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A straightforward synthesis of new thiol derivatives incorporating the tetrathiafulvalene (TTF) moiety is
presented. These electroactive systems form highly stable self-assembled monolayers (SAMs) on gold
electrodes. The electrode obtained by SAM formation from a thiol derivative whose structure associates the
redox-active TTF unit and a crown-ether ligating part, allows the voltammetric recognition of barium.

Introduction

The modification of electrode surfaces using electroactive
molecular systems is a very active research area, notably in
connection to sensing applications.! In this context, many
efforts have been devoted to the immobilization of the tetra-
thiafulvalene (TTF)? framework onto metallic surfaces. Tetra-
thiafulvalene can be easily oxidized in two successive one-
electron steps into a stable radical-cation and dication, respec-
tively. This ability has been exploited in the design of redox-
responsive ligands, thus allowing the voltammetric detection
of metallic cations in homogeneous solutions.>* The usual
cation-binding ligand connected to the TTF unit is a crown
or thiacrown ether, and cation binding by this macrocycle ring
is detected via the voltammetric shift of the TTF center due to
the electrostatic interaction and proximity of the crown-ether
bound cation.

An evident further step for sensing applications is the immo-
bilisation of these TTF-based redox-switchable ligands onto a
conducting surface, as realized by the electrodeposition of a
dendrimer,* or by the preparation of self-assembled mono-
layers (SAMs).>® SAM modified electrodes® incorporating
the redox-active TTF core appear to be of special interest,
and since the initially reported work,” significant advances
have been realized,>**° notably in the preparation of SAMs
possessing cation recognizing properties.>**? These SAMs
are usually prepared by adsorption of TTF-based polyether
systems on gold or platinum. The compounds contain three
specific functionalities: (i) a redox-active TTF part for reversi-
ble generation of positive charges upon electrooxidation, (ii) a
proximal polyether chain for complexation of metal cations,
and (iii) an alkyl chain terminated by an anchoring functional-
ity in order to promote SAM formation (i.e. thiol®> or disulfi-
de®*? functions).

Considering our recent findings that recognition properties
of TTF ligands are optimised when the crown-ether part is
annelated in the 2,7-positions of the TTF framework,3¢/¥"
we describe here the synthesis, SAM formation, electrochemi-
cal characterization and Ba®" sensing properties of a series of
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such TTF-based ligands. These crown-ether annelated TTFs
(6a, 6b) possess alkylthiol chains of various lengths as anchor-
ing sites. The TTF thiol derivatives without the ligating crowns
were also prepared (5a, 5b) and these were used as models for
synthetic and deposition optimisation.

Results and discussion

Thiol derivatives 5, 6 were prepared starting from the cyano-
ethylsulfanyl precursors 1'% and 2!'! which were subsequently
treated by caesium hydroxide and compounds 7 (n = 0,3)
(Scheme 1). Thioacetyl chains 7 were synthesized via a Mitsu-
nobu reaction® from the corresponding o,m-bromo alcohols.
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The thioester intermediates 3, 4 were then reduced to the target
TTF thiols 5, 6 with DIBAL-H (dichloromethane, —80°C).!?
Compounds 5, 6 possess a very strong tendency to self-oxidize
to the disulfides within a few days ("H-NMR monitoring), even
under a controlled Ar atmosphere. Although not specifically
mentioned, similar behavior may occur with other TTF thiol
derivatives (no clear SH signature in the '"H-NMR),>® and
may be attributed to an electron-transfer process involving
catalytic amounts of TTF'* which favours the irreversible
oxidation of thiol into disulfide."

Self-assembled monolayers (SAMs) were prepared in a
glove-box, by soaking gold (111) bead electrodes'* in a solu-
tion of the thiol TTF derivative (5a,b, 6a,b) (1-2x 107> M)
in dichloromethane or THF. After soaking for 24-48 h, the
resulting electrodes were rinsed abundantly, and immersed in
a freshly prepared electrolytic solution (BuyNPFgs, 0.1 M in
acetonitrile or THF).

The cyclic voltammograms (CV) of the SAMs obtained with
the model compounds Sa and 5b show the expected two one-
electron oxidation processes corresponding to the successive
reversible oxidation of neutral TTF (TTF°) to the radical-
cation (TTF'") and to dication (TTF*") (E';/, = 0.66 V,
E* ), = 0.94 V/AgCl/Ag)" (Fig. 1).

SAMs of TTF thiol derivatives are known®’ to undergo a
gradual decrease of the current response when the potential
is scanned beyond the first oxidation peak potential. Note-
worthy, the CVs of SAMs obtained from 5a and 5b appear
highly stable within the potential window examined (from
TTF° to TTF?*"), as well as for scan rates ranging from 0 to
20 V s~!. SAMs derived from 5a and 5b are stable even after
more than 100 potential scan cycles and after several days.
The higher stability observed in these cases is surprising when
one considers that compounds Sa,b present relatively small
anchoring alkylthiols chains (trimethylene and hexamethylene,
respectively), which should therefore alter the order in the
monolayer packing within the SAM. The electrochemical
response of these SAMs is consistent with a redox system con-
fined at the electrode surface, as shown by the linearity of both
oxidative peak currents with the scan rate v (v = 0 to 20 Vs™1),
by the constant values of the anodic (E,"), and cathodic (E,")
peaks and of AE(= E," — E,) on varying v. The surface cover-
age (I') reaches a value of I' = 1 x 107'° mol cm ™2 in both
cases.'®

This study was extended to the corresponding thiol deriva-
tives 6a,b incorporating a poly(oxaethylene) chain. Analo-
gously to model compounds 5a,b, SAMs of 6a or 6b were
obtained by immersing a gold electrode in a 1-2 mM solution
of the corresponding thiol derivative in dichloromethane
(24 h). In the case of 6a, the resulting electrodes exhibit
the typical two oxidations of TTF, and the analytical criteria
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Fig. 1 Cyclic voltammogram for self-assembled monolayers of com-

pound 5a. Gold electrode, I'=1 X 107" mol em™2, CH;CN,
BuyNPFg (0.1 mol L.
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Fig. 2 Cyclic voltammogram for self-assembled monolayers of com-
pound 6a in the absence (solid line) and in the presence of 5 mM
Ba(ClOy), (dotted line) Gold electrode; I' =3 x 10~'! mol cm™2,
CH;CN, BuyNPF (0.1 mol L™Y).

show the characteristics of a surface confined redox system
(linearity of i = f(v), constant value of AE for both waves,
I =3 x 107" mol cm~2) (Fig. 2). A similar surface-confined
behavior is also found for compound 6b, but in this case the
SAMs are stable only in THF.

Since the parent crown-ether TTF ligand was previously
shown to recognize Ba**,¥" we have studied the electrochemi-
cal behavior of SAMs of 6a and 6b in the presence of this
cation. No clear evidence for Ba®' recognition could be
observed in the case of the SAMs of 6b. An attempt to improve
the recognition properties of the corresponding SAMs was
made by preparing mixed monolayers either by immersing
SAMs of 6b in decanethiol (10 min), or by immersion of a
clean gold bead in a mixture of 6b and an alkyl thiol (CsSH
or C;oSH). In the first case, the CV response exhibiting both
redox waves of TTF appears stable but no shift of the oxida-
tion potentials is observed upon addition of Ba>*. In the latter
case, the SAMs obtained are not electroactive, which could be
the result of selective adsorption of the alkyl thiol due to
kinetic and/or thermodynamic reasons.

On the contrary, SAMs of 6a recorded in the presence of
barium perchlorate showed a positive shift of +40 mV for
the first oxidation process (Fig. 2). This was the anticipated
behavior due to the electrostatic effect of the bound metal
cation in close proximity to the TTF system. Noteworthy,
and contrary to observations made on previously published
SAMs of crown-TTF ligands,®*® the potential of the second
oxidation process remains constant for SAMs of 6a in the pre-
sence of Ba®". This behavior is consistent with observations
made with the parent TTF-ligand in homogeneous solution, ¥
and results from an electrostatically-induced decomplexation
of Ba?* upon oxidation of the redox-active TTF core.

Conclusions

We have synthesized a series of TTF thiol derivatives, with
varying alkylthiol anchoring chain lengths and with or without
a crown-ether coordinating group attached. These thiol deriva-
tives form highly stable SAMs on gold bead electrodes over a
large potential window (from neutral TTF to TTE?*), at high
scan rates (up to 20 V s~ 1), and upon repeated cycling. Recog-
nition of barium was detected by CV for SAMs of 6a. These
results are similar to those previously observed for the parent
crown-TTF ligand in homogeneous solution. Since the present
compounds form immobilised and stable SAMs, they offer the
potential for applications in metal ion sensing.
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Experimental

General details

"H-NMR (500.13 MHz) and *C-NMR (125.75 MHz) spectra
were recorded on a BRUKER AVANCE DRX 500 spectro-
meter.

Mass spectra (MS) using electronic impact (EI) and fast
atom bombardment (FAB-LSIMS) were achieved either on a
VG-Autospec EBE (VG analytical) spectrometer or on a
JEOL JMS 700 B/ES spectrometer. Mass spectra using the
time of flight mode (MALDI-TOF) were recorded on a BRU-
KER BIFLEX III.

Cyclic voltammetry experiments were performed on a poten-
tiostat-galvanostat EG&G PAR models 273 or 273 A, with
solvents and electrolytes of electrochemical grades, and at
room temperature. Potentials are measured towards a silver
wire pseudoreference electrode and then referenced to an
AgCl/Ag (NaCl 3 M) BAS electrode, and a platinum wire
(diameter: 1 mm) was used as the counter electrode. When
necessary, electrochemical experiments were performed in a
JACOMEX glove-box (usual O, and H»0 contents: 5 ppm).

Synthesis

Thioacetyl derivatives 7a and 7b. Diisopropyl azodicarboxy-
late (DIAD) (2.00 g, 16.6 mmol) was added dropwise to triphe-
nylphosphine (4.34 g, 16.6 mmol) in THF at 0°C. Once the
complex was precipitated, the reaction mixture was diluted
with THF (100 mL) and a mixture of a 3-bromopropan-1-ol
(6-bromohexan-1-ol respectively) (11.0 mmol) and thioacetic
acid (11.0 mmol) in THF (100 mL) was added to the white pre-
cipitate. The temperature was kept to 0°C for two hours and
then allowed to rise to rt. The solvent was removed under
reduced pressure, and the residue was dissolved in dichloro-
methane, washed with water and dried over sodium sulfate.
The solvent was concentrated (1/3), and petroleum ether (bp
35-60 °C) was added to precipitate the triphenylphosphine
oxide, subsequently removed by filtration. The filtrate was con-
centrated in vacuo and the oil was purified by distillation (7a:
bP(1.6 mbary = 60°C; Colorless oil; 2.65 g, 24%) or by silicagel
chromatography (7b: (toluene), light yellow oil, 60%).

7a: "TH NMR (CDCls): 2.12 (quint, 6.7 Hz, 2H); 2.34 (s, 3H);
3.01 (t, 7.0 Hz, 2H); 3.45 (t, 6.5 Hz, 2H). MS (EI) M™
CsHoBrOS calc. 195.9564, found 195.9557.

7b: '"H NMR (CDCl3): 1.35-1.50 (m, 4H); 1.52-1.65 (m,
2H); 1.78-1.93 (m, 2H); 2.32 (s, 3H); 2.86 (t, 7.1 Hz, 2H);
3,40 (t, 7.1 Hz, 2H). 3C NMR (CDCls): 27.6, 27.8, 28.9 and
29.3 (CH,); 30.5 (CH3); 32.5 (CH,S); 33.6 (CH,Br); 195.8
(CO). CsH;sBrOS MS (EI) 239.1 (M +H)™. IR (KBr)
cm': 1684 (C=0).

Thioester TTFs 3a,b and 4a,b. Caesium hydroxide monohy-
drate (1.1 equiv.) in dry methanol (5 mL) was added to the tet-
rathiafulvalene derivative (1 or 2) in dry and degassed DMF
(50 mL). After stirring for 15 minutes at rt, the bromothioace-
tyl derivative (7a or 7b) in DMF (10 mL) was added in one
portion. The reaction mixture was stirred for one hour. The
solvents were removed under reduced pressure, and the residue
was dissolved in dichloromethane, washed with water and
dried over sodium sulfate. The organic phase was concentrated
under reduced pressure and the orange residue was purified by
silicagel chromatography.

3a (eluent: petroleum ether—dichloromethane (9/1)+2% v
triethylamine). (mp 58°C) 'H NMR (CDCls): 1.90 (quint,
7.0 Hz, 2H); 2.32 (s, 3H); 2.41 (s, 9H); 2.84 (t, 7.0 Hz, 2H);
3.00 (t, 7.0 Hz, 2H). 3C NMR (CDCl;): 19.1 (SCHa); 27.6
(CH,SCO); 29.5 (CH,CH,S); 30.6 (SCOCH3); 34.9 (SCH,);
110.7 and 110.9 (central C=C); 124.5, 127.5, 127.6, 131.0 (lat-
eral C=C); 195.2 (CO). MS (FAB) M™ C;4H;30S, calc.
489.8844, found 489.8842.
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3b (eluent: toluene). '"H NMR (CDCl5): 1.40 (m, 4H); 1.60
(m, 4H); 2.32 (s, 3H); 2.44 (s, 9H); 2.81 (t, 2H); 2.87 (t, 2H).

4a (eluent dichloromethane + 2% v triethylamine). Z/E mix-
ture: 25/75. "H NMR (CDCl3): 1.92 (quint, 7.1 Hz, 2H); 2.00
(Z2) and 2.14 (E) (s, 3H); 2.44 and 2.45 (s, 3H); 2.85-2.91 (m,
2H); 2.95-3.03 (m, 6H); 3.62-3.72 (m, 20H). '*C NMR
(CDCl3): 19.1 and 19.2 (CH3S); 27.7 (CH,SCO); 29.3 and
29.5 (CH,CH,S); 30.6 (SCOCHj;); 35.0 and 35.2 (SCHy);
70.2, 70.6, 70.7, 70.8, 70.8, 70.8, 70.9, 71.0 and 71.0 (OCH,);
110.5, 111.0 and 111.4 (central C=C); 125.0, 127.3, 128.5 and
130.3 (lateral C=C); 1953 (CO). MS (FAB) M*™
C24H360689 calc. 7080026, found 707.9998.

4b (cluent: dichloromethane—ethyl acetate: 8/2+2% v
triethylamine). Z/E mixture: 75/25. 'H NMR (CDCly):
1.38-1.43 (m, 4H); 1.57-1.68 (m, 4H); 2.32 (s, 3H); 2.44 (s,
3H, E); 2.46 (s, 3H, Z); 2.85 (m, 6H, E); 2.98 (m, 6H, Z);
3.72-3.61 (m, 20H, Z and E). '3C RMN (CDCls): 19.3 and
19,2 (SCH3); 27.9-38.8 (CH,); 70.2-70.9 (CH,0); 111.0 and
111.5 (central C=C); 124.7, 126.7, 130.0 and 131.7 (lateral
C=0C); 196.0 (C=0). MS (MALDI-TOF) M*" (750.01)
C7H4506Ss . IR (KBr) cm™': 1688 (C=0).

Thiols TTF derivatives 5 and 6. A solution of the appropriate
thioacetyl derivative (3 or 4) (0.2-0.5 mM) in distilled dichlor-
omethane (50 mL) was cooled to —80°C. Diisobutylalumi-
nium hydride 1.0 M in hexane (5 equiv.) was added
dropwise. After stirring at —80 °C for 45 minutes, the reaction
mixture was quenched with a solution of HCI (3 M) in metha-
nol (12 mL). Temperature was allowed to rise to rt, and the
organic layer was washed with water, dried over sodium sul-
fate and evaporated. The crude orange oil was purified by sili-
cagel chromatography.

5a: Orange oil, 64% yield; 'H NMR (CDCls): 1.37 (t, 7.0 Hz,
1H); 1.93 (m, 2H); 2.43 (s, 9H); 2.70 (dd, 7.0 Hz and 7.0 Hz,
2H); 2.93 (t, 7.0 Hz, 2H). *C NMR (CDCl;) 19.2 (SCH3);
23.0 (SCH,CH,); 33.3 and 34.4 (SCH,); 110.7 and 111.0 (cen-
tral C=C); 124.5, 127.5, 127.6 and 131.0 (lateral C=C). MS
(FAB) M™* C,H ¢S calc. 447.8758, found 447.8738.

5b: Orange oil, 85% yield, '"H NMR (CDCl5): 1.34 (t, 8.0 Hz,
1H); 138-1.48 (m, 4H); 1.60-1.72 (m, 4H); 2.43 (s, 9H); 2.54 (q,
7.0 Hz, 2H); 2.83 (t, 7.0 Hz, 2H). '*C NMR (CDCl;): 19.2
(SCH;); 27.8, 27.8, 27.9 and 29.5 (SCH,CH,); 33.8 and 36.1
(SCH,); 110.5 and 111.0 (central C=C); 125.7, 127.5 and
129.6 (lateral C=C). MS (EI") M** C,5H»S, calc. 489.9199,
found 489.9208.

6a: Orange oil, 97% yield, Z/E mixture: 70/30. "H NMR
(CDCly): 1.36 and 1.41 (2t (Z and E), 8.1 Hz, 1H); 1.93 (quint,
7.0 Hz, 2H); 2.43 and 2.46 (2s (Z and E), 3H); 2.68 (q, 7.9 Hz,
2H); 2.94-3.01 (m, 6H); 3.62-3.71 (m, 20H).

6b: Orange oil, 42% yield, Z/E mixture: 25/75. "H NMR
(CDCly): 1.33 (t, 7.8 Hz, 1H); 1.43 (m, 4H); 1.62 (m, 4H);
243 and 2.46 (2 s (Z and E), 3H); 2.54 (dq, 6.5 Hz, 2H);
2.86 (t, 6.5 Hz, 2H); 2.95-3.00 (t, 7.0 Hz, 4H); 3.62-3.72 (m,
20H). '3C NMR (CDCl5): 19.1 and 19.2 (SCH3); 24.5, 27.7,
27.8, 27.9, 28.1, 29.5 and 29.7 (CH,); 33.8, 35.0, 35.2 and
36.2 (SCH,); 70.1, 70.6, 70.6, 70.7, 70.8, 70.8, 70.8, 70.9 and
71.0 (OCH,); 110.4, 110.9, 111.0 and 111.3 (central C=C);
124.4, 124.8, 126.3, 126.9, 128.7, 129.8, 130.4, 131.5 (lateral
C=C). MS (FAB) M*'" C,5H40sSscalc. 708.0369, found
708.0362.
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