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ABSTRACT: The π-conjugated 2,5-substituted tellurophene
compounds 2,5-bis(2-(9,9-dihexylfluorene))tellurophene (1)
and 2,5-diphenyltellurophene (3) were synthesized through
ring closing reactions of 1,4-substituted butadiyne. The
oxidative addition of Br2 to tellurophene compounds 1 and
3 was studied through absorption spectroscopy, NMR,
electrochemistry, X-ray crystallography, and density functional
theory (DFT) calculations. When Br2 adds to the tellurium
center the absorption spectrum shifts to a lower energy. From
electrochemistry and DFT calculations we show that this is caused by lowering the lowest unoccupied orbital. The highest
occupied orbital is also lowered, but to a lesser extent. This shift in absorption spectrum and lowering of the oxidation potential
can provide a method to modify tellurophene containing materials. The two-electron oxidative addition is promising for
catalyzing energy storage reactions.

■ INTRODUCTION
The metalloid tellurium is a versatile element that forms the
basis for several important materials, including catalysts, dyes,
and optoelectronic compounds.1−10 Tellurophene, the tellu-
rium analog of the widely studied five-member heterocycle
thiophene, however has not been extensively explored. This is
particularly true of tellurophene-containing π-conjugated
materials, even though they have certain advantages relative
to their lighter analogs due to the unique chemistry of
tellurium. These advantages include red-shifted optical
absorption properties,11−13 unique solid-state supramolecular
structures through tellurium−tellurium interactions,14−16 and
high polarizability.17,18

As research in π-conjugated materials has turned to more
complex delocalized π-systems, and hence more lengthy
synthetic pathways, there is a need to develop materials with
properties that can be tuned postsynthesis. Examples of
postsynthesis modification include complexation to form
Lewis acid adducts,19−21 metal ion coordination,22−24 depro-
tonation at acid sites,25 or ion exchange reactions.26,27

Tellurophene-containing π-conjugated materials are important
in this regard as well, because of the diverse chemistry of this
heteroatom. For example, tellurophenes (or similar tellurium-
containing heterocycles) can extend their valence to form
stable, isolatable, coordinated intermediates through oxidative
addition reactions.28

Recently, we described the synthesis of a novel, bifunctional
tellurophene monomer, as well as the conditions required to
prepare polytellurophenes by palladium-catalyzed solution-
based methods.29 This synthesis prepares well-defined
polytellurophenes that are stable, processable materials.
Interestingly, we observed a dramatic shift in optical properties

when these compounds were exposed to Br2, which appears to
be the result of Br2 coordination at their tellurium centers. The
observed change in absorption properties of the tellurophene
polymer upon exposure to Br2 suggests a change in electronic
distribution in the polymer, a property that could have several
applications and advantages. Moreover, this shows that a single
well-defined tellurophene compound can serve as an
intermediate to produce a plurality of optoelectronic
compounds. Specifically, through molecular engineering we
can design and alter low energy sites in the polymer through
specific chemical reactions. The reversible, two-electron
oxidative addition reactions of X2 at the tellurium center are
especially important due to the potential use in energy storage
reactions such as conversion of HX to H2 and X2.

30−33

Herein, we present the first detailed investigation of the
optoelectronic properties of tellurophene-based small mole-
cules with extended π-systems and their extended valence
adducts. Using carefully designed and synthesized telluro-
phenes, we fully characterize the structural, crystallographic,
and optoelectronic properties of these compounds and their Br2
adducts. By combining experimental results, density functional
theory (DFT) calculations, and time-dependent DFT calcu-
lations we are able to discover the origin of the shift in optical
and electronic properties of this new class of optoelectronic
materials.

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis. To understand both

the electronic and structural basis for the change in optical
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properties when tellurophenes with delocalized π-systems
coordinate with bromine, two compounds were synthesized
and their Br2 adducts were prepared. One compound is
designed with an extended delocalized π-system 2,5-bis(2-(9,9-
dihexylfluorene))tellurophene (1). The known compound 2,5-
diphenyl-tellurophene (3)34−37 was also used for ease of
crystallization to verify the geometry of bromine addition to the
tellurium center. Importantly, the 2,5-substituted tellurophenes
1 and 3 can be accessed through functionalized butadiyne
precursors, reacted with sodium telluride, allowing for a
straightforward convergent synthesis (Scheme 1). The syn-
thesis begins with the deprotection of bis(trimethylsilyl)-
butadiyne by treatment with tetrabutylammonium fluoride in
the presence of CuI and Pd(PPh3)4 and subsequent addition of
an aryl iodide precursor to afford the desired 1,4-substituted
butadiyne.38 Sodium telluride was prepared39 in refluxing
ethanol by the slow addition of sodium borohydride to
tellurium powder until the solution changed from a gray
suspension, to purple, and finally a colorless solution. To afford
the ring-closed tellurophene target compounds, a tert-butanol
solution of 1,4-substituted butadiyne was added to the solution
of sodium telluride followed by isolation and purification by
column chromatography.
This synthetic pathway is important because the ring closing

reaction40,41 and the formation of tellurophene occur in the
final step, avoiding functionalization of the tellurophene ring,
which can degrade under harsh reaction conditions. Purification
by silica gel chromatography afforded the products in
reasonable yields (11−55%) and in high purity. The
tellurophene−dibromide adducts (2 and 4) were then prepared
by the addition of 1 equiv of Br2 to a carbon tetrachloride
solution of the parent compounds. The composition of all
products were verified by 1H and 13C NMR and high-resolution
mass-spectrometry or elemental analysis (see the Experimental
Section).
To examine the coordination of bromine to the tellurium

center the structure of 2,5-bis(phenyl)dibromotellurophene (4)
was determined by X-ray crystallography. X-ray quality crystals
form as red blocks when methanol is allowed to slowly diffuse
into a dichloromethane solution containing 4 (Figure 1). The
structure reveals that two molecules of 4 (4A and 4B)
crystallize in each unit cell. The largest difference between the
two molecules is the dihedral angle between the tellurophene
and phenyl rings, which are 160.9° and 161.1°, and 174.4° and

151.5° for 4A and 4B, respectively (see Supporting
Information). This appears to be caused by solid state
interactions of the phenyl rings. In the structure, we observe
a seesaw configuration around the tellurium, the average Te−Br
bond length is 2.673 Å, and the bond angle is 175.33(5)°. Due
to the five-member ring the C−Te−C bond angle in compound
4 is 82.0(5)°. The tellurophene ring has an average Te−C bond
length of 2.12 Å, which is slightly longer than that of previously
reported tellurophene compounds where the tellurium is not
coordinated to bromine.42 A similar change is observed in the
C−C bond lengths. The C2−C3 average bond length is 1.33 Å,
decreased slightly from that of previously reported non-
brominated compounds. While the C3−C4 length is increased
to 1.46(2) Å, indicating a significant degree of bond alternation
in the ring, it is representative of a decrease in aromaticity
compared to previously reported nonbrominated tellurophene
compounds, and an increase in Te−C bond length.
The conversion of 1 to 2 can be monitored by NMR. The

single peak from the protons on the 3 and 4 position of the
tellurophene shifts from 7.99 ppm in 1 to 7.55 ppm in
compound 2 (Figure 2). This decreasing value of the resonance
peak indicates that the tellurophene ring in 1 is more
deshielded than 2, which is also consistent with a loss of
aromaticity when 1 is converted to 2. When fractions of molar
equivalents of Br2 are added, NMR shows a clean conversion
from 1 to 2 with no peak broadening. The integration of the
peak at 7.99 ppm (0.75) and the doublet at 7.95 ppm (0.25)
correlate to the amount of Br2 added, supporting a 1:1 addition
of Br2 to compound 1.

Optoelectronic Properties. With the structure upon Br2
addition determined, the effect on the electronic properties was
investigated. For these studies, we focused on compounds 1

Scheme 1. Synthetic Route to Compounds 1−4a

aTMS is trimethylsilyl; TBAF is tetrabutylammonium fluoride.

Figure 1. ORTEP drawing of compound 4 shown at 50% probability
with hydrogens removed for clarity.
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and 2 because they have an extended π-system and optical
properties that lie in the visible region. Accordingly, 1 has a
strong absorption band at 390 nm (ε = 4.5 × 104 L cm−1

mol−1). Upon slow conversion of 1 to 2 (by the addition of Br2
in 0.2 mol equiv aliquots) the band at 390 nm decreases, and
two new bands, one at 470 nm and one at 320 nm, appear
(Figure 3). This absorption titration experiment reveals two

concurrent isosbestic points, showing a clean conversion of 1 to
2. Two isosbestic points are observed because the starting
compound has a single strong absorption and the product has
two absorption bands. The reaction equilibrates after the
addition of 1 equiv of Br2 when the titration is carried out in a
carbon tetrachloride solution (see Supporting Information).
We also note that the dual band absorption appears to be
characteristic of Br2-adducts 2 and 4 (see Supporting
Information); its origin will be discussed in detail below.

The effect of Br2 addition on the photoluminescence
properties of 1 and 2 was examined next. Emission from
room temperature solutions of 1 and 2 is not observed, likely
due to the presence of the heavy tellurium atom; however,
frozen glasses of 1 and 2 in 2-methyl-THF (measured at 77 K)
display vibrationally resolved luminescence (Figure 3). The
heavy atom facilitates intersystem crossing to a triplet state;
thus we hypothesize that the luminescence is phosphorescence
since emission from these compounds is observed neither at
room temperature nor in oxygenated solutions. At room
temperature nonradiative decay pathways prevent emission.
Likewise, triplet ground-state oxygen can cause deactivation of
this state and quench emission. At 77 K the emission of
compound 2 is red-shifted relative to compound 1, which is
consistent with the absorption spectra and a lower energy
excited-state to ground-state transition for 2, relative to 1.
Next, cyclic voltametry was used to determine the positions

of the frontier orbitals of these compounds; for clarity all values
are reported vs vacuum (see Table 1). The energy of the
HOMO level was experimentally found from the first oxidation
peak. Compound 1 has reversible oxidizations at −5.70 V and
−6.04 V. Both of these waves correspond to a one-electron
oxidation with a nearly ideal peak splitting of 64 and 60 mV,
respectively. Similar reversible oxidations are observed in other
fluorene compounds with extended π-systems43 but are not
observed in tellurophene compounds including bitellurophene
or tritellurophene42 and benzo[1,2-b:4,5-b′]ditellurophene.44

This suggests that these waves are due to the oxidation of the
extended π-system, rather than the metal center. No reduction
peak was observed for 1. Using the optical HOMO−LUMO
gap of 3.10 eV, taken from the rise of the low energy absorption
peak, the reduction should be near −2.6 V; this value is well
beyond the electrochemical window of our experiments.
Unlike 1, the oxidation of the brominated compound 2 is not

reversible. The onset of oxidation occurs at −5.87 V. There is
also a small oxidation shoulder at −6.20 V and an oxidation at
−6.79 V. All of these values indicate that the HOMO of
compound 2 is lower in energy than compound 1. Additionally,
compound 2 undergoes irreversible reduction at −3.04. Based
on previous reports of halogenated tellurium-containing
compounds, this first reduction peak is likely due to a
debromination reaction.45 Taking the optical HOMO−
LUMO gap as the onset of absorption, the gap for 1 is 3.10
eV and for 2 is 2.46 eV. For compound 2, taking the HOMO as
the first oxidation potential and LUMO as the reduction
potential the electrochemical energy gap is slightly larger at
2.79 eV (Table 1). The optical and electrochemical HOMO−
LUMO gaps are in general agreement. Overall, this series of
experiments has shown that both the HOMO and LUMO
levels become more low-lying upon bromine addition.

Figure 2. In the aromatic region of the 1H NMR spectra of compound
1, compound 1 with 0.25 mol equiv of Br2 and compound 1 with 1
mol equiv of Br2 added, the proton on the tellurophene ring is shown
with an * for compound 1 and with a # for compound 2. The spectra
were acquired in CCl4 with benzene inserts.

Figure 3. Absorption spectra of compounds 1 and 2 in dichloro-
methane at 1.3 × 10−5 M (solid lines). Normalized emission spectra of
compounds 1 and 2 at 77 K in frozen 2-methyl-THF glass (dashed
lines).

Table 1. Experimental and Calculated Optical and Electrochemical Data (eV)

Compounda Oxexp(V) Oxcal
d Redexp(V)

e Redcal
d GapEchem

f GapOptical
g GapCalcd

h

1 −5.70, −6.04b −5.08 − −1.62 − 3.10 3.46
2 −6.20, −6.79c −5.58 −3.44 −2.79 2.76 2.46 2.79

aStructures are given in Scheme 1. bE1/2 from reversible oxidation peaks. cEox from maximum current of irreverible oxidation peak. dCalculated
HOMO or LUMO energy level. eEred from maximum current of irreverible reduction peak. fDifference of oxidation and reduction potentials. gOnset
of low energy absorption band. hDifference between calculated HOMO and LUMO energy levels.
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■ COMPUTATIONAL STUDIES

To elucidate the electronic structure responsible for the observed
optoelectronic properties, a series of DFT calculations were carried
out. The geometries of compounds 1′, 2′ (analogous to compounds 1
and 2 with methyl groups in place of the hexyl chains), 9,9-
dimethlyfluorene, tellurophene, and dibromotellurophene were
optimized using the Gaussian 09 software package. All geometries
were optimized to a minimum as verified by frequency calculations.
The extent of conjugation in 1′ was determined by comparing the

electron density of the frontier orbitals with individual tellurophene
and fluorene units. We will first describe the frontier orbitals of

tellurophene and fluorene (Figure 4). The HOMO of tellurophene is
π in nature with significant electron density on the tellurium atom and
the carbons C3−C4. The LUMO of tellurophene has d-orbital
character from the tellurium atom (Ted), and the LUMO+1 is the first
unoccupied π* orbital. The HOMO and LUMO of 9,9-dimethyl-
fluorene are delocalized π and π* orbitals respectively. When
tellurophene is coupled to 9,9-dimethylfluorene in the 2 and 5
positions (compound 1′) the electron density is further delocalized
over the entire π-system. This delocalization is supported by the
narrowing of the calculated HOMO−LUMO gap for compound 1′
(the HOMO becomes higher in energy, and the LUMO becomes
lower in energy) compared to tellurophene and 9,9-dimethylfluorene.
Unlike the unsubstituted tellurophene, the HOMO of 1′ does not have
electron density on the tellurium atom, and rather the electron density
resides on the carbon atoms in the ring. In the HOMO−1, the
electron density does reside on the tellurium atom. The LUMO for 1′
is a delocalized π* orbital, and the LUMO+1 contains the tellurium d-
character, which is switched in order compared to tellurophene.
When tellurophene is converted to the dibromine adduct both the

HOMO and LUMO decrease in energy (Figure 5). The HOMO has
electron density on the bromine atoms, with contribution from the p
orbitals (Brp). The LUMO is delocalized over the π-system and also
includes Brp orbitals. When dibromotellurophene is coupled to
fluorene in the 2 and 5 positions (compound 2′) the HOMO of the
complex is a delocalized π orbital, similar in electron density
distribution to compound 1′, but destabilized by 0.51 eV. The
LUMO of 2′, however, is a tellurophene π* orbital with contribution
from the two Brp orbitals, which resembles the LUMO of

dibromotellurophene. The LUMO of 2′ is stabilized by 1.71 eV
compared to compound 1′, resulting in an overall smaller calculated
HOMO−LUMO gap in 2′. Taken together, these calculations indicate
that the red shift in absorption upon bromination is at least partly a
result of the involvement of the bromine atoms in the delocalized
electronic structure, as well as a redistribution of electron density
(discussed in detail below).

To understand optical absorption properties, time-dependent DFT
(TD-DFT) calculations were carried out on both compounds 1′ and 2′

(Figure 6). These calculations were then used to determine the
orbitals involved in the transitions that make up the absorption
spectra. The first 20 singlet and triplet states were calculated. For
compound 1′ these calculations predict a state at 3.1 eV (399 nm, f =
1.6; where f is the oscillator strength of the transition, and a value over
0.1 is considered significant) consisting of a HOMO to LUMO
transition involving the π and π* orbitals. The single strong transition
is consistent with the optical absorption spectrum of 1 (see Supporting
Information).

Figure 4. Calculated frontier orbitals of tellurophene, fluorene, and
compound 1′ with an isocontour value of 0.05.

Figure 5. Calculated frontier orbitals of tellurophene, fluorene, and
compound 1′ with an isocontour value of 0.05.

Figure 6. Calculated frontier orbitals of compounds 1 and 2 showing
the calculated transitions.
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The TD-DFT calculations for 2′ predict two states with high
oscillator strengths, one low in energy (2.3 eV; 539 nm) and one high
in energy (3.5 eV; 351 nm). The low energy state at 539 nm ( f = 0.44)
is a HOMO to LUMO transition involving the π and π*-Brp orbitals.
The high energy state at 351 nm ( f = 1.02) is mainly (90%) comprised
of a HOMO to LUMO+2 transition, where the LUMO+2 involves the
π* orbital with a contribution from both the Tep and Brp orbitals. Just
as in 1′, the TD-DFT calculations on 2′ match the experimental
absorption spectrum of 2, which has peaks at 470 and 320 nm.
Overall, the unique features of the tellurophene compound 2 are the

red-shift in optical properties, the low-lying HOMO and LUMO levels,
and the dual band absorption profile. DFT calculations reveal that a
large reorganization of the electron distribution occurs during the 1 to
2 transformation. In the HOMO, both compounds have a delocalized
electronic structure as indicated by orbital contribution across the π-
system of the entire molecule. In 1′ the LUMO is also very delocalized.
In 2′, however, the unoccupied orbitals appear to be much more
localized on the tellurium ring. We postulate that this is similar to the
formation of a ground−excited state charge transfer (C-T) complex.
Indeed, previous work on polymers with charge-transfer π-systems has
shown that they typically have narrow optical HOMO−LUMO gaps,
dual bands in their absorption spectra, and low-lying frontier orbtials
relative to π-systems that do not have a strong C-T.46 Conversion of 1
to 2 engineers a discrete C-T in the π-system.
To gain insight into how the tellurophenes described herein differ

from previous tellurium compounds, DFT and TD-DFT calculations
were performed on a six member tellurium-containing heterocycle that
exhibits a blue shift in absorption upon Br2 addition, 4-[4-
(dimethylamino) phenyl]-2,6-dimethyltelluropyrylium chloride (see
Supporting Information).45,47−49 This telluropyrylium dye is cationic
and contains two six-member rings, one containing tellurium, the
other containing an amine group. Here, the parent (nonbrominated)
compound has a HOMO that is delocalized throughout the π-system,
including the p orbital of the tellurium atom, and a LUMO that is
delocalized over the π*-system. Conversion to the dibromine adduct
stabilizes the HOMO; however this also excludes the tellurium from
the π-system. This results in a disruption of the conjugation and causes
a predicted blue shift in absorption properties, which matches the
experimental data. The TD-DFT calculations show that the lowest
energy singlet transition with a high oscillator strength is a transition
from the HOMO to the LUMO for the parent compound (π−π*) at
491 nm ( f = 0.88). In the dibrominated compound, however, the first
singlet state with a strong oscillator strength ( f = 0.80) occurs at 458
nm with almost equal contributions from the HOMO to LUMO
transition and HOMO−5 to LUMO transition, which is a π-Brp and
Brp orbital to π* orbital transition. The mixture of the low-lying Brp
orbitals results in the blue-shifted absorption spectrum of the dibromo
adducts. Pertelluranes, five-member rings containing tellurium that is
ionically bound to an oxygen in the ring, also exhibit a bathochromic
shift in absorption upon bromination,50,51 which is due to a
destabilization of the HOMO energy level.52

■ CONCLUSIONS
Tellurophenes are a relatively unrexplored class of compounds,
particularly those with extended π-systems. Through the
synthesis of 2,5-substituted tellurophene small molecules, 2,5-
bis(2-(9,9-dihexylfluorene))tellurophene (1), and 2,5-diphenyl-
tellurophene (3), as well as the Br2 adducts 2 and 4, we
understand how the optical and electronic properties of
telluorophenes with extended π-systems are controlled by the
coordination environment at the tellurium center. Conversion
of 1 to 2 changes the measured optical absorption spectrum
and oxidation potential of the compound. Namely, compound
2 has a red shift in optical properties, more low-lying HOMO
and LUMO levels, and dual as opposed to single absorption
profile, when compared with 1. Br2 addition lowers the HOMO
and as such is a potentially useful way to increase stability to
oxidation, which is a concern for these types of heterocycles,

and also to modify optical and electronic properties by
engineering discrete low-energy sites into the π-system. Due
to their optoelectronic properties and reactivity, these novel
compounds have potential use as semiconducting materials.
Moreover, two-electron oxidative addition to tellurophenes is
promising for catalyzing energy storage reactions. The relatively
straightforward synthesis reported here should inspire
researchers to begin to design and develop tellurophenes as
catalysts as well as optoelectronic materials.

■ EXPERIMENTAL SECTION
General Considerations. All reagents were used as received

unless otherwise noted. Tellurium, periodic acid dehydrate, potassium
iodide (KI), bromohexane, bis(trimethylsilyl)butadiyne, palladium
tetrakis(triphenylphospine) (Pd(PPh3)4), tetrabutylammonium fluo-
ride, and bromine were purchased from Sigma-Aldrich. Acetic acid,
sulphuric acid, iodine, NaCO3, MgSO4, dichloromethane, hexanes,
DMSO, KOH, and sodium thiosulfate were purchased from Fisher
Scientific. Fluorene, CuI, sodium borohydride, and iodobenzene were
purchased from Alfa Aesar. Silica gel was purchased from Silicycle.

The compounds 2-iodo-fluorene,53 2-iodo-9,9-dihexylfluorene,54

and 2,5-bis(phenyl)tellurophene35 were synthesized according to
literature procedures with minor modifications as indicated below.
The known compounds were characterized by 1H NMR and were in
agreement with literature.

Absorption spectra were recorded using a Varian Cary 5000
spectrometer. Emission spectra were recorded on a PTI fluorimeter
with a photodiode detector and xenon arc lamp source. NMR spectra
were recorded on a Varian Mercury 400 spectrometer (400 MHz).
Masses were determined on a Waters GCT Premier ToF mass
spectrometer (EI). Electrochemistry was performed with a BASi
Epsilon potentiostat.

Computations. Calculations were performed using the Gaussian
program,55 utilizing DFT with the B3LYP level of theory.56,57 The
basis set 6-31(d) was used for C and H atoms, and LAND2Z was used
for tellurium and bromine atoms.58 The structures were generated
using Gausview 5.0 and optimized to a minimum. From the optimized
geometry the first 20 singlet and triplet transitions were calculated
using time-dependent DFT.59

Cyclic Voltammetry. In 5 mL of dichloromethane, 5 mg of
compound 1 or 2 were dissolved, along with 0.19 g of
tetrabutylammonium hexaflorophosphate electrolyte. The working
electrode was a 2 mm Pt-disk, the counter electrode was a Pt wire
electrode, and the pseudoreference electrode was a Ag wire, with a
ferrocene internal reference and a scan rate of 500 mV/s.

Titrations. A 1.3 × 10−5 M solution of 1 in CCl4 was prepared and
transferred to a 3 mL cuvette. A 1.95 × 10−4 M solution of Br2 was
added in 20 μL aliquots, or 0.1 mol equiv. The absorption spectrum
was recorded at each point after 5 min of stirring.

Synthesis. 2-Iodofluorene.53 Fluorene (10 g, 60 mmol) was
dissolved in 100 mL of a boiling mixture of acetic acid, water,
and sulphuric acid (100:20:3). The mixture was cooled to 65
°C, and periodic acid dehydrate (2.3 g, 10 mmol) and iodine
(5.1 g, 20 mmol) were added. The red solution was stirred
overnight, and upon cooling to room temperature a yellow
solid was observed. Dichloromethane was added to dissolve the
solid. The organic layer was washed with saturated NaHCO3
solutions (3 × 50 mL) and then dried with MgSO4. The solvent
was evaporated under reduced pressure. The resulting solid was
recrystallized three times from hot hexanes (5.85 g, 30.2%
yield). 1H NMR (400 MHz, CDCl3): δ 3.88 (s, 2H), 7.34 (m,
1H), 7.39 (m, 1H), 7.55 (m, 2H), 7.71 (m, 1H), 7.77 (m, 1H),
7.90 (m, 1H) ppm. Spectroscopy was identical to that of the
previous report of this compound.

2-Iodo-9,9-dihexylfluorene.54 A solution of 2-iodofluorene (1.7 g,
5.7 mmol) in DMSO was cooled in an ice bath and treated with KOH
(0.92 g, 16 mmol) and KI (0.13 g, 7.7 mmol) to afford a red solution.
After the KOH was fully dissolved, bromohexane (1.6 mL, 11 mmol)
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was added, and the solution was allowed to warm to room temperature
and stir overnight. The solution was extracted with dichloromethane
and washed with a 10% solution of sodium thiosulfate, followed by
brine and water. The organic layer was dried with MgSO4, and the
solvent was removed under reduced pressure. Column chromatog-
raphy (silica gel, hexanes) afforded the title compound as a yellow oil
(1.9 g, 81% yield). 1H (400 MHz, CDCl3): δ 0.58−0.63 (m, 4H), 0.76
(t, J = 6.75 Hz, 6H), 1.04−1.16 (m, 12 H), 1.90−1.96 (m, 4 H), 7.31−
7.38 (m, 3H), 7.44−7.46 (m, 1H), 7.64−7.69 (m, 1H). Spectroscopy
was identical to that of the previous report of this compound.
1,4-Bis(2-(9,9-dihexylfluorene))buta-1,3-diyne. Bis(trimethylsilyl)-

butadiyne (0.10 g, 0.52 mmol), Pd(PPh3)4 (0.059 g, 0.052 mmol), CuI
(0.019 g, 0.10 mmol), and 2-iodo-9,9-dihexylfluorene (0.50 g, 1.1
mmol) were added to a Schlenk bomb and degassed by three pump
purge cycles. Dry, degassed toluene was added, followed by
tetrabutylammonium fluoride (1.6 mL, 1 M in THF, 1.6 mmol).
CAUTION: Diacetylene gas is formed and is flammable and can form
explosive mixtures with air. Care should be taken with the
deprotection of bis(trimethylsilyl)butadiyne. The reaction mixture
turned deep red in color, was sealed and heated to 50 °C, and stirred
overnight. The reaction mixture was diluted with dichloromethane and
washed three times with brine, the organic layer was dried with
MgSO4, and the solvent was removed under reduced pressure.
Column chromatography (silica gel, hexanes) afforded a white solid
(0.30 g, 80% yield). 1H (400 MHz, CDCl3): δ 0.61−0.64 (m, 4 H),
0.79 (t, J1 = 7.1 Hz, 6H), 1.04−1.16 (m, 12H), 1.97 (t, J1 = 8.3 Hz,
4H), 7.34−7.36 (m, 3H), 7.53 (d, J1 = 1.7 Hz, 1H), 7.54 (d, J1 = 1.4
Hz, 1H), 7.67 (d, J1 = 8.4 Hz, 1H), 7.71 (dd, J1 = 7.3 Hz, J2 = 2.2 Hz,
1H). 13C NMR (CDCl3, 100 MHz): 13.0, 22.6, 23.7, 29.7, 31.5, 40.3,
55.1, 74.1, 83.1, 119.7, 119.9, 120.2, 122.9, 126.9, 126.9, 127.8, 131.5,
140.1, 142.3, 150.8, 151.2. TOF MS EI+ C54H66. Expected: 714.5165.
Found: 714.5179. Δ = 2.0 ppm.
2,5-Bis(2-(9,9-dihexylfluorene))tellurophene (1). Tellurium pow-

der (71 mg, 0.56 mmol) was suspended in 10 mL of degassed ethanol.
A sodium borohydride (0.20 g, 5.3 mmol) solution in 9:1 ethanol/
water (50 mL) was slowly added to the refluxing tellurium suspension.
After the solution turned from gray to purple to colorless a solution of
1,4-bis(2-(9,9-dihexylfluorene))buta-1,3-diyne (0.15 g, 0.27 mmol) in
n-butanol (100 mL) was slowly added after the solution was cooled to
60 °C. The reaction was stirred overnight at 60 °C. The mixture was
stirred under a flow of air for 20 min to oxidize the unreacted sodium
telluride and filtered through Celite. The solvent was removed under
reduced pressure. The residue was dissolved in dichloromethane and
washed three times with brine. The organic layer was dried with
MgSO4, and the solvent was removed under reduced pressure.
Column chromatography (silica gel, hexanes) afforded a yellow
powder (45 mg, 55% yield). 1H (400 MHz, CDCl3): δ 0.64−0.74 (m,
4H), 0.79 (t, J1 = 7.02 Hz, 6H), 1.06−1.17 (m, 12H), 2.00 (t, J1 = 8.38
Hz, 4H), 7.32−7.37 (m, 3H), 7.47−7.49 (m, 2H), 7.66−7.68 (m, 1H),
7.72 (dt, J1 = 7.0 Hz, J2 = 1.2 Hz, 1H), 7.93 (s, JTe = 20.3 Hz, 1H). 13C
NMR (CDCl3, 100 MHz): δ 14.0, 22.6, 23.7, 29.7, 31.5, 40.4, 55.1,
119.7, 120.1, 120.6, 122.9, 126.2, 126.8, 127.1, 133.6, 138.8, 140.6,
140.9, 148.7, 151.0, 151.6. TOF MS EI+ C54H68Te. Expected:
864.4383. Found: 846.4407. Δ = 2.8 ppm.
2,5-Bis(2-(9,9-dihexylfluorene))dibromotellurophene (2). 2,5-Bis-

(2-(9,9-dihexylfluorene))tellurophene (0.10 g, 0.12 mmol) was
dissolved in 5 mL of CCl4. A solution of bromine (0.1 mL of Br2 in
1.0 mL of CCl4) was prepared, and 60 μL were added (0.12 mmol).
The mixture was layered with methanol and refrigerated for 3 days to
obtain red crystals collected by filtration (72% yield). 1H (400 MHz,
CDCl3): δ. 0.70 (m, J = 8.38 Hz, 4H), 0.78 (t, J = 7.02 Hz, 6H), 1.02−
1.20 (m, 12H), 2.02 (dd, J = 9.45, 7.11 Hz, 4H), 7.35−7.41 (m, 3H)
7.49 (s, 1H), 7.55 (d, J = 1.36 Hz, 1H), 7.61 (dd, J = 7.99, 1.75 Hz,
1H), 7.75 (d, J = 3.51 Hz, 1H), 7.79 (d, J = 7.80 Hz, 1H). 13C NMR
(CDCl3, 100 MHz): δ 14.0, 22.5, 23.8, 29.6, 31.4, 40.2, 55.4, 120.3,
120.8, 121.49. 123.1, 127.1, 127.1, 128.1, 131.5, 137.5, 139.8, 143.9,
151.4, 152.3, 163.1. CHN: C54H68TeBr2 Expected: C, 64.57; H, 6.82.
Found: C, 64.0; H, 6.73.
1,4-Bis(phenyl)buta-1,3-diyne. Bis(trimethylsilyl)butadiyne (0.84

g, 4.26 mmol), Pd(PPh3)4 (0.49 g, 0.43 mmol), CuI (0.16 g, 0.85

mmol), and iodobenzene (2.0 g, 9.8 mmol) were added to a Schlenk
bomb and degassed by three pump purge cycles. Dry, degassed toluene
was added (20 mL), followed by tetrabutylammonium fluoride (13
mL, 1 M in THF, 13 mmol). The reaction mixture turned deep red in
color and was sealed, heated to 50 °C, and stirred overnight. The
reaction mixture was diluted with dichloromethane and washed three
times with brine. The organic layer was dried with MgSO4, and the
solvent was removed under reduced pressure. Column chromatog-
raphy (silica gel, hexanes) afforded the title compound, a white
crystalline solid (0.18 g, 21% yield). 1H (400 MHz, CDCl3): δ 7.33−
7.39 (m, 6H), 7.53−7.56 (m 4H). 13C NMR (CDCl3, 100 MHz): δ
73.9, 81.5, 121.8, 128.4, 129.2, 132.5. TOF MS EI+ C16H10. Expected:
202.0783. Found: 202.0784. Δ = 0.5 ppm.

2,5-Bis(phenyl)tellurophene (3).35 Tellurium powder (380 mg, 2.9
mmol) was suspended in 20 mL of degassed ethanol. A sodium
borohydride (0.26 g, 6.9 mmol) solution in 9:1 ethanol/water (50
mL) was slowly added to the refluxing tellurium suspension. After the
solution turned from gray to purple to colorless a solution of 1,4-
bis(phenyl)buta-1,3-diyne (0.20 g, 0.98 mmol) in n-butanol (100 mL)
was slowly added after the solution was cooled to 50 °C. The reaction
was stirred overnight at 50 °C. The mixture was stirred under a flow of
air for 20 min to oxidize the unreacted sodium telluride and filtered
through Celite. The solvent was removed under reduced pressure. The
residue was dissolved in dichloromethane and washed three times with
brine. The organic layer was dried with MgSO4, and the solvent was
removed under reduced pressure. Column chromatography (silica gel,
hexanes) afforded the title compound, a light yellow crystalline solid
(35 mg, 11% yield). 1H (400 MHz, CDCl3): δ 7.29−7.31 (m, 2H),
7.34−7.38 (m, 4H), 7.49−7.51 (m, 4H), 7.84 (s, JTe = 5.5 Hz, 1H).
13C NMR (CDCl3, 100 MHz): δ 126.7, 127.6, 129.0, 133.9, 139.9,
148.3. TOF MS EI+ C54H68Te. Expected: 335.00795. Found:
335.00902. Δ = 3.2 ppm.

2,5-Bis(phenyl)dibromotellurophene (4). Compound 3 (8.0 mg,
0.024 mmol) was dissolved in 5 mL of CCl4. A solution of bromine
(0.5 mL of Br2 in 100 mL of CCl4) was prepared, and 0.25 mL was
added (0.024 mmol, 1 equiv). The mixture was layered with methanol
and was refrigerated for 3 days. Orange-red plate crystals were
collected and examined by single crystal X-ray diffraction (7.5 mg,
63.3% yield). 1H (400 MHz, CDCl3): δ 7.44 (s, JTe = 5.5 Hz, 2H),
7.49−7.51 (m, 3H), 7.63−7.65 (m, 4H). 13C NMR (CDCl3, 100
MHz): δ 126.3, 127.5, 128.2, 129.7, 130.7, 138.5. TOF MS EI+
C16H12TeBr. Expected: 412.91846. Found: 412.91826. Δ = 0.5 ppm.
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