorganic anions showed that both

ligands are suitable candidates for the sensing of fluoride anions. Ligand L2 was reacted with a Re(I) cation to yield the corres-

ponding rhenium tricarbonyl complex 3. In the crystal structure of the newly prepared electroactive rhenium complex the TTF is

neutral and the rhenium cation is hexacoordinated. The electrochemical behavior of the three compounds indicates that they are

promising for the construction of crystalline radical cation salts.

Introduction

Tetrathiafulvalene (TTF) is known to have excellent electron-
donating properties resulting in stable radical cation (TTF**)
and dication (TTF%") species from two sequential and revers-
ible oxidation processes. The huge interest in the synthesis of
TTF and its very numerous derivatives [1] has been initiated by
the high electrical conductivity discovered in a chloride salt of
TTF [2] and metallic behavior in the charge-transfer complex
with 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) [3]. These

systems have played a major role for the preparation of molec-
ular materials designed for various applications. They have
been, for example, used as electron donor molecules to prepare
electrically (super)conducting crystalline materials [4-7], as
solar energy systems [8,9] or even as donor moieties in nonline-
ar optical (NLO) materials [10,11]. In the last decades one of
the biggest challenges in materials science is devoted to the

preparation of multifunctional molecular materials that can
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potentially exhibit, in solution and/or in solid state, synergy or
coexistence between two or more different physical properties.
In order to address this issue, many efforts have been devoted to
the association of a binding or coordinating unit to the redox-
active TTF moiety. This strategy has led for example, in solid
state, to the preparation of electroactive metal complexes that
combine magnetic and electrical properties [12-17]. In solution,
TTF-based redox-responsive receptors for neutral and/or
charged guest sensing applications have been prepared [18-22].
On this ground, chemosensors capable of recognizing anionic
and/or cationic species constitute an important area of
increasing research in supramolecular chemistry, considering
the ubiquitous properties of both anions and metal cations [23-
27]. In fact, anions are involved in a large number of biological
and chemical processes [28-31]. Note that fluoride is of particu-
lar interest among the other inorganic anions because of its both
beneficial (e.g., preventing dental caries and treatment of osteo-
porosis) and detrimental (e.g., fluorisis) effects on human health
[32-34]. Many TTF derivatives have been used to coordinate or
to bind separately metal cations [35] or inorganic anions [36],
however only few examples were used for both inorganic
anions and metal cations coordination [37].

Herein we report the synthesis and electronic properties of two
new multifunctional TTF-based azine ligands that integrate

X

/

Br N CHO
/" [Pd(PPhg3)4]
toluene, reflux

Sn(CH3)3

N~ "CHO

[Pd(PPh3)4]
toluene, reflux
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distinctive functional groups as depicted in Scheme 1 and thus
capable of coordinating both metal cations as well as inorganic
anions. The sensing studies for inorganic anions are discussed.
Metal cation complexation studies of the new ligands afforded
the formation and the structural characterization of a neutral
rhenium complex.

&
SN
donor N |
I

chelating I
sites T

anion coordination
site

NO,

acceptor

NO,

Scheme 1: Multifunctional TTF-appended azine ligands.

Results and Discussion

Synthesis of the ligands L1 and L2

The protocol followed for the synthesis of the new azine ligands
L1 and L2 is summarized in Scheme 2. The reaction of 6-bro-
mo-2-pyridinecarboxaldehyde or 5-bromo-2-pyridinecarbox-
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Scheme 2: Synthetic scheme for TTF-based azine ligands L1 and L2.
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aldehyde with one equivalent of TTF-SnMes under the Stille
coupling conditions, using [Pd(PPh3)4] as catalyst in toluene,
afforded the intermediates 6-([2,2°-bi(1,3-dithiolylidene)]-4-
yl)picolinaldehyde (1, previously described in reference [38])
and 5-([2,2°-bi(1,3-dithiolylidene)]-4-yl)picolinaldehyde (2) in
good yields (60% and 65%, respectively), after chromato-
graphic work-up. Condensation of pyridinealdehyde-functional-
ized TTF 1 or 2 with 2,4-dinitrophenylhydrazine, in refluxing
ethanol, afforded the desired ligands L1 and L2 in 75% and
63% isolated yields, respectively. The structures of the new
ligands were characterized by 'H and 13C NMR, UV-visible
and IR spectroscopy, high resolution mass spectrometry and
elemental analysis.

Crystal structure description
Details about data collection and structure refinement are given
in Table 1. Crystallographic data for the structural analysis have

Beilstein J. Org. Chem. 2015, 11, 1379-1391.

been deposited within the Cambridge Crystallographic Data
Centre, CCDC 1055120 (ligand L1) and CCDC 1055119
(complex 3).

Suitable single crystals for X-ray analysis have been grown for
ligand L1 upon recrystallization from DMSO solution. Ligand
L1 crystallizes as dark plates in the orthorhombic system, space
group Pbca and selected bond lengths and angles are depicted in
Table 2. As it can be seen in Figure 1, ligand L1 is completely
planar. The dihedral angle between the dinitrophenylhydrazone
and pyridine planes is 2.67 (2)° which is slightly lower than the
dihedral angle observed in the case of the pyridine-2-carbalde-
hyde 2,4-dinitrophenylhydrazone that is 3.88 (8)° [39]. The
molecular conformation of the ligand is stabilized by a strong
intramolecular N3-H3---O1 (2.015 (6) A) hydrogen bond
making the dinitrophenyl ring coplanar with the hydrazone
unit and also by an intramolecular short contact S4---N1

Table 1: Crystal data and structure refinement for ligand L1 and complex 3.

compound Ligand L1 Complex 3
Empirical formula C78H52N20019319 C42H24C|2N10015R92$g
fw 2192.62 1608.49

T (K) 293(2) 180.0(1)
wavelength (A) 0.71073 1.54184
cryst syst Orthorhombic Triclinic
space group Pbca P1

a(A) 7.353(3) 8.591(1)

b (A) 30.35(1) 11.501(1)
c(A) 20.894(6) 15.567(2)

a (deg) 90 99.494(8)

B (deg) 90 100.97(1)

y (deg) 90 94.926(8)

Vv (A3) 4663(3) 1478.3(3)

z 2 1

D¢ (g cm™3) 1.562 1.807

abs coeff (mm™1) 0.517 11.955
F(000) 2252 778

cryst size (mm?3) 0.26 x 0.04 x 0.02 0.2061 x 0.0406 x 0.0194
0 range for data collection (deg) 3.01-24.98 2.94-72.85
Tmin/Tmax 0.867 /0.990 0.656 / 1.000
reflns collected 32107 8638

indep reflns 4078 5473
completeness (%) 99.5 96.8

R(int) 0.1083 0.1495

refinement method

Data with [ / > 20(/)] /restraints/param
GOF on F?

final R indices [/ > 20(/)]

R indices (all data)

largest diff. peak and hole (e A~3)
X-ray wavelength radiation

full-matrix least squares on F 2
1974/ 0/ 280

1.093

R1=0.0947, wR2 = 0.1705
R1 =0.2089, wR2 = 0.2046
0.255 and -0.310

Mo Kq

full-matrix least squares on F 2
3616 /7 /361

1.041

R1=0.0987, wR2 = 0.2569
R1=0.1458, wR2 = 0.2810
2.290 and -2.053

Cu Ky
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Figure 1: Crystal structure of ligand L1 with atom numbering scheme (top) and a side view of the molecule (bottom).

Table 2: Selected bond lengths (A) and angles (°) in L1.

Bond length (A)

C1-S1 1.749(8) C6-C7 1.487(9)
C1-C2 1.310(9) C7-N1 1.361(8)
C2-S2 1.745(7) N1-C11 1.324(8)
C3-82 1.789(7) C11-C12 1.463(9)
C3-S1 1.748(8) C12-N2 1.256(8)
C3-C4 1.349(9) N2-N3 1.383(7)
C4-S3 1.741(7) N3-C13 1.340(8)
C4-S4 1.779(7) C13-C14 1.431(9)
S4-C6 1.777(6) C14-N4 1.474(9)
C6-C5 1.337(8) N4-O1 1.217(8)
Angle values (°)

N1-C11-C10 123.7(7) N2-N3-C13  119.0(6)
C12-N2-N3  117.2(6) C18-C13-N3 120.3(6)
C11-C12-N2 121.9(7) C13-C14-N4 120.9(7)

(2.824(6) A) that makes the TTF unit and the pyridine ring
coplanar.

In the solid state, the packing arrangement in L1 is character-
ized by the self-assembly between the TTF donor unit and the
dinitrophenyl acceptor unit forming head-to-tail dimers. More-
over, the plane-to-plane distance between the donor and
acceptor moieties is d = 3.39 A, showing an evident overlap that
is comparable to the reported intermolecular charge-transfer
complexes [35]. This overlap develops along a-axis forming
infinite columns (Figure 2). These columns are linked together

along c-axis through hydrogen bonding occurring between
TTF-C-H and NO, (TTF-C-H1--03-NO 2.493(6) A).

In the b-direction, the columns of stacked head to tail mole-
cules are connected laterally through S---O heteroatom contacts
(d=3.16 A, Figure S1, Supporting Information File 1) resulting
in alternating stacks with a “zig zag” like manner with an angle
of rotation of 135.6° (Figure 3).

UV-visible absorption spectroscopy

The UV—visible absorption spectra of the ligands L1 and L2
were recorded in a mixture of dichloromethane/acetonitrile
solution (9/1, v/v, C = 2 x 1075 M) at room temperature
(Figure 4). The two ligands exhibit strong electronic absorption
bands between A = 300 nm and 450 nm which are assigned to
the n—n* and n—n* absorption bands resulting from the
different units of the two ligands (TTF moiety, pyridyl ring and
the dinitrophenylhydrazone group). As compared to ligand L1,
L2 exhibits an additional absorption band around A = 516 nm
which is attributed to an intramolecular charge transfer (ICT)
excitation from the TTF donor moiety to the dinitrophenyl-
hydrazone accepting group. These results from a strong n-elec-
tronic delocalization that occurs in ligand L2 leading to a reso-
nance structure that involves the C=N hydrazone bond as it can

be seen in (Figure S2, Supporting Information File 1).

Theoretical calculations

Theoretical calculations based on density functional theory
(DFT) methods have been performed with the Gaussian 09
program [40]. Becke’s three-parameter gradient-corrected func-
tional (B3LYP) with 6-31G (d) basis in vacuum was used for
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Figure 2: Partial crystal packing of ligand L1 with formation of head to tail dimers that stack along a-axis forming columns that are connected through

hydrogen bonding along c-axis.

Figure 3: Packing diagram of L1 showing the orientation of the columns of head to tail dimers.
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Figure 4: UV-visible absorption spectra of ligands L1 and L2
(¢ 2.5 x 1075 M in (dichloromethane/acetonitrile, 9:1, v/v)), room
temperature.

full geometry optimization of the two ligands. The resulting
frontier molecular orbitals (Figure 5) for ligands L1 and L2
indicate that the electron density of the highest occupied molec-

ular (HOMO) orbitals develop exclusively on the TTF frag-
ment. The LUMO orbital for ligand L1 is essentially distrib-
uted on the nitrophenylhydrazino group with a small participa-
tion of the pyridyl ring, while for ligand L2 it is distributed on
the m-extended system with a small participation of the external
ethylenic atom of the TTF moiety which is confirming the good
electronic conjugation in this ligand. The same behavior is
observed for the TTF pyridine carboxaldehyde precursors 1 and
2 (Figure S3, Supporting Information File 1).

Cyclic voltammetry

The electrochemical behavior of the electroactive precursors 1
and 2 as well as of ligands L1 and L2 was investigated by
cyclic voltammetry (Figure 6 and Table 3). The measurements
in the case of precursors 1 and 2 show two reversible oxida-
tions at Ejox = +0.26 V, Epox = +0.75 V and E|ox = t0.32 V,
Erox = +0.77 V vs Ag/Ag?, respectively, that are anodically
shifted when compared to the ones of the free TTF because of
the presence of the electron deficient pyridinecarboxaldehyde
moiety. In addition, Ejyx of 2 is anodically shifted when
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Figure 5: HOMO-LUMO Frontier orbitals representation for ligands L1 and L2.
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Figure 6: Cyclic voltammograms of ligands L1 and L2 (2 x 1072 M) in
CH,Cl,/CH3CN (9:1, v/v) at 100 mV-s~" on a glassy carbon electrode
with n-BugNPFg (0.1 M).

compared with £}y of 1, indicating a strong m-electron conju-
gation in precursor 2. As for 1 and 2, ligands L1 and L2 show
two reversible oxidations at Eox = +0.20 V, Eox = +0.70 V

Table 3: Apparent redox potentials (V) of molecular compounds 1, 2,
L1 and L2 reported vs Ag/Ag* (0.01 M) in 0.1 M TBAPFg in CH,Cly/
CH3CN 3:1 on glassy carbon electrode at 100 mV-s™!.

compound Eox1 Eoxo
1 0.26 0.75

2 0.32 0.77

L1 0.20 0.70

L2 0.25 0.70

and Ejox = +0.25 V, Eyox = +0.70 V vs Ag/Ag?, respectively)
that are cathodically shifted when compared to the ones of 1
and 2 indicating that the pyridine-hydrazone group is less elec-
tron deficient than the corresponding pyridinecarboxaldehyde.
In addition, Ej,x of L2 is also anodically shifted when
compared with E;,, of L1 because of the strong m-electron
conjugation in ligand L2 and this is in agreement with the
bathochromic shift observed for L2 in the UV—visible absorp-

tion spectra.

Sensing properties of the azine ligands for

anions
It is known that phenylhydrazone groups are able to act as
optical sensors particularly for fluoride anions [41-45]. Thus,

the colorimetric sensing abilities of the two ligands L1 and L2
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were investigated by adding various anions such as hydrogen-
sulfate, acetate, iodine and fluoride (used as tetrabutylammo-

nium salts) in a mixture of dichloromethane/acetonitrile (9:1,

v/v). Addition of increasing amounts of F~ causes a dramatic
change in color from yellow to violet that can be observed by
the naked eye (Figure S4 in Supporting Information File 1),
which is accompanied by the formation of a new broad absorp-
tion band centered at about 510 nm in the case of ligand L1. In
the case of ligand L2, addition of F~ (Figure 7) causes also a
dramatic change in color from light orange to violet that can be
observed by the naked eye (Figure S5 in Supporting Informa-
tion File 1), that is accompanied by a decrease of the intense
absorption band centered at about 380 nm and the increase of
the ICT absorption band centered around 540 nm. This change
is likely due to the deprotonation of the hydrazone nitrogen
which causes an enhancement of charge transfer from the TTF
unit and the deprotonated nitrogen to the electron poor 2,4-di-
nitrophenyl moiety [36]. A remarkable feature is the occur-
rence of a quite well defined isosbestic point at 420 nm and
447 nm for L1 and L2, respectively, indicating that L1 or L2
coexist with only one species upon addition of TBAF. Note that
upon addition of other inorganic anions such as bromide,
chloride or hydrogensulfate we have observed a negligible
absorption changes while in the case of acetate anion a
moderate absorption changes are obtained (Figures S6 and S7 in
Supporting Information File 1) [46].
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Figure 7: UV-visible spectral changes of ligand L2 (2 x 107° M in
CH,Cl/CH3CN, 9/1) upon addition of TBAF.

Treatment of an electrolytic solution of ligand L1 or L2 with an
increasing amount of fluoride anion (tetrabutylammonium fluo-
ride trihydrate in a CH,Cl,/CH3CN mixture) involve the pres-
ence, as previously seen for fluoride anion sensing [47], and
mainly on the first cycle, of the pre-wave superimposed on the
wave of oxidation of the ligands. We clearly see on the second

cycle a negligible change of the oxidation potential of the ligand

Beilstein J. Org. Chem. 2015, 11, 1379-1391.

which is very likely because of the large distance between the
TTF and the fluoride coordinating unit (Figure S8 in Supporting
Information File 1).

In order to get further supports to the observed optical sensing
and to get deeper insights into the interactions between L1 or
L2 and fluoride, 'H NMR titration experiments were performed
in DMSO-dg (Figure 8 and Figure S9 in Supporting Informa-
tion File 1). The measurements indicate that the N-H peak
disappears after addition of one equivalent of TBAF while the
other aromatic proton resonances of L1 or L2 exhibit an upfield
shift. These results tend to be consistent with the deprotonation
of the N—H group and the delocalization of the negative charge
over the m-conjugated system as previously observed TTF di-
nitrophenylhydrazone [36]. Note that there is no change in the
TH NMR spectrum observed for other anions.

L2 + 4 equiv F~ 1) lan
L2 + 3 equiv F~ JJ lHJJ
L2 + 2 equiv F~ j )
L2 + 1 equiv F~ J
NH L2 Il h
N J JI_
T T T T T T
120 1o 100 90 8e

ppm 70

Figure 8: "H NMR spectra of ligand L2 (4:1073 M in DMSO-dg) upon
addition of successive aliquots of TBAF (DMSO-dg).

Synthesis and crystal structure of a neutral
rhenium complex

Few metal complexes based on ruthenium cations have been
previously prepared with dinitrophenylazine type ligands
[48,49]. These reports indicate that the pyridinedinitrophenyl-
azine type ligands are good candidates for the formation of
metal complexes. We have therefore investigated the complexa-
tion of L1 and L2 with various metal cations and we succeeded
in the crystallization of a neutral rhenium metal complex with
ligand L2. Thus, the equimolar reaction between L2 and the
[Re(CO)5Cl] precursor performed in refluxing toluene, under no
light and inert atmosphere, afforded a mononuclear neutral
complex 3 described as [ReL2(CO);Cl1]-0.5H,0 as a dark
precipitate [50]. Single crystals of 3 were obtained by recrystal-
lization from acetone/hexane solution. Details about data collec-

tion and structure refinement are given in Table 1. As expected,

1385



the resulting metal complex 3 is composed of one ligand L2 co-
ordinated to Re(CO)3Cl fragment through two nitrogen atoms
of the pyridine and the C=N hydrazone group (Figure 9). Upon
complexation, the ligand acquires a cis-conformation of the
hydrazinopyridine moiety in contrast to the trans-conformation
observed for free ligand L1 (see Figure 1 and Figure 9). Within
the complex, the rhenium center is surrounded by the bidentate
chelating L2 ligand, three carbonyl ligands arranged in a facial
fashion, and a chlorine atom and its coordination sphere
presents the expected, although slightly distorted, octahedral
geometry. The angle formed by the rhenium center and N atoms
equals to 73.6(5)° which is smaller than the angle of 90°
adopted in an ideal octahedron. In addition, in the complex the
C—Re-C angles identified as C19—Re1-C20, C19-Re—C21,
C20-Re—C21 are 87.7°, 91.7° and 90.9°, respectively, which
are close to 90° indicating that CO ligands are almost linearly
coordinated to the rhenium(I) cation. The length of the two
Re—N bonds are (N1-Rel 2.20(1) A) and N2—-Rel 2.18(1) A,
and the formal double bond character C=N is maintained
(C12-N2 1.32(2) A). All three Re—CO bond lengths are very
close, and the Re—C—O angles present minor deviations from
linear structure, values ranging from 165(2)° to 177(2)°
(Table 4).

In the crystal structure, the chlorine atom coordinated to

rhenium is involved in an intramolecular C—H--Cl hydrogen

Beilstein J. Org. Chem. 2015, 11, 1379-1391.

bonding with the hydrogen from the pyridyl ring with a dis-
tance of 2.581(6) A. In addition, it is involved in an intermolec-
ular hydrogen bonding with a neighboring molecule by a strong
TTF-C-H--Cl bond (2.659(6) A) resulting in the formation of
dimers that are formed with a R»2(16) cyclic motif (grey filling
in Figure 10) as it was previously observed within a catechol-
appended TTF derivative [51].

Table 4: Selected bond lengths (A) and angles (°) in complex 3.
Bond length (A)

N1-Re1 2.20(1) C20-Re1 1.96(2)
N2-Re1 2.18(1) C19-Re1 1.89(2)
Cl1-Re1 2.39(8) C11-N1 1.35(2)
C21-Re1 2.19(1) C11-C12 1.43(2)
Angle values (°)
C19-Re1-C20 87.7(9) N2-Re1-N1 73.6(5)
C19-Re1-C21 91.7(7) C21-Re1-Cl1  172.7(4)
C20-Re1-C21 90.9(7) C19-Re1-Cl1  89.7(6)
C19-Re1-N2  174.2(6) C20-Re1-Cl1  96.3(7)
C20-Re1-N2  97.4(8) N1-Re1-CI1 86.1(4)
C19-Re1-N1  101.1(7) N2-Re1-Cl1 92.4(4)
C20-Re1-N1  170.8(8) 05-C19-Re1  177(2)
C21-Re1-N2  85.6(5) 06-C20-Re1  177(2)
07-C21-Re1  165(2)

Figure 9: Crystal structure of complex 3 with atom numbering scheme (top) and a side view of the molecule (bottom). Water molecules are omitted

for clarity.
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Figure 10: Pattern of intramolecular and intermolecular contacts in 3. Two molecules are linked by pairs of strong TTF-C—H---Cl hydrogen bonds
forming R,2(16) cyclic motifs (in grey filling).

Adjacent dimers interact through hydrogen bonding interaction  cyclic motifs (blue filling in Figure 11) and N-H---O (H---O
C-H:O (H0 2.70(2) A) formed between the NO, group and  2.32(2) A) hydrogen bonds formed between the second NO,
an aromatic C—H that results in the establishment of R»2(10)  group and N-H that form R,2(12) cyclic motifs (grey filling in

Figure 11: Layered structure of complex 3 viewed along the a-axis. The dimers are linked together through hydrogen bonding that form R»2(10) in
blue filling and R,2(12) in grey filling cyclic motifs.
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Figure 11). This hydrogen bonding link therefore the molecules
together into layers parallel with the bc crystallographic plane.
The dimers of the resulting layers form a stack along a-axis
through S-S contacts (d(S---S) being between 3.70(6) and
3.90(7) A) resulting into a 3D supramolecular network.

The UV-visible absorption spectrum of the rhenium complex 3
recorded in a mixture of dichloromethane/acetonitrile (9:1, v/v)
at room temperature (¢ 1.1 x 10™* M) presents the same features
as the free ligand L2 with a red shift of the different absorption
bands (Figure S10 in Supporting Information File 1). The ICT
trasnsition suffers a bathochromic shift by about 100 nm as
compared with the free ligand which indicates an increase of the
electron acceptor effet of the ligand upon complexation with

rhenium which acts as strong Lewis acid.

After complexation, the redox behavior of the TTF moiety is
maintained. We note a positive shift of the two oxidation poten-
tials in the case of complex 3 by about 90 mV and 100 mV
(Figure S11 in Supporting Information File 1). This increase of
the oxidation potential suggests that the rhenium fragment is
acting as an electron acceptor by decreasing the electron density
on the TTF unit. This behavior is in agreement with the elec-
tronic absorption experiments and confirms the strong elec-
tronic conjugation in ligand L2. The electrochemical behavior
observed for L2 and its corresponding rhenium complex 3 indi-
cate that this compounds are valuable candidates for the electro-
chemical formation of air-stable radical cation crystalline salts
[16].

Conclusion

Two multifunctional ligands which associate an electron-
donating TTF unit with an electron-accepting dinitrophenyl
group as well as a coordinating pyridine azine moiety were
successfully synthesized. Ligand L2 exhibit a strong electronic
conjugation between the donor and the acceptor resulting in the
occurrence of an intramolecular charge transfer (ICT) band
between the two fragments. Single crystals of ligand L1 have
been obtained and its crystal structure indicates the ligand is
completely planar with the occurrence of a strong intramolec-
ular as well as intermolecular hydrogen bonding. Inorganic
anions titration experiments showed that the two ligands are
suitable candidates for the sensing of fluoride anions. Metal
cation-coordination experiments afforded the obtaining of a
neutral electroactive rhenium(I) complex. The crystal structure
of this complex indicates the formation of dimers that are
connected through strong hydrogen bonding. The electrochem-
ical behavior of both the ligands and the neutral rhenium(I)
complex suggests that crystalline radical cation salts can be
readily obtained upon chemical and/or electrochemical oxi-

dation. The complexation abililty of the two novel electroactive

Beilstein J. Org. Chem. 2015, 11, 1379-1391.

ligands toward transition metal cations such as Cu(Il), Fe(Il),

Co(Il), etc is in progress.

Experimental

General information

NMR spectra were recorded on a Bruker Avance DRX 300
spectrometer operating at 300 MHz for 'H NMR and 75 MHz
for 13C NMR. Chemical shifts are expressed in parts per million
(ppm) downfield from external TMS. UV-visible spectra were
recorded at room temperature in quartz cuvettes using Perkin
Elmer spectrophotometer. Mass spectra were collected with
Bruker Biflex-IIT TM. IR spectra were recorded on a Bruker
vertex 70. Elemental (C, H and N) analyses were performed on
a Thermo-Scientific Flash 2000 Organic Elemental Analyzer.
Cyclic voltammetry (CV) experiments were performed in a
three-electrode cell equipped with a platinum millielectrode as
the working electrode , a platinum wire as a counter electrode
and a silver wire Ag/Ag" used as a reference electrode. The
electrolytic media involved a 0.1 mol/L solution of
(n-BuyN)PFg in dichloromethane/acetonitrile (9:1, v/v). Melting
points were measured with a Melting Point Apparatus SMP3.

X-ray single-crystal diffraction data for complex 3 were
collected at 180 K on an Agilent SuperNova diffractometer
equipped with Atlas CCD detector and mirror monochromated
micro-focus Cu K, radiation (A = 1.54184 A). For ligand L1,
crystal data were collected at 293 K on a Bruker KappaCCD
diffractometer, equipped with a graphite monochromator
utilizing MoKa radiation (A = 0.71073A). The two structures
were solved by direct methods, expanded and refined on F2 by
full matrix least-squares techniques using SHELX97 programs
(G.M. Sheldrick, 1998). All non-H atoms were refined
anisotropically and the H atoms were included in the calcula-
tion without refinement. Multiscan empirical absorption was
corrected using the SADABS program (Bruker AXS area
detector scaling and absorption correction, v2008/1, Sheldrick,
G.M., (2008)) for ligand L1 and using the CrysAlisPro program
(CrysAlisPro, Agilent Technologies, V1.171.37.35¢g, 2014) for
complex 3. For ligand L1, the structure refinement showed
disordered electron density which could not be reliably modeled
and the program PLATON/SQUEEZE were used to remove the
scattering contribution corresponding to dimethyl sulfoxide
solvent from the intensity data. The assumed solvent compos-
ition (3 DMSO per asymmetric unit) was used in the calcula-
tion of the empirical formula, formula weight, density, linear
absorption coefficient and F(000). For complex 3, the largest
difference peak and hole of 2.29 eA™3 observed is relatively
high and it can be attributed to bad absorption correction. As the
Gaussian absorption method does not improve the refinement,
we have chosen the empirical absorption correction. This

residual electronic density is located around the Re metal ion.

1388



6-([2,2°-Bi(1,3-dithiolylidene)]-4-yl)picolinaldehyde (1): This
compound was prepared as previously described [38]. Stanny-
lated tetrathiafulvalene (0.50 g, 1.36 mmol) and 6-bromo-2-
pyridinecarboxaldehyde (0.34 g, 1.36 mmol) were dissolved in
toluene (20 mL) and [Pd(PPh3)4] (0.156 g, 0.135 mmol) was
added. The reaction mixture was heated for 48 hours at 110 °C.
After evaporation of the solvent under reduced pressure, the
obtained residue was then passed over a silica gel column chro-
matography using a gradient of eluent (pentane/dichloro-
methane, 3:1, v/v). After solvent evaporation, a solid was
obtained in 60% yield, (0.250 g, 0.809 mmol); mp 152 °C;
'H NMR (300 MHz, DMSO-dg) & 9.95 (s, 1H), 8.19 (d,
J=17.21 Hz, 1H), 8.10 (t, J = 7.89 Hz, 1H), 7.88 (s, 1H), 7.85
(d, J=7.50 Hz, 1H), 6.78 (s, 2H) ppm; '3C NMR (75 MHz,
DMSO-dg) 6 193.3, 152.0, 150.9, 138.8, 136.7, 124.2, 122.3,
121.2, 120.7, 120.5, 112.3, 107.5 ppm; anal. calcd for
C12H7NOS,: C, 46.58; H, 2.28; N, 4.53; found: C, 46.16; H,
2.22; N, 4.43; MALDI-TOF MS calcd: m/z = 309.5. found:
m/z = 308.9 [M]"; HRMS (M): caled for Ci,H7NOSy:
308.9410; found: 308.9413.

5-([2,2’-Bi(1,3-dithiolylidene)]-4-yl)picolinaldehyde (2): This
compound was prepared by following the same procedure as for
compound 1. Yield (65%); mp 191 °C; 'H NMR (300 MHz,
DMSO-dg) 6 9.98 (s, 1H), 8.97 (d, J = 1.65 Hz, 1H), 8.07 (dd,
J=6.42 Hz, J=2.08 Hz, 1H), 7.96 (d, J = 8.30 Hz, 1H), 7.78
(s, 1H), 6.81 (s, 2H) ppm; '3C NMR (75 MHz, DMSO-dg) &
193.2, 151.5, 147.4, 134.7, 131.8, 130.8, 122.6, 122.5, 120.7,
120.6, 114.2, 105.7 ppm; anal. calcd for C;,H7NOS,: C, 46.58;
H, 2.28; N, 4.53; found: C, 46.54; H, 2.20; N, 4.51;
MALDI-TOF MS calcd: m/z = 309.5. found: m/z = 308.9 [M]".
HRMS (M): calcd for C;p,H7NOS4: 308.9410; found: 308.9404.

2-([2,2°-Bi(1,3-dithiolylidene)]-4-yl)-6-((2,4-dinitrophenyl)-
hydrazono)methyl)pyridine (L1): 2,4-Dinitrophenylhydrazine
(0.150 g, 0.757 mmol) and 6-([2,2’-bi(1,3-dithiolylidene)]-4-
yl)picolinaldehyde (1, 0.234 g, 0.757 mmol) were dissolved in
ethanol (20 mL) and three drops of acetic acid were added. The
resulting solution was refluxed overnight. After cooling to room
temperature, a dark precipitate was formed which was filtered
and washed with ethanol then dried under vacuum to afford a
dark powder of ligand L1, 75% (0.277 g, 0.567 mmol);
mp 264 °C; 'H NMR (300 MHZ, DMSO-dg) 5 11.87 (s, 1H,
-NH), 8.90 (d, J = 2.60 Hz, 1H), 8.78 (s, 1H), 8.43 (dd,
J=6.48 Hz, J=2.70 Hz, 1H), 8.19 (d, J = 9.40 Hz, 1H), 7.98
(m, 3H), 7.78 (s, 1H), 6.78 (s, 2H) ppm; '3C NMR (75 MHz,
DMSO-dg) 6 160.8, 154.6, 147.3, 144.7, 141.6, 140.6, 138.4,
134.2, 134.1, 131.0, 130.2, 129.2, 123.3, 120.5, 117.5 ppm;
selected IR bands (cmfl): 1614, 1499, 1333, anal. calcd for
CigH[1N504S4: C, 44.15; H, 2.26; N, 14.30, found: C, 43.54;
H, 2.22; N, 13.66; MALDI-TOF MS calcd: m/z = 489.6. found:
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m/z = 489.1 [M]"; HRMS (M): calcd for CjgH|1N5O04S4:
488.9694; found: 488.9687.

5-([2,2’-bi(1,3-dithiolylidene)]-4-yl)-2-((2,4-dinitrophenyl)-
hydrazono)methyl)pyridine (L2): This ligand was prepared by
following the same procedure used for L1. Yield: 63%;
mp 257 °C; '"H NMR (300 MHz, DMSO-dg) & 11.88 (s, 1H,
-NH), 8.88 (d, /= 2.64 Hz, 1H), 8.75 (d,J=2.34 Hz, 1H), 8.72
(s, 1H), 8.41 (dd, J = 6.96 Hz, J = 2.63 Hz, 1H), 8.17 (d,
J =9.63 Hz, 1H), 8.11 (d, J = 8.13 Hz, 1H), 7.96 (dd,
J=5.99 Hz, J=2.40 Hz, 1H), 7.58 (s, 1H), 6.79 (s, 2H) ppm;
13C NMR (75 MHz, DMSO-dg) & 152.6, 148.6, 147, 144.7,
138.3, 134.2, 131.3, 130.8, 130.3, 128.6, 123.3, 121.1, 120.7,
117.7, 113.6, 106.3 ppm; selected IR bands (em™): 1612, 1508,
1325; anal. caled for C;gH;1N504S4: C, 44.15; H, 2.26; N,
14.30; S, 26.19, found: C, 43.69; H, 2.16; N, 13.98; S, 26.01;
MALDI-TOF MS calcd: m/z = 489.6. found: m/z = 489.0 [M]";
HRMS (M): calcd for C;gH;N504S4: 488.9694; found:
488.9703.

Rhenium(I) complex [ReL2(CO)3;Cl] 3: To a solution of
ligand L2 (0.025 g, 0.051 mmol) in a mixture of toluene and di-
chloromethane (3:1, v/v) solution was added [Re(CO)5Cl]
(0.027 g, 0.076 mmol). The mixture was refluxed for 6 hours
under nitrogen atmosphere. After cooling the resulting mixture
to room temperature, the solvent was removed by a rotary evap-
orator. The brown residue was extracted with dichloromethane
and recrystallized from acetone/hexane solvent mixture to yield
complex 3 as black crystals with 81% yield (0.033 g,
0.041 mmol); mp > 360 °C; 'H NMR (300 MHz, DMSO-dg) &
12.35 (s, 1H), 9.36 (m, 1H), 9.02 (s, 1H), 8.91 (s, 1H), 8.32 (m,
3H), 8.0 (s, 1H), 7.84 (m, 1H), 6.83 (s, 2H) ppm; 13C NMR
(75 MHz, DMSO-dg) 6 197.6, 196.8, 193.0, 152.5, 148.5,
147.6, 144.7, 138.2, 136.4, 134.1, 131.2, 130.8, 130.2, 129.2,
128.5, 123.3, 121.0, 120.7, 117.7, 113.6, 106.3 ppm,;
selected IR bands (cmfl): 2018, 1868, 1614, 1497, 1333;
MALDI-TOF MS calcd: m/z = 795.3. found: m/z = 795.2 [M]*;
HRMS (M): caled for Cp1H|107N5S4ReCl: 794.8787; found:
794.8781.

Supporting Information

Supporting Information File 1

Additional analytical data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-149-S1.pdf]
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Abstract

Chiral molecular crystals built up by chiral molecules without inversion centers have attracted much interest owing to their versa-
tile functionalities related to optical, magnetic, and electrical properties. However, there is a difficulty in chiral crystal growth due
to the lack of symmetry. Therefore, we made the molecular design to introduce intermolecular hydrogen bonds in chiral crystals.
Racemic and enantiopure bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) derivatives possessing hydroxymethyl groups as the
source of hydrogen bonds were designed. The novel racemic trans-vic-(hydroxymethyl)(methyl)-BEDT-TTF 1, and racemic and
enantiopure trans-vic-bis(hydroxymethyl)-BEDT-TTF 2 were synthesized. Moreover, the preparations, crystal structure analyses,
and electrical resistivity measurements of the novel achiral charge transfer salt 921-[(S,S)-2]3[(R,R)-2]3(C104)2 and the chiral salt
o’-[(R,R)-2]Cl04(H,0) were carried out. In the former 02!-[(S,5)-2]5[(R,R)-2]5(C104),, there are two sets of three crystallographi-
cally independent donor molecules [(S,S)-2],[(R,R)-2] in a unit cell, where the two sets are related by an inversion center. The latter
o’-[(R,R)-2]Cl04(H,0) is the chiral salt with included solvent H,O, which is not isostructural with the reported chiral salt a’-[(S,S)-
2]C104 without H,O, but has a similar donor arrangement. According to the molecular design by introduction of hydroxy groups
and a ClO4~ anion, many intermediate-strength intermolecular hydrogen bonds (2.6-3.0 A) were observed in these crystals between
electron donor molecules, anions, and included H,O solvent, which improve the crystallinity and facilitate the extraction of phys-
ical properties. Both salts are semiconductors with relatively low resistivities at room temperature and activation energies of
1.2 ohm cm with E, = 86 meV for 82!-[(S,5)-2]3[(R,R)-2]3(ClO4), and 0.6 ohm cm with E, = 140 meV for a'-[(R,R)-2],Cl04(H,0),
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respectively. The variety of donor arrangements, 02! and two kinds of a’-types, and their electrical conductivities of charge transfer

complexes based upon the racemic and enantiopure (S,5)-2, and (R,R)-2 donors originates not only from the chirality, but also the

introduced intermolecular hydrogen bonds involving the hydroxymethyl groups, perchlorate anion, and the included solvent H,O.

Introduction

The chiral crystals without an inversion center have attracted
much interest recently. Non-centrosymmetric crystals can ex-
hibit a variety of physical properties related to their crystal class
[1]; optical and magneto-optical phenomena such as second-
harmonic generation, Faraday and Kerr effects, magneto-chiral
dichroism, and electrical and magneto-electrical phenomena
such as piezoelectricity, pyroelectricity, ferroelectricity and
electrical magnetochiral anisotropy. Rikken et al. observed
magneto-chiral dichroism in a europium complex [2,3] and also
electrical magneto-chiral anisotropy in carbon nanotubes where
small changes in the resistance of the chiral carbon nanotubes in
a magnetic field were observed between enantiomers [4-6].

One method of constructing chiral crystals is through the use of
chiral molecules as building blocks. Tetrathiafulvalene deriva-
tives such as TTF (3) and BEDT-TTF (4) have been investi-
gated considerably due to their ability to form radical cation
salts with interesting conductive and magnetic properties
(Figure 1). The influence of chirality in the TTF molecules on
the crystal structure and physical properties has been shown by
Avarvari’s (R)-, (S)- and racemic (+)-(ethylenedithio(tetrathia-
fulvalene)methyloxazoline), X, (5,X, X = AsF¢ [7], PF¢ [8])
where disorder within the racemic salt leads to lower conduc-
tivity. Recently, Pop et al., have also reported electrical magne-
tochiral anisotropy in chiral molecular conductors, (R,R)- and
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OH
(o= T
s7 S STNgT
1
S S S S
OH
(L= o
S S S S ey

(S,5)-2

(S,S)-[dimethyl-(ethylenedithio)tetrathiafulvalene],ClO4
(6,C10y4) [9,10].

Although there is a relatively large number of chiral TTF
derivatives, only a few conducting properties for chiral cation
salts have been so far reported, for those based upon tetra-
methyl-4 [11-15], 5 [7,8], 6 [9,10], and X-dimethyl-(ethyl-
enedithio)tetrathiafulvalene (X = ethylenedithio [16,17], ethyl-
enedioxy [18], and pyrazino [19]), due to the difficulty of
chiral-crystal growth. In order to improve the crystallinity, the
inclusion of hydroxy groups in the BEDT-TTF molecule has
been postulated to produce hydrogen bonding interactions
between electron-donor molecules, electron-acceptor molecules,
and anions in the subsequent radical cation salts [20-22]. This
may lead to improved order in the crystalline state, which in
turn may help the observation of physical properties of the salts.
Previously, the synthesis of racemic-2 [21,22], the preliminary
synthesis of enantiopure (R,R)- and (S,S)-2, and the preparation,
and crystal structure of the radical cation salt a’-[(S,S5)-2],ClO4
[22] have been reported. In this article, we report the syntheses
of novel racemic-1 and enantiopure (R,R)- and (S,5)-2
possessing one or two hydroxymethyl groups, and the prepara-
tions, crystal structures, and electrical resistivities of the achiral
charge transfer complex 021-[(S,S5)-213[(R,R)-2]3(ClO4), and the
chiral complex a’-[(R,R)-2],ClO04(H,0), in comparison with
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Figure 1: Molecular structures of trans-vic-(hydroxymethyl)(methyl)-BEDT-TTF (1), trans-vic-bis(hydroxymethyl)-BEDT-TTF (2), TTF (3), BEDT-TTF

(4), EDT-TTF-methyl-oxazoline 5, and trans-dimethyl-EDT-TTF (6).
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those of a’-[(S,5)-2],ClO4. The effects of introducing hydrogen
bonds between hydroxymethyl groups of donors and ClO4~

anions in charge transfer complexes are also discussed.

Results and Discussion
Syntheses of racemic-1, enantiopure (S,S)-
and (R,R)-2 and evaluation of their electro-

chemical properties

The synthesis of the racemic trans-vic-(hydroxymeth-
yl)(methyl)-BEDT-TTF (1) was performed in a similar manner
to racemic 2 [22]. The trans-alkene 8 was reacted with trithione
7 under standard Diels—Alder cycloaddition conditions in
refluxing toluene to afford a mixture of the trans-(S,S)- and
(R,R)-9 in 56% yield (Scheme 1). The purchased alkene
contained a small amount of the cis-isomer (trans-form:cis-
form 96:4), but the cis-product can be removed by simple
recrystallization of the thione 9 from hexane/dichloromethane.
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The racemic donor 1 could then be synthesized following pro-
cedures whereby the alcohol functionality is protected as
acetate, 10, the thione 10 is then converted to the oxo-analogue
11 using mercuric acetate and acetic acid in chloroform. Oxo
compound 11 was then cross-coupled with 1.2 equivalents of
thione 12 in triethyl phosphite to afford the racemic protected
donor 13 in reasonable yield (37%). Basic hydrolysis of the
acetyl protecting group afforded the racemic donor 1 in an 81%
yield. The syntheses of enatiopure donors 1 and the prepara-
tions of their charge transfer complexes are under way.

Moreover, enantiopure (S,5)-2 and (R,R)-2 were also synthe-
sized as shown in Scheme 2. Chiral HPLC was performed using
a JAIGEL-OA7500 column on a JAI LC-908 recycling prepara-
tive system using the solvent system methanol/water 7:3 to
separate (S,5)- and (R,R)-14. The obtained dihydroxy-thione
(S,5)-14 was protected as a diacetate to give (S,5)-15, which
was converted to the oxo-form (S,5)-16, and coupled with
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CHClI3
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Scheme 1: Synthesis of donor trans-1.
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Scheme 2: Synthesis of enantiopure donor (S,S)-2.
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2 equivalents of 12 to give (S,S5)-17. Deprotection under basic
conditions afforded enantiopure (S,S)-2. The other enantiomer

(R,R)-2 was synthesized in the same manner.

The cyclic voltammetry measurement on racemic-1 indicated
the first and second oxidation potentials (E' |, E2;/,) and their
difference AE (= E2;5 — E'}5) to be 0.52, 0.83, and 0.31 V by
utilizing glassy carbon as working electode with 0.1 M tetra-
butylammonium perchlorate in benzonitrile. These potentials
are similar to those of (S,5)- and (R,R)-2 with E'y/5, EZ} 5, and
AFE of 0.52, 0.80, and 0.28 V, respectively.

Preparations of single crystals for achiral charge transfer
salt 621-[(S,S)-2]3[(R,R)-2]3(C104)2 and chiral charge
transfer salt o’-[(R,R)-2],C104(H;0). The single brown plate
crystals of 021-[(S,5)-213[(R,R)-2]3(Cl0y4), were grown by the
oxidation of the racemic donor 2 (7 mg) in the presence of tetra-
butylammonium perchlorate (44 mg) in dichloromethane
(24 mL) at room temperature under a constant current of 0.5 pA
under a N, atmosphere during the course of 6 days. The other
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chiral brown plate crystal of a’-[(R,R)-2],C104(H,0) was
prepared electrochemically by utilizing (R,R)-2 (5 mg) and
tetrabutylammonium perchlorate (40 mg) in dichloromethane
(9 mL) at 0.5 pA for 5 days.

Crystal structures of achiral charge transfer salt 621-[(S,S)-
2]13[(R,R)-2]3(Cl04), and chiral charge transfer salt
o’-[(R,R)-2],C104(H,0). The crystal structure of 621-[(S,S)-
2]5[(R,R)-2]3(ClOy);, is depicted in Figure 2. The lattice para-
meters are listed in Table S1 in Supporting Information File 1.
The crystallographically independent molecules are two (S,S)-2
(molecules A and C indicated by red in Figure 2b), one (R,R)-2
(molecules B indicated by blue), and one ClO4 anion. The unit
cell contains six donor molecules, consisting of three (S,5)-2
(molecules A, B’, and C) and three (R,R)-2 (molecules A’, B
and C’), and two ClO4  anions. Molecules in a pair, X and X’
(X =A, B, and C) are related by an inversion center, so that the
space group is centrosymmetric P-1 (No. 2). The donor arrange-
ment is the 02!-type, where transvers inclination pattern is
++—++—... (+ and — represent upward and downward slopes,

Figure 2: (a) Crystal structure, (b) 62'-type donor arrangement of molecules A and A’ [(S,S) and (R,R)-2 indicated by red and blue with charge of
+0.59(8)], B and B’ [(R,R) and (S, S)-2, blue and red with +0.23(7)], and C and C’ [(S,S) and (R,R)-2, red and blue with +0.18(8)], and (c) O---O
hydrogen bond contacts of achital charge transfer salt 82'-[(S,S)-2]3[(R,R)-2]3(ClO4)o; a = 2.89(1), b = 2.90(1), ¢ = 2.879(8), d = 2.837(8),

e=2.94(1)A.
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respectively), whereas the usual 0!!-type has the +—+—+—...
pattern [23]. In every (+) and (—)-stacking column, the alternate
(R,R)—(S,8)—(R,R)—(S,S)- chiral donors indicated by
blue-red-blue-red are stacked such as C’AC’A..., A’CA’C...,
or BB’BB’... in head-to-tail fashion (Figure 2b). Moreover, the
molecules with the same chirality, (R,R) or (S,S), are arranged
side-by-side along the b-axis. The charge of each molecule is
estimated by bond analyses; as shown in Table S2 (Supporting
Information File 1) [24], the charges of molecules A, B, and C
are +0.59(8), +0.23(7), and +0.18(8), respectively. In the (+)
stacking column, the charge rich A (+0.59(8)) and charge poor
C (+0.18(8)) stack, whereas B with the medium charge
(+0.23(7)) is arranged in the (—)-column, constructing the
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appropriate charge balance. The introduced hydroxymethyl
groups are set to axial positions for donors A, B, and C
(Figure 2b). Following the molecular design, many intermedi-
ate-strength intermolecular O---O hydrogen bonds (<2.6-3.0 A)
between hydroxymethyl groups in the donors (a = 2.89(1),
b=2.90(1), c =2.879(8), and d = 2.837(8) A in Figure 2c), and
between a hydroxymethyl group in the donor and a Cl104 anion
(e = 2.94(1) A) were observed, presumably helping the crys-
tallinity of the complex based upon chiral molecules.

The crystal structure of the chiral salt a’-[(R, R)-2],C104(H,0)
is shown in Figure 3. The crystallographically independent
molecules are two (R,R)-2 donors, one ClO4~ anion, and one

Figure 3: Crystal structure (a) viewed along the a-axis, (b) donor arrangement, (c) viewed along the b-axis, and (d) intermolecular hydrogen bond
contacts for chiral charge transfer salt o'-[(R,R)-2]oClO4(H20). The calculated hydrogen bonds are as follows; r(O1:--04) = 2.67(3), (O1:--09) =
3.00(3), r(02:--03) = 2.67(2), (02:-09) = 2.85(3), (0O5:-09) = 2.62(6), and (O7--09) = 2.90(6) A.
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H,O molecule as an included solvent. There are four donors,
two anions, and two H,O solvents in the unit cell. The enan-
tiopure (R,R)-2 donors stack in a head-to-tail manner and
twisted with respect to each other along the ag-axis, namely the
o’-type donor arrangement [25].

The hydroxymethyl groups project from the molecular BEDT-
TTF plane in axial positions (Figure 3¢). According to the
molecular design, the intermolecular moderate hydrogen bonds
between the oxygen atoms in hydroxymethyl groups of (R,R)-2
donors are observed such as r(O1---04) = 2.67(3) and
7(02:-03) = 2.67(2) A (Figure 3d). The other hydrogen bonds
are found between the oxygen atoms of either included H,O
solvent and hydroxymethyl groups such as #(O1---09) = 3.00(3)
and 7(02--09) = 2.85(3) A, or of a solvent H,O and an anion
ClOy4~ such as 7(05--09) = 2.62(6) and H(O7--09) = 2.90(6) A.
These hydrogen bonds contribute to forming this chiral crystal.

This chiral crystal o’-[(R,R)-2],ClO4(H,0) is not isostructural
to the other enantiopure crystal a'-[(S,S)-2],C1Oy4, previously
reported (Table S1, Supporting Information File 1) [22]. The
crystallographically independent donors are two for a’-[(R,R)-
5],C104(H;0) in the space group P2; (No. 4), but one for
a'-[(S,5)-5],Cl04 in P2 (No. 3). Although this o’-[(R,R)-
2],Cl04(H,0) crystal includes a HO solvent molecule and
o'-[(S,5)-2],ClO4 does not in the same preparation conditions,
both salts have the similar o’-type donor arrangements.

Electrical resistivities for the achiral charge transfer salt
021-((S,5)-2]53[(R,R)-2]3(C104), and the chiral salt «’-[(R,R)-
2],C104(H,0). Temperature dependences of electrical resis-
tivites for the achiral charge transfer salt 921—[(S,S)-2]3[(R,R)—
2]3(C104), and the chiral salt a'-[(R,R)-2],C104(H;0) are
shown in Figure 4. The resistivities at room temperature are
very similar, 1.2 and 0.6 ohm cm for 621-[(S,5)-2]3[(R,R)-
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2]5(Cl04); and ao'-[(R,R)-2],Cl04(H,0), respectively. Both salts
show semiconducting behaviour and the activation energy of
021-[(S,5)-213[(R,R)-213(ClOy), is E, = 86 meV which is lower
than that of o'-[(R,R)-2],C104(H,0) which has £, = 140 meV.

Conclusion

In summary, we have synthesized redox-active racemic and
enantiopure donors of BEDT-TTF derivatives containing one or
two hydroxymethyl groups, the novel racemic trans-vic-
(hydroxymethyl)(methyl)-BEDT-TTF 1 and enantiopure vic-
bis(hydroxymethyl)-BEDT-TTF 2. By successful molecular
design to introduce intermolecular hydrogen bonds, the achiral
charge transfer salt 021-[(S,S)-2]5[(R,R)-2]3(C104), and the
chiral salt o’-[(R, R)-2]C104(H,0) could be obtained, and their
crystal structure analyses and measurements of electrical resis-
tivities were performed. In the racemic complex 021-[(S,S)-
215[(R,R)-2]3(ClOy4),, (S,5)-2 and (R,R)-2 donors stack alter-
nately along the a-axis and the same chiral (S,S5)-2 (or (R,R)-2)
donors are arranged in the side-by-side interaction to construct
the stripe chirality order. The latter chiral salt o’-[(R,R)-
2]Cl04(H;0) is not isostructural with a’-[(S,S)-2]C104 without
H,0, but has a similar o’-type donor arrangement. According to
the molecular design, both crystals have many moderate-
strength hydrogen bonds of 2.6-3.0 A between donor mole-
cules, ClO4 anions, and H,O, which contribute to crystallinity
based upon chiral molecules and allow the investigation of
physical properties. The promising strategy of chiral crystal
growth will lead to the development of the versatile functionali-
ties of molecular chiral crystals.

Experimental

General information

The parent racemic-2 (Figure 1) was synthesized according to
the literature [22]. "H NMR (300 MHz) and '3C NMR
(75 MHz) spectra were measured with a JEOL JNM-AL300

|
8x10°
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Figure 4: Temperature dependences of electrical resistivities for (a) achiral charge transfer salt 821-[(S, S)-2]3[(R,R)-2]3(ClO4)2 and (b) chiral salt

o"-[(R,R)-2]2ClO4(H20).
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spectrometer with CDClj3 as solvent using Me4Si or residual
solvent as an internal standard. Cyclic voltammetry (CV)
measurements were performed on an ALS 610DB
electrochemical analyzer in benzonitrile containing 0.1 M
tetrabutylammonium perchlorate (working electrode: Pt,
counter electrode: Pt wire, reference electrode: saturated
calomel electrode (SCE)) [22]. EI-mass spectra were obtained
with a JEOL JMS-AX500 spectrometer. X-ray crystallographic
measurements were made on a Rigaku AFC-7R diffractometer
(Mo Ka, A =0.71073 A). The crystal structures were solved by
direct methods and refined with full-matrix least-squares
technique using Crystal Structure (ver. 4.0.1, Rigaku Co. and
Rigaku Americas Co.). Anisotropic thermal parameters were
applied to all non-hydrogen atoms. The hydrogen atoms were
generated geometrically (C-H = 0.960 A). The direct current
electrical conductivity measurement was made by the
conventional four-probe method using carbon paste and gold

wires.

Synthesis of racemic-1
trans-5-(Hydroxymethyl)-6-methyl-5,6-dihydro[1,3]di-
thiolo[4,5-b][1,4]dithiine-2-thione (9). A solution of trithione
7 (1 g, 5.1 mmol, 1 equiv) and alkene 8 (0.52 mL, 6.12 mmol,
1.2 equiv, trans-form 96%) in toluene (50 mL) was refluxed
overnight. The toluene was removed under reduced pressure
and the crude material purified by column chromatography
(silica gel, 2:1 hexane:ethyl acetate) to afford the trans-thione 9
as a brown powder (with small amounts of the cis derivative).
This material was recrystallized from dichloromethane/hexane
to give the trans-thione 9 as a brown powder (0.77g, 56%).
'H NMR (300 MHz, CDCl3) 8 1.55(d, J = 6.6 Hz, 3H), 1.98
(dd, J=5.1, 6.6 Hz, 1H), 3.36 (ddd, /= 3.9, 6.3, 7.5 Hz, 1H),
3.64 (dq, J = 3.9, 6.9 Hz, 1H), 3.86 (m, 2H); 13C NMR
(75 MHz, CDCl3) 6 21.90, 37.07, 49.95, 64.89, 120.20, 120.46,
207.57.

trans-5-(Acetoxymethyl)-6-methyl-5,6-dihydro[1,3]di-
thiolo[4,5-b][1,4]dithiine-2-thione (10). To a solution of thione
9 (482 mg, 1.80 mmol, 1 equiv) in pyridine (5 mL) was added
acetic anhydride (202 mg, 1.98 mmol, 1.1 equiv). The reaction
mixture was stirred overnight under argon at room temperature.
Dichloromethane (50 mL) was added, the organic phase was
washed with 1 M HCI (2 x 50 mL) and water (50 mL), dried
over MgSQy, filtered and reduced in vacuo to give the required
product 10 as a brown oil (560 mg, 100%). The material was
used in the next step without further purification. '"H NMR
(300 MHz, CDCl3) 6 1.50 (d, J= 6.9 Hz, 3H), 2.03 (s, 3H), 3.42
(ddd, J=3.9, 6.6, 7.8 Hz, 1H), 3.50 (dq, J = 3.9, 6.9 Hz, 1H),
4.22 (dd, J=17.5,11.7 Hz, 1H), 4.27 (dd, J= 6.0, 11.7 Hz, 1H);
13C NMR (75 MHz, CDCl3) 8 20.69, 21.82, 37.13, 45.86,
65.66, 119.44, 119.82, 170.33, 207.20.
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trans-5-(Acetoxymethyl)-6-methyl-5,6-dihydro[1,3]di-
thiolo[4,5-b][1,4]dithiine-2-one (11). To a solution of thione
10 (560 mg, 1.81 mmol, 1 equiv) in chloroform (30 mL) was
added mercuric acetate (843 mg, 2.71 mmol, 1.5 equiv) and
acetic acid (5 mL). The reaction mixture was stirred for 3 hours
at room temperature. The solution was filtered, washed with sat.
NaHCOj3 (2 x 50 mL) and water (50 mL), dried over MgSOQOy,
filtered and reduced in vacuo to give the oxo compound 11
(480 mg, 90%) as a yellow solid. '"H NMR (300 MHz, CDCl3)
6 1.53 (d, J= 6.6 Hz, 3H), 2.03 (s, 3H), 3.40 (ddd, /= 3.9, 6.3,
7.2 Hz, 1H), 3.46 (dq, J = 3.9, 6.6 Hz, 1H), 4.28 (m, 2H);
13C NMR (75 MHz, CDCl3) & 20.73, 21.80, 38.50, 47.59,
65.82, 110.40, 110.61, 116.36, 170.43.

trans-vic-Acetoxymethyl-methyl-BEDT-TTF (13). A solu-
tion of thione 12 (439 mg, 1.96 mmol, 1.2 equiv) and the oxo-
compound 11 (480 mg, 1.63 mmol, 1 equiv) in triethyl phos-
phite (10 mL) was stirred overnight at 90 °C. After cooling,
hexane was added and the precipitate collected by vacuum
filtration and purified by column chromatography (silica gel,
4:1 hexane/ethyl acetate) to afford the cross-coupled product 13
as a red-orange solid (280 mg, 37%). 'H NMR (300 MHz,
CDClj) 6 1.44 (d, J = 6.6 Hz, 3H), 2.05 (s, 3H), 3.26 (s, 4H),
3.38 (ddd, J=3.9, 6.3, 7.5 Hz, 1H), 3.43 (dq, J = 3.9, 6.6 Hz,
1H), 4.18 (dd, J=17.5, 11.4 Hz, 1H), 4.24 (dd, J= 6.3, 11.4 Hz,
1H); 13C NMR (75 MHz, CDCl3) & 20.75, 21.58, 30.06, 37.80,
46.56, 65.80, 110.54, 110.77, 110.97, 111.86, 113.69, 170.35.

trans-vic-Hydroxymethyl-methyl-BEDT-TTF (1). A solution
of the acetyl protected BEDT-TTF 13 (280 mg, 0.596 mmol,
1 equiv) and K»,COj3 (95 mg, 0.894 mmol, 1.5 equiv) in MeOH/
H,O/THF (5 mL/5 mL/5 mL) was stirred overnight at room
temperature under an argon atmosphere. Water (50 mL) and
dichloromethane (100 mL) were added, the organic layer sep-
arated and washed with water (2 x 50 mL). The organic layer
was dried over MgSOy, filtered and evaporated to give the
crude product that was purified by column chromatography
(silica gel, ethyl acetate) to afford the trans-racemic BEDT-TTF
derivative 1 as an orange powder (210 mg, 81%). 'H NMR
(300 MHz, CDCl3) 6 1.43 (d, J = 6.6 Hz, 3H), 1.85 (br s, 1H),
3.22 (s, 4H), 3.24 (m, 1H), 3.46 (dq, J = 3.6, 6.6 Hz, 1H), 3.71
(m, 2H); 13C NMR (75 MHz, DMSO-dg) 6 21.29, 29.58, 37.39,
50.37, 63.98, 110.03, 110.11, 110.44, 111.62, 112.93, MS m/z:
[M — OH]J" caled for C1,H;;Sg, 411; found, 410.8627.

Synthesis of (S,S)-2

(S,S8)-trans-5,6-Bis(acetyloxymethyl)-5,6-dihydro-1,3-
dithiolo[4,5-b]-1,4-dithiin-2-thione ((S$,S)-15). A solution of
the dihydroxythione (S,5)-14 (25 mg, 0.088 mmol, 1 equiv) in
pyridine (1 mL) and acetic anhydride (0.02 mL, 1.96 mmol,

20 equiv) was stirred at room temperature overnight under an
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argon atmosphere. The reaction mixture was taken up in
dichloromethane and washed briefly with 1 M HCI1 (2 x 50 mL)
and water (50 mL). The organic layer was dried over MgSOy,
filtered and the volatiles removed in vacuo to give the crude
enantiopure diacetoxythione (S,5)-15 (32 mg, quantitative). The
isolated product was used in the next step without further purifi-
cation. '"H NMR (300 MHz, CDCls) 8 2.12 (s, 6H), 3.79 (m,
2H), 4.32 (dd, J=8.1, 11.4 Hz, 2H), 4.42 (dd, J= 6.0, 11.4 Hz,
2H); 13C NMR (75 MHz, CDCl3) § 20.69, 40.06, 64.71, 118.79,
170.28, 206.49.

(S,S8)-trans-5,6-Bis(acetoxymethyl)-5,6-dihydro-1,3-
dithiolo[4,5-b]-1,4-dithiin-2-one ((S,S5)-16). To a solution of
thione (S,5)-15 (32 mg, 0.087 mmol, 1 equiv) in chloroform
(10 mL) was added mercuric acetate (35 mg, 0.11 mmol,
1.3 equiv) and acetic acid (0.5 mL). The reaction mixture was
stirred for 3 hours, after which it was filtered, washed with (sat.)
NaHCO3 (3 x 50 mL) and water (50 mL). The organic layer
was dried over MgSQy, filtered and the solvent removed under
reduced pressure to afford the oxo compound (S,S5)-16 (28 mg
(93%). '"H NMR (300 MHz, CDCl3) § 2.12 (s, 6H), 3.76 (m,
2H), 4.38 (dd, J=17.5, 11.4 Hz, 2H), 4.45 (dd, J=5.7, 11.4 Hz,
2H); 13C NMR (75 MHz, CDCl3) & 20.69, 41.40, 64.84, 109.72,
170.35, 187.57.

(S,S)-trans-vic-Bis(acetyloxymethyl)-BEDT-TTF ((S,S)-17).
A solution of thione 12 (64 mg, 0.16 mmol, 2 equiv) and oxo
compound (S,5)-16 (50 mg, 0.14 mmol, 1 equiv) in triethyl
phosphite (2 mL) was stirred at 90 °C for 5 hours. After cooling
hexane was added, the precipitate collected and purified by
column chromatography (silica gel, hexane/ethyl actetate) to
afford the enantiopure cross coupled product (S,5)-17 (34 mg,
47%). 'TH NMR (300 MHz, CDCl3) & 2.09 (s, 6H), 3.29 (s, 4H),
3.69 (m, 2H), 4.25 (dd, J= 7.8, 11.4 Hz, 2H), 4.34 (dd, J = 6.0,
11.4 Hz, 2H); 13C NMR (75 MHz, CDCls) & 20.73, 30.17,
40.88, 64.93, 110.43, 113.92, 170.35.

(S,8)-trans-vic-Bis(hydroxymethyl)-BEDT-TTF ((S,S)-2).
K,CO3 (27 mg, 0.193 mmol, 3 equiv) was added to a solution
of the acetyl protected BEDT-TTF ((S,S5)-17, 34 mg,
0.064 mmol) in MeOH/THF/H,O (1 mL/1 mL/1 mL). The
reaction mixture was stirred for 3 hours under an argon
atmosphere, after which no starting material remained
(TLC control). Dichloromethane (100 mL) was added and
the organic layer washed with water (2 x 20 mL). The organic
layer was dried over MgSQy, filtered and the solvent was
removed under reduced pressure. The crude material was puri-
fied by column chromatography (silica gel, 1:1 hexane/ethyl
acetate) to afford the desired product (S,5)-2 (23 mg, 80%) as a
red—pink solid. 'H NMR (300 MHz, DMSO-dg) 6 3.34 (s, 4H),
3.58 (m, 4H), 3.71 (m, 2H), 4.44 (m, 2H); 13C NMR (75 MHz,

Beilstein J. Org. Chem. 2015, 11, 1561-1569.

DMSO-dg) 6 30.83, 45.82, 67.40, 111.24, 111.38, 111.97,
114.44.

Supporting Information

Supporting Information File 1

CD spectra of (S,5)-2 and (R,R)-2, crystal data for
021-[(S,9)-213[(RR)-213(C104),, &’-[(R, R)-2],C104(H20),
and o’-[(S,S)-2],Cl04 (Table S1), charge estimation of
021-[(S,5)-215[(R,R)-2]3(ClOy), (Table S2, Figure S2), and
NMR data (Figures S3-1-S3-18).
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-172-S1.pdf]
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Abstract

The construction of redox-active supramolecular assemblies based on star-shaped and radially expanded tetrathiafulvalene (TTF)
oligomers with divergent and extended conjugation is summarized. Star-shaped TTF oligomers easily self-aggregate with a
nanophase separation to produce supramolecular structures, and their TTF units stack face-to-face to form columnar structures
using the fastener effect. Based on redox-active self-organizing supramolecular structures, conducting nanoobjects are constructed
by doping of TTF oligomers with oxidants after the formation of such nanostructures. Although radical cations derived from TTF
oligomers strongly interact in solution to produce a mixed-valence dimer and n-dimer, it seems to be difficult to produce nanoob-
jects of radical cations different from those of neutral TTF oligomers. In some cases, however, radical cations form nanostructured
fibers and rods by controlling the supramolecular assembly, oxidation states, and counter anions employed.

Introduction

Tetrathiafulvalene (TTF) chemistry first attracted enthusiastic =~ TTF derivatives are versatile building blocks to form aggre-
attention of chemists and physicists on high electrical conduc-  gates in the solid state with interesting conducting and magnetic
tivity and superconductivity with high 7, temperature. Recently, behavior [2]. Although these properties are mainly originated
however, TTF and its derivatives are frequently employed as a  from specific interactions between molecules having one or
redox-active moiety for organic electronic devices such as field- more unpaired electrons [3,4], neutral TTF and its derivatives
effect-transistors (FET), dye-sensitized solar cells (DSC), posi-  also easily form stacked columnar structures with face-to-face
tive electrode materials for rechargeable batteries, and elec- 7w stacking and side-by-side S---S interactions in the crys-

trochromic (EC) materials [1]. talline state. Furthermore, weak intermolecular interactions
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(hydrogen bonding, metal coordination, CT interaction, m--'m
stacking, van der Waals interaction, etc.) play an important role
in the formation of the three-dimensional (3D) crystal struc-
tures [5]. For the construction of nanostructured objects, -7,
S-S, and other weak intermolecular interactions first accel-
erate self-aggregation of molecules in solution [6-8] and then
produce the functional one-dimensional (1D) or two-dimen-
sional (2D) supramolecular structures, which are very impor-
tant in advanced nanosciences [9-11]. For the formation of the
nanostructured objects such as fibers, rods, tubes, and particles,
amphiphilic TTFs having a rigid core and long alkyl chains are
one of the best molecular systems. The self-assembly of TTF
derivatives in solid and on surface gives rise to a long-distance

dynamic ordering as compared with single crystals.

Among the recent researches on TTF and its derivatives, radi-
ally expanded or star-shaped multi-TTFs with C3 and Cg
symmetries have attracted considerable attention in the field of
materials science because of their divergent and extended
m-conjugation. Various C3-symmetric compounds incorpor-
ating three conjugated TTF units were designed and synthe-
sized to realize TTF-based conducting organic magnets using
ferromagnetic interaction between the two TTF radical cations
[12-21]. On the other hand, compounds with a hexagonal mole-
cular symmetry were used as core structures for constructing
conductive fibers and functional dyes [22,23]. Furthermore,
various multifunctional TTF-based supramolecular architec-
tures have been designed and synthesized to realize molecular
sensors, redox switches, multi-input systems for logic gates,
electrochemically-driven conformational controls, molecular
clips and tweezers, and redox-controlled gelation processes.
TTF-based supramolecular chemistry in solution was thor-
oughly outlined in recent reviews of Jeppesen, Nielsen, and
Becher (2004) [24], Iyoda, Hasegawa, and Miyake (2004)
[25,26], Sall¢ and Zhang (2009) [27], and Martin (2009, 2012)
[28,29]. However, limited examples of redox-active nanostruc-
tures in the solid state were summarized so far. Therefore, this
review focuses on the conducting nanostructures of TTF deriva-
tives in the solid state, together with association behavior in

solution.

Review
Redox-active radially expanded TTF
oligomers in solution and the solid state

TTF oligomers with radially expanded structures can be
expected to demonstrate multifunctional properties because a
central core and TTF branches exhibit individual and/or
cooperative functionalities [25]. For example, dendrimers
composed of central benzenoid cores and TTF branches are
cited as representative examples [30-33]. Other functional units
such as fullerenes [34,35], cyclodextrins [36], porphyrin [37],

Beilstein J. Org. Chem. 2015, 11, 1596-1613.

and phthalocyanine [38-40] can also be introduced into the core
of radial oligo-TTFs. As shown in Figure 1, TTF-annelated por-
phyrin 1 was synthesized by Becher and co-workers in 2001
[37]. Reflecting its strong m-donor ability, 1 was oxidized
spontaneously in solution to afford 1" under ambient condi-
tions. Multifunctional TTF-crown ether-substituted phthalocya-
nine (Pc) 2a and its copper(Ill) complex 2b were reported by
Amabilino, Rowan, Nolte, and co-workers in 2005 [40]. The
giant molecule 2a self-aggregated in chloroform—dioxane to
form a gel. TEM images of the xerogel exhibited helical molec-
ular tapes nanometer wide and micrometer long. A cyclic
voltammetry (CV) study on 2b showed the redox properties
expected for Pc and TTF, and doping of 2b in CH,Cl, with I,

produced a radical cation species.

Among radially expanded TTFs, Jeppesen, Becher, Nielsen,
Sessler, and co-workers reported TTF-calix[4]pyrrole 3
as a valuable supramolecular receptor, and 3 easily
incorporated 1,3,5-trinitrobenzene (TNB) in the cavity to form 4
(3:TNB = 1:2) (Figure 2) [41,42]. Furthermore, in the presence
of halide ions, 3 formed the Cgy complex 5, in which Cg was
bound within the bowl-like cup of the TTF-calix[4]pyrrole core
in a ball-and-socket binding mode [43].

Recently, the C3-symmetric compounds 6a,b incorporating
three TTF residues were reported by Amabilino, Avarvari, and
co-workers (Figure 3) [21]. The three TTF units with chiral
citronellyl and dihydrocitronellyl chains led to helical one-
dimensional stacks in solution to produce fibers that have
morphologies depending on the nature of the chiral alkyl group,
although an achiral counterpart showed no helicity.
C3-symmetric truxene-TTFs 7a—c¢ were synthesized by Orti,

Martin, and co-workers (Figure 3) [44].

The pioneering studies on the synthesis of tetrakis(1,3-dithiol-2-
ylidene)cyclobutane (8) and related [5] and [6]radialenes 9 and
10a,b were reported by Yoshida and co-workers in the 1980’s
(Figure 4). These n-expanded TTFs 8-10a,b exhibited unique
X-ray structures and multi-redox behavior [45-47].

Conducting supramolecular assembly of
oligo-TTFs

The electric conductivities of doped nanofibers and nanorods
derived from TTF and its derivatives are measured by mounting
them on Au electrodes with a pm-sized spacing. On the other
hand, the conductivities of the corresponding neutral nanoob-
jects are determined by pulse-radiolysis or flash-photolysis
time-resolved microwave conductivity techniques [48,49].
Current-sensing atomic force microscopy (CS-AFM) and
combination of scanning tunneling microscopy and spec-

troscopy (STM/STS) are also employed for determining the
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S\/\S S/\,s 2a: M = 2H
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Figure 1: Radially expanded TTF oligomers 1 and 2a,b.
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Figure 2: TTF-calix[4]pyrrole 3 and its TNT and Cgo complexes 4 and 5.
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Figure 3: C3-symmetric TTF derivatives 6a,b and 7a—c.

Figure 4: Radially expanded TTF derivatives 8, 9, and 10a,b.

conductivities of nanoobjects [50,51]. The electrical conduc-
tivity of nanostructures mainly depends on the alignment of
stacked TTFs or their radical salts. The first fibrous material
was fabricated by using arborol-TTF 11 in 1994 by Joergensen,
Bechgaard, and co-workers (Figure 5) [52]. Although 11
showed no conductivity, Bryce and co-workers synthesized
arborol-functionalized TTF derivative 12 in 2003, whose
doped film exhibited a moderate level of conductivity
(o = 1074 S em™1) [53]. In 2005, several groups reported the
formation of nanofibers using amphiphilic TTFs (13 and 14)
(Figure 5) [54-56] After that, many research efforts have been
focused on the construction of conducting nanoobjects possibly

employed as nanosized electric wires, wirings, molecular

7a:R=H
7b: R = SMe
7c:R= (SCH2)2

10a: R = COOMe
10b: R = —(CH=CH),—

switches, and devices. Some neutral nanoobjects derived from
TTFs show electroconductivity owing to the fastener effect
[57]; however, the oxidation of face-to-face stacked TTF's easily
generates highly conducting states with unfilled band structure.
Thus, the doping of neutral nanoobjects with iodine is general-
ly used for preparing conducting nanostructures. Chemically
oxidized TTFs in solution are also available for preparing con-
ducting nanofibers.

The fastener effect [57], which enhances the face-to-face inter-
action between the two TTFs, can be used to construct conduct-
ing nanostructured fibers in the neutral state, and doping of the
fibers with iodine affords black conducting fibers. For example,
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Figure 5: Amphiphilic TTFs 11-14 and 15a,b.

the bi-TTF derivative 15a with long alkylthio chains as
substituents was synthesized (Figure 5) [58]. Bi-TTF 15a
formed reddish orange rods which exhibited a bulk conduc-
tivity of o, = 1.0 x 1070 S em™! without doping. The p-type
semiconductivity was detected by CS-AFM. Furthermore, the
doping of 15a with iodine and bromine vapors afforded black
conducting complexes (6= 1.1 x 1074 and 1.5 x 107* S em ™!,
respectively).

For conjugated TTF dimers linked by m-systems or chalcogen
atoms, intramolecular through-bond and/or through-space inter-
actions can be expected between two TTF parts. The intramole-
cular through-bond interaction between the two TTF parts
linked in a head-to-tail manner is calculated to be weak in the

T =] o
Rg” S S S
[~
S S SR

15a: R = SC45Ho5
15b:R=H

ground state [25]. Thus, the conjugation of the two neutral TTF
parts in 16—19 is weak (Figure 6) [59]. In the cyclic voltam-
metry (CV) measurements, tetracthylthio-bi-TTF 16 showed
two one-electron and one two-clectron redox waves (Table 1),
while other TTF dimers of 17-19 exhibited only two two-elec-
tron reversible redox waves corresponding to TTF/TTF** and
TTE""/TTF%" at a normal scan rate (100 mV s™). As shown in
Table 1, however, steady-state electronic spectra of 16'", 17°*,
and 18" show intramolecular interaction between TTF and
TTF"*, and the absorption maxima were observed at ca. 450 and
750 nm, together with broad absorption of intramolecular CT
interactions between two TTF units at 1400, 1300, 1200 nm,
respectively. The magnitude of these broad absorption bands is
clearly affected by the distance between two TTFs, and TTF

C2H58
CzH5S >:<
>:< SC,H CoHsS AN
CoHsS j\[ : : 2 IsczH5
SC2Hs SC;Hs
C,HsS 17
C2H58 S S I >:<
IS> <s C,HsS
C,HsS
A\ s s._SCaHs S
| >=< | N s._SCaHs
S
18 19 SCzHs

Figure 6: TTF dimers linked by o-bond (16) and conjugated m-systems (17-19).
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Table 1: Redox potentials of 16—19 and absorption maxima of monocations 16°*, 17°*, 18"* and 19'*, and dications 162*, 172*, 182+ and 192* [25,59].

Compound Redox potentials? vs Fc/Fc* Absorption maximaP
Eqpt (V) Eq02 (V) Eq23 (V) Monocation (nm)  Dication (nm)

16 0.06 0.17 0.44 772, 1400 br 816, 1098 sh

17 0.11 0.42 778, 1300 br 808

18 0.12 0.42 790, 1200 br 804

19 0.08 0.38 790 796

aPotentials were measured by cyclic voltammetry (CV) in benzonitrile against a Ag/Ag* electrode and adjusted to the Fc/Fc* potential. PMeasured in

CH>Cl2/CH3CN (4:1) using Fe(ClO4)3 as the oxidation reagent.

dimer 19°* linked with a longer spacer exhibited no intramolec-
ular CT absorption band. Moreover, the longest absorption
maxima of the dications 1627, 172", and 182" exhibit a
bathochromic shift of 44, 30, and 14 nm, respectively, from the
corresponding absorption maximum of 16"*, 17°, and 18" due
to the head-to-tail orientation of two TTF'" (Davydov red shift)
[25]. It is worth noting that the redox behavior of TTF dimers in
CV measurements are sensitive to the concentration and the
solvent used, and pristine bi-TTF 15b showed two reversible
two-electron redox waves at —0.03 and 0.38 V vs Fc¢/Fc* in
benzonitrile under normal conditions [25,60].

Conducting nanostructure formation from
star-shaped oligo-TTFs

Although pristine TTF does not self-associate in solution due to
the low association constant for dimerization, the mixed-
valence (MV) dyad (TTF/TTF)"* and the dicationic dyad
(TTF™"),, so-called n-dimer, are formed in concentrated solu-
tion or at low temperature [61]. On the other hand, the synergy
of either the fastener effect or m-expansion allows star-shaped

C3-symmetric oligo-TTFs 22 and 23 to self-associate both in

solution and in the solid state even in neutral state [18]. Com-
pounds 22 and 23 were synthesized in good yields by Sono-
gashira coupling reaction of 1,3,5-triethynylbenzene with 20
and 1,3,5-triiodobenzene with 21, respectively (Scheme 1).
X-ray analysis of 22 revealed the columnar structure, in which
the three TTF units stack in face-to-face manner to form single
crystals (Figure 7).

In the case of 23 with butyl chains, this molecule dimerized in
CDClj solution (K5 = 1.58 + 0.30 M ! at 293 K). The chemical
shift of the central benzene ring clearly shifted higher field with
an increase of concentration or lowering temperature. The ob-
served shift is attributed to the shielding effect from the neigh-
boring molecule that settles in face-to-face mode. The thermo-
dynamic parameters were estimated to be AH = —9.43 kJ mol ™!
and AS = —28.3 J mol~! by the van’t Hoff plot (Table 2 and
Supporting Information File 1). The self-association behavior is
significantly affected by the solvent. While no association
was observed in benzene-dg solution in the concentration ranges
of 0.7-21 mM even at low temperatures, a larger K,
value was estimated in CDCl3—CD3CN solution (3:7 v/v,

Il MeS_s s R
o=, -
Mes” S ST S
20 s
& A S/
Pd(PPhs)s, Cul, EtzN \
(75%) ll
BuS S S
= ]\ _
S S =
BuS A
21 \\ / S S

Scheme 1: Synthesis of star-shaped TTF trimers 22 and 23.

22: R=Me
23: R=Bu
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Figure 7: Projections of the molecular array of 22 in crystal structure (a) along with the ¢ axis and (b) from side view.

Table 2: Association (dimerization) constants and thermodynamic parameters of 23 in various solvents?@.

Solvent Ko (M~1)P AG (kJ mol~1)P AH (kJ mol™) AS (J mol™1)
CDCl3 1.58 -1.13 -9.41 -28.2
CDCI3—CD3CN (3:7) 5.01 -3.64 -16.6 -43.1
benzene-dg ¢ -¢ _c _c

aParameters were estimated from titration experiments using 'H NMR with the assumption of the dimerization process of 23. PAt 298 K. °No associ-

ation was observed.

K, =5.01 £0.98 M! at 293 K). Moreover, only a small
concentration dependence of the chemical shift, which could
not be used for determination of the K, value, was observed in
acetone—CS; solution owing to very weak self-association.
These results clearly suggest that the association behavior is
driven by intermolecular n—m, S-S, and/or S---H interactions in
solution. Note that these K, values of 23 in the neutral state are
similar to that of the mixed valence dimer (TTF'* + TTF)
(K, = 6.0 M™1) and much larger than that of the m-dimer
(TTE*" + TTF*") (K, = 0.6 M 1) described in the literature [61].

Strong self-association of 23 was observed in the oxidation
state. CV analysis of 23 in a dilute CH,Cl; solution
(1.9 x 107> M) showed two three-electron redox waves at 0.05
and 0.40 V vs Fc/Fc¢™ corresponding to the formation of 233"
and 23%", whereas a similar CV analysis of 23 in a concen-
trated CH,Cl, solution (1.2 x 1073 M) displayed three revers-
ible waves at —0.04, 0.14, and 0.47 V vs Fc/Fc' corresponding
to the formation of (23),3%, (23),°", and (23),!2* (Figure S2,
Supporting Information File 1). Interestingly, the three cationic
species 23°7, 2327 and 233" prepared by chemical oxidation
with Fe(ClO4)3 in CH,Cl,/CH3CN (4:1) showed a strong self-
association, and electronic spectra of 23°* and 232" exhibited

marked intermolecular charge resonance (CR) bands at A ax
2000 (br, € 1500) and 2000 (br, ¢ 1700) owing to the face-to-
face mixed valence interaction (Figure 8), and 233" exhibited a
typical Davydov blue shift (A;.x 738 nm, € 27000) as compared
with 19 (Apax 796 nm, Table 1) [25]. To determine the

----- 236+
— 233
< 23+
] 23
o
e}
%]
e}
<
2000 nm
(Intermolecular CR band)
- »\"\k'"“""'"?‘ """" I’"\"‘;ﬁ el
500 1000 1500 2000 2500

Wavelength (nm)

Figure 8: UV—vis/NIR spectra of 23, 23"+, 233*, and 23%*.
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conducting behavior of 22 and 23, a pellet of 22 was treated
with iodine to produce a semiconducting black solid
(or;=3.6 x 107 S cm™ 1), whereas a similar doping of 23 with
iodine resulted in the formation of the conducting liquid.

Radially expanded TTF oligomers with a large central n-surface
can be expected to show effective intra- and intermolecular
delocalization of electrons in the neutral and mixed-valence
states. Furthermore, the supramolecular self-assembly of these
large molecules having nanophase separation is a promising
way of realizing molecular switches and devices [62-65]. With
this in mind, hexadehydrotris(TTF)[12]annulenes 28 and 29 and
dodecadehydrotris(TTF)[18]annulenes 30 and 31 were synthe-
sized using palladium-mediated coupling reactions (Scheme 2)
[20,25,26,66-68]. Tris(TTF)[12]annulenes 28 and 29 were
pepared by Sonogashira coupling of 26 with 24 and 27 with 25
in 25 and 36% yields, respectively. For the synthesis of 30 and
31, cyclotrimerization of 24 and 25 with a stoichiometric
amount of PdCl,(PPhj3); and Cul in triethylamine—-THF was
employed to afford 30 and 31 in 32 and 29% yields, respective-
ly. Although tris(TTF)[18]annulenes are stable at room
temperature in air, tris(TTF)[12]annulenes 28 and 29 gradually

Ros s
T =
RS ST

26: R= COQC4H9

s s_R
=
s s g

Beilstein J. Org. Chem. 2015, 11, 1596-1613.

decomposed under ambient conditions due to the instability of

central 4n m-electron system.

In order to investigate the effect of fused two TTF units on the
cyclic conjugation and the interaction of the two TTF units in
the neutral and cationic states, TTF-fused annulenes 33 [69] and
radiannulenes 34 and 35 [70] were synthesized using a Sono-

gashira coupling in moderate yields (Figure 9).

The thermodynamic study on the self-aggregation of
tris(TTF)annulenes indicates that the aggregation of 28, 30, and
31 is an enthalpically driven process that is entropically disfa-
vored (Table 3) [68], although the aggregation of planar macro-
cyclic belts is both enthalpically and entropically driven [71].
The TTF[18]annulene 30 has smaller AH and AS values than
the TTF[12]annulene 28, suggesting a higher stacking ability
and a larger ring size for 30. Alkyl-substituted TTF[18]annu-
lene 32 was reported to show almost no aggregation behavior in
solution [72]. However, the slightly more amphiphilic 31
exhibits self-aggregation in benzene, toluene, and cyclohexane
owing to a slightly larger nanophase separation in 31. It is worth
noting that the self-aggregation of TTF-annulenes results in the

R S S // 27: R= SC4H9 |
T =
RS ST\ Pd(PPhs)s, Cul, Et;N

24:R= C02C4H9
25:R= SC4H9

THF or benzene S\%\
R
\S\/

Y
)R
S 28: R = CO,C4Hg (25%)S

R 29: R = SC4Hg (36%) R

R R

=
Res s~ PdCly(PPhs),
T =]
R S S % CUI, Et3N, THF

24:R= COgC4H9
25:R = SC4H9

30: R = CO,CyHqg (32%) S
R 31: R = SC4Hg (29%) R
32:R= CGH13

Scheme 2: Synthesis of tris(TTF)[12]annulenes 28 and 29 and tris(TTF)[18]annulenes 30 and 31, together with hexyl-substituted tris(TTF)[18]annu-

lene 32.
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Figure 9: TTF-fused annulene 33 and radiannulenes 34 and 35.

(
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Si(iPr); 34:R = SCyH5
35: R =SCy4Hg

Figure 10: Colors of 30 solutions a—d in toluene (0.025 mM) at various temperatures. (a) Amax: 511 nm, (b) Amax: 512 nm, () Amax: 517 nm,
(d) Amax: 520 nm. Reprinted with permission from [68]. Copyright 2012 Chemical Society of Japan.

Table 3: Self-aggregation data in toluene-dg.2

Comp. AG (kdmol™")  AH (kJ mol™") AS (J mol~"-K™1)
at 303 K

28 -11.8 -32.0 -66.3

30 -14.5 -37.8 -77.0

31 -10.1 -215 -37.1

aDetermined with concentration/temperature-dependent 'H NMR
assuming an infinite association model [68].

appearance of solvatochromism and thermochromism [68]. As
shown in Figure 10, 30 exhibits a supramolecular ther-
mochromism in toluene, and the color at —10 °C is reddish
purple, whereas the color at =70 °C is purple. On the other
hand, as shown in Figure 11, a solution of 33 exhibits deep
green in CS; but purple in CH,Cl, [69].

CV analysis of 28-34 in solution showed different behaviors
(Table 4). The [12]annulenes 28, 29, and 33 exhibited two re-
versible one-electron reductions due to the smooth reduction of
the 12m electron system to a 14w electron system, whereas the
[18]annulenes 30 and 31 showed an irreversible reduction
wave, due to the unfavorable reduction of the aromatic 187
electron system. On the other hand, all the molecules exhibited
reversible oxidation waves in CH;Cl; based on the high HOMO

Figure 11: Solutions of 33. (a) In CSj, Apax: 608 nm. (b) In CH,Cly,
Amax: 577 nm. Reprinted with permission from [69]. Copyright 2004
Royal Society of Chemistry.

levels of TTF units. Another important feature in the CV data of
28-32 is broadening or splitting of the first oxidation wave,
indicating intra- and/or intermolecular interactions between
TTF units [68]. Interestingly, the first oxidation potential of 28
and 29 splited at the slow scanning rate of 3 mV s~} owing to

the intermolecular mixed-valence interaction between the TTE™*
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Table 4: Redox potentials of 28—34 measured by CV24.

Compound Eq2%2 (V) Eqpp™d1 (V)
28b -1.52 (1e) -1.16 (1e)
29P -1.78 (1e) -1.41 (1e)
30° —d —1.35¢

31P —d —1.48¢

329 —d —1.408
33bi -1.87 (1e) -1.50 (1e)
34 -1.52 (1e) -1.16 (1e)

Beilstein J. Org. Chem. 2015, 11, 1596-1613.

E121 (V)

E112%2 (V)

0.38 (3e) [0.29, 0.44]°  0.66 (3¢e)
0.21 (3e)[0.12,0.26]°  0.49 (3e)
0.43 (3e)f 0.70 (3e)
0.14 (1e), 0.29 (2e) 0.53 (3e)
0.20 (3e) 0.64 (3e)
0.19 (2e)th 0.46 (2e)h
0.20 (1e), 0.29 (1e) 0.61 (2e)

aConditions: 0.1 M Bug4NCIO4, 100 mV s~", Pt as a working electrode, Ag/Ag* as a reference electrode, Pt wire as a counter electrode. Potentials
were referenced to Fc/Fc*. Solvent: THF for reduction, and CH,Cl, for oxidation. bC.oncentration: 0.1 mM. °Measured at 3 mV s~'. 9Not observed.
e|rreversible process. fBroad redox wave. 9According to [72]. "Solvent: benzonitrile. ‘According to [70].

and TTF moieties under diffusion-controlled conditions. In
the case of 31, the first oxidation potential (£, = 0.14 V
vs Fc/Fc*) is lower than that of 32 with alkyl groups
(E1/2 = 0.20 V). Since the first oxidation potential of 31 in a
dilute solution broadened but did not split (E},,°%! in CH,Cly:
0.23 (3e) V), the potential of 31 at 0.14 V (Table 4) reflected
the strong intermolecular interaction between the TTF**
and TTF moieties in 31°*. By comparison with the known
UV-vis/NIR spectra of mixed valence dimers [18,73], the
association constant K, of 31°" measured in CH,Cl,—MeCN 4:1
assuming an infinite association model [74] is large
(Ka=3.12£0.48 x 10° M at 298 K) owing to 18 sulfur atoms
in 31. Therefore, the oxidation of 31 solution (0.1 mM) in
CH,Cl, first forms (31),2" owing to the intermolecular mix-
valence interaction between the TTF"t and TTF moieties, and
the further oxidation forms 313" [68]. In summary, the oxi-
dation of 28-31 showed multistep processes owing to intra-
and/or intermolecular interactions between TTF units. In the
case of [18]annulene 31, the first oxidation potential splited in
two with the strong intermolecular interaction in 31°". TTF-
functionalized radiaannulenes (RAs) 34 and 35 also exhibit
multiple redox states [70]. CV analysis of 34 shows the two re-
versible one-electron reductions as the reduction of the RA
core, whereas the three reversible oxidations at 0.20, 0.29, and
0.61 V correspond to the formation of 34'", 342%, and 344"
Therefore, the redox behavior of 34 is similar to those of 28, 29,
and 31.

The [18]annulenes 30 and 31 formed a fibrous structure in
H,O-THF 1:1, and 31 required longer time for fiber formation
than 30 owing to weaker association constant in solution (K, in
toluene-dg at 303 K = 634 M~! (30), 101 M~! (31)) [67,68].
Both 30 and 31 fibers showed roughly the same behavior for
doping with iodine, and the color of fibers quickly changed
from bluish purple to dark brown due to the partial oxidation of
30 and 31 as shown Figure 12 (the maximum conductivities: 30

6:¢2.0x102Scm ™!, 31 6, 2.6 x 1073 S cm™). The color of
the doped fibers gradually returned to the original bluish purple
under vacuum, but the speed of the iodine desorption for fiber
31 was very slow. The conductivity of the doped pellet prepared
from fiber 30 is estimated to be ca. 1000 times higher than that
of the neutral fiber (before doping: 6y 3 x 10-° S cm™!, after
doping: 6,43 x 1073 S cm™ 1) [68].

Star-shaped pyrrole-fused TTF oligomers 38-43 were synthe-
sized by nucleophilic aromatic substitution (SyAr) reactions of
fluorinated benzenes with the pyrrolyl sodium salts derived
from 36 and 37 in moderate yields (Scheme 3) [23]. X-ray
analysis of 38 revealed that the three TTF units are bent simply
to fill an empty space and stacked to form a columnar structure.
The torsion angle between the mean planes of the pyrrole and
central benzene is 7-32°, indicating the conformational flexi-
bility of the pyrrole-benzene linkage. The calculated torsion
angles between the pyrroles and central benzenes of 38, 40, and
42 are 34, 45, and 59°, respectively, and the non-planar struc-
tures of 38, 40, and 42 are in good agreement with the high-
field shift of a-protons of pyrroles in the '"H NMR spectra:
4 6.89 (38), 6.41 (40), 5.93 ppm (42). Star-shaped TTF 10-mer
44 was also synthesized by SNyAr reaction of the sodium salt of
36 with decafluorobiphenyl (44%) [75] (Figure 13).

In the CV measurements (Figure 14), tetrasubstituted 40 shows
typical two reversible oxidation waves at £,°%! = 0.044 and
E1,°%2 = 0.35 V (vs Fe/Fc™). However, trisubstituted 38 and
hexasubstituted 42 exhibit split and broad first peaks, respect-
ively, at —0.086 and 0.020 V (38) and 0.097 V (42), followed by
second peaks at 0.45 V (38) and 0.37 V (42). The CV data of
tetrasubstituted 40 suggests no intramolecular charge delocaliz-
ation between the adjacent TTF units. The splitting and broad-
ening of the first oxidation waves in 38 and 42 are considered to
be caused by intermolecular interactions between the neutral

and cationic TTF units.
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Figure 12: Optical micrographs (1000x magnified) of fibers, prepared from 30 in THF—H,O 1:1, on a glass plate at 23 °C. (a) Before iodine doping.
(b) After iodine doping (3 min). Reprinted with permission from [26]. Copyright 2010 Royal Society of Chemistry.

As shown in Figure 15, the stepwise chemical oxidation of 38,
40, and 42 with Fe(ClO4)3 in CH,Cl,—~CH3CN 2:1 exhibits the
typical changes in the absorption spectra. The addition of
Fe(ClOy4)3 up to 1 equiv with respect to each of the TTF units
causes new absorption maxima at longer wavelength region
(blue to green spectra). For the oxidation of 40, the changes
show several isosbestic points, indicating that each TTF unit is
oxidized from the neutral to the radical cation (TTF'") in a step-
wise manner (Figure 15b). On the other hand, for 38 and 42,
there are no isosbestic points (Figure 15a,c). For 38, a new
broad peak around 1850 nm (intermolecular CR absorption)
appears in the presence of 1.5 equiv of Fe(ClOy4)3, which is
attributed to the formation of an intermolecular face-to-face
mixed valence complex. These results are consistent with the
peak splitting of the CV. Furthermore, CV analysis of 44 exhib-
ited two reversible ten-electron redox waves corresponding to
the formation of 4410" and 4420*,

Trisubstituted 38 showed polymorphism and formed single
crystals from CH,Cl,, whereas it produced a yellow fibrous ma-
terial from CH;Cly~hexane 1:4. X-ray diffractometry (XRD)
exhibited that fiber 38 possesses a hexagonal columnar struc-
ture different from single crystals. Furthermore, the spin-coated
film of 38 has an amorphous structure. Interestingly, doping of
single crystals, hexagonal fiber, and amorphous film of 38 with
iodine vapor produced black CT-complexes having different
assembled structure. After doping, electric conductivity of
single crystals was oy = 1.8 x 1072 S cm™! and the fiber was
1.9 x 1072 S ¢cm™!, whereas the amorphous film was
2.5 % 1073 S em™!. The difference in the conductivity reflects
the molecular level alignments. Other star-shaped oligomers

39-44 also formed nanostructures fibers, particles and film, and

doping with iodine produced black complexes which exhibited
electric conductivities of 6,y =2.7 x 1073-2.4 x 102 S cm ™! in
spite of the non-planarity of the molecular frame of 39—44.

The pyridazine-3,6-diol-annulated TTF derivative 45 produced
trimer 46 via hydrogen bonds in a THF-H,O solution
(Scheme 4), in which micrometer-sized fibrous material was
gradually formed [76]. The compressed pellet of the 46 fibers
showed an electrical conductivity of 6,y =2.3 x 1074 S cm™!
after doping with iodine vapor. The addition of ethylene
diamine triggered the reorganization of the supramolecular
structure 46, and fine nanoscopic fibers composed
of 45 and ethylene diamine (1:1) were produced from
the CHCI;3 solution. A compressed pellet of the fibers of
45-H,NCH,CH,NH, exhibited an electrical conductivity in the
range of 6, = 1.5-10.0 x 107> S cm ™! after iodine doping.

Recently, conducting nanofibers derived from the self-assembly
of TTF-appended dipeptides were reported [77]. Conductivity
measurements performed on the nanofibers of TTF-appended
dipeptides indicate a remarkable enhancement in the conduc-
tivity after doping with TCNQ (o =1 x 107> S cm™}).

Conducting nanostructures prepared from

cation radicals

Molecular conductors derived from CT complexes and radical
salts of TTFs are widely known [1], and mixed-valence
(TTF,)™ (0 <n < 1) was reported to form self-accembled con-
ducting nanofibers (o = ~1072 S cm™ 1) [78-82]. However,
there is only a limited number of examples of nanofibers and
nanorods prepared from CT complexes and radical salts of star-

shaped and radially expanded TTF oligomers. One typical
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Figure 13: Star-shaped TTF 10-mer 44.
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Figure 14: Cyclic voltammograms of 38, 40, and 42 (0.1 mM) in
benzonitrile with 0.1 M n-BuygPFg as a supporting electrolyte,
Ag/AgNO3 as a reference electrode, glassy carbon as a working elec-
trode, Pt wire as a counter electrode, and a scan rate of 100 mV s~ .
Values are half-wave potentials. Adapted with permission from [23].
Copyright 2011 American Chemical Society.

example is the conducting CT complex 472" (TCNQF,""), of
amphiphilic TTF 47 and TCNQF, (Figure 16) [83,84]. The
fiber structure with typical dimensions of 2.5 nm (height) x
50 nm (width) x 1 pm (length) was constructed on a mica sub-
strate by using the Langmuir—Blodgett (LB) technique, and the
conductivity of the film composed the 472(TCNQF4°7), fiber
was found to be on the order of 6,1 = 1073 S cm™L.

The stacking behavior of TTF in solution and in the solid
state was employed as a driving force to construct higher aggre-
gates by using the star-shaped hexakis(tetrathiafulvalenyl-
ethynyl)benzene 48 (Figure 17a). The TTF-hexamer 48 was
synthesized by Sonogashira coupling of 21 with hexaiodoben-
zene (52%) [22]. As expected, 48 strongly self-aggregates in
CHCl3 (K, = 2.1 x 10* M~1, 23 °C) and in other common
organic solvents. To construct nanoobjects, a CHClj3 solution of
48 was diluted with hexane to afford dark blue fibers with a
slim and curled fiber structure (4090 nm wide, 30—-100 nm
thick and more than 10 um long) (Figure 17b). On the other
hand, a dark blue film was formed by casting a solution of 48
on a glass surface (Figure 17c). XRD studies on the fiber and
the film of 48 revealed that the fiber has a hexagonal alignment,
whereas the film has a lamellar structure with lateral order and
77 stacking. It is worth noting that the film of 48 prepared by
casting a 0.1 wt % solution of 48 in CHCl; exhibited a low
carrier mobility of p =3 x 107 em? V™! 57!, indicating a
lamellar structure vertical to the substrate surface.

Oxidation of 48 with 1 and 3 equiv of Fe(ClO4)3 produced the
analytically pure monocation 48°*ClO4  and trication
4837(Cl04 )3, respectively. The cationic species 48" 7C104~
and 4837(C1047)3 strongly self-aggregate in CHCls
(Ko =2.3-2.5 x 10 M) and rather weakly aggregate in THF.
Interestingly, in THF, 48°YC10,4~ and 483"(C10,7); exhibited
the formation of stacked cylindrical structures with a radius of
11 A and a height of 14-16 A by small-angle X-ray scattering
(SAXS). ESR spectra of 48" and 483" in CHCl; at 23 °C
showed 100% of spin for 48" and 33% of spin for 483", There-
fore, the spin—spin interaction in 48°" is weak, whereas the

spin—spin interaction in 483" is strong.
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Figure 15: Stepwise oxidation of (a) 38 (0.02 mM), (b) 40 (0.05 mM), and (c) 42 (0.03 mM) with incremental addition of Fe(ClO4)3 in a mixture of
CH,Clo—CH3CN (2:1, v/v) at 25 °C. The blue line indicates the neutral absorption spectra, the green line the multiple TTF radical cations 383(+),
40%(*), and 425(**), and the red line the TTF dications 38%*, 408*, and 4212*. Adapted with permission from [23]. Copyright 2011 American Chemical
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Scheme 4: Pyridazine-3,6-diol-TTF 45 and its trimer 46.

The monocation 48°"ClO,4~ easily formed a hexagonal fiber
from CHCl3;—hexane solution, probably owing to the strong
aggregation properties and molecular shape of the stacked
48°7C104~, whereas trication 48°1(C1047); produced a nanopar-
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S)YSCQHZS
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H/O S
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- 2
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ticle having a low internal regularity, presumably owing to the
strong intermolecular TTF**~TTF"" interaction of 483", A cast
film of 48"*C10,4~ shows a lamellar structure vertical to the sub-
strate in a similar manner to the neutral 48 (Figure 17c¢). Inter-
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Figure 16: CT-complex of 47 with TCNQF4.
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Figure 17: (a) Star-shaped TTF hexamer 48. (b) Optical image of 48 fiber with a hexagonal structure. (c) Optical image of 48 film with a lamellar
structure. Adapted with permission from [22]. Copyright 2007 American Chemical Society.

estingly, the structural difference between nanofiber and film of
48'"Cl04 leads to the different electric conductivities of wires
(6;=1.1 %1073 S cm™!) and film (o = 3.1 x 10> S ecm™})
depending on their stacking structures.

Cation radicals of pyrrole-fused TTF trimer 38 also formed con-
ducting nanostructures when a CH,Cl5 solution of 38!-5() was
mixed with an excess amount of hexane. The XRD pattern of
the fiber 38!-3C") is composed of a lamellar structure
different from the neutral 38 fiber and an exhibited electric
conductivity of o, = 2.9 x 107 S cm™!. The lower conduc-
tivity of the fiber 381-5%) as compared to the doped 38 fiber

(6 =1.9 x 1072 S cm™!) may be due to the difference in their

internal structures.

Conclusion

The construction of nanoobjects based on the self-assembly of
TTFs were rapidly advanced, and a large number of functional
properties such as electronic, magnetic, and optical properties
were recently reported. Based on these developments of
nanoscience, the construction of conducting nanoobjects has
also been investigated to realize electrochemically-driven con-
formational control, redox-controlled gelation processes, redox

switches, and molecular sensors. Furthermore, semiconductive
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fibers and rods of TTFs can be utilized for nanosized electric
wires and wirings in nanoelectronics. The next key innovation
in TTF-based nanoobjects is the fulfillment of nanofiber and
nanorod with metallic conductivity and superconductivity. To
achieve a high electric conductivity, further knowledge is
necessary to fabricate a closely stacked ionic state with unfilled
bands. If these innovative systems can be implemented, con-
ducting nanoobjects find functions in a variety of mass use

devices.

Supporting Information

Supporting Information File 1

Determination of association constants (K3) of 23 by NMR
and cyclic voltammetry analysis of 23.
[http://www.beilstein-journals.org/bjoc/content/
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Acknowledgements

This work was partly supported by a Grant-in-Aid for Scien-
tific Research from JSPS and by Strategic Japanese-German
Cooperative Program of JST (Japan Science and Technology
Corporation). We thank Prof. Tohru Nishinaga (Tokyo Metro-
politan University) and Prof. Masayoshi Takase (Ehime Univer-
sity) for their helpful assistance.

References

1. Batail, P. Chem. Rev. 2004, 104, 4887-4890. doi:10.1021/cr040697x

2. Yamada, Y.; Sugimoto, T. TTF Chemistry. Fundamentals and
Applications of Tetrathiafulvalene; KODANSHA-Springer: New York,
NY, U.S.A,, 2004.

3. Ishiguro, T.; Yamaji, K.; Saito, G. Organic Superconductors, 2nd ed.;
Springer Series in Solid-State Sciences, Vol. 88; Springer: Berlin,
Germany, 1998. doi:10.1007/978-3-642-58262-2

4. Saito, G.; Yoshida, Y. Bull. Chem. Soc. Jpn. 2007, 80, 1-137.
doi:10.1246/bcsj.80.1

5. Desiraju, G. R. Angew. Chem., Int. Ed. Engl. 1995, 34, 2311-2327.
doi:10.1002/anie. 199523111

6. Lehn, J.-M. Science 2002, 295, 2400-2403.
doi:10.1126/science.1071063

7. Hoeben, F. J. M.; Jonkeijm, P.; Meijer, E. W.; Schenning, A. P. H. J.
Chem. Rev. 2005, 105, 1491-1546. doi:10.1021/cr030070z

8. Whitesides, G. M.; Grzybowski, B. Science 2002, 295, 2418-2421.
doi:10.1126/science.1070821

9. Nayak, S.; Lyon, L. A. Angew. Chem., Int. Ed. 2005, 44, 7686—-7708.
doi:10.1002/anie.200501321

10. Gomar-Nadal, E.; Puigmarti-Luis, J.; Amabilino, D. B. Chem. Soc. Rev.
2008, 37, 490-504. doi:10.1039/B703825A

11.Li, C.; Bai, H.; Shi, G. Chem. Soc. Rev. 2009, 38, 2397—2409.
doi:10.1039/b816681¢c

12.Bryce, M. R.; Marshallsay, G. J.; Moore, A. J. J. Org. Chem. 1992, 57,
4859-4862. doi:10.1021/jo00044a020

13.Formigué, M.; Johannsen, |.; Boubekeur, K.; Nelson, C.; Batail, P.

J. Am. Chem. Soc. 1993, 115, 3752-3759. doi:10.1021/ja00062a047

Beilstein J. Org. Chem. 2015, 11, 1596-1613.

14.lyoda, M.; Fukuda, M.; Yoshida, M.; Sasaki, S. Synth. Met. 1995, 70,
1171-1172. doi:10.1016/0379-6779(94)02806-A

15.lyoda, M.; Fukuda, M.; Yoshida, M.; Sasaki, S. Chem. Lett. 1994, 23,
2369-2372. doi:10.1246/cl.1994.2369

16.Gonzalez, A.; Segura, J. K.; Martin, N. Tetrahedron Lett. 2000, 41,
3083-3086. doi:10.1016/S0040-4039(00)00344-0

17.Kanibolotsky, A.; Roquet, S.; Cariou, M.; Leriche, P.; Turrin, C.-O.;
de Bettingnies, R.; Caminade, A.-M.; Majoral, J.-P.; Khodorkovsky, V.;
Gorgues, A. Org. Lett. 2004, 6, 2109-2112. doi:10.1021/01049648x

18.Hasegawa, M.; Takano, J.-i.; Enozawa, H.; Kuwatani, Y.; lyoda, M.
Tetrahedron Lett. 2004, 45, 4109-4112.
doi:10.1016/j.tetlet.2004.03.150

19.Jia, H.-P.; Liu, S.-X.; Sanguine, L.; Levillain, E.; Decurtins, S.
J. Org. Chem. 2009, 74, 5727-5729. doi:10.1021/jo901054b

20.Hara, K.; Hasegawa, M.; Kuwatani, Y.; Enozawa, H.; lyoda, M.

Heterocycles 2010, 80, 909-915. doi:10.3987/COM-09-S(S)122

.Pop, F.; Melan, C.; Danila, |.; Linares, M.; Beljonne, D.;

Amabilino, D. B.; Avarvari, N. Chem. — Eur. J. 2014, 20, 17443-17453.

doi:10.1002/chem.201404753

22.Hasegawa, M.; Enozawa, H.; Kawabata, Y.; lyoda, M.
J. Am. Chem. Soc. 2007, 129, 3072-3073. doi:10.1021/ja069025+

23.Takase, M.; Yoshida, N.; Nishinaga, T.; lyoda, M. Org. Lett. 2011, 13,
3896-3899. doi:10.1021/012014279

24. Jeppesen, J. O.; Nielsen, M. B.; Becher, J. Chem. Rev. 2004, 104,
5115-5131. doi:10.1021/cr030630u

25.1lyoda, M.; Hasegawa, M.; Miyake, Y. Chem. Rev. 2004, 104,
5085-5113. doi:10.1021/cr0306510

26.Hasegawa, M.; lyoda, M. Chem. Soc. Rev. 2010, 39, 2420-2427.
doi:10.1039/b909347h

27.Canevet, D.; Sallé, M.; Zhang, G.; Zhang, D.; Zhu, D. Chem. Commun.
2009, 2245-2269. doi:10.1039/b818607n

28.Pérez, E. M.; lllescas, B. M.; Herranz, M. A.; Martin, N. New J. Chem.
2009, 33, 228-234. doi:10.1039/B816272G

29.Brunetti, F. G.; Lopez, J. L.; Atienza, C.; Martin, N. J. Mater. Chem.
2012, 22, 4188-4205. doi:10.1039/c2jm15710a

30. Christensen, C. A.; Bryce, M. R.; Batsanov, A. S.; Becher, J.

Chem. Commun. 2000, 331-332. doi:10.1039/A909882H

.Christensen, C. A; Bryce, M. R.; Becher, J. Synthesis 2000,

1695-1704. doi:10.1055/s-2000-8203

32.Zou, L.; Xu, W.; Shao, X.; Zhang, D.; Wang, Q.; Zhu, D.
Org. Biomol. Chem. 2003, 1, 2157—2159. doi:10.1039/b301587d

33.Le Derf, F.; Levillain, E.; Trippé, G.; Gorgues, A.; Sallé, M.;
Sebastian, R.-M.; Caminade, A.-M.; Majoral, J.-P.
Angew. Chem., Int. Ed. 2001, 40, 224-227.
doi:10.1002/1521-3773(20010105)40:1<224::AID-ANIE224>3.0.CO;2-
o

34.Kreher, D.; Cariou, M.; Liu, S.-G.; Levillain, E.; Veciana, J.; Rovira, C.;
Gorgues, A.; Hudhomme, P. J. Mater. Chem. 2002, 12, 2137-2159.
doi:10.1039/b201695h

35. Mas-Torrent, M.; Rodrigues-Mias, R. A.; Sola, M.; Molins, M. A.;
Pons, M.; Vidal-Gancedo, J.; Veciana, J.; Rovira, C. J. Org. Chem.
2002, 67, 566-575. doi:10.1021/jo010748f

36.Bras, Y. L.; Sallé, M.; Leriche, P.; Mingotaud, C.; Richomme, P.;
Mgller, J. J. Mater. Chem. 1997, 7, 2393—-2396. doi:10.1039/a704005i

37.Becher, J.; Brimert, T.; Jeppesen, J. O.; Pedersen, J. Z.; Zubarev, R.;
Bjernholm, T.; Reitzel, N.; Jensen, T. R.; Kjaer, K.; Levillain, E.
Angew. Chem., Int. Ed. 2001, 40, 2497-2500.
doi:10.1002/1521-3773(20010702)40:13<2497::AID-ANIE2497>3.0.CO
2-F

2

=

3

=

1611


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-11-175-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-11-175-S1.pdf
http://dx.doi.org/10.1021%2Fcr040697x
http://dx.doi.org/10.1007%2F978-3-642-58262-2
http://dx.doi.org/10.1246%2Fbcsj.80.1
http://dx.doi.org/10.1002%2Fanie.199523111
http://dx.doi.org/10.1126%2Fscience.1071063
http://dx.doi.org/10.1021%2Fcr030070z
http://dx.doi.org/10.1126%2Fscience.1070821
http://dx.doi.org/10.1002%2Fanie.200501321
http://dx.doi.org/10.1039%2FB703825A
http://dx.doi.org/10.1039%2Fb816681c
http://dx.doi.org/10.1021%2Fjo00044a020
http://dx.doi.org/10.1021%2Fja00062a047
http://dx.doi.org/10.1016%2F0379-6779%2894%2902806-A
http://dx.doi.org/10.1246%2Fcl.1994.2369
http://dx.doi.org/10.1016%2FS0040-4039%2800%2900344-0
http://dx.doi.org/10.1021%2Fol049648x
http://dx.doi.org/10.1016%2Fj.tetlet.2004.03.150
http://dx.doi.org/10.1021%2Fjo901054b
http://dx.doi.org/10.3987%2FCOM-09-S%28S%29122
http://dx.doi.org/10.1002%2Fchem.201404753
http://dx.doi.org/10.1021%2Fja069025%2B
http://dx.doi.org/10.1021%2Fol2014279
http://dx.doi.org/10.1021%2Fcr030630u
http://dx.doi.org/10.1021%2Fcr030651o
http://dx.doi.org/10.1039%2Fb909347h
http://dx.doi.org/10.1039%2Fb818607n
http://dx.doi.org/10.1039%2FB816272G
http://dx.doi.org/10.1039%2Fc2jm15710a
http://dx.doi.org/10.1039%2FA909882H
http://dx.doi.org/10.1055%2Fs-2000-8203
http://dx.doi.org/10.1039%2Fb301587d
http://dx.doi.org/10.1002%2F1521-3773%2820010105%2940%3A1%3C224%3A%3AAID-ANIE224%3E3.0.CO%3B2-O
http://dx.doi.org/10.1002%2F1521-3773%2820010105%2940%3A1%3C224%3A%3AAID-ANIE224%3E3.0.CO%3B2-O
http://dx.doi.org/10.1039%2Fb201695h
http://dx.doi.org/10.1021%2Fjo010748f
http://dx.doi.org/10.1039%2Fa704005i
http://dx.doi.org/10.1002%2F1521-3773%2820010702%2940%3A13%3C2497%3A%3AAID-ANIE2497%3E3.0.CO%3B2-F
http://dx.doi.org/10.1002%2F1521-3773%2820010702%2940%3A13%3C2497%3A%3AAID-ANIE2497%3E3.0.CO%3B2-F

38.Cook, M. J.; Cooke, G.; Jafari-Fini, A. Chem. Commun. 1996, 1925.
doi:10.1039/CC9960001925

39.Farren, C.; Christensen, C. A.; FitzGerald, S.; Bryce, M. R.; Beeby, A.
J. Org. Chem. 2002, 67, 9130. doi:10.1021/jo020340y

40.8Sly, J.; Kasak, P.; Gomar-Nadal, E.; Rovira, C.; Gorriz, L.;

Thordardarson, P.; Amabilino, D. B.; Rowan, A. E.; Nolte, R. J. M.

Chem. Commun. 2005, 1255-1257. doi:10.1039/b416034g

.Nielsen, K. A.; Cho, W.-S.; Jeppesen, J. O.; Lynch, V. M.; Becher, J.;

Sessler, J. L. J. Am. Chem. Soc. 2004, 126, 16296—16297.

doi:10.1021/ja044664a

42.Nielsen, K. A.; Bahring, S.; Jeppesen, J. O. Chem. — Eur. J. 2011, 17,
11001-11007. doi:10.1002/chem.201101266

43.Davis, C. M.; Lim, J. M,; Larsen, K. R.; Kim, D. S.; Sung, Y. M.;
Lyons, D. M.; Lynch, V. M.; Nielsen, K. A.; Jeppesen, J. O.; Kim, D.;
Park, J. S.; Sessler, J. L. J. Am. Chem. Soc. 2014, 136, 10410-10417.
doi:10.1021/ja504077f

44.Pérez, E. M.; Sierra, M.; Sanchez, L.; Torres, M. R.; Viruela, R;;
Viruela, P. M,; Orti, E.; Martin, N. Angew. Chem., Int. Ed. 2007, 46,
1847-1851. doi:10.1002/anie.200604327

45. Sugimoto, T.; Awaji, H.; Misaki, Y.; Yoshida, Z.; Kai, Y.; Nakagawa, H.;
Kasai, N. J. Am. Chem. Soc. 1985, 107, 5792-5793.
doi:10.1021/ja00306a030

46. Sugimoto, T.; Misaki, Y.; Arai, Y.; Yamamoto, Y.; Yoshida, Z.; Kai, Y ;
Kasai, N. J. Am. Chem. Soc. 1988, 110, 628-629.
doi:10.1021/ja00210a069

47.Sugimoto, T.; Misaki, Y.; Kaijita, T.; Yoshida, Z.; Kai, Y.; Kasai, N.
J. Am. Chem. Soc. 1987, 109, 4106—4107. doi:10.1021/ja00247a042

48.Warman, J. M.; de Haas, M. P_; Dicker, G.; Grozema, F. C.; Piris, J.;
Debije, M. G. Chem. Mater. 2004, 16, 4600—-4609.
doi:10.1021/cm049577w

49.Kroeze, J. E.; Savenije, T. J.; Vermeulen, M. J. W.; Warman, J. M.
J. Phys. Chem. B 2003, 107, 7696-7705. doi:10.1021/jp0217738

50. Kostecki, R.; Schnyder, B.; Alliata, D.; Song, X.; Kinoshita, K.; Kétz, R.

Thin Solid Films 2001, 396, 36—43.

doi:10.1016/S0040-6090(01)01185-3

.Mdllen, K.; Rabe, J. P. Acc. Chem. Res. 2008, 41, 511-520.

doi:10.1021/ar7001446

52. Joergensen, M.; Bechgaard, K.; Bjoernholm, T.; Sommer-Larsen, P.;
Hansen, L. G.; Schaumburg, K. J. Org. Chem. 1994, 59, 5877-5882.
doi:10.1021/j000099a012

53.Le Gall, T.; Pearson, C.; Bryce, M. R.; Petty, M. C.; Dahlgaard, H.;
Becher, J. Eur. J. Org. Chem. 2003, 3562—3568.
doi:10.1002/ejoc.200300286

54.Kitamura, T.; Nakaso, S.; Mizoshita, N.; Tochigi, Y.; Shimomura, T.;
Moriyama, M.; lto, K.; Kato, T. J. Am. Chem. Soc. 2005, 127,
14769-14775. doi:10.1021/ja0534962

55. Kitahara, T.; Shirakawa, M.; Kawano, S.-i.; Beginn, U.; Fujita, N.;
Shinkai, S. J. Am. Chem. Soc. 2005, 127, 14980—-14981.
doi:10.1021/ja0552038

56.Wang, C.; Zhang, D.; Zhu, D. J. Am. Chem. Soc. 2005, 127,
16372-16373. doi:10.1021/ja055800u

57.Inokuchi, H.; Saito, G.; Seki, K.; Wu, P.; Tanf, T. B.; Mori, T.;
Imaeda, K.; Enoki, T.; Higuchi, Y.; Inaka, K.; Yasuoka, N. Chem. Lett.
1986, 15, 1263—1266. doi:10.1246/cl.1986.1263

58.Honna, Y.; Isomura, E.; Enozawa, H.; Hasegawa, M.; Takase, M,;
Nishinaga, T.; lyoda, M. Tetrahedron Lett. 2010, 51, 679-682.
doi:10.1016/j.tetlet.2009.11.106

59.lyoda, M.; Hasegawa, M.; Takano, J.-i.; Hara, K.; Kuwatani, Y.
Chem. Lett. 2002, 32, 590-591. doi:10.1246/cl.2002.590

4

N

5

a

Beilstein J. Org. Chem. 2015, 11, 1596-1613.

60. lyoda, M.; Kuwatani, Y.; Ueno, U.; Oda, M. Chem. Commun. 1992,
158-159. doi:10.1039/c39920000158

61.Rosokha, S. V.; Kochi, J. K. J. Am. Chem. Soc. 2007, 129, 828-838.
doi:10.1021/ja064166x

62.Benniston, A. C. Chem. Soc. Rev. 2004, 33, 573-578.
doi:10.1039/B309963F

63. Wouters, D.; Schubert, U. S. Angew. Chem., Int. Ed. 2004, 43,
2480-2495. doi:10.1002/anie.200300609

64.Wassel, R. A.; Gorman, C. B. Angew. Chem., Int. Ed. 2004, 43,
5120-5123. doi:10.1002/anie.200301735

65. Palermo, V.; Samori, P. Angew. Chem., Int. Ed. 2007, 46, 4428-4432.
doi:10.1002/anie.200700416

66.Enozawa, H.; Hasegawa, M.; Takamatsu, D.; Fukui, K.-i.; lyoda, M.
Org. Lett. 2006, 8, 1917-1920. doi:10.1021/010605530

67.Enozawa, H.; Hasegawa, M.; Isomura, E.; Nishinaga, T.; Kato, T ;
Yamato, M.; Kimura, T.; lyoda, M. ChemPhysChem 2009, 10,
2607-2611. doi:10.1002/cphc.200900545

68. Enozawa, H.; Takahashi, T.; Nishinaga, T.; Kato, T.; Hasegawa, M.;
lyoda, M. Bull. Chem. Soc. Jpn. 2012, 85, 1120-1137.
doi:10.1246/bcsj.20120135

69.Hara, K.; Hasegawa, M.; Kuwatani, Y.; Enozawa, H.; lyoda, M.
Chem. Commun. 2004, 2042—-2043. doi:10.1039/b407200f

70.Lincke, K.; Frellsen, A. F.; Parker, C. R.; Bond, A. D.; Hammerich, O.;
Nielsen, M. B. Angew. Chem., Int. Ed. 2012, 51, 6099-6102.
doi:10.1002/anie.201202324

71.Hanai, Y.; Rahman, M. J.; Yamakawa, J.; Takase, M.; Nishinaga, T.;
Hasegawa, M.; Kamada, K.; lyoda, M. Chem. — Asian J. 2011, 6,
2940-2945.

72.Andersson, A. S.; Kilsa, K.; Hassenkam, T.; Gisselbrecht, J.-P.;
Boudon, C.; Gross, M.; Nielsen, M. B.; Diederich, F. Chem. — Eur. J.
2006, 12, 8451-8459. doi:10.1002/chem.200600986

73.Hasegawa, M.; Daigoku, K.; Hashimoto, K.; Nishikawa, H.; lyoda, M.
Bull. Chem. Soc. Jpn. 2012, 85, 51-60. doi:10.1246/bcsj.20110224

74.Martin, R. B. Chem. Rev. 1996, 96, 3043—-3064. doi:10.1021/cr960037v

75.Takase, M.; Yoshida, N.; Narita, T.; Fujio, F.; Nishinaga, T.; lyoda, M.
RSC Adv. 2012, 2, 3221-3224. doi:10.1039/c2ra00035k

76.Inoue, R.; Hasegawa, M.; Mazaki, Y. Chem. Lett. 2015, 44, 448—450.
doi:10.1246/cl. 141165

77.Nalluri, S. K. M.; Shivarova, N.; Kanibolotsky, A. L.; Zelzer, M.;
Gupta, S.; Frederix, P. W. J. M.; Skabara, P. J.; Gleskova, H.;
Ulijn, R. V. Langmuir 2014, 30, 12429-12437. doi:10.1021/1a503459y

78. Tatewaki, Y.; Hatanaka, T.; Tsunashima, R.; Nakamura, T.; Kimura, M.;
Shirai, H. Chem. — Asian J. 2009, 4, 1474-1479.
doi:10.1002/asia.200900044

79.Tanaka, K.; Kunita, T.; Ishiguro, F.; Naka, K.; Chujo, Y. Langmuir 2009,
25, 6929-6933. doi:10.1021/1a900219b

80.Ahn, S.; Kim, Y.; Beak, S.; Ishimoto, S.; Enozawa, H.; Isomura, E.;
Hasegawa, M.; lyoda, M.; Park, Y. J. Mater. Chem. 2010, 20,
10817-10823. doi:10.1039/c0jm02628j

81.Tanaka, K.; Matsumoto, T.; Ishiguro, F.; Chujo, Y. J. Mater. Chem.
2011, 21, 9603-9607. doi:10.1039/c1jm11161b

82.Jain, A.; Rao, K. V.; Mogera, U.; Sagade, A. A.; George, S. J.
Chem. — Eur. J. 2011, 17, 12355-12361. doi:10.1002/chem.201101813

83. Akutagawa, T.; Ohta, T.; Hasegawa, T.; Nakamura, T.;
Christensen, C. A.; Becher, J. Proc. Natl. Acad. Sci. U. S. A. 2002, 99,
5028-5033. doi:10.1073/pnas.082644299

84. Akutagawa, T.; Kakiuchi, K.; Hasegawa, T.; Noro, S.-i.; Nakamura, T.;
Hasegawa, H.; Mashiko, S.; Becher, J. Angew. Chem., Int. Ed. 2005,
44, 7283-7287. doi:10.1002/anie.200502336

1612


http://dx.doi.org/10.1039%2FCC9960001925
http://dx.doi.org/10.1021%2Fjo020340y
http://dx.doi.org/10.1039%2Fb416034g
http://dx.doi.org/10.1021%2Fja044664a
http://dx.doi.org/10.1002%2Fchem.201101266
http://dx.doi.org/10.1021%2Fja504077f
http://dx.doi.org/10.1002%2Fanie.200604327
http://dx.doi.org/10.1021%2Fja00306a030
http://dx.doi.org/10.1021%2Fja00210a069
http://dx.doi.org/10.1021%2Fja00247a042
http://dx.doi.org/10.1021%2Fcm049577w
http://dx.doi.org/10.1021%2Fjp0217738
http://dx.doi.org/10.1016%2FS0040-6090%2801%2901185-3
http://dx.doi.org/10.1021%2Far7001446
http://dx.doi.org/10.1021%2Fjo00099a012
http://dx.doi.org/10.1002%2Fejoc.200300286
http://dx.doi.org/10.1021%2Fja053496z
http://dx.doi.org/10.1021%2Fja0552038
http://dx.doi.org/10.1021%2Fja055800u
http://dx.doi.org/10.1246%2Fcl.1986.1263
http://dx.doi.org/10.1016%2Fj.tetlet.2009.11.106
http://dx.doi.org/10.1246%2Fcl.2002.590
http://dx.doi.org/10.1039%2Fc39920000158
http://dx.doi.org/10.1021%2Fja064166x
http://dx.doi.org/10.1039%2FB309963F
http://dx.doi.org/10.1002%2Fanie.200300609
http://dx.doi.org/10.1002%2Fanie.200301735
http://dx.doi.org/10.1002%2Fanie.200700416
http://dx.doi.org/10.1021%2Fol0605530
http://dx.doi.org/10.1002%2Fcphc.200900545
http://dx.doi.org/10.1246%2Fbcsj.20120135
http://dx.doi.org/10.1039%2Fb407200f
http://dx.doi.org/10.1002%2Fanie.201202324
http://dx.doi.org/10.1002%2Fchem.200600986
http://dx.doi.org/10.1246%2Fbcsj.20110224
http://dx.doi.org/10.1021%2Fcr960037v
http://dx.doi.org/10.1039%2Fc2ra00035k
http://dx.doi.org/10.1246%2Fcl.141165
http://dx.doi.org/10.1021%2Fla503459y
http://dx.doi.org/10.1002%2Fasia.200900044
http://dx.doi.org/10.1021%2Fla900219b
http://dx.doi.org/10.1039%2Fc0jm02628j
http://dx.doi.org/10.1039%2Fc1jm11161b
http://dx.doi.org/10.1002%2Fchem.201101813
http://dx.doi.org/10.1073%2Fpnas.082644299
http://dx.doi.org/10.1002%2Fanie.200502336

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.11.175

Beilstein J. Org. Chem. 2015, 11, 1596-1613.

1613


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.11.175

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Polythiophene and oligothiophene systems modified by TTF
electroactive units for organic electronics

Alexander L. Kanibolotsky 12, Neil J. Findlay' and Peter J. Skabara’’

Review

Address:

TWestCHEM, Department of Pure and Applied Chemistry, University
of Strathclyde, 295 Cathedral Street, Glasgow, G1 1XL, United
Kingdom and ZInstitute of Physical-Organic Chemistry and Coal
Chemistry, 02160 Kyiv, Ukraine

Email:

Alexander L. Kanibolotsky” - alexander.kanibolotsky@strath.ac.uk;
Peter J. Skabara’ - peter.skabara@strath.ac.uk

* Corresponding author

Keywords:

donor; oligothiophene; organic electronics; polythiophene;
semiconductor; tetrathiafulvalene

Abstract

Beilstein J. Org. Chem. 2015, 11, 1749-1766.
doi:10.3762/bjoc.11.191

Received: 23 May 2015
Accepted: 30 August 2015
Published: 28 September 2015

This article is part of the Thematic Series "Tetrathiafulvalene chemistry".

Associate Editor: S. C. Zimmerman

© 2015 Kanibolotsky et al; licensee Beilstein-Institut.
License and terms: see end of document.

The aim of this review is to give an update on current progress in the synthesis, properties and applications of thiophene-based

conjugated systems bearing tetrathiafulvalene (TTF) units. We focus mostly on the synthesis of poly- and oligothiophenes with

TTF moieties fused to the thiophene units of the conjugated backbone either directly or via a dithiin ring. The electrochemical

behaviour of these materials and structure—property relationships are discussed. The study is directed towards the development of a

new type of organic semiconductors based on these hybrid materials for application in organic field effect transistors and solar cells.

Introduction

Sulfur-rich n-functional systems are important building blocks
in materials chemistry. Among them, tetrathiafulvalene (TTF)
electron donor and polythiophene (PT) conjugated systems are
highly popular classes of organic compounds which have shown
fascinating conducting and electronic properties. The advan-
tages of PT-based materials are their synthetic versatility, excel-
lent film-forming properties and potential to increase the dimen-
sionality of charge carrier transport [1] by involving n—=n
stacking interactions. Varying the substituents of the conju-
gated backbone allows control over the polymer’s effective
conjugation length and electronic properties, whilst also influ-

encing the extent of inter-chain interactions. Two of the most

studied polythiophene materials for organic electronics are
regioregular poly(3-hexylthiophene) (P3HT) [2,3] and poly(3,4-
ethylenedioxythiophene) (PEDOT) [4], which is highly conduc-
tive in its doped state. P3HT has become a benchmark polymer
semiconductor for both bulk hetero-junction solar cells
(BHJSCs) [5] and organic field effect transistors (OFETs) [6,7],
whereas the PEDOT:poly(styrene sulfonate) salt (PEDOT:PSS)
was originally investigated for antistatic applications but is now
commercially available for its use as a hole-injecting/collecting
material for organic light emitting diodes (OLEDs) and
BHIJSCs. So far, various electroactive units have been anchored

aside the polythiophene backbone, including ferrocene [8], por-
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phyrin [9], 2-carboxyanthraquinone [10], 1,3-dithiole-2-
ylidenefluorene [11,12], dithiinoquinoxaline [13,14] and
fullerene Cgq [15,16]. The incorporation of acceptor units into a
conjugated network is a standard way to narrow the HOMO/
LUMO band gap and examples of such units include dioxo-
pyrrolopyrrole (DPP) [17-19], benzodifuranone [20] and boron-
dipyrromethene (BODIPY) [21,22].

As a different class of electroactive materials, TTF derivatives
are well-known as reversible redox systems with low potentials
of oxidation to cation radical and dication species. The high
level of stability observed for the oxidised TTF =m-electron
system arises from the aromatic nature of the oxidised 1,3-
dithiolium rings and this has triggered tremendous efforts
directed toward the synthesis of compounds with TTF donor
units and subsequent investigation of their properties. Since the
first discovery of the semiconducting properties of TTF and its
cation radical [23], and the metallic behaviour of the TTF-
TCNQ charge transfer complex [24], great attention was
focused on the preparation of TTF mixed valance state ma-
terials, which showed superconducting properties [25]. Fusing
the TTF unit with dithiin rings in bis(ethylenedithio)tetrathiaful-
valene (BEDT-TTF) led to the extension of 1D n—x stacking
intermolecular interactions in a donor sheet of a mixed valance
state system to 2D with a significant contribution from S---S
non-covalent interactions [26]. This gave a record transition
temperature among TTF mixed valence ambient pressure super-
conductors in the salt k-(BEDT-TTF),Cu[N(CN);]Br [27]. In
an attempt to create macromolecular compounds with multi-
electron redox activity and to further increase the dimension-
ality of their intermolecular interactions in the solid phase, the
TTF units were incorporated into dendritic structures [28-32].
The extraordinary propensity of TTF and its doped species to
aggregate was the reason for using this unit in the design of
gelators [33,34].

Combining the exceptional donor strength of TTF and excel-

lent film-forming properties of a conjugated polymer (CP)
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opens up the possibility to create promising materials with
interesting redox behaviour. So far the TTF unit has been used
for redox modification of various CP systems [35] including
incorporation within the conjugated backbone [36,37], as a
pendant unit [38-40] and direct fusion to the m-conjugated
system of the polymer [41,42]. Incorporation of a TTF unit into
a PT architecture allows the creation of interesting hybrid redox
systems with a wide range of electro-activities. The goal of this
review is to provide an update on the synthesis of TTF-PT
hybrid conjugated systems, their properties and their applica-
tion to organic electronics. Both electrodeposition and chem-
ical polymerisation will be considered as methods of producing
the PT conjugated backbone. In some cases poly(ethynylene/
vinylene) homologues will be considered for comparison. Addi-
tionally, monodispersed tetrathiafulvalene-oligothiophene
(TTF-OT) conjugated systems will be discussed as their
well-defined structures provide a stronger insight into
structure—property relationships.

Review
PT conjugated systems with TTF units within

the polymer backbone or as pendant units

The most straightforward way to modify PT conjugated systems
is to incorporate the TTF unit into the polymer backbone or
attach it as a pendant unit, as only minor modifications to the
synthesis of the TTF/thiophene monomer are required. Both
chemical [43] and electrochemical polymerisation [44] have
been used to incorporate a TTF moiety within the polythio-
phene backbone. Yamamoto coupling of diiodo monomers 1a
and 1b provided polymer 1c, albeit with a modest molecular
weight (M, = 5800 Da) compared to that of the polymer 1d,
which was obtained by Sonogashira coupling of 1b with 1e and
exhibited a partial solubility in THF with M, = 610000 Da
(THF soluble fraction) [43] (Scheme 1).

Polymer properties in the solid state are hugely important for
organic electronics applications, with the electronic properties
of materials being greatly affected by film morphology. The

CeH13

Scheme 1: The synthesis of PT based conjugated systems with the TTF unit incorporated within the polymer backbone.

1750



electropolymerisation technique creates a simple test for the
viability of a certain structural motif in the PT chain and is
considered both as a potential route for the synthesis of a new
functional CP and also as a method for the modification of an
electrode surface [45]. The electrodeposition of a polymer has a
number of advantages over any chemical protocol: 1) it is cheap
and can be performed on a very small scale; 2) it requires no
reagent or catalyst and is very clean; 3) due to the interfacial
nature of a polymer growth the spectro-electrochemical investi-
gation of the polymer film is straightforward; 4) it provides
control over the morphology through the choice of solvent,
electrolyte and/or the method of electrodeposition. TTF has
been incorporated into a CP backbone by electropolymerisation
of its bis(EDOT) derivative to afford polymer 2 [44]
(Scheme 1). All the polymers (1¢,d and 2) exhibited electro-
activity of the TTF units. Due to a break in conjugation of the
polymers in their neutral state there is no electrochemical signa-
ture of the PT backbone. As such, the aforementioned systems
cannot be considered as true TTF-PT systems.

The first example of the electrochemical preparation of PT with
a pendant TTF-carboxylic unit (3) was reported by the Bryce
group [46] (Scheme 2). The mixture of CH,Cl, with PhNO,, to
supress the electrochemical activity of TTF during electropoly-
merisation, was used as a solvent. Another example of a TTF-
PT hybrid polymer (4), now with an ester linkage between the
tetrathio-TTF derivative and the PEDOT polymer backbone,
has also been reported [47]. The TTF-functionalised EDOT
monomer unit allowed the authors to manage the electropoly-
merisation in an acetonitrile:CH,Cl, mixture using both poten-
tiodynamic and potentiostatic electrodeposition. Nevertheless,
the labile ester bond and its potential cleavage remain an issue

due to formation of acid upon electropolymerisation.
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Roncali and co-workers used more reliable ether bonds to
anchor a TTF moiety to a thiophene monomer via a long ali-
phatic spacer group, avoiding the effect of steric interactions
between pendant TTF units and increasing the conjugation
length of the PT backbone (Scheme 2). They successfully elec-
tropolymerised TTF-modified thiophene monomer 5a to
polymer 6a from a nitrobenzene monomer solution [48]. Cyclic
voltammetry of the polymer thin film revealed the splitting of
the first oxidation wave during the cathodic run, which the
authors attributed to a stepwise reduction from the aggregated
radical cation to an intermediate mixed valence state, then
further reduction to the neutral species. To decrease the differ-
ence in the oxidation potential of TTF and that of the thiophene
backbone of the monomer, the TTF-modified bithiophene com-
pounds Sb—d were used as monomers for electropolymerisation
to 6b—d [49]. The appearance of an additional, well-defined
oxidation wave in the CV, as the first oxidation wave was split
in both anodic and cathodic runs, was evident for all polymers,
but clearest for 6¢. This was assigned to the formation of a
mixed valence state and aggregated cation radical [50]. The
relative increase in the peak current during oxidation to the
dication, compared to that of cation radical formation, was
explained by an additional contribution to charge transport from
the doped PT backbone [49]. The oxidation of the latter did not
contribute significantly to the CV of the polymer films due to
the much stronger electrochemical response of the TTF.
However, from a separate experiment in which the authors
electropolymerised monomer 5¢ (2 x 1072 M) in the presence of
a double excess of a non-modified bithiophene monomer
7 [49], the contribution from the PT backbone oxidation in
the CV of the final copolymer was clear. However, it was unre-
solved from the wave of TTF2"
(Figure 1).
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Scheme 2: PT with pendant TTF units, prepared by electropolymerisation.
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Figure 1: Cyclic voltammograms of copolymers electrodeposited from
nitrobenzene solutions of TTF modified monomer 6¢ and nonsubsti-
tuted bithiophenes 7. Left: 2 x 1072 M of 6¢; middle: 2 x 1072 M of 6¢ +
1 x 1072 M of 7; right: 2 x 1072 M of 6¢ + 4 x 1072 M of 7; ref. SCE,

0.1 M (TBA)PFg in acetonitrile as an electrolyte. Reproduced with
permission from [49]. Copyright 1998 Wiley-VCH.

An alternative way of preparing PT hybrid materials with TTF
pendant groups was to modify the pre-polymerised PT
containing an appropriate functionality with a TTF derivative.
The Roncali group reported electropolymerisation of EDOT
monomers 8a,b bearing a m-iodo-functionalised aliphatic chain
to polymers 9a,b, which was followed by the heterogeneous
reaction of the polymeric film with TTF thiolates 10a [51] and
10c [52] to produce the polymers 11a—d (Scheme 3). The poly-
mers 11a,c were also prepared by electropolymerisation of the
corresponding TTF functionalised monomers 12a,¢ [52]. The
electrochemical response from the polymeric film of 11c,
prepared by functionalising prepolymerised PEDOT 9a with
thiolatoTTF 10¢, and that prepared by direct electropolymerisa-
tion of 12¢ turned out to be very similar, confirming that the
heterogeneous derivatisation of 9a with 10¢ was rapid and
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quantitative with no significant effect on the integrity of the
polymer. The crown ether TTF modified polymers 11¢,d were
tested for electrochemical recognition of Ba2* ions. At [Ba®]
saturation concentration of 4 mM the shifts of the first
CV peak for 11¢ and 11d films were +60 and +30 mV with a
TTF electrode coverage of 1.4 x 1072 and 9 x 10~ mol/cm?2,
respectively.

A recent example of the chemical preparation of PT with
pendant TTF-units has been reported [53] (Scheme 4) where
direct arylation polymerisation of quaterthiophene 13a and
3-(acetoxymethyl)thiophene (13b), followed by acidic hydrol-
ysis of the ester groups in polymer 13¢, provided the polymer
13d with hydroxy groups for further modification by
o-bromooctyloxymethylTTF 13f . The CV of the final PT-TTF
compound 13e showed mainly the characteristics of the PT
backbone; due to the low content of the TTF unit in the polymer
13e, the two oxidation waves related to formation of TTF cation
radical and dication were not apparent in the CV of the film, but
were discernible in solution state. Pure 13e, and 13e with a
small amount of the parent poly(3,3"'-didodecyl-2,2":5',2":5",2"'-
quaterthiophene) (PQT12) (5 or 10 wt %), did not exhibit any
OFET activity due to hole trapping by the TTF unit. This hole
trapping was explained to be the reason for a negative Seebeck
coefficient of the non-doped polymer 13e and was used for
sensing trinitrotoluene (TNT) using the drain-source current-
increase response to TTF-TNT complexation in an OFET fabri-
cated from 13e with 5% of PQT12.

Conjugated OT systems with fused TTF units
Synthesis of the monomer units

Incorporation of a TTF unit into a PT architecture via fusion to
the polymer backbone allows the realisation of highly diverse
electroactive conjugated systems with different contributions to
the properties from each of the components. In contrast to poly-
mers where TTF is attached as a pendant unit or incorporated
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Scheme 3: PT with pendant TTF units prepared by electropolymerisation and post-modification of polymerised PT through iodoalkyl functionality.
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Scheme 4: Synthesis of PT with pendant TTF by post-modification of the polymer prepared by direct arylation.

within a PT backbone, the construction of the TTF unit in this
case is normally performed through coupling of the corres-
ponding dithiol units, with one or both of them already fused to
the monomer thiophene backbone precursor. The retrosynthetic
scheme for these monomers with direct fusion of the TTF unit
to a thiophene 14a—c is shown in Scheme 5, with the key
building block thieno[3,4-d][1,3]dithiole-2-one 15a—c.
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Scheme 5: Retrosynthetic scheme for the synthesis of the monomer
building block which is required for the preparation of PT with TTF
directly fused to the polymer backbone. Bis(bromomethyl) derivative
21 and diketone 22 are starting compounds for synthetic pathways A
and B, respectively.

Where there is no substitution at the a-position of the thiophene
monomer, e.g., 14a, triethylphosphite mediated heterocoupling
of 15a with 4,5-bis(hexylthio)-1,3-dithiole-2-thione (16)
proceeds in low yield (20-30%) [54]. However, the same proce-
dure for the synthesis of dibromo derivative 14b turned out to

be more effective, with the monomer 14b being isolated in 70%
yield [55]. The starting compound required for this, 4,6-dibro-
mothieno[3,4-d][1,3]dithiole-2-one (15b), can be efficiently
obtained by brominating compound 15a, which in turn is
synthesised by mercury(Il) acetate assisted transchalcogenation
reaction from the corresponding thione 17. Unsubstituted
thieno[3,4-d][1,3]dithiole-2-thione (17) can be constructed by
building up either of its two rings, involving cyclisation of a
suitable precursor already containing one existing heterocycle.
The construction of the 1,3-dithiole-2-thione unit of 17 can be
completed using 3,4-dibromothiophene (18) as a starting ma-
terial [56], or by oxidation of dihydroderivative 19 obtained
from 4,6-dihydrothieno[3,4-d][1,2,3]thiadiazole (20) [57,58].
However, the most reliable method for the synthesis of 4,6-
dihydrothieno[3,4-d][1,3]dithiole-2-thione (19) is cyclisation of
4,5-bis(bromomethyl)-1,3-dithiole-2-thione (21) [59] (synthetic
pathway A).

For 4,6-diaryl substituted thienodithiole-2-ones, e.g., 4,6-
di(thiophen-2-yl)thieno[3,4-d][1,3]dithiol-2-one (15¢),
construction of the thiophene directly onto the dithiole ring
seems to be the only strategy, which can be readily achieved by
reductive cyclisation of diketone 22 [60] (synthetic pathway B).
Compound 22 is normally synthesised by transchalcogenation
from the corresponding 1,3-dithiole-2-thione derivative. One
method for the synthesis of 1,3-dithiole-2-thione with electron-
acceptor substituents [61] is the reaction of readily accessible
ethylene trithiocarbonate (23) [62] with electron-deficient
acetylene compounds (Scheme 6). By reacting 23 with 24a this
method provides diester 25a in good yield [63]. Compound 25a
can be reduced to diol 25d [64] and further converted by either
the Appel method [59] or by reaction with PBr3 [65] into
dibromomethyl compound 21, which is required for synthetic

pathway A.
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Scheme 6: Synthesis of bisfunctionalised derivatives of vinylene
trithiocarbonate 21 and 25c required for synthetic pathways A and B,
respectively.

Even though the reaction of 23 with acetylene compound 24b
(containing only one electron-withdrawing group) is efficient,
affording 25b with a 60% yield [66], attempts to invoke cyclo-
addition of 23 and 24c in a similar manner led to a poor yield of
25¢ (8%) [60]. An efficient method for the synthesis of 25¢ — a
compound required for synthetic pathway B — was found to be
repeated sequential lithiation of vinylene trithiocarbonate (26)
[67] followed by subsequent trapping of the lithium organic
species with thiophenecarboxaldehyde 27 [60]. The diol 25e,
formed as a product of this reaction, is unstable and undergoes
various rearrangments [68,69] in acidic conditions. Hence, it is
preferably oxidised directly to the more stable diketone 25¢
without delay.

The retrosynthetic scheme for the monomer units 28a,b with
thieno-dithiino-dithiole type fusion is shown in Scheme 7.
Similar to the aforementioned synthetic pathway B, the strategy
for the synthesis of 29 involves construction of the thiophene

ring by cyclisation of diketone 30 (synthetic pathway C).

The diketone 31 is constructed through the cycloaddition reac-
tion of diacylethene 33 with oligomer 32, readily available by
oxidation of bis(tetracthylammonium) bis(2-thioxo-1,3-dithiole-
4,5-dithiolato)zincate with iodine [70]. This versatile strategy
can be applied where R! and R? are either aromatic or aliphatic
[71]. The application of the strategy has been utilised for both
symmetric 28a [60] and asymmetric 28b systems [72].

Polymers with fused TTF units
The electronic characterisation for monomer units 14a—¢ and
28a is shown in Table 1.

Beilstein J. Org. Chem. 2015, 11, 1749-1766.
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Scheme 7: Retrosynthetic scheme for the synthesis of the building
block which is required for the preparation of PT with TTF fused to a
polymer backbone via a dithiin ring (synthetic pathway C).

Table 1: Electrochemical and UV-vis absorption data for the mono-
mer compounds 14a—c, and 28a in CH,Cl; solution. The oxidation
potentials are shown vs Ag/AgCl reference.

Compound EY2,, V. EY2, V EP3o, V. Amax, NM
14a 0.74 1.10 2.18 324
14b 0.95 1.31 - 337
14c 0.64 1.02 1.55 373
28a 0.64 0.99 1.52 344

Electropolymerisation of monomer compounds 14a, 14¢ and
28a [73] was attempted. Due to the high oxidation potential (see
Table 1) of the thiophene unit in the fused system 14a (2.18 V
vs Ag/AgCl), electropolymerisation for this compound was
unsuccessful (Scheme 8). Surprisingly, the other two mono-
mers, both with a similar, low EP3,, — attributed to oxidation of
the terthiophene unit (14¢ (1.55 V vs Ag/AgCl) and 28a (1.52 V
vs Ag/AgCl)) — showed different behaviour upon repetitive
voltammetric cycling over the range of 0.0-1.6 V vs Ag/AgCl.
Although upon electrodeposition of 14¢ onto the surface of a
working electrode a red film appeared, it was non-polymeric in
nature. On the contrary, the electropolymerisation of 28a under
the same conditions exhibited a reproducible polymer growth of
34.

The CV of polymer 34 exhibited the characteristic electrochem-
ical signature of the TTF-unit — two reversible oxidation waves
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Scheme 8: The monomers 14a, 14c and electropolymerisation of 28a.

to a cation radical and a dication, with a linear dependence of
peak currents upon scan rates. Similar to PT systems with a
pendant TTF unit [49], the peak current of the second wave was
noticeably higher than that of the first (Figure 2). There are
three possible reasons for such behaviour that can be consid-
ered: 1) the interaction between the TTF units would cause the
partial splitting of the first oxidation wave with poorly resolved
components — attributed to oxidation of the neutral TTF into a
mixed valence state and further to an aggregated cation radical;
2) contrary to formation of the cation radical, the oxidation to
the dication is not limited by charge transport through the film
as the conductivity of the latter is ensured by both charged TTF
species and the polaron charge carrier route; 3) the oxidation
potential of the polymer backbone is likely to be in the same

region as the potential for TTF2"

formation, although the contri-
bution to the current from the normally irreversible oxidation of
the PT backbone would be small due to the high TTF content in

the polymer.

Table 2: Characterisation of the polymers 34, 35, 37, and 39.

Beilstein J. Org. Chem. 2015, 11, 1749-1766.
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Figure 2: Cyclic voltammograms of a thin film of 34 at various scan
rates (25 mV, 50 x n mV/s, n = 1-10). Adapted with permission from
[73].Copyright 2000 The Royal Society of Chemistry.

The as grown polymer exhibited two broad absorption peaks at
459 and 833 nm, indicating that the polymer film exists in a
doped state. The aforementioned peaks can be assigned to the
cation radical of the TTF unit and are very similar to the absorp-
tion features of tetraalkylthiotetrathiafulvalene cation radical
[31,32]. The doped film exhibited excellent stability and its
absorption characteristics did not change despite treatment with
hydrazine. However, de-doping was achieved with repetitive
scanning of the polymer film over the range of —0.3-0 V vs
Ag/AgCl for 2 hours [73]. After de-doping, the polymer 34
exhibited an absorption band with a maximum at ca. 490 nm
and extending to ca. 736 nm, with an optical band gap of
1.69 eV (Table 2). For a simple n-conjugated polymer the
difference between the oxidation and reduction onsets consti-
tute the electrochemical band gap [74,75]. For polymer 34, if
the first oxidation wave was taken into consideration, the elec-
trochemical band gap was found to be 1.39 eV. However, if the
second oxidation wave was considered the band gap was calcu-

lated to be 1.81 eV, a value slightly higher than the aforemen-

Polymer My, Da PDI Conditon ~ EM215,, V. EY2p0, V' EPCqeq, V Amax, NM (Eg%Pt, eV)
CH,Cl, Film
34 - - Film 0.77 1.09 -1.21 - 494 (1.69)
35 3437 1.32 CH,Cl, 0.81 1.10 -1.15 466(1.86) 487 (1.75)
37 4886 2.40 CH,Cl, 0.69 1.07 -1.65 456 496 (1.82)
39 3158 1.19 CH,Cl, 0.89 1.31 - 578 -
Film 0.912 1.352 -0.96 - 598 (1.45)

@Due to the irreversible nature of the oxidation waves, the anodic peak values EP3,, are shown.
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tioned optical band gap of the polymer (1.69 eV). This is to be
expected considering that upon oxidation of the PT backbone
the electron must be removed from a polymer already
containing oxidised TTF moieties. The agreement between the
optical and electrochemical band gaps in this case infers that the
oxidation of the PT backbone in the polymer 34 occurs at the
potential close to the second oxidation wave of the TTF unit. A
more detailed spectroelectrochemical study [76] of the polymer
34 film deposited on ITO glass revealed an electrochemical
signature of both oxidised TTF species (TTF*", TTF%") [31,32]
and polarons (vide infra).

To investigate the properties of PT-TTF systems with the TTF
moiety directly fused to a thiophene backbone, chemical poly-
merisation of suitably functionalised monomers was carried out
(Scheme 9). For all chemically synthesised polymers a Soxhlet
extraction (with methanol, acetone and CH,Cl,) has been used
as a method of purification and to narrow their polydispersity.
Using Yamamoto coupling compound 14b was polymerised.
Use of DMF alone as solvent led to a polymer that was
sparingly soluble in CH,Cl; [77]. However, a mixture of
DMF:toluene (1:1) as a medium for Yamamoto polymerisation
afforded polymer 35 as a dark purple solid in 95% yield [55].
Polymer 35 is the analogue of the polymer which could have
been obtained had the monomer 14a been suitable for elec-
tropolymerisation, while Stille coupling of dibromo monomer
14b with 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (36) [78]
was used to circumvent problems with the electropolymerisa-
tion of terthiophene 14¢, and to chemically synthesise the analo-

Beilstein J. Org. Chem. 2015, 11, 1749-1766.

gous polymer 37 [76]. By reacting monomer 14b and 1,2-
bis(tributylstannyl)ethylene (38) [79], polymer 39 was synthe-
sised using the Stille coupling protocol [76].

The number average molecular weight (M},) revealed by GPC
analysis (Table 2) corresponds to about 7 thienoTTF monomer
units per polymer chain for 35 and 37, and about 6 units for 39.
MALDI-TOF MS characterisation was only successful for
polymer 39 and showed a series of peaks with a mass differ-
ence of 516 Da, corresponding to the mass of the 2-(4,5-
bis(hexylthio)-1,3-dithiol-2-ylidene)thieno[3,4-d][ 1,3]dithiol-
4,6-diyl-alt-vinylene repeating unit. The mass spectra confirmed
that the polymer was end-capped with a thienoTTF unit, with
the terminal bromo substituents still intact. The highest mass
peak of 5290 Da registered by MALDI-MS corresponds to
10 thienoTTF units, which is significantly higher than the afore-
mentioned M,, measured by GPC.

Table 2 displays the electrochemical and UV—vis absorption
characteristics of the polymers. The peaks corresponding to the
absorption maximum occurred in the range 450-500 nm for
polymers 34, 35 and 37, with the optical band gap being in the
range of 1.7-1.9 eV. When comparing the spectra in CH,Cl,
solutions to those of the solid film, the red shift in absorption is
due to the emergence of n—x interactions in the solid state.
Compared to the aforementioned polymers, poly(thienylene-
vinylene) (PTV) 39 exhibited a red-shifted absorption with
maxima occurring at 578 and 598 nm in CH;Cl, and as a thin
film, respectively.

CE,H13S SC6H13 C6H13S SCGH13 C6H1SS SCGH13
C4Hg. CaHg = Y=
CqHg /$n’\/3n—C4Hg S__S s s
I CsHo 38  CuHg j]: I
(PhsP),Pd SRS SN
toluene
/Z—S\ I\ 1\
S / Br S s Br
S S Sn™ n
14b s 39
Ni(COD), »
COD, BiPy (PhgP),Pd 36
DMF:toluene toluene
C6H1SS SCGH’IS CGH13S SCGH13 CGH'ISS SCGH13
S S

X
{h

Scheme 9: Chemical polymerisation of 14b into polymers 35, 37 and 39.

1756



The CVs in CH,Cl, solution of 35 and 37 (Table 2) revealed
two quasi-reversible oxidation waves that are shifted to lower
potentials compared to the corresponding reversible oxidation
waves of monomer 14b (+0.91 and +1.31 V, see Table 1).
Monomer 14b has a weaker donating ability due to the strong
electron-withdrawing inductive effect of the terminal bromo
substituents, while the PTV polymer 39 exhibited almost iden-
tical oxidation potentials to monomer 14b. On the other hand,
both oxidation waves of the TTF unit in polymers 35, 37, and
39 shifted to significantly higher potentials in comparison to
those of the non-brominated monomer compound 14a (+0.46
and +0.83 V, see Table 1) [54]. This can be explained by: 1) the
electron-withdrawing effect of the polymer backbone and 2) the
electrostatic interaction between the oxidised TTF units within
the polymer backbone. The degree to which these polymer oxi-
dation potentials shift is in the order 37 < 35 < 39, which
roughly follows the expected charge density of the doped
polymer backbone. The chronocoulometry experiment during
bulk electrolysis of 35 and 39 revealed that approximately two
electrons were released per monomer unit; this is much more
than one would expect from a simple PT that normally donates
one electron per 3—10 thiophene units [80]. To the best of our
knowledge, 35 is the most dopable polythiophene in the litera-
ture, with respect to the level of oxidation that is achieved per
repeating unit, the excellent electrochemical reversibility
observed, and the modest potential window in which the highly
doped state is attained. Even for a stable doped system, for
example a PEDOT sample heavily doped with polystyrenesul-
fonic (PSSH) or p-toluenesulfonic (TosH) acid, the doping level
is 3—5 units per one positive charge [81,82]. So, the presence of
TTF units fused to each thiophene of the PT backbone creates a

(@)
0.80

0.75

0.70

Absorbance
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polymer with a greatly enhanced p-doping ability. The direct
fusion in this case of two electroactive units (TTF and PT)
inhibits any electrochemical activity from the polymer back-
bone and the electrochemistry of the material is dominated by
the TTF unit.

The inhibition of the polymer backbone’s electrochemical
activity was confirmed by spectroelectrochemistry of 39, which
indicated no change of the m—n* transition upon applying poten-
tials up to +2.0 V. The CV of 39 shows an irreversible first oxi-
dation wave, and the band gap calculated from the first oxi-
dation onset agreed well with the optical band gap. The former
indicates the possibility of significant interchain interactions
between the TTF unit and the polymer backbone.

Upon oxidation, the film of polymer 37 exhibited a broad ill-
defined band extending from 700 nm into the near infrared
range. The intensity of the m—n* transition in this case dimin-
ished upon oxidation, but this band still remained the most
intense feature of the spectrum across the entire potential range
(Figure 3a). The spectoelectrochemistry of polymer 34 revealed
more drastic changes in the spectra upon oxidation of the film,
where the resolved absorption signature of a cation radical,
dication and polaron can be observed (Figure 3b). As the
applied potential is increased, two peaks appear: one at 460 nm
that overlaps with the backbone n—n* transition, and a second
centred at 800 nm. Those peaks were observed in the spectrum
of the doped polymer film (Figure 3b) and could be assigned to
the absorption of the cation radical of the TTF unit. With further
increase in the applied potential the TTF cation radical UV—vis
signature diminishes and a strong absorption band at 700 nm,

sl \\\
‘%!!‘!\i‘:\’ \\\ \\ !I,"‘\
72

\\\
st

W ,
‘
\\:\ll \\{@
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Figure 3: Spectroelectrochemistry of polymers 37 (a) and 34 (b) as thin films deposited on the working electrode. Adapted with permission from [76].

Copyright 2006 The American Chemical Society.
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along with a broad absorption in the NIR region, appear. The
former can be assigned to the absorption of the dication of the
TTF unit and both bands to a polaron formation. Therefore, for
34 the spectroelectrochemistry unequivocally confirms the elec-
trochemical activity of the polymer backbone, which is
involved in the formation of polarons at potentials close to the
second oxidation potential of the TTF unit.

The polymer 39, which has the lowest band gap, was tested as a
donor material for BHJSCs with PC¢;BM as the acceptor. The
OPV performance is shown in Table 3. The estimation of
HOMO and LUMO levels by electrochemical analysis gave
values of —5.24 and —3.78 eV, respectively, indicating a small
offset between the LUMO of 39 and PC¢BM (ca. —3.8 eV)
[83,84]. This is the main reason for the small short circuit
current density (Js.) and low efficiency of the cell. Due to the
possible presence of efficient interchain interactions between
the TTF units and the PTV backbone (vide supra) in the film of
polymer 39, another important factor that should be considered
is photoinduced charge transfer. Photoexcitation of 39 can lead

to an increase in the donor ability of the TTF unit due to a

Beilstein J. Org. Chem. 2015, 11, 1749-1766.

greater contribution of the quinoidal structure to the excited
polymer backbone, and foster electron transfer from the TTF
moiety to PCgBM (Scheme 10). However, further hole transfer
from the TTF unit to the PTV backbone may still limit dissocia-
tion of the (TTF**)(PC4;BM ") bound pair.

The surprising inertness of 14¢ towards electropolymerisation
can be circumvented by replacing the thiophene units in the
monomer terthiophene backbone with more electron-rich
moieties, such as pyrrole and EDOT. Bisthienylpyrrolo-TTF
monomer compounds 40 and 41, which were synthesised by
Stille coupling of diiodopyrrolo-TTF 42 with trimethylstannyl
derivatives of EDOT 43 and hexylthiophene 44, were effi-
ciently electropolymerised (Scheme 11) into polymers 45 and
46, respectively [85]. Note that these latter two polymers are
analogues of polymer 37. Polymer 47, synthesised by Stille
polymerisation of 42 and 38, is an analogue of the polymer 39.
A direct comparison between the obtained polymers with
pyrroloTTF and thienoTTF units showed that the incorporation
of an electron-rich pyrrole unit into the conjugated backbone

leads to materials with a wider band gap as they are less stable

Table 3: Performance of BHJSCs fabricated from the thiophene-TTF hybrid systems.

Compound Acceptor Solvent Pine, mW cm™2
39 PCg1BM CcB 80

48 none o-DCB 100

48 PC71BM CHCl3 100

48 PC74BM 0-DCB 100

54 (n=1) PC74BM CHCl3 100

54 (n=1) PC74BM 0-DCB 100

Jse, MACM™ Vi, V FF PCE, %
0.68 0.52 0.30 0.13
1.8 0.61 0.28 0.31
49 0.66 0.31 1.0
8.0 0.71 0.32 1.8
7.44 0.70 0.33 1.7
9.81 0.78 0.33 2.5
SCeH13
S
S
S
n

Scheme 10: Photoinduced charge transfer from the TTF of polymer 39 to PCg1BM.
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Scheme 11: Electropolymerisation of 40 and 41 into polymers 45 and 46, respectively, and Stille polymerisation of 42 into polymer 47.

to n-doping. The pyrrole unit lowers the oxidation potentials of
the TTF moieties but the electrochemical dominance of the TTF

is lost in the pyrrolo-TTF polymers.

Another analogue of polymer 37 includes the 2,5-bis(2-octyl-
dodecyl)-1,4-dioxopyrrolo[3,4-c]pyrrole (DPP) unit incorpo-
rated within the PT backbone [86]. The polymer 48 was
prepared by Suzuki coupling polymerisation of diboronic ester
49 and dibromothieno-TTF 50 (Scheme 12). The latter was
synthesised following the aforementioned synthetic pathway A.
The incorporation of the DPP m-acceptor into the conjugated
backbone led to a polymer with a narrow optical band gap
(EgOpt = 1.32 eV in CH,Cl, solution), with the expected lower

CgH17

HsCS  SCHs

=

SIS

S S +
i, 7
Br s Br

50

Scheme 12: The synthesis of polymer 48.

value of Eg"pt =1.26 eV in the film due to n—= stacking interac-
tions. The value of the HOMO/LUMO levels (—5.13/-3.49 eV)
in the film were noticeably different from those in solution
(—4.95/-3.55 eV), which suggested significant donor—acceptor
interactions in the solid phase between the DPP and TTF units.

OFET device fabrication employing polymer 48 exhibited
p-type semiconductor behaviour, with the best performance
from devices using the bottom contact top gate configuration
[87]. The hole mobility values calculated in the saturated region
were found to be 3.8 x 1072 and 5.3 x 1072 cm? V™! 57! for
OFETs fabricated via spincoating the semiconductor from solu-
tion in chlorobenzene and chloroform, respectively. The strong

HsCS  SCHs

H CgHy7

S S
I C1oH21

KsPO,4

P4

s s %

Pd,(dba)s, t-BuzPHBF,
THF

1759



propensity of 48 to aggregation led to the tightly packed grain
morphology of the film cast from chlorobenzene with small
sized crystalline domains (Figure 4). On the contrary, using
chloroform the high solvation energy of the TTF unit and the
carbonyl groups of the DPP moieties made the rate of nucle-
ation lower compared to the rate of grain growth, so the size of
the crystalline domain in the film was higher in this case. These
larger crystalline domains in films spin-coated from chloroform
were beneficial for field effect mobility.

None of the OFETSs showed any n-type mobility. The extended
character of the HOMO residing on the dithienyl-thieno-TTF
unit and the localised nature of the LUMO led to
donor—acceptor interactions in the solid phase, making it impos-
sible for efficient overlap between LUMOs, which would
normally be required for an efficient n-type semiconductor.

BHJSCs were fabricated from 48 as the electron donor and
PC7;BM as the electron acceptor using ortho-diclorobenzene
(0-DCB) and chloroform as solvents (Table 3). The devices
prepared with 0-DCB showed up to a two-fold increase in
power conversion efficiency (PCE) compared to those obtained
by spincoating the blend from chloroform, which is due to a
more homogeneous blend morphology leading to improved
charge carrier transport and increased Jg.. Since the use of
0-DCB as the solvent for spincoating provided better perfor-
mance for BHJSCs than chloroform, it was used for the fabrica-
tion of a single material organic solar cell (SMOSC) (Table 3).
The SMOSC performance is modest compared to that of similar
devices fabricated using donor—acceptor block copolymers [88-
90]. Nevertheless, the value of the PCE (0.31%) is higher than
one would expect from a SMOSC fabricated from polymer 48

3.00 nm
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as a semiconductor, since it has no obvious donor—acceptor
phase separation and is lacking efficient electron mobility.

TTF-oligothiophene systems with well-defined
structures

The monodisperse analogue of polymer 34, bearing two TTF
units and capped with dodecyl chains at the terminal positions,
was synthesised using chemical coupling protocols, or alter-
natively via electrochemical oxidation of terthiophene 28b
(Scheme 13) [72]. The latter was synthesised by the aforemen-
tioned synthetic pathway C.

The electrochemical method for the preparation of sexithio-
phene 51 was achieved by potentiostatic oxidative electrodimer-
ization of 28b in a mixture of 2:1 CH;Cly/hexane, with 0.1 M
tetrabutylammonium hexafluorophosphate as the supporting
electrolyte. On a larger scale, chemical oxidation by FeClj in
nitrobenzene was used which after purification, afforded 51 in a
24% yield. Lithiation of compound 28b with LDA and succes-
sive trapping of the aryllithium compound with perfluorohexyl
iodide afforded iodoterthiophene 52 in a 74% yield. Compound
52 was used to explore other possibilities for synthesising
sexithiophene 51, including Ullmann and Yamamoto coupling,
which provided 51 in 43 and 10% yield, respectively. Sexithio-
phene 51 exhibited a strong propensity to aggregate even in
chloroform solution, hence an interpretable 'H NMR spectrum
was only obtained in a mixture of CDCl3 with CS,.

In CH,Cl; solution, the chemically synthesised product showed
a m—7* transition peak at 443 nm, with a HOMO-LUMO gap of
2.32 eV, a value very similar to that of the parent sexithiophene
53 [91]. For the electrochemically prepared film of 51, there

22.97 nm

0.00 nm

0.00 nm

Figure 4: Tapping mode AFM height images of polymer 48 film spin-coated from chlorobenzene (left) and chloroform (right) solutions on ODTS
treated SiO, substrate. Reproduced with permission from [87]. Copyright 2015 The American Chemical Society.
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Scheme 13: The synthesis of TTF-sexithiophene system 51 and the structure of the parent sexithiophene 53.

were two broad bands with maxima centred at 449 and 735 nm,

confirming the doped state of the film and the presence of a
cation radical centred on the TTF unit. After de-doping, a single
broad band remained with its maximum red-shifted compared to
that of the solution state spectrum of the chemically synthe-
sised sexithiophene 51; this is evidence of a strong n—n stacking
interaction upon aggregation in the solid state. The electro-
chemistry of compound 51 is similar for both solution and solid
state samples, with the main feature being the overlap between
the second oxidation peak of the TTF and the oxidation of the
sexithiophene backbone.

A series of hybrid electroactive compounds 54 (n = 0-2) with
two oligothiophenes directly fused to one TTF unit was recently
reported [92,93]. Here, triethylphosphite mediated homo-
coupling of the corresponding oligothiophenes 55 (n = 0-2)
containing a central thieno[3,4-d][1,3]dithiole-2-one unit
proceeded smoothly, with yields of 77% for n = 0, 82% for
n =1 and 39% for n = 2 (Scheme 14).

The oligothiophene half-unit precursors, 55 (n = 0-2), were
synthesised following synthetic pathway B. The electrochem-
ical and optical properties of 54 (n = 0-2) are shown in Table 4.

The optical properties of 54 (n = 0-2) in solution (Table 4)
follow a general trend of decreasing the absorption onset, while

increasing the conjugation length. The electrochemistry of each

Scheme 14: The synthesis of TTF-oligothiophene H-shaped systems
54 (n = 0-2).

H-shaped system 54 (n = 0-2) on the other hand is not so
straightforward. While the first and the second oxidation waves
are easily identified and assigned for 51 (vide supra), for 54

(n = 0-2) it is only the first oxidation wave which can be
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Table 4: The properties of monodisperse oligothiophene-TTF systems in dichloromethane solution.

51 54 (n=0)
Eqox, V@ +0.29/0.21 +0.39/+0.32
Epox, V@ +0.53/0.45 +0.86/+0.75
E3ox, V@ - +1.13
Egox, V@ - —
Ered, V2 -2.12
HOMOP, eV -4.93 -5.06
LUMO®, eV - -2.92
HOMO-LUMO gap, eV - 2.14
Amax, NM 443 351
Absorption onset, eV 2.32 2.92

54 (n=1) 54 (n = 2)
+0.27/+0.21 +0.26/+0.23
+0.54/+0.48 +0.66/+0.49
+0.76/+0.71 +0.97/+0.94
+0.97/+0.89 -

-2.19 -1.98
-4.96 -4.95

—2.81 -3.00

2.15 1.95

431 461

2.45 2.20

aThe electrochemical data are referenced against the Fc/Fc* couple. Both £P2 and EPC or anodic peak value (EP?, if the wave is irreversible) for the
oxidation waves and cathodic peak values (EPS) for the reduction waves are quoted. PHOMO/LUMO values were calculated using the formula HOMO/

LUMO = —fgonset  jgonset ., — 4.80.

unequivocally assigned to the first oxidation potential of the
TTF unit. It is interesting to note that the terthiophene-TTF
H-shaped system 54 (n = 0) exhibits a significantly higher
potential for the formation of TTF** than that of the quinqui-
and septithiophene systems 54 (n = 1-2). This can be explained
by the increased n-donating ability of the oligothiophene with a
higher conjugation length due to a more pronounced contribu-
tion of the quinoidal resonance structure. This effect is only
possible for hybrid systems with a TTF unit directly fused to the
PT backbone (Scheme 15).

Quinqui- and septithiophene TTF bridge systems 54 (n = 1-2)
are prone to strong aggregation in solution and, as with 51, a
mixture of chloroform with CS, was used for NMR spec-
troscopy in these cases. For compound 54 (n = 2) the absorp-
tion spectrum as a thin film exhibits a maximum at 496 nm and
is red-shifted by 35 nm compared to the solution state spectrum,
suggesting strong intermolecular interactions in the solid phase.

Single crystal X-ray diffraction of 54 (n = 2) (Figure 5) revealed

that the molecules in the solid state are essentially planar, apart

from a significant torsion angle of 33° between the terminal
thiophene A and the thiophene B.

The angle between planes D and F is 5.79°, with the inter-ring
distance being 3.74 A. The angle between thiophenes C and G
is higher (18.36°) but the two S-atoms are involved in a weak
non-covalent interaction with a distance of 3.81 A between
them. The strong n—= stacking interaction and the presence of
multiple S—S non-covalent interactions in the H-shaped TTF-
oligothiophene system 54 (n = 2) made this compound a
promising p-type organic semiconductor material. The time of
flight mobility for this compound was found to increase
from 1.4 x 100 to 1.1 x 10 em? V' s
increases from 1 x 10° to 4 x 10° V cm™

1 as the electric field
1192].

Compound 54 (n = 1) was tested as a solution processable
p-type semiconductor in OFETs using two solvents for spin-
coating — chloroform and chlorobenzene [93]. A bottom
contact, bottom gate device configuration was used with an
n-doped silicon gate and a SiO; dielectric layer. After annealing
at 120 °C, AFM imaging indicated a closely packed grain-like

W %@W

Scheme 15: The oxidation of a fused TTF-oligothiophene system.

1 — 1 = 7
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ey
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Figure 5: Molecular structure and packing arrangement of compound 54 (n = 2). Adapted by permission from [92]. Copyright 2011 The Royal Society
of Chemistry.

5.00 nm 50.00 nm 128.00 nm

0.00 nm 0.00 nm

Figure 6: AFM tapping mode images of the compound 54 (n = 1) film cast on an untreated SiO, substrate surface from solutions in chlorobenzene
(left), CHCI3 (centre) and on an ODTS treated SiO, substrate from CHCIj3 (right). Reproduced with permission from [93]. Copyright 2014 The Royal
Society of Chemistry.

surface morphology of the film cast from chlorobenzene as a  Upon spin-coating and further annealing, the rate of nucleation
result of the strong propensity of H-shaped TTF-quinquithio- exceeded the rate of grain growth, leading to the
phene 54 (n = 1) to aggregate in this solvent (Figure 6, left). small size of the crystalline domain. An OFET mobility of
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1.41 x 107* em? V™! s7! calculated in the saturation region was
observed. An increase in the field effect mobility (to
pw=1.17 x 1073 cm? V! s71) by almost an order of magnitude
was observed in devices cast from chloroform. As with polymer
48, tapping mode AFM of the organic semiconductor film spin-
coated from this solvent revealed that, after annealing, the
surface morphology consisted of large crystalline domains with
a smooth grain boundary (Figure 6, centre). Such a striking
difference in morphology of the films cast from chlorobenzene
and CHClj is explained by the high energy of solvation of 54
(n = 1) in chloroform, which leads to a higher crystallisation
rate compared to the rate of nucleation during spin-coating and
subsequent annealing. When substrates with a pre-treated
n-octadecyltrichlorosilane (ODTS) SiO, surface were used for
spin-coating from a CHCI; solution, the surface morphology
remained essentially the same (Figure 6, right), with a further
increase in mobility (n = 8.61 x 1073 cm? V! s71) observed
due to the beneficial effects of large crystalline domains on the
field effect mobility.

Compound 54 (n = 1) was tested as a donor material in
BHIJSCs. The results are presented in Table 3. Similar to
polymer 48, the device prepared by spin-coating the blend of 54
(n=1) and PC7;BM from solution in 0-DCB showed a higher
performance than that fabricated with CHCl3, with a short
circuit current density (increased up to 9.81 mA cm™2) being
more affected by the solvent than the open circuit voltage
(0.78 V). AFM revealed a smoother surface morphology of the
donor—acceptor blend film cast from 0-DCB than that when
chloroform was used as solvent.

Conclusion

The series of poly- and oligothiophene based compounds
bearing TTF units reported so far in the literature have been
discussed. The most interesting properties were exhibited by
polymers where TTF units were incorporated alongside the
conjugated backbone, allowing for the different charge trans-
port mechanisms on the basis of TTF mixed valence states and
polarons to be observed. Upon positioning the TTF unit in the
vicinity of the polymer backbone, a variation of electrochem-
ical behaviour is observed, including complete dominance by
the TTF units and, at times, independent activity of both elec-
troactive entities.

The initial idea of creating materials with hybrid charge trans-
port on the basis of the polaron mechanism and the mixed
valence state of doped TTF units has developed now into efforts
to use the TTF unit as a handle for controlling the morphology
of organic semiconductors in the solid state. The great chal-
lenge in this field is to design hybrid materials where the pos-

ition of the TTFs relative to the polymer backbone and the

Beilstein J. Org. Chem. 2015, 11, 1749-1766.

choice of optimised processing conditions allow tuning of the
energy levels and the intrinsic charge carrier mobility in order

to achieve maximum device performance.
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The synthesis of [2.2]paracyclophane derivatives containing tetrathiafulvalene units has been accomplished by the coupling reac-
tion of 4-([2.2]paracyclophan-4-yl)-1,3-dithiol-2-thione in the presence of trimethylphosphite. The 1,3-dithiol-2-thione derivative

was in turn synthesized by the regioselective bromination of 4-acetyl[2.2]paracyclophane, then through the corresponding dithiocar-

bamates and 1,3-dithiolium salts.

Introduction

Tetrathiafulvalene (TTF) and its derivatives have been exten-
sively studied with respect to their applications as organic
metals and superconductors [1,2]. These properties are a conse-
quence of the n-donor properties of TTF and of its important
intermolecular interactions in the solid state through extended
n-orbitals. The design of new tetrathiafulvalene derivatives has
targeted those systems where the intermolecular interactions

between planar molecules are more effective and the solid-state

architecture tends to be as stacks or layers with their long axes

mutually parallel.

[2.2]Paracyclophane and its derivatives has been the subject of
particular interest since their discovery, more than six decades
ago [3-5]. Most of the unique properties of these cyclophanes
are the result of the rigid framework and the short distance

between the two aromatic rings within the [2.2]paracyclophane
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unit. Besides investigations of the geometry and of transannular
interactions, special attention has been paid to the ability of

these compounds to form charge-transfer complexes [6-9].

A recent report has appeared concerning the synthesis of a
[2.2]paracyclophane doubly substituted by a dimeric tetrathia-
fulvalene in a pseudo-ortho substitution pattern [10]. This com-
pound exhibited novel chiroptical properties. Prompted by these
observations, we decided to investigate the synthesis of a
tetrathiafulvalene that incorporates two [2.2]paracyclophane

units.

Results and Discussion

The synthesis of [2.2]paracyclophanes containing a tetrathiaful-
valene moiety, follows a general route that involves the syn-
thesis of the corresponding [2.2]paracyclophane-substituted 1,3-
dithiol-2-ylium salts. These compounds are known to provide
tetrathiafulvalenes under specific conditions [11-13]. The syn-
thetic strategy for the incorporation of the 1,3-dithiol-2-ylium
ring in the [2.2]paracyclophane framework involves a three-step
reaction sequence, starting from 4-acetyl[2.2]paracyclophane
(1) (Scheme 1).

The first step consists of the regioselective monobromination of
4-acetyl[2.2]paracyclophane (1) at the a-position to the carbon-
yl group to form 2-bromo-1-([2.2]paracyclophan-4-yl)ethan-1-
one (2). The starting 4-acetyl[2.2]paracyclophane has been
prepared according to the reported procedure [14]. In order to
avoid the formation of side products during the bromination
process [15], the synthesis of compound 2 has been accom-
plished using the molecular complex of bromine with dioxane

[16]. However, although this reagent has often been employed

O O

Q Br,
<>

dioxane

(rac)-1 (rac)-2
i. H,.SO4/AcOH / S R
- F2904
1:3 viv Q S)’L\N
R
ii. 70% HCIO -
’ 4 Q ClOy4
(rac)-5a—c
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in mild and selective bromination reactions [17], there are some
difficulties concerning its isolation and handling [18]. In order
to avoid these problems, we generated the reagent by mixing
one equivalent of bromine with one equivalent of dioxane and
adding dry dioxane to the resulting solid until the dissolution
was complete. This solution was then added dropwise at room
temperature to a solution of one equivalent of ketone 1 in
dioxane, providing 2-bromo-1-([2.2]paracyclophan-4-yl)ethan-
1-one (2) in 81% yield.

The reactions of a-bromophenones with salts of dithiocarbamic
acid, readily available from the reaction of secondary amines
with carbon disulfide, represent an accessible route to variously
substituted phenacyl carbodithioates [19]. Following this syn-
thetic protocol, we obtained dithiocarbamates 4a—c by reacting
2-bromo-1-([2.2]paracyclophan-4-yl)ethan-1-one (2) with
sodium N,N-dimethyldithiocarbamate (3a), pyrrolidinium pyro-
lidine-1-carbodithioate (3b) and morpholinium morpholine-4-
carbodithioate (3¢), respectively. These compounds were
obtained as colorless crystals in 80% isolated yields. The struc-
tures of dithiocarbamates 4a—c were inferred from their analyt-
ical and spectral data; thus the TH NMR spectra include the
expected signals for the aliphatic hydrogen atoms from the di-
alkylamino groups, and the 13C NMR spectra show the signals
at ca. 196 ppm attributable to the thiocarbonyl group. Finally,
the structure of 2-([2.2]paracyclophan-4-yl)-2-oxoethyl-N,N-
dimethyldithiocarbamate (4a) was unambiguously confirmed by
X-ray crystallography (Figure 1). The molecular dimensions
confirm the extensive p—m conjugation within the dithiocarba-
mate group; the N(1)-C(19) bond length is 1.341(3) A, some
0.12 A shorter than N(1)-C(20) and N(1)-C(21), which are
essentially o-bonds. The cyclophane group displays the usual

S R
>N 0os R
°S R ;
3a-c Q S>_N\R
acetone Q
(rac)-4a—c
3,4,5 R R
a -CH3 -CHs
b -(CH2)s-
c -(CH2)2-O-(CH2)2-

Scheme 1: Synthesis of 2-N,N-dialkylamino-4-([2.2]paracyclophan-4-yl)-1,3-dithiol-2-ylium perchlorates 5.
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Figure 1: Molecular structure of compound 4a. Ellipsoids represent 30% probability levels. Selected molecular dimensions (A, °): N(1)-C(19)
1.341(3), N(1)—-C(20) 1.458(3), N(1)—-C(21) 1.471(3), N(1)-C(19)-S(2) 123.19(17), N(1)-C(19)-S(1) 113.85(17), S(2)-C(19)-S(1) 122.89(13).

indicators of strain (e.g., lengthened bridge bonds and widened
bridge angles, flattened boat conformations for the rings). The
moieties C3/4/5/17/18/01 and C19/20/21/S1/S2/N1 are to a
good approximation planar and subtend an interplanar angle of
80°. Short intramolecular contacts H13--S2 2.83 A and
H2B--01 2.29 A are observed. CCDC-1412356 contains the
supplementary crystallographic data for compound 4a (see also
Supporting Information File 1). These data can be obtained free
of charge from the Cambridge Crystallographic Data Center via
http://www.ccdc.cam.ac.uk/data_request/cif.

The third step, the synthesis of 1,3-dithiol-2-ylium salts,
consists of an acid-catalyzed cyclocondensation of phenacyl
carbodithioates 4. Using a concentrated sulfuric acid—glacial
acetic acid mixture (1:3, v/v) [20], the cyclization of carbo-
dithioates 4a—c takes place under mild reaction conditions.
After 10 min at 80 °C the homogeneous reaction mixture was
cooled to room temperature and 70% HClO4 and water were
added. Filtration and recrystallization of the precipitate gave
perchlorates 5a—c as colorless crystals, in 58—-81% yield
(Scheme 1). The heterocyclization of carbodithioates 4 is
supported by their spectral data. The IR spectra revealed the
disappearance of the absorption band corresponding to the car-
bonyl group (ca. 1680 cm™!) and the presence of new, strong
and broad absorption bands at 1000-1100 cm™!, corresponding
to the perchlorate anion. The 'H NMR spectra of 1,3-dithiol-2-
ylium perchlorates indicate the absence of the AB quartet

S
SH "
s

(rac)-5a—c

ClO4
(rac)-6

Scheme 2: Synthesis of tetrathiafulvalenes 7.

S
NaSEOH &SI Mg
" =

pattern of the methylene hydrogen atoms from compounds 4.
The '3C NMR spectra also confirm the successful synthesis of
1,3-dithiol-2-ylium salts 5 by the disappearance of the carbonyl
and thiocarbonyl carbon atoms present in the carbodithioate
spectra, as well as the appearance of a new signal at a very low
field (ca. 180 ppm) which corresponds to the electron-deficient
C-2 atom.

1,3-Dithiolium salts are valuable precursors for tetrathiaful-
valenes. There are two main synthetic approaches that are
mainly based on the exploitation of the electron-deficient char-
acter of the C-2 carbon atom. One of these involves the conver-
sion of 2-N,N-dialkylamino-1,3-dithiolium salts into the corres-
ponding 2-unsubstituted 1,3-dithiolium salts, followed by the
homocoupling of the carbene intermediate that is generated
under basic conditions. Unfortunately, our attempts to synthe-
size the 2-unsubstituted derivative from 1,3-dithiolium perchlo-
rates Sa—c in the presence of tetrafluoroboric acid led to the de-
gradation of the substrate. The second approach for the syn-
thesis of tetrathiafulvalenes involves the desulfurative coupling
of 1,3-dithiol-2-thiones in the presence of alkyl phosphites. 1,3-
Dithiol-2-thiones are easily available by the treatment of 1,3-
dithiol-2-ylium salts with sodium sulfide [21]. Thus, by treating
perchlorates Sa—c with sodium sulfide nonahydrate, at room
temperature in ethanol, we obtained 4-([2.2]paracyclophan-4-
yl)-1,3-dithiol-2-thione (6) as a yellow solid in 41% isolated

yield (Scheme 2).
S SIS
- SHSO
<>

(rac)-7

P(OMe);

_ =

100 °C
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Unexpectedly, the yield of 1,3-dithiol-2-thione 6 was found to
be dependent on the nature of the dialkylamino substituent and
to the volume of the solvent used. The best results were
obtained by employing 2-(N,N-dimethylamino)-4-([2.2]paracy-
clophan-4-yl)-1,3-dithiol-2-ylium perchlorate (5a) as a sub-
strate for this reaction. The formation of 1,3-dithiol-2-thione 6
is supported by the NMR and mass spectrometry data. More-
over, the structure of 1,3-dithiol-2-thione 6 was confirmed by
X-ray crystallography (Figure 2). The asymmetric unit contains
two molecules, which differ in the orientation of the 1,3-dithiol-
2-thione group relative to the cyclophane; the torsion angle
C3-C4-C17-S3 is —45.9° in the first molecule but —142.4° in
the second. CCDC-1412357 contains the supplementary crystal-
lographic data for compound 6 (see also Supporting Informa-
tion File 1). These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via http://
www.ccdc.cam.ac.uk/data request/cif.

The desulfurative dimerization of 1,3-dithiol-2-thione 6 was
effected by heating it with trimethyl phosphite at 100 °C
(Scheme 2). Purification of the crude reaction mixture by
column chromatography resulted in a mixture of inseparable
isomeric tetrathiafulvalenes 7 in 17% yield. Since compound 6
already exhibits planar chirality (racemate R/Sp), the theoreti-
cal number of stereoisomers of the tetrathiafulvalene 7 should
be six as follows: cis-(Sp,Sp) with cis-(Rp,Rp) and trans-(Sp,Sp)
with trans-(Rp,R,) for the parallel orientation of the ethano
bridges, and the mesoforms cis-(Sp,R,,) and trans-(Sp,Ry,) for the
angular orientation of the ethano bridges. The NMR spectrum
of the purified tetrathiafulvalene indicates the presence of 4
isomers, most probably the two pairs of racemates and the two
mesoforms.

Although the separation of the isomers has not yet been
successful, this synthetic pathway indicates that it is feasible to
incorporate of [2.2]paracyclophane as an extended m-system
onto a tetrathiafulvalene core. Further research will target a

Beilstein J. Org. Chem. 2015, 11, 1917-1921.

decrease in the theoretical number of isomers and their isola-
tion in order to investigate their structural and chiroptical prop-

erties.

Conclusion

The synthesis of as yet inseparable isomeric tetrathiafulvalenes
has been performed by desulfurative dimerization of a
[2.2]paracyclophane-substituted trithione. The latter compound
was obtained from the corresponding 1,3-dithiol-2-ylium
cation. This was in turn synthesized through a three-step
procedure, starting with the regioselective bromination of
4-acetyl[2.2]paracyclophane.

Supporting Information

Supporting Information File 1

Detailed experimental procedures, supplementary
spectroscopic and X-ray data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-207-S1.pdf]
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This paper reports the self-assembly of two new tetrathiafulvalene (TTF) derivatives that contain one or two urethane groups. The

formation of nanoribbons was evidenced by scanning electron microscopy (SEM) and X-ray diffraction (XRD), which showed that

the self-assembly ability of Ty was better than that of T,. The results revealed that more urethane groups in a molecule did not

necessarily instigate self-assembly. UV—vis and FTIR spectra were measured to explore noncovalent interactions. The driving

forces for self-assembly of TTF derivatives were mainly hydrogen bond interactions and n—r stacking interactions. The electronic

conductivity of the Ty and T, films was tested by a four-probe method.

Introduction

In recent years, there has been an enormous increase of interest
in functional organic nanomaterials, given that they are
promising materials with a variety of applications including
optoelectronic and bioelectronic devices [1,2]. The mechanism
behind the formation of functional organic nanomaterials is
generally accepted to be the self-assembly of supermolecules,
which is constructed through weak noncovalent interactions
such as m—m stacking, van der Waals interactions, charge

transfer and H-bonding interactions [3-6]. Generally speaking,

H-bonding interactions are the key intermolecular interactions
in molecular self-assembly systems. Therefore, molecules
containing urea, amide and other similar groups have been
investigated because these molecules can easily generate inter-
molecular hydrogen bonds [7-9].

Tetrathiafulvalene (TTF) derivatives have been widely investi-

gated in the fields of supramolecular and materials chemistry

due to their great potential application in molecular electronics,

2343


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:cywang@ecust.edu.cn
http://dx.doi.org/10.3762%2Fbjoc.11.255

for example, as switches and conductors [10-14]. As we all
know, TTF derivatives can form charge transfer (CT)
complexes with electron acceptors such as tetracyanoquinodi-
methane (TCNQ), and the CT complexes of TTF derivatives
and TCNQ exhibit high electrical conductivity [14-16]. There-
fore, TTF derivatives are extensively used in the field of func-
tional organic conductive nanomaterials.

Herein, we designed and synthesized two compounds, Ty and
T,, which contain TTF units and urethane groups (Figure 1).
The combination of the urethane group (forming hydrogen
bonds) and the TTF unit (forming n—n stacking) may
promote the formation of nanostructures. To the best of our
knowledge, urethane groups have been rarely introduced into
the molecular structure of TTF derivatives to generate an
H-bonding chain.

Results and Discussion
Synthesis and characterization

The synthetic routes for two newly designed TTF derivatives
containing one or two urethane groups are shown in Scheme 1.
Compounds 2 [17], 3 [18], 4 [19], 5 [19], 6 [18,20] and 7
[18,21] were synthesized from commercially available starting
materials according to the reported methods. Compound 8
[18,21] was obtained by the reaction of 7 with 2-chloroethyl
isocyanate in dry and degassed toluene. Finally, the TTF deriva-
tive T{ was obtained in acceptable yield (72%). For the syn-
thesis of T,, urethane groups were introduced first, and then the
coupling reaction was carried out. The new compounds Tq and
T, were characterized by IH, 13C NMR, HRMS-ESI (for the
spectra see Supporting Information File 1) and elemental
analysis. In addition, other intermediates previously reported in
the literature were also characterized by 'H NMR, !3C NMR,
and EIMS.

Figure 1: Molecular structure of TTF derivatives T4 and T».

Beilstein J. Org. Chem. 2015, 11, 2343-2349.

Self-assembly and SEM investigation of T4
and Ty

The studies showed that Ty and T, gels were not formed in
several common solvents such as hexane, chloroform,
dichloromethane, tetrahydrofuran, toluene, diethyl ether,
acetone, dimethylformamide, ethanol, methanol and acetoni-
trile when they were heated and cooled by the methods reported
in the literature [2-4]. A loose gel of T1 was observed in ethyl
acetate when the concentration was increased to 20 mg/mL.
However, the precipitate of T, was obtained under the same
conditions. Moreover, their micromorphology was recorded
with SEM images (Figure 2). The samples were prepared by
different methods (drop-coating, spin-coating). The experi-
ments were performed as follows: the solid compounds were
completely dissolved in ethyl acetate while heating, then cooled
to room temperature. The studies showed that drop-coating was
better than direct spin-coating, likely because slow solvent
evaporation is more conducive to the formation of regular struc-
ture. The SEM images of the Ty films (Figure 2a, drop-coated
from a diluted T solution) showed that regular helical nanorib-
bons were observed. The diameter of the nanoribbons was
approximately 500 nm with a length of >20 um. Although
nanoribbons were observed in the SEM images of T,
(Figure 2b), they showed no similar ordered structure.

In addition, the X-ray diffraction (XRD) patterns of T and T,
nanoribbons were taken (Supporting Information File 1, Figure
S7). The XRD pattern of Ty showed three sharp peaks at 7.4°,
14.9° and 22.1°, which suggested that a lamellar stacking orga-
nization was formed [4]. This was not the case for the XRD
pattern of T,. In general, intermolecular hydrogen bonding is
the main driving force behind self-assembly. Although T,
contains two urethane groups and T; contains one urethane

group, the self-assembly ability of T is not better than that of
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Scheme 1: The synthetic routes of compounds T4 and T,.

Ty. We concluded that more intramolecular hydrogen bonds
were formed in molecules of T, instead of intermolecular
hydrogen bonds in ethyl acetate, which was not conducive to
form regular nanoribbons.

UV-vis and FTIR spectroscopy
To study the intermolecular interactions, the UV—vis absorp-

tion spectra of T and T, in ethyl acetate at different concentra-

tions were measured (Figure 3a,b). Figure 3a shows that the two
absorption peaks of Ty are blue-shifted from 314 nm and
338 nm (1 x 107° M) to 294 nm and 315 nm (aggregated solid
state). This was also observed for T,, which illustrated that 7
interactions and H-aggregation occurred with the increase in
concentration [22-24]. To further study the driving forces for
the self-assembly of Ty and T,, FTIR spectra were also
measured (Figure 4a,b). The FTIR spectra of Ty showed an
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Figure 2: SEM images of T4 (a) and T3 (b) films on glass substrates (drop-coated from diluted T4 or T3 solution).

absorption peak at 3352 cm™! for the N—H stretching vibration,
1706 cm™! for amide I and 1519 cm™! for amide II related to the
urethane groups. The same situation was observed for T,. The
absence of a free N-H stretching vibration (around 3400 em™ )
and a free C=0 stretching vibration (around 1720 cm™!)
suggested that strong hydrogen bonds between urethane groups
were formed [25,26]. These results indicated that n—x interac-
tions and hydrogen bonding were the main driving forces
behind the self-assembly.

In addition, UV—vis and FTIR spectra were measured to explore
the formation of the charge-transfer complexes. TTF derivates
are representative electron donors, while TCNQ is a typical
electron acceptor. When one equivalent of TCNQ was added to
the solution of Ty in ethyl acetate, TCNQ radical anion species
(TCNQ"") and TTF radical cation species (TTF*) were formed,
which was possibly supported by the increase of the absorption
bands around 600-900 nm (Figure 5a) [2,4]. Moreover, the

UV-vis spectra of self-assembled nanoribbons doped with
iodine were collected. It was concluded that the assembled solid
structures were maintained. Figure 5b shows the UV—vis spec-
trum of Ty (thin film on glass) before and after iodine doping.
Upon exposure to iodine vapor for 30 min in a sealed container,
a new absorption band was observed at approximately 850 nm,
which suggested the formation of the CT complex [27].

IR spectra of TCNQ, T{/TCNQ, and T,/TCNQ are shown in
Figure 4c—e. In contrast to those of Ty and T,, the N-H and
C=0 stretching bands of the amide groups were not obviously
shifted after doping with TCNQ. This indicated that the doping
did not change the hydrogen-bonded structures.

Cyclic voltammetry (CV)

The cyclic voltammetry experiments were carried out to explore
the electrochemical properties of the TTF compounds. The
cyclic voltammograms of T and T, were measured in dry and
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Figure 4: IR spectra of (a) T4, (b) T2, (c) TCNQ, (d) T2/TCNQ, and
(e) T4/TCNQ.

degassed dichloromethane solution [28]. Both Ty and T,
displayed two, reversible, one-electron redox couples, in which
the first oxidation at El%l =+0.628 V (Ty) and +0.643 V (T,)
(vs Ag/AgCl) was in the anodic window. This indicated the
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Figure 5: (a) UV-vis spectra of T¢ solutions TCNQ and T4/TCNQ in
ethyl acetate (1 x 1073 M). (b) UV-vis spectra of T4 before and after
iodine doping for 30 min.

successive reversible oxidation of neutral TTF (TTFY)
to the radical cation (TTF'"). The second oxidation at
El%z =+0.958 V (Tq) and +0.973 V (T3) (vs Ag/AgCl) corre-
sponded to the reversible oxidation of the radical cation (TTF"")
to the dication (TTF2") (Figure 6). Both the first-wave and the
second-wave oxidation potentials of T, were higher (15 mV)
than those of Ty, which indicated that introduction of another
urethane group resulted in a decrease of the electron-donating

ability.

Cyclic voltammograms were also measured to explore the for-
mation of the charge-transfer complex. For the mixture of Ty
and TCNQ, five oxidation potentials at El%l =-0.956 V (I),
EPSE =-0.368 V (II), EXY = +0.221 V (II), EX* = +0.527 V
(IV), and EJ%’ =+0.852 V (V) (vs saturated calomel electrode,
SCE) were clearly discernible (Figure 7). The first three oxi-
dation potentials belonged to TCNQ?/TCNQ™ (I), TCNQ/
TCNQV (II) and TCNQYTCNQ" (I1I), which were all lower
than those of TCNQ (E[%' = —0.954 V(1), EJ¥ = —0.341 V(II),
El%3 = +0.224 V(III)). The (IV) and (V) processes could be
assigned to TTE*Y/TTF? (IV) and TTF*2*/ TTF'* (V), which
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Figure 7: Cyclic voltammograms of T4 and TCNQ in DCM. Conditions:
0.1 M tetrabutylammonium hexafluorophosphate, 100 mV s™!, satu-
rated calomel electrode (SCE) as the reference electrode, Pt wire as
the counter electrode, and glassy carbon as the working electrode;
measured under argon at 20 °C. Concentration: 1 mM for T4 and 1 mM
for TCNQ.

were all higher than those of Ty (Elo/él = +0.514 V (),
El%z =40.841 V (II)). These changes indicated the formation
of the CT complex.

Electrical conductivity measurements

The electrical conductivity of thin films obtained from the Ty
and T, samples with TCNQ (1:1 molar)/I, (30 min) were
further evaluated. To eliminate the influence of contact resis-
tance, the four-probe method was carried out instead of the two-
probe method [29,30]. To prepare the thin films, a diluted ethyl
acetate solution was dropcasted onto a glass substrates

Beilstein J. Org. Chem. 2015, 11, 2343-2349.

(20 mm x 20 mm) and dried overnight at 40 °C under vacuum.
The Tq and T, films in the neutral state before doping behaved
as typical, undoped semiconductors (¢ < 1072 S cm™!) at room
temperature. Nevertheless, for Tq, the conductivity increased to
5.8 x 107 S ¢cm™! when doped with TCNQ and to
3.0 x 107 S em™! when exposed to iodine vapor. As for Ty, the
results were 6.3 x 1077 S em™! when doped with TCNQ and
1.8 x 1077 S cm™! when exposed to iodine vapor. These results
indicated their CT complexes can function as semiconducting
materials.

Conclusion

In summary, we demonstrated that T, (containing two urethane
groups) formed amorphous structures while Ty (possessing one
urethane group) formed nanoribbons. The self-assembly ability
of Ty was better than that of T, and the results revealed that
more urethane groups in a molecule did not necessarily lead to
more efficient self-assembly. This may be associated with the
formation of intramolecular hydrogen bonds in the T molecule.
The formation of hydrogen bonds between urethane groups and
the n—n stacking interaction from TTF units were regarded as
the main driving forces behind the self-assembly process.
Cyclic voltammetry showed that the TTF derivatives under-
went two reversible oxidation processes. In addition, the doping
of nanoribbons by TCNQ/iodine resulted in the formation of
charge transfer states exhibiting semiconducting properties.
There is significant potential for the application of the conduct-

ing nanoribbons in molecular electronics devices.
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