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Abstract: Although tetrathiafulvalene (TTF) and its derivatives have been extensively studied
as important organic electronic materials over the past half century, tetrathiafulvalene vinyl-
ogues (TTFVs) still remain a relatively underdeveloped branch in the family of TTF deriva-
tives. Our recent work has investigated the synthesis and characterization of a class of
diphenyl-substituted TTFVs carrying alkynyl functionality. The unique conformational and
redox properties of such TTFV derivatives along with the versatile chemistry enabled by
acetylenic groups (e.g., metal-catalyzed coupling and click reactions) have led us to a vari-
ety of functional molecular architectures ranging from oligoynes, polymers, and molecular
tweezers, to macrocycles. Property studies of these new TTFV-based molecular materials
point to appealing applications in molecular electronics and optoelectronics.
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INTRODUCTION

Despite its relatively simple molecular structure, tetrathiafulvalene (TTF) has attracted enormous atten-
tion since shortly after its first synthesis in the early 1970s by Wudl and co-workers [1]. As a non-
aromatic sulfur-containing heterocyclic compound, TTF presents an excellent organic mt-electron donor
that readily releases two electrons upon oxidation to yield stable radical cation (TTF*") and dication
(TTF2*) species as a result of the gaining of aromaticity on the dithiolium ring (Fig. 1) [2].
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Fig. 1 Reversible electron-transfer reactions of TTF.

*Pure Appl. Chem. 84, 861-1112 (2012). A collection of invited papers based on presentations at the 14% International
Symposium on Novel Aromatic Compounds (ISNA-14), Eugene, OR, USA, 24-29 July 2011.
Corresponding author: E-mail: yuming@mun.ca

1005



1006 Y. ZHAO et al.

The unique structural and redox properties of TTF have made it widely applicable in modern
materials science, ranging from molecular electronics [3-7], photonics [8,9], magnetic materials
[10,11], and photovoltaics [12—15], just to name a few. Over the past few decades, a major trend in TTF
research has been centered on the development of efficient and scalable synthetic methodologies for
preparing novel TTF derivatives with enhanced and/or unprecedented molecular properties as well as
improved processability beneficial to device fabrication. Within this context, a vast array of TTF ana-
logues has been synthesized and thoroughly characterized. Some prominent examples include TTF con-
ductors/superconductors with high dimensionality [16,17], TTF macrocycles [18-20], and TTF poly-
mers and dendrimers [21-23]. Moreover, as the synthetic toolbox continues to grow, TTF derivatives as
a class of fascinating functional molecular building components have found increasing applicability in
making molecular switches, shuttles, tweezers, and chemosensors to incorporate desirable redox and
structural properties into these functional molecular devices [24-31].

A commonly used strategy for the design of new TTF derivatives is to expand the backbone of
TTF through diverse m-spacers, leading to the so-called m-extended TTFs (exTTFs). Shown in Fig. 2
are a series of prominent representatives of exTTFs [32-39], among which the vinylogous and quinoid-
type exTTFs (2 and 3) have attracted considerable interest in recent years, owing to their relatively low
oxidation potentials. It is also worth mentioning that besides vinyl and aryl bridges, the structure of TTF
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Fig. 2 Representatives of m-extended TTF analogues.
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can be further expanded by insertion of acetylenic bonds to generate some highly n-extended TTF ana-
logues. The marriage of TTF and acetylene chemistry brings about certain advantages in terms of mate-
rial design and synthesis. The linear-shaped acetylenic unit facilitates intuitive and rational design of
macromolecular systems possessing regular and predictable molecular shapes (e.g., shape-persistent
macrocycles) and intermolecular organization. In addition, the facile chemistry arising from the alkynyl
group, such as metal-catalyzed cross-coupling, homocoupling, and cycloaddition reactions, offers con-
venient modular synthetic approaches by which chemical functionalization, structural tailoring, and fur-
ther expansion (e.g., cross-linking) can be flexibly carried out to make new hybrid materials.

In the past three years, diphenyl-substituted TTF vinylogues (TTFVs) have captured our attention
as appealing molecular building blocks owing to their versatile redox and structural switchability and
tunability. Unlike unsubstituted TTFV 2, which assumes a planar molecular shape, diphenyl-substituted
TTFV analogues usually adopt a highly twisted molecular structure in the ground state, with the two
dithiole groups presenting a pseudo-cisoid conformation, as a result of the steric hindrance of the two
phenyl substituents. When the phenyl group is unsubstituted or para-substituted, diphenyl-TTFV
undergoes a simultaneous two-electron transfer to form stable dications (this has been termed the
“potential inversion scenario”). The strong electrostatic repulsion between the two dithiolium rings thus
forces the molecules to re-orient into a trans conformation, wherein the dithiolium rings are coplanar
and the two phenyl moieties are sited nearly perpendicular to the plane of the two dithiolium rings.
Figure 3 illustrates the bi-state conformational switching properties of a simple diphenyl-TTFV 10
based on density functional theory (DFT) calculations. The calculated molecular geometry of 10 and
[10%*] are in good agreement with the X-ray crystallographic data of other diphenyl-substituted TTFV
derivatives [40,41].

Fig. 3 Redox-controlled conformational switching behavior of diphenyl-TTFV 10. The molecular geometries
shown in the bottom were optimized at the B3LYP/6-311G* level of theory.

Our theoretical investigations also reveal that the electronic properties of diphenyl-TTFV deriva-
tives are subject to the electronic nature of substituents. Figure 4 shows the linear correlation of the
energies of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) with the substituent constant of para-substituted R group. The significant electronic substitu-
tion effect manifests a good tunability of electronic and redox properties of diphenyl-TTFVs at the
molecular level, which in turn paves a way for design and synthesis of novel molecular materials with
controllable electronic and optoelectronic properties and functions.
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Fig. 4 Linear correlations between HOMO and LUMO energies of diphenyl-TTFV with the Hammett value (Gp)
of endgroup attached to the phenyl ring.

This article outlines our recent exploration of diphenyl-substituted TTFV as a structural and func-
tional component for a series of novel carbon-rich m-conjugated molecular materials. So far, our stud-
ies have demonstrated that diphenyl-TTFV in conjunction with acetylenic scaffolding provides syn-
thetic entry into m-conjugated polymers, shape-persistent macrocycles, functional
chromophores/fluorophores, and electroactive donor/acceptor ensembles. Detailed property characteri-
zations have suggested potential application in the fields of electrochromism, molecular switching
devices, and chemical and biological sensors.

SYNTHESIS OF PHENYL-SUBSTITUTED DTF PRECURSOR

The synthesis of TTFV requires both C—C and C=C bond formation. For the olefination process, the
Wittig, Horner—Wadsworth—Emmons (HWE), and McMurry coupling reactions have been employed in
the preparation of a number of vinylogous TTFs [33,42—44]. In addition to these methods, an interest-
ing approach involving base-promoted ring opening of 1,2,3-dithiadiazoles was devised by Becher and
co-worker to generate TTFV structures [45]. Unfortunately, this method is very limited in producing
substituted TTFVs. For diaryl-substituted TTFVs such as 10, the most commonly used synthetic route
is via the oxidative dimerization of corresponding dithiafulvene (DTF) precursors. The reaction mech-
anism of this dimerization was elucidated by Lorcy, Hapiot, and co-workers [46,47], and the detailed
reaction steps are shown in Scheme 1. Treatment of an aryl-substituted DTF under oxidative conditions
leads to the formation of DTF radical cation, which dimerizes to form a new C—C bond, yielding a
diprotonated TTFV product. The dimerized product then undergoes proton loss to form neutral TTFV.
Under oxidative conditions, the neutral TTFV is quickly converted into stable TTFV dication. When the
oxidative dimerization is complete, a reduction reaction follows to reduce TTFV dication into neutral
TTFV.
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Scheme 1 Mechanism for oxidative dimerization of aryl-DTF to form diaryl-TTFV.

A variety of oxidants has been reported to promote this type of dimerization reaction, including
L, (BrC6H4)3SbC16, AgBF,, and Br, [40,48-56]. Their efficiency in promoting the dimerization varies,
depending on the structure of DTF precursor, while in most cases I, and AgBF, gave satisfactory
results. Based on this facile synthetic methodology, we have prepared a group of diphenyl-TTFVs with
acetylenic groups substituted at the para-position of the phenyl moiety. In the synthesis, acetylenic-
DTF precursors need to be prepared beforehand. Scheme 2 outlines the synthetic route to a
trimethylsilylacetylene (TMSA) substituted DTF precursor 13a via an HWE olefination approach.
Phosphonate 11 was deprotonated with n-BuLi at low temperature to form an ylide in situ, which sub-
sequently reacted with alkynyl benzaldehyde 12 to afford DTF 13a in good yield.

(1) n-BuLi, THF Me3
n-buLli
’ SM
Q s SMe -78°C, 30 min Y
(Me0),P—X I S
H S7>sme @ OHC@%TMS TMS—
11 12 H
-78 °C to rt, overnight 13a
80 %

Scheme 2 Synthesis of DTF 13a via HWE reaction.

A bottleneck in the preparation of 13a is the synthesis of the precursor phosphonate 11. The con-
ventional preparation protocol follows a multi-step synthetic route shown in Scheme 3 [57]. This
approach involves both tedious purification steps and the use of costly reagents (e.g., HBF,), which hin-
ders the large-scale production of 11 in an economical and concise manner.
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Scheme 3 Multi-step synthesis of phosphonate precursor 11.

To circumvent such a lengthy synthetic route, an alternative approach based on a phosphite-medi-
ated olefination method devised by Bryce and co-workers [58] was then explored. As shown in
Scheme 4, thione 16 was directly cross-coupled with aldehyde 12 in the presence of a large excess of
P(OMe); to afford DTF 13a. This reaction proceeded smoothly in toluene at 100 °C to give 13a in a
yield of 64 %. Compared with the previous HWE reaction method, this one-step route features a sig-
nificant improvement. Nevertheless, it still does not provide a satisfactory solution to large-scale syn-
thesis, because lengthy column chromatographic separation of 13a from unreacted P(OMe); must be
conducted after the reaction. Development of purification methods that are both labor- and cost-effec-
tive is currently under investigation.
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Scheme 4 Synthesis of DTF 13a through a P(OMe);-promoted olefination reaction.

SYNTHESIS AND PROPERTIES OF OLIGOYNE-CENTERED TTF ANALOGUES AND
RELATED POLYMERS

With acetylenic DTF 13a in hand, a series of oligoyne-centered exTTF derivatives was synthesized
through the procedures depicted in Scheme 5 [59,60]. Desilylation of DTF 13a with K,CO; gave a free
terminal alkyne intermediate which was immediately subjected to a Hay coupling reaction under the
catalysis of Cul/TMEDA to afford diyne-exTTF 20a in 60 % yield. Mono-alkynylated DTF 13a after
desilylation could also be coupled with excess TMSA under Hay coupling conditions to yield diyne-
DTF 13b in 82 % yield. Compound 13b was desilylated and coupled with TMSA under the catalysis
of Cul/TMEDA, giving triyne-DTF 13c in 60 % yield. By the same token, diyne and triyne 13b,c were
subjected to the desilylation/coupling sequence, giving tetrayne-exTTF 20b and hexayne-exTTF 20c in
high yields. It is worth noting that that diyne and tetrayne 20a,b are stable orange-colored solids,
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Scheme 5 Synthesis of oligoyne-DTFs 13 and oligoyne-centered exTTFs 20 via Cu(I)-catalyzed alkynyl coupling
reactions.

whereas hexayne 20c only retains stability in dilute solution. Evaporation of the solution of 20c led to
the formation of a dark purple solid that is insoluble in any solvents. The poor chemical stability of 20c
in the solid state is attributed to the topochemical polymerization of m-conjugated hexayne units.

The solid-state structural properties of diyne-exTTF 20a and tetrayne-exTTF 20b were investi-
gated by single-crystal X-ray diffraction analysis. Figure 5 shows the molecular geometries and crystal
packing of 20a,b. Both compounds assume a nearly planar conformation in which the two exterior DTF
rings are slightly deviated from the molecular plane by 15-20° (see Fig. 5A,B). In the crystal lattice of
20a, the molecules are aligned in a parallel fashion where the distance between adjacent butadiyne moi-
eties (d) is 5.35 A and the inclination angle (¢) is 57.2°. For tetrayne 20b, the packing parameters are
d=5.34 A and ¢ = 48.8°, which suggests that 20b has a stronger tendency towards topochemically con-
trolled polymerization than diyne 20a. The solid-state reactivity of 20a,b for polymerization is also
manifested by thermal analysis. Differential scanning calorimetric (DSC) analysis shows that tetrayne
20b undergoes a prominent exothermic process (AH = —249.7 kJ mol~!) at 226.9 °C, while for diyne
20a an exothermic process takes place at higher temperature and with relatively smaller reaction heat
(244.5 °C, AH = -171.4 kJ mol™!).

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 4, pp. 1005-1025, 2012
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(A) (8)

()

Fig. 5 (A) ORTEP drawing of diyne-exTTF 20a (30 % probability thermal ellipsoids). (B) ORTEP drawing of
diyne-exTTF 20b (30 % probability thermal ellipsoids). (C) Crystal packing of 20a viewed perpendicular to the
b-axis. (D) Crystal packing of 20b viewed perpendicular to the b-axis. (E) Packing geometry of 20a in the solid

state. (F) Packing geometry of 20b in the solid state.

The electronic absorption properties of oligoyne-exTTFs 20a—c were investigated by UV-vis
spectroscopy and representative spectral data are given in Fig. 6. In the spectrum of diyne 20a, a low-
energy absorption band emerges at 423 nm, which is assigned to T—rt* electronic transition. For tetrayne
20b, this low-energy transition is red-shifted by ca. 40 nm as a result of increased m-conjugation. The

Absorbance

300 400 500 600
Wavelength (nm)

Fig. 6 Normalized UV-vis spectra for oligoyne-centered exTTFs 20a—c measured in CHCI5.
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spectrum of hexayne 20c¢ shows distinctive vibrational progressions, the spacings of which are consis-
tent with those reported for analogous hexaynes or higher oligoynes in the literature [61].

The electrochemical properties of oligoyne-exTTFs 20a,b were studied by cyclic voltammetry.
The cyclic voltammograms of diyne 20a and tetrayne 20b show continuous growth of a redox couple
that is characteristic of the TTFV unit. This observation indicates that the DTF moieties of 20a,b can
undergo oxidative coupling reactions under electrochemical conditions to form conducting polymers on
the surface of the working electrode. Indeed, it was found that multiple cyclic voltammetric scans or
bulk electrolysis led to the formation of high-quality and robust polymer thin films on conductive sub-
strates. Figures 7C,D show the cyclic voltammograms of thin films of poly[20a] and poly[20b] electro-
chemically deposited on indium tin oxide (ITO)-coated glass slides. Both polymer films exhibit a quasi-
reversible redox wave pair, while the formal potentials, E° = (E ot Epa)/2, are similar to that of the
TTFV monomer, indicating that the TTFV units in the polymers dictate the electrochemical activity.
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Fig. 7 Cyclic voltammograms of (A) diyne-exTTF 20a, scan rate: 200 mV s~!, working electrode: glassy carbon;
(B) tetrayne-exTTF 20b, scan rate: 200 mV s~!, working electrode: glassy carbon; (C) poly[20a] thin film, scan
rate: 50 mV s~!, working electrode: ITO glass; (F) poly[20b] thin film, scan rate: 50 mV s~!, working electrode:
ITO glass. Experimental conditions: supporting electrolyte: Bu,NBF, (0.1 M); solvent: CH,Cl,; counter electrode:
Pt; reference electrode: Ag/AgCl. The arrows indicate the initial potential scan direction.

The electrodeposited polymer thin films of poly[20a] and poly[20b] on ITO glass exhibit
electrochromic properties. In the neutral state, poly[20a] is pale yellow in color and its UV-vis
absorption spectrum gives an absorption band at 441 nm and a weak absorption tail ranging from 500
to 700 nm (see Fig. 8A). After electrolysis of the film at +0.9 V (vs. Ag/AgCl) for 1 min, the color of
the polymer thin film turns to dark green and a new broad absorption band from 500 to 850 nm emerges
in the vis—NIR region, which is attributed to the formation of [TTFV]3*. The resulting cationic poly-
mer thin film can be then reduced to the neutral state after electrolysis at —-0.3 V (vs. Ag/AgCl) for
0.5 min to change the color back to pale yellow. The coloration and de-coloration processes can be
reversibly switched by altering the electrode potential, suggesting application in electrochromic
devices. Similar electrochromic effects can be observed for the thin film of poly[20b] as well (see
Fig. 8B). Of particular note is that the UV—vis spectrum of cationic poly[20b] shows vibrational fine
structures of the tetrayne moiety, indicating that the oligoyne units remain intact during the oxidation
process.

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 4, pp. 1005-1025, 2012
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Fig. 8 (A) UV-vis absorption spectra of poly[20a] on ITO glass in the neutral (solid line) and cationic (dashed line)
states. (B) UV—vis absorption spectra of poly[20b] on ITO glass in the neutral (solid line) and cationic (dashed line)

states.

In addition to electrochemical polymerization, the preparation of TTFV-oligoyne polymers via
chemically induced oxidative coupling reactions was also investigated. As shown in Scheme 6, diyne
20a and tetrayne 20b were treated with I, in CH,Cl, at room temperature for 12 h. After reductive
work-up with aq. Na,S,05, polymeric products were obtained as orange-colored solids that are soluble
in nonpolar organic solvents. However, these products do not have high degrees of polymerization.
Instead, they are rather short oligomers, ranging from dimer to octamer for poly[20a] and dimer to
tetramer for poly[20b], as evidenced by matrix-assisted laser desorption/ionization with time-of-flight
mass spectrometry (MALDI-TOF MS) analysis.

SMe
Mes\%\S

S H
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20an=1 S
20bn=2 %SMe
Eox or MeS

(i) 12, (if) Na;S,03

Poly[20a] n = 1 S%SMe
Poly[20b] n = 2 MeS

Scheme 6 Synthesis of TTFV-oligoyne polymers by oxidative coupling reaction.

SYNTHESIS AND PROPERTIES OF TTFV-BASED SHAPE-PERSISTENT
MACROCYCLES

Acetylenic DTFs 13a,b were subjected to an iodine-promoted oxidative dimerization followed by
Na,S,0; reduction to give TTFV derivatives 21a,b in reasonable yields (Scheme 7) [59,60]. TTFVs
21a,b were then desilylated to afford free terminal alkyne products. In our initial studies, desilyated 21a

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 4, pp. 1005-1025, 2012



Tetrathiafulvalene vinylogues 1015

MeS SMe
MeS SMe
MeS 4 S N

S
SMe S S
S)Y (1)1, CH,Cly \_/
S rt, overnight
TM34<: >—<\ _—
H (2) NagS,03, rt ’
1h
60 %
13a Vi AN

T™MS T™MS

21a

MeS
SMe
s (1) lp, CH,Cly
S rt, overnight
MS———= _—
H (2) NaS,03, rt
1h

13b 60 %

™S 21b ™S

Scheme 7 Synthesis of acetylenic TTFVs 21a,b via oxidative dimerization.

was subjected to a Cu(I)-catalyzed alkynyl homocoupling reaction with the hope to obtain polymer
products similar to those acquired via the electrochemical polymerization as outlined in Scheme 6. To
our surprise, the homocoupling reaction ended with a complex mixture of oligomers, while MALDI-
TOF MS analysis revealed the formation of a series of cyclic oligomers (trimer to pentamer) rather than
chain-like polymers. This result was somewhat counterintuitive at first glance, considering the non-
planar molecular shape of 21a indicated by X-ray crystal structure analysis (Fig. 9). Nevertheless,
cyclic molecular frameworks containing TTFV units were not unprecedented prior to our work. Lorcy
and co-workers reported the formation of TTFV tetrameric and pentameric macrocycles resulting from
electrolysis of a phenyl-DTF precursor [62].

P
d %

Fig. 9 X-ray single-crystal structure of compound 21a: (A) front view; (B) side view (CCDC 845793).
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The Cu(I)-catalyzed homocoupling reaction afforded macrocyclic products only in trace amounts.
To further improve the efficiency of the reaction, a number of catalytic conditions have been explored.
Eventually, a Pd(IT)/Cu(I) co-catalyst system similar to that reported by Iyoda and co-workers [63] in
their synthesis of TTF-[18]annulenes was found to give the best outcome. As shown in Scheme 8, a one-
pot macrocyclization of desilyated 21a under Pd/Cu/TMEDA catalysis afforded shape-persistent
macrocycle 22a in 18 % yield. In a similar manner, shaped macrocycle 22b was made from homo-
coupling of 21b; however, purification of 22b encountered tremendous difficulty owing to the presence
of some intractable oligomer byproducts.
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- o macn o oo
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(2) PdCI,(PPhs),, CuCl
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reflux
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Scheme 8 Synthesis of shape-persistent TTFV macrocycles 22a,b via Pd/Cu-catalyzed homocoupling
macrocyclization.

The structural properties of trimeric macrocycle 22a were investigated by semi-empirical calcu-
lations using a reparameterized AM1 method (RM1). In the optimized molecular geometry of 22a, the
TTFV unit exhibits only a small degree of twisting compared with that of monomer 21a. The strain
energy arising from macrocyclization is calculated to be 7.48 kcal mol~! [60], which is certainly an
affordable energy cost for the cyclization reaction. The low strain energy of 22a accounts for its pref-
erential formation over other cyclic oligomer products such as tetramer and pentamer. MALDI-TOF
MS confirmed the formation of such higher macrocycles during the macrocyclization reaction; how-
ever, they were formed only in trace amounts.

The electrochemical redox behavior of macrocycle 22a was studied by cyclic voltammetry.
Macrocycle 22a gives a pair of quasi-reversible redox waves at £, =+0.82 V and E_ = +0.56 V in its
cyclic voltammogram. In comparison with the cyclic voltammogram of monomeric TTFV 21a, the
redox potentials of 22a is shifted anodically by ca. 0.1 V. The shift is attributed to the constrained
cis-conformation of TTFV in the macrocycle skeleton. Similar conformational effects on redox behav-
ior of TTFV were also observed in poly(ethylene glycol) tethered TTFV macrocycles reported by Lorcy
and co-workers [64].
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SYNTHESIS AND PROPERTIES OF TTFV-BASED MOLECULAR TWEEZERS

The V-shaped molecular structure of acetylenic TTFV 21a serves as a versatile structural element for
construction of functional molecular hybrids via various metal-catalyzed alkynyl coupling reactions.
With this objective in mind, we have explored the synthesis of a group of TTFV-centered tweezer-like
compounds [65]. As shown in Scheme 9, desilylation of TTFV 2la with K,CO; followed by
Sonogashira cross-coupling with 2-iodoanthraquinone (23) afforded compound 24 in 66 % yield. Given
the electron-donating properties of TTFV and the electron-accepting nature of anthraquinone (AQ),
compound 24 can be viewed as an acceptor—donor—acceptor triad.
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Scheme 9 Synthesis of TTFV-hinged molecular tweezers 24 and 25 as functional donor/acceptor triads.

AQ-TTFV-AQ 24 could undergo a two-fold HWE reaction with the ylide in situ generated from
treatment of phosphonate 11 with n-BuLi. The reaction proceeded at low temperature, affording com-
pound 25 in 51 % yield. Note that the olefination reaction converted the two electron-withdrawing AQ
moieties into two electron-donating anthraquinoid-type m-extended tetrathiafulvalene (TTFAQ) groups,
hence rendering 25 a donor—donor—donor triad.
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The redox properties of TTFV tweezers 24 and 25 are revealed by their cyclic voltammograms
shown in Fig. 10A. AQ-TTFV-AQ 24 displays a pair of reversible redox waves at Epa =+0.61 V and
E_.=+0.54 V in the positive potential window, which is assigned to the two-electron transfer of TTFV.
The formal potential of this redox wave pair is slightly greater than that of TTFV 21a, indicating weak
electronic communication between the AQ and TTFV units. In the negative potential region, two redox
wave pairs are observed and ascribed to the successive electron transfer on the two AQ moieties. The
cyclic voltammogram of TTFAQ-TTFV-TTFAQ 25 shows one oxidation peak at +0.68 V in the anodic
scan, which is ascribed to a simultaneous 6-electron transfer at the two TTFAQ and one TTFV units. In
the cathodic scan, two reduction peaks are seen at +0.55 and +0.23 'V, respectively. The origins of these
peaks are assigned to successive reductions of TTFAQ and TTFV units.

Current
Absorbance

300 400 500 600
Wavelength (nm)

1f5 1r0 0‘5 OTO -d,S -1I.O -1I.5 -2I.0

Potential (V vs. Ag/AgCl)
Fig. 10 (A) Cyclic voltammograms of TTFV derivatives 21a, 24, and 25. Experimental conditions: analyte
(ca. 1073 M); Bu,NBF, (0.1 M) as supporting electrolyte; CH,Cl, as solvent; glassy carbon as working electrode;

Pt wire as counter electrode; Ag/AgCl as reference; scan rate 0.1 V sl (B) UV-vis spectra of 21a, 24, and 25
measured in CH,Cl,.

The electronic absorption properties of TTFV derivatives 21a, 24, and 25 are compared in
Fig. 10B. Acceptor—donor—acceptor triad 24 shows a notable long-wavelength absorption shoulder at
460 nm as well as a broad absorption tail extending to 580 nm. The spectral features indicate a signif-
icant degree of intramolecular charge transfer between donor (TTFV) and acceptor (AQ) units via the
acetylenic linkages in triad 24.

The capability of tweezer-like TTFV triads 24 and 25 in forming supramolecular complexes with
some aromatic species, including nitrobenzene, [60]fullerene, and [6,6]-phenyl-Cg, -butyric acid methyl
ester (PCBM), was assessed in various organic solvents. Unfortunately, none of the compounds exhib-
ited strong binding with the two molecular tweezers. It is reasoned that the rigidity of acetylenic link-
ers does not facilitate a cooperative binding mode. Further structural tailoring of the linkage group is
therefore necessary if supramolecular binding and recognition functions are desired for TTFV molecu-
lar tweezers.

The acetylenic groups in TTFV 21a allow the popular “click” chemistry to be implemented to
access a wide spectrum of functional TTFV hybrids by a rapid and modular approach. The “click” syn-
thetic strategy has such advantages as high yielding, easy purification, mild reaction conditions, and
good tolerance to various functionalities. So far, the most widely used click reaction is the Cu(I)-cat-
alyzed alkyne-azide cycloaddition (CuAAC) reaction [66,67]. It is worth noting that numerous recent
publications have demonstrated that the product of CuAAC reaction, 1,2,3-triazole, not only serves as
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a robust linker group for building up complex molecular structures [68], but can act as an efficient lig-
and to bind with various metal ions [69-76], anions [77-80], and biomolecules [81,82]. In this sense,
CuAAC-based “click” functionalization can be a synthetically economical way for constructing molec-
ular and supramolecular systems with special ligand or receptor functions. In our recent work, TTFV
derivatives “click” functionalized with chromophore or synthetic receptor groups have been sought. As
shown in Scheme 10, TTFV 21a was first desilylated by tetrabutylammonium fluoride (TBAF) to afford
free alkyne 26. Compound 26 was reacted with azido-anthracene 27 in the presence of Cul and diiso-
propylethylamine (DIPEA) to give dianthryl-TTFV 28 in 91 % yield.

SMe MeS
SMe MeS
MeS p. \ SMe
S S N3
S S
pan LD =
Cul, DIPEA
THF, 60°C, 12 h
// \\ 91%

TBAF ~21a R=TMS R
THF C
87 % 26 R=H
Scheme 10 Synthesis of dianthryl-TTFV 28 by click reaction.

Although containing two fluorogenic units (anthracene), compound 28 showed very weak fluo-
rescence [@ = 0.009 in tetrahydrofuran (THF)]. The quenched emission is due to the photoinduced elec-
tron transfer (PET) [83] from donor (TTFV) to acceptor (anthracene) units. It was anticipated that when
the triazole groups of compound 28 were bound to metal ions, the PET process would be attenuated to
give rise to fluorescence enhancement. If such were the case, dianthryl-TTFV 28 would hence act as a
fluorescence turn-on sensor for certain metal ions. To test this sensor design concept, dilute THF solu-
tion of 28 was subjected to fluorescence titration with a number of transition-metal ions, including
Cu?*, Fe2*, Cd?+, Mn2*, Zn2+, Hg2+, Pb2*, and Ag*. For comparison, titration with a strong Brgnsted
acid, trifluoroacetic acid (TFA), was also conducted; however, protonation of 28 did not result in sig-
nificant fluorescence enhancement. Of the eight metal ions tested, Cu?*, Fe2+, and Cd%* gave rise to
very significant fluorescence enhancement. Figure 11A illustrates the fluorescence spectral changes of
28 in titration with CuZ*. At the endpoint of titration, the fluorescence intensity is increased by 26-fold
at 415 nm (limit of detection: 0.26 uM). Note that the substantial fluorescence enhancement of 28 con-
trasts markedly the fluorescence quenching effect of Cu2* ion on an anthryl-triazole sensor recently
reported by Varazo et al. [84]. The TTFV donor is believed to play a pivotal role in effecting the fluo-
rescence turn-on behavior.

Figure 11B gives the sensitivity of 28 toward a series of cations. Herein a decreasing trend is
observed as follows: CuZ* > Fe2* > Cd2* > Ag* > Mn?* > Zn?* ~ Hg?* > Pb2* > H*. To quantify the
affinity of 28 for various metal ions, the fluorescence titration data were subjected to SPECFIT global
analyses [85]. The analyses reveal that 28 can bind with transition-metal and proton cations to form
both 1:1 and 1:2 complexes, while the binding constants vary substantially depending on the nature of
metal ions. Plotting the binding constants (logf,; and logf,,) against the standard electrode potentials
of the metal ions (E°) gives interesting correlations. As shown in Fig. 12, the cations fall in two distinct
groups in terms of linear relationship between logp and E°. Group I consists of Cu2*, Cd%*, Zn2*, Fe2*,
and Mn?* ions, which afford considerably larger binding constants than those of Group II, which
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Fig. 11 (A) Fluorescence titration of 28 (5.55 uM) with Cu(OTf), in THF (A, = 350 nm). Inset: Stern—Volmer plot
calculated from emission at A = 415 nm. (B) Fluorescence enhancement (A = 415 nm) at the endpoint of titration.
Inset: photographic images of solutions of 28 with various transition-metal ions and TFA in THF under irradiation
of a UV lamp.
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Fig. 12 Linear correlations of binding constants (logf) and standard electrode potentials (E°) of transition-metal
and proton cations.

includes Ag*, Hg2*, H*, and Pb%* ions. These observations are in line with expectations based on hard-
soft acid/base (HSAB) theory. The three metal ions (Cu?*, Fe?*, and Cd?*, highlighted by shadow in
Fig. 12) that cause sizeable fluorescence enhancement of 28 have two common features: (1) they belong
to Group I, and (2) their E° values match the low oxidation potential of TTFV to efficiently attenuate
the PET process from TTFV to anthracene. Overall, the relationships disclosed in Fig. 12 are instruc-
tive for further design and fine-tuning of the selectivity and sensitivity of chemosensors in analogous
molecular architectures.

Apart from fluorogenic groups, the diphenyl-TTFV core can also be functionalized with other
types of ligands or receptors to attain chemical sensing properties. Scheme 11 depicts the synthesis of
a TTFV-phenylboronic acid hybrid, compound 32. By the CuAAC reaction, acetylenic TTFV 26 was
coupled with azido-phenylboronate 29 to give compound 30 in 87 % yield. Compound 30 was then con-
verted into trifluoroboronate 31 upon treatment with KHF,. Hydrolysis of 31 in the presence of LiOH
afforded TTFV-boronic acid 32 in a good yield.

Phenylboronic acid has been well known for its ability to effectively bind with saccharides in
aqueous media [86-91]. If the binding of 32 to saccharides significantly influences the redox potentials
of adjacent TTFV units, the binding event can be reported by electrochemical readouts detected by
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Scheme 11 Click synthesis of phenylboronic acid-TTFV hybrid 32.

either potentiometric or voltammetric techniques. In this light, compound 32 was expected to show
electrochemical sensing performance for saccharide molecules. To test the electrochemical sensing
function, compound 32 was dissolved in aqueous phosphate buffer solution/DMSO (2:1) to maintain a
neutral pH value (7.4) similar to that of physiological conditions, and to this solution various saccha-
rides were titrated. The titration processes were monitored by differential pulse voltammetry (DPV).

Figure 13A depicts the DPV changes of TTFV boronic acid 32 in titration with fructose. It can
be clearly seen that the current peak at +0.33 V increases steadily in intensity with increasing addition
of fructose. It should be noted that the significant electrochemical responses were detected at mM con-
centrations of fructose and neutral pH, which is suggestive of effective binding between 32 and fruc-
tose under such conditions. In general, the binding of phenylboronic acid to cis-diol species is reversible
in aqueous media, while only under basic conditions the equilibrium would favor the complexation
product. Theoretical modeling studies suggest a “water-insertion” binding mode as shown in Fig. 13B,
wherein the “click” generated triazole linker acts as an H-bond acceptor to facilitate the coordination of
a water molecule with the boron atom [92]. Such a complexation mode is similar to that of the “Wulff-
type” receptors [93-95] widely used for complexing with saccharides at neutral pH. It is therefore
believed that the triazole group plays a key role in enhancing the binding of 32 with saccharides under
physiological conditions. Similar DPV responses were observed in the titration experiments of com-
pound 32 with ribose and galactose, indicating practical use of 32 as an electrochemical sensor for these
saccharides. In the titration of glucose, however, the DPV profile of 32 was changed in a weak and ran-
dom fashion, which is attributed to insignificant binding between glucose and compound 32.
Investigations into the exact binding modes, with which compound 32 binds to various saccharides, are
currently underway.
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Fig. 13 (A) Differential pulse voltammetric titration of 32 (1.72 mM) with fructose in aqueous buffer/DMSO

(2:1, v/v) at pH 7.4. (B) Molecular modeling of triazole-assisted complexation of phenylboronic acid and 1,2-diol
in the presence of water. Calculations were done at the B3LYP/6-31G* level of theory.

CONCLUSIONS

Our recent studies have demonstrated that diphenyl-substituted TTFVs possess unique structural and
electrochemical properties that render them a class of highly tunable and readily adaptable molecular
building blocks for construction of a variety of functional molecular systems. Based on the redox-con-
trolled cis to trans conformational switching of diphenyl-TTFV and the versatile reactivities of
acetylenic scaffolding, sophisticated macromolecular structures with diverse topologies have been suc-
cessfully prepared, including oligoyne-TTF molecular rods, TTFV-embedded conducting polymers,
shape-persistent macrocycles, and functional multiple donor-chromophore ensembles. Spectroscopic
and voltammetric characterizations of the new TTFV-based molecular materials have revealed
intriguing applications in molecule-based optoelectronic, electrochromic, and sensory devices. At this
juncture, it is envisaged that continued efforts on rational design and synthesis of new TTFV-contain-
ing systems would yield fruitful results in both synthetic and materials chemistry. On the other hand,
development of a deeper understanding on the structure—property relationships for TTFV and related
derivatives is still indispensable and necessary in future work, since acquisition of such fundamental
knowledge will greatly accelerate the pace of finding practical applications in advanced molecular
materials and devices built upon TTFV and related scaffolds.
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