Synthesis, Structure, and
Electropolymerization of

ORGANIC
LETTERS

2009
Vol. 11, No. 7
1487—1490

3,4-Dimethoxytellurophene: Comparison

with Selenium Analogue

Asit Patra, Yair H. Wijsboom,! Gregory Leitus,* and Michael Bendikov**

Department of Organic Chemistry and Chemical Research Support Unit,

Weizmann Institute of Science, Rehovot 76100, |srael

michael .bendikov@wei zmann.ac.il

Received January 12, 2009

ABSTRACT

TeCly

MeQ,
TeClp

NaOAc, Hexane

F l Me;SiSiMe; MeO

OMe ﬁ'&l\_ _5/\

Iy o O
Te k= B
X-ray Yy v
N o2

3,4-Dimethoxytellurophene (5) was synthesized via a new ring construction reaction. The crystal structure of 5 is characterized by unusually
short Te---Te distances. The electropolymerization of 5 probably produces some amount of poly-5. Since the product was unstable under
experimental conditions, a definitive assignment could not be made. However, the UV—vis spectrum recoded during electropolymerization of
5 shows an absorption peak at 679 nm with an onset at 820 nm (1.51 eV), closely matching the calculated band gap of poly-5.

Since the discovery of high conductivity in polyacetylene,
significant efforts have been devoted to developing new families
of conducting polymers.* Despite the diverse applications of
conducting polymers in photovoltaic cells? eectrochromic
devices® chemical sensors,* microe ectronic actuators,"organic
light emitting diodes (OLEDs),° organic field effect transistors
(OFETS),” nonlinear optics, etc., conducting polymer types are
limited to polyacetylenes, polypyrroles, polyphenylenes, poly-
thiophenes (1), poly(p-phenylene vinylene)s, and afew others.
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Polythiophenes are the most studied conducting polymers.#8

Recently, we have obtained the first highly conducting
polyselenophene, namely poly(3,4-ethylenedioxyselenophene)
(PEDOS),® and we have shown that polyselenophenes may
even be superior to polythiophenes for some applications'®
while maintaining a low band gap, very high stability, and
well-defined spectroelectrochemistry. Since the selenium
atom is very similar to the sulfur atom, many properties of
polyselenophenes (2) are similar to those of polythiophenes.
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However, the properties of the tellurium atom, being the next
member of group VI, are significantly different from those
of selenium.™>*2 Indeed, the electronegativity of sulfur is
2.58 and of selenium is 2.55, while the electronegativity of
tellurium is 2.10 (according to the Pauling scal€). Tellurium
is a metal and has significantly higher polarizability than
sulfur and selenium. After much research on tetrathiaful -
valene (TTF) and tetraselenafulvalene (TSF) and their
derivatives, extensive studies were undertaken on tetratel-
lurafulvalene (TTeF) and its derivatives due to expectations
of enhanced dimensionality as a result of Te~Te intermo-
lecular contacts.™® Parent polytellurophene (3) and any
substituted polytellurophenes are practically unknown;**
however, they are expected to have properties significantly
different from those of polyselenophenes and polythiophenes.
No spectroscopic studies or experimental band gap evalua
tions of polytellurophenes have been reported. The band gap
of polytellurophenes is expected to be lower than the band
gap of polyselenophenes and polythiophenes.*® The lack of
research on polytellurophenes is most probably due to the
unavailability of suitable synthetic methodologies for the
preparation of substituted tellurophene-based monomeric
precursors.’? Consequently, very few substituted tellurophenes
with accessible 2,5-positions are known.*®
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Inspired by the high stability, lower band gap, and promising
properties of PEDOS’ and its derivatives,'® we decided to
extend our study to polytellurophenes. Here, we describe anew
and smple one step synthetic method to construct atellurophene
ring, specificaly, 3,4-dimethoxytellurophene (5), and we present
its crystal structure, DFT calculations, and el ectropolymeriza
tion. Throughout, comparison is made with 3,4-dimethoxyse-
lenophene (4).%
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Synthesis of suitable tellurophene monomers is the crucia
first step toward developing conjugated oligo- and polytel-
[urophenes. To prepare atellurophene core, we first developed
anew and efficient synthetic strategy for the preparation of 5.
Our synthetic methodology is based on a ring-closure
addition—elimination reaction between 2,3-dimethoxy-1,3-buta-
diene (6) and TeCl,*® in the presence of NaOAc in hexane at
room temperature (Scheme 1). Thistype of ring-closure reaction
was recently developed by von Kieseritzky et a.*° to form a
thiophene ring and by us to form a selenophene ring.®

Scheme 1. Synthesis of 3,4-Dimethoxytellurophene (5)
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3,4-Dimethoxytellurophene (5) isacolorless solid with alow
melting point that is stable at room temperature. No visua
degradation was observed while storing it for 1 year a 4 °C.
Single crystals of 5 were grown from a mixture of chloroform
and hexane by dow evaporation at 4 °C (Figure 1). Only afew
crystal structures of tellurophene derivatives are reported in the
literature. 1471662021 The crystal structure of 5 consists of a
planar tellurophene ring bearing in-plane methoxy substit-
uents. It does not indicate any -7t interactions (the molecules
are not stacked on top of each other, being completely dlipped
without overlap between the layers). However, it does reveal
specific Te=Te interactions (Figure 1), which function as the
dominant force driving crystal packing. The Te~Te distance
is 3.80—4.04 A, which is approximately 0.3—0.5 A shorter
than twice the van der Waal distance of Te (4.30 A). The
tendency of 5 to form multiple clusters reflects the more
metallic character of tellurium, as compared to S and Se.
To the best of our knowledge, this is the shortest Te~Te
distance reported in tellurophene derivatives, distances of
around 4.06—4.10 A were previously found in benzo[c]tel-
lurophene crystals,**® which is about 0.2 A longer than the
Te~Te distance in 5. A strong Te~Te interaction should be
important for applications of tellurophene containing com-
pounds as organic electronic materials.
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Figure 1. (Left) stacks viewed along X axis, (middle) a chained
Te-aggregate viewed along Y axis, (right) view along Z axis.
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For comparative purposes, single crystals of 4 were grown
by dow evaporation of a solution of 4 in a mixture of
chloroform and hexane at 4 °C. Compound 4 shows Se~Se
interactions in chained aggregates along the Z-axis (Figure S2,
Supporting Information). The Se~Se distanceis 3.78 A, which
issimilar to twice the van der Waal distance of Se (3.80 A), so
that weak Se~Se contacts are observed in contrast to the strong
Te-Te contacts in 5.
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Figure 2. Cyclic voltammogram of (a) 5 (first cycle is shown in
red) and (b) 4 on a Pt button electrode at 100 mV/s in LiClO,/
ACN, vs Ag|AgCl wire, Fc/Fc™ = 0.37 V.

The electrochemica properties of 5 were investigated by
cyclic voltammetry (CV). The monomer presents an oxidation
pesk a 0.60 V (vs Ag|AgCl wire) in CV measurements (Figure
24). A second oxidation peak at 0.95V isaso observed (Figure
S5, Supporting Information). By comparison, the first oxidation
pesk of the selenium analogue 4 is at 1.23 V, with a second
oxidation pesak at 1.67 V (Figure $4, Supporting Information).
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The first and second oxidation potentials of 3,4-dimethoxy-
thiophene are at even higher potentials of 1.36 and 1.85 V,
respectively, under similar conditions. This is consistent with
the previoudly reported oxidation potential of tellurophene (1.54
V originaly reported,®® 1.37 V after recdibration to the
conditions used in this paper), which is significantly lower than
the potential of thiophene (2.1 V under the conditions used in
this paper). The first ionization potentids of tellurophene
(8.27—8.40 V) are dso sgnificantly lower than those of
selenophene (8.77—8.95 eV) and thiophene (8.86 eV).%? Under
repeated CV cycles, 5 produces mainly undefined products,
presumably oligomers, with someinsoluble material, which does
not form awell-defined film on the electrode. By contrast, the
smooth growth of poly-4 on the surface of the Pt electrode was
observed under repeated CV scans of 4 (Figure 2b). Unlike 5,
electropolymerization of compound 4 produces stable films on
a Pt electrode.

400 600 800 1000 1200 1400 1600
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Figure 3. (8) In situ time-resolved UV —vis spectra of the material
obtained by electropolymerization of 5 at a constant potential (1.4
V) using ITO as the working electrode in dichloromethane/ TBAPFs.
(b) Spectroelectrochemistry of poly-4 as a function of the applied
potential between —0.6 and +0.8 V in propylene carbonate/LiClO,.

In situ time-resolved spectroel ectrochemical measurements
of the electropolymerization of 5 at a constant potential (1.4 V
vsAglAgCl wire, Fo/F¢™ = 0.37 V)? using I TO asthe working
electrode are shown in Figure 3a. The absorbancein thevisible
region increases gradually with time over a period of about 30
min. The UV—vis spectrum reveds three well-separated
absorption maximaat 378, 522, and 679 nm. These three peaks
were consistently observed in different experiments using
dightly different electrochemical setups. The intensity of the

(22) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Madlard, W. G. lon Energetics Data. In NIST Chemistry WebBook;
LinstromP. J.,, Mdlard, W. G., Eds.; NIST Standard Reference Database
No. 69; National Institute of Standards and Technology: Gaithersburg, MD,
http://webbook.nist.gov(retrieved Nov 20, 2008).

(23) Electropolymerization of 5 on ITO using a potentia of less than
1.4V did not lead to any UV —vis—NIR spectral changes.
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pesk at 679 nm relative to other pesks was different under
different conditions. This indicates that the peak at 679 nm
corresponds to chemica species which is not associated with
the peaks at 378 and 522 nm. The absorption a 679 nm with
an onset at 820 nm (1.51 eV) fits very nicely with the calculated
band gap of poly-5 (see discussion below for DFT calculations
which support such an assignment).?* The strong absorption
pesks at 378 and 520 nm compared to that a 679 nm indicate
thet electropolymerization of 5 mainly produces oligomerswith,
probably, a small amount of polymer which is unstable over
longer periods of time. If poly-5 isindeed observed in Figure
3a, then it should undergo electrochemical doping, which was
not observed, as evident from the absence of absorption in the
near IR region of the spectra. Most probably, poly-5isunstable
under doping due to the easy release of a Te cation from the
cation radical of the tellurophene ring by breaking a Te—C
bond.?® For comparison, the spectroelectrochemistry of poly-4
film obtained on an ITO eectrode is shown in Figure 3b. The
spectrod ectrochemically measured band gap of poly-4 (assigned
asthe onset of the 7—x* trangtion) is1.71 eV (725 nm). This
vaueis 0.20 eV higher than the onset assigned to poly-5. For
comparison, the band gap of poly(3,4-dimethoxythiophene) is
1.85 eV.?® The color of poly-4 ranges from deep-blue in the
neutral state to transmissive gray in the doped-state. The films
are highly stable during spectroel ectrochemical measurements
between —0.6 V and +0.8 V.

Geometries and electronic structures of poly-4 and poly-5
were calculated using the hybrid density functiona theory at
the B3LYP level combined with the periodic boundary condi-
tions (PBC) method as implemented in the Gaussian 03%'
program. Lan2dz and BasisSet-1? basis sets were used.”® The
optimized geometries of poly-4 and poly-5 have a planar
backbone, and their inter-ring bond distances are 1.433 and
1.431 A, respectively (at B3LY P/Lan2dz). Calculated frontier
orbital energies and band gaps for poly-4 and poly-5 are given
in Table 1. The calculated (B3LY P/Lan2dz) band gap of poly-5
is 1.64 eV, which is 0.16 eV lower than the calculated band
gap of poly-4 (1.80 eV) (Table 1). The measured (from the
onset on the 7—s* transition, Figure 3a) band gap for poly-5
is1.51 eV, which isin excellent agreement with the calculated
vaue (1.64 eV), especialy considering the difference between
measured and cdculated vaues for poly-5 (0.13 €V) is

(24) We note that such along wavelength absorption might also originate
from a cation radical of 5. Although we cannot rule out this possibility, it
seems unlikely since we do not see any absorption in the near-IR region
which would originate from cation radicals of oligomers of 5. Also, the
calculated (TDB3LY P/BasisSet-12%) spectra of the cation radical of 5 (from
400 nm to NIR) have a strong absorption at 427 nm and a weaker absorption
at 1300 nm, which are very different from the observed spectra in Figure
3a. Furthermore, the calculated spectra of the cation radical of a dimer of
5 (medium intensity absorption at 640 nm and strong, about 8 times larger
absorption at 416 nm) do not match with the spectra in Figure 3. Similar
calculations on the bithiophene cation radical produce calculated UV spectra
that are in excellent agreement with its experimental UV spectra. See:
Salzner, U. J. Chem. Theor. Comput. 2007, 3, 1143-1157.

(25) The instability of doped poly-5 is also supported by instability of
positively charged 5, since we were not able to obtain the MS data for 5
using either ES| of FD techniques.

(26) (a) Szkurlat, A.; Palys, B.; Mieczkowski, J.; Skompska, M.
Electrochim. Acta 2003, 48, 3665-3676. (b) Zotti, G.; Zecchin, S.; Schiavon,
G.; Groenendaal, L. B. Chem. Mater. 2000, 12, 2996-2005.

(27) All cdculations were performed using the Gaussian 03 program.
Frisch, M. J,, et d. Gaussian 03, Revision C.02; Gaussian, Inc.: Walingford,
CT, 2004. See the Supporting Information for details.
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practically the same as the difference between measured and
calculated vaues for poly-4 (0.09 eV).?* Using a larger basis
set (BasisSet-1,2 which is of similar quality to 6-31G(d)) gives
similar results (Table 1).

Table 1. HOCO? and LUCOP Energies and Band Gaps of
Poly-4 and Poly-5 Calculated at PBC/B3LY P/Lanl2dz (Values
Using the PBC/B3LY P/BasisSet-12® Are Given in Parentheses)

polymers HOCO* (eV) LUCO? (eV) band gap (eV)
poly-4 —4.12(-3.96) —2.32(—2.07) 1.80 (1.89)
poly-5 —-3.93(-3.76) —2.28 (—2.09 1.64 (1.67)

@ Highest occupied crystal orbital. ® Lowest unoccupied crystal orbital.

To summarize, we have constructed a tellurophene ring by
anew cycloaddition reaction and have presented the synthesis
and characterization of stable 3,4-dimethoxytellurophene (5).
The crysta structure of 5 is characterized by unusudly short
Te~Tedistances. Anin situ spectroel ectrochemica study of the
electropolymerization of 5 probably indicates that some amount
of poly-5 is produced, as evident from the absorption peak at
679 nm with an onset a 820 nm (1.51 eV). Although we do
not have consderable experimental evidence to strongly support
that poly-5 is among the products formed, our supposition of
poly-5 formation on the basis of the spectrod ectrochemical data
is corroborated by DFT calculations. These cdculations show
that both the measured and calculated band gaps of poly-5 are
about 0.2 eV lower than those of its salenophene ana ogue, poly-
4. If formed, poly-5 is unstable under conditions at which its
selenium anadogue is very stable, which revea s very significant
differences between polytellurophene and polyselenophene, in
contrast to the smaller differences observed between polysele-
nophenes and polythiophenes.
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(28) Peterson’s basis sets with small-core relativistic pseudopotentials
(cc-pVDZ-PP, see Peterson, K. A.; Figgen, D.; Gall, E.; Stall, H.; Dolg, M
J. Chem. Phys. 2003, 119, 11113. ) were used for tellurium and selenium
atoms, while all other atoms were calculated using the 6—31G(d) basis set.
We call this basis set BasisSet-1. Band gap calculation for poly-4 using the
B3LYP/6—31G(d) gives practically the same results as with the B3LY P/
BasisSet-1 (Table S4, Supporting Information).

(29) The calculated (with both B3LY P/Lan2dz and B3LY P/BasisSet-1)
bond lengths and bond angles in 5 are in excellent agreement with the
experimental values (see the Supporting Information, Table S2).
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