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3-SUBSTITUTED TELLUROPHENES AND RELATED COMPOUNDS

RELATED APPLICATION
This application claims the benefit of United States Provisional Patent
Application Serial No. 61/721,758 filed November 2, 2012.

FIELD OF THE INVENTION
The invention relates to 3-substituted tellurophenes, polytellurophenes, and
related compounds, methods of synthesis and use.

BACKGROUND

Polythiophenes have been extensively studied and characterized, and are
important organic electronic materials." While furan® and selenophene® analogs have
emerged in recent years, there have been very few reports of soluble tellurophene-
containing polymers.*

SUMMARY

An embodiment of the invention is an oligomeric or polymeric compound
containing two or more tellurophene-2,5-diyl groups covalently linked to each other,
the covalent linkage between the monomeric groups being between ring carbons
adjacent (directly bonded to) the Te atom. Such positions are numbered the 2- or 5-
position of the tellurophene ring according to rules of nomenclature. Each
tellurophene ring bears an R-group i.e., a monovalent organic radical at one of the 3-
or 4-positions of the ring. Examples of monovalent organic groups are provided by
the Examples described below, and thus include -CH,CH,CH>CH,CH>CHjs, -CH.-
C(H)(CH,HC3)(CH.CH,CH.CHs), -(CH,)11CHs along with other monovalent organic
radicals which when part of the compound have an atom covalently linked to a
carbon atom of a tellurophene ring.

The invention includes oligomeric and polymeric compounds comprising a
plurality of substituted tellurophene rings, as illustrated by formula (A) in which n is
an integer greater than 1:
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/\

Te n

(A)
Oligomers are relatively small molecules in which n has a value of at least 2
and up to 10. The M, of a polymer is at least 2000.

The invention thus includes compounds containing the structure shown by
5  formula (A) in which nis an integer greater than 1.

Disclosed herein are compounds of formula (4) and formula (5):

i \ 2/ \

(4) (5)
in which R is a monovalent organic substituent.

10 Also disclosed is compound of formula (B):

R

/

Te

wherein:

each X is, independently of the other X, F, Cl, Br, I, H, Li, Na, MgX",

15 B(OR')(OR"), or SnR™s, and if one X is H, then the other X is not H.
Compound (4) can be transformed into compound (5). Compound (5) can be
transformed into compound (B). Molecules having formula (5) can be coupled to
form polytellurophenes, and molecules having formula (B) can be coupled to form
polytellurophenes.
20

In one embodiment, a polytellurophene is prepared by exposing a compound of
formula (5) to an electrochemical potential of from 0.1 t0 3.0 V.

Another embodiment includes preparing a polytellurophene by:
.
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(i) activating a monomer of formula (B) at the 2 and/or 5 positions of the
tellurophene ring; and
(i) coupling or polymerizing activated monomers in the presence of a
coordination catalyst.
A polymer of the invention can be useful when transformed into a film as, for
example, as a part of a semiconductor composite material.
A method of the invention includes preparing a compound of formula (5) by
dehydrating a compound of formula (4).
A further understanding of the functional and advantageous aspects of certain
embodiments of the invention can be realized by reference to the following detailed
description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will now be described, by way of example, reference being made
to the accompanying drawings, in which:

Figure 1 is a scheme showing the synthetic outline of 3-alkyltellurophenes.

Figure 2 shows characterization of 3-hexyltellurophene by (a) cyclic
voltammetry and (b) pulsed spectroelectrochemistry. All potentials are relative to
Fc/Fc*.

Figure 3 shows electrochemical polymerization of 3-hexyltellurophene.

Figure 4 is a scheme showing the nickel-catalyzed polymerization of diiodo-
alkyltellurophenes.

Figure 5 provides solution absorption spectra of poly(3-alykyltellurophene) (left
hand side) and representative proton NMR spectra (right hand side).

Figure 6 provides normalized absorbance spectra of P8HTe in 1,2,4-
trichlorobenzene at various temperatures from 25 to 95 °C.

Figure 7 shows (a) thin film absorption spectra of polymers P3EHTe, P3DDTe
and P3HTe; (b) AFM image of P3EHTe spun cast onto glass substrates and
annealed 1 h at 100 °C, the inset showing the corresponding phase image; (c) cyclic
voltammogram of P3HTe; and (d) SEC doping of P3HTe spun cast onto an ITO
substrate. All potentials are relative to Fc/Fc*.

Figure 8 shows an 'H NMR spectrum of 3-hexyltellurophene (5a).

Figure 9 shows an 'H NMR spectrum of 2,5-diiodo-3-hexyltellurophene (6a).

Figure 10 shows an 'H NMR spectrum of 3-dodecyltellurophene (5b).
-3-
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Figure 11 shows an 'H NMR spectrum of 2,5-diiodo-3-dodecyltellurophene
(6b).

Figure 12 shows an 'H NMR spectrum of 3-(2"-ethylhexyl)tellurophene (5¢).

Figure 13 shows an 'H NMR spectrum of 2,5-diiodo-3-(2’-ethylhexyl)
tellurophene (6¢).

Figure 14 shows an 'H NMR spectrum of poly(3-dodecyltellurophene) with
asterisks indicating chloroform satellite peaks.

Figure 15 shows an 'H NMR spectrum of poly(3-(2’-ethyl)hexyltellurophene).

Figure 16 shows calculated molecular orbitals of methyltellurophene pentamer
and the predicted wavelengths of the two strongest transitions.® The geometries of a
five ring chain of 3-methyl tellurophene were optimized on the Gaussian 09 suit of
programs® using the nonlocal hybrid Becke three-parameter Lee-Yang-Parr (B3LYP)
functional” and the 6-31g(d) basis set for C and H atoms and LanL2DZ for Te
(methyl groups in the 3-position of the thiophene were used in replace of hexyl
chains to minimize computational time). The first twenty singlet excited-states were
calculated with TD-DFT at the same level of theory and basis set used for the DFT
calculations.®

Figure 17 shows calculated absorbance spectrum for the methyltellurophene
pentamer. The shown calculated UV-vis spectrum was generated from the TD-DFT
data with Gausview by applying a gaussian function with 0.33 eV peak half width at
half height placed on each transition.

Figure 18 is a cyclic voltammogram of P3HTe thin film on an ITO substrate.

DETAILED DESCRIPTION

As used herein, the terms, "comprises” and "comprising" are to be construed as
being inclusive and open ended, and not exclusive. Specifically, when used in this
specification including claims, the terms, "comprises” and "comprising” and
variations thereof mean the specified features, steps or components are included.
These terms are not to be interpreted to exclude the presence of other features,
steps or components.

As used herein, the term "exemplary” means "serving as an example, instance,
or illustration,” and should not be construed as preferred or advantageous over other
configurations disclosed herein.
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As used herein, the terms "about” and "approximately”, when used in
conjunction with ranges of dimensions of particles, compositions of mixtures or other
physical properties or characteristics, are meant to cover slight variations that may
exist in the upper and lower limits of the ranges of dimensions so as to not exclude
embodiments where on average most of the dimensions are satisfied but where
statistically dimensions may exist outside this region. It is not the intention to exclude
embodiments such as these from the present disclosure.

Disclosed herein are the first known examples of substituted tellurophene
homopolymers, which have been found to be soluble. There has been considerable
debate as to the stability of these polymers in general. "Heavy" heterocycles offer
certain advantageous properties relative to their lighter analogs, including a narrow
optical band-gap,® the ability to be polarized,® the ability to form extended valence
adducts," enhanced planarity,®® and a distinct solid-state structure.? The inventors
believe that this is the first disclosure of 3-substituted tellurophenes and polymer
prepared therefrom. Exemplifying the invention is a series of alkyltellurophene
homopolymers, including the tellurium analog of the ubiquitous poly(3-
hexylthiophene) (P3HT).

The polymers have been shown to have excellent stability. Exemplified
polymers have been characterized in a demonstration of the feasibility of their use,
for example, as an electronic material.

3-substituted tellurophene monomers were prepared by a ring closing reaction
that places an alkyl substituent at the 3-position of the tellurophene ring, as shown in
the scheme of Figure 1."® The exemplified synthesis begins with the preparation of
the Weinreb amide 2-chloro-N-methoxy-N-methylacetamide (1).'* This precursor
was then treated with hexylmagnesium bromide to afford 1-chloro-2-octanone (2a) in
which the C-C linkage between the hexyl substituent and downstream tellurophene
ring is formed. It was not found necessary to purify 2a. Treatment of 2a with
ethynylmagnesium bromide affords 3-(chloromethyl)-1-nonyn-3-ol (3a), an upstream
precursor to the five-member ring product. Addition of 3a to a solution of sodium
telluride in ethanol gives the intermediate (4a), which was dehydrated without further
purification to give 3-hexyltellurophene (5a). All three of the exemplary 3-
alkyltellurophenes can be prepared in a similar manner. The 'H NMR spectra of 3-
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hexyltellurophene (5a), 3-dodecyltellurophene (5b), and 3-(2’-ethylhexyl)tellurophene
(5¢) are shown in Figures 8, 10 and 12, respectively.

A hallmark of 3-alkylthiophenes is their ability to be electropolymerized at
relatively low oxidative potential. Electrochemical polymerization of 3-
hexyltellurophene (5a) was found to be possible. In the past, oxidative
polymerization has been a common route to other polytellurophenes. This may be
due to an inability to functionalize the tellurophene ring in the 2- and 5-positions,
which is required for transition-metal catalyzed polymerization.

The electrochemical properties of 5a were investigated by cyclic voltammetry
(CV) in acetonitrile, revealing two irreversible oxidation peaks at 0.56 V and 0.90 V
(all potentials are reported vs. ferrocene/ferrocene”). Repeated CV cycling to 0.78 V
did not produce a well-defined film on the surface of a platinum working electrode but
a small increase in current and shift to lower oxidation potential was observed in the
voltammogram indicating that electrochemical polymerization occurs to some extent
(Figure 2(a)). Similar results were obtained upon repeating the process and
increasing the CV cycling range to 1.08 V (Figure 3). When an electrochemical cell
containing 5a was held at a constant potential (0.58 V) for a sustained period,
however, the solution changed from colorless to blue and produced a blue
precipitate. Based on this observation, spectroelectrochemical measurements were
performed on 5a in dichloromethane to further investigate the electropolymerization
process. Time-resolved spectroelectrochemical measurements were conducted
using a platinum gauze working electrode that was held at a constant potential (0.58
V) for 30 second intervals, after which the absorbance profile was measured (Figure
2(b)). Here, it was found that the absorbance in the visible region increases with
each successive pulse, producing results consistent with the formation of poly(3-
hexyltellurophene) (P3HTe). After 10 pulses the spectrum had an absorbance
maximum at 599 nm with a well defined shoulder at around 750 nm. During the
course of this experiment, trace amounts of an insoluble blue film were also noted to
coat the surface of the working electrode. Overall, electrochemical and absorption
spectroscopy measurements show that the electrochemical polymerization of 5a
occurs.

Another advantage of the polythiophenes (and polyselenophenes) is their ability
to be synthesized under controlled chain-growth polymerization methods.'® This has

-6-
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led to the formation of narrow polydispersity homopolymers with relatively high
molecular weight as well as distinct block-type'® and gradient-type'” copolymers. 3-
alkyltellurophene compounds were iodinated in the 2- and 5-positions by treatment
with sec-butyllithium followed by electrophilic quenching with iodine to afford 2,5-
diiodo-3-alkyltellurophenes (6a-c¢; 'H NMR spectra are shown in Figures 9, 11 and
13, respectively) for testing their ability to polymerize using a Kumada catalyst
transfer polymerization. It was found possible to prepare polymers by activation with
an isopropylmagnesium chloride lithium chloride complex, followed by addition of
[1,3-bis(diphenylphosphino)propane]nickel(ll) chloride catalyst. See the scheme
shown in Figure 4. Polymerization reactions were conducted in methyl THF at 80°C
to maintain the solubility of the growing chain and afford a high molecular weight
polymer. Typical reaction times were 24 to 48 hours. After this time, the reaction
mixtures were added to methanol to precipitate the polymer products which were
then collected and purified by soxhlet extraction with various solvents, depending on
the side-chain substituent, as described in greater detail in the Examples. For
example, P3HTe was washed successively with methanol, hexanes, and chloroform
before collecting the remaining insoluble material (the desired product). Poly(3-(2'-
ethylyhexyltellurophene) (P3EHTe) was much more soluble than P3HTe and was
washed with methanol and ethyl acetate before being exiracted in hexanes.

NMR was used to further characterize the polymers and determine if
regioregular materials had been prepared. Regioregularity is significant in solid-state
organization and charge transport properties. Poly(3-dodecyltellurophene) (P3DDTe;
Figure 14) and P3EHTe have 'H NMR resonances at 7.40 ppm, which were
assigned as the aromatic tellurophene proton. This is downfield from the aromatic
resonances of poly(3-hexylthiophene) and poly(3-hexylselenophene) (P3HS), which
are at 6.98 and 7.12 ppm, respectively. This is consistent with the trend that a
heavier group-16 atom leads to a down-field shift in the aromatic resonance.
Integration of the two methylene signals confirms that the P3EHTe obtained was
93% regioregular (Figures 5 and 15). P3DDTe did not exhibit a second
(regiorandom) methylene peak in the proton spectra, which is indicative of a high
degree of regioregularity. The signal was too weak to obtain an exact value. Due to
solubility limitations, the 'H NMR of P3HTe was not obtained.



10

15

20

25

30

WO 2014/067016 PCT/CA2013/050837

Polymer chain length approximation by gel permeation chromatography relative
to polystyrene standards (conducted in 1,2,4-tricholobenzene at 140 °C) was
conducted to confirm the polymeric nature of the materials. These data show that
P3HTe and P3DDTe have similar M, values, 9.9 and 11.3 kDa, respectively, while
P3EHTe was lower (5.4 kDa). The ethylhexyl side chains may hinder the nickel-
catalyzed chain-growth due to steric effects, which offers an explanation of this
trend.'® Based on the monomer:catalyst ratio a degree of polymerization of 100 was
expected, leading to an M, of 26-35 kDa for all of the exemplary polymers. Shorter
than expected chains for all three polymers was likely due to chain termination
before complete monomer consumption. This may be due to either solubility
limitations or a weaker association of the Ni catalyst with the tellurophene chain.
Given the lack of previously reported polytellurophenes, however, these molecular
weights are reasonably high, and confirm that polymeric materials were prepared.

To better understand the properties of polytellurophenes, optical studies on all
three polymer samples were performed in chlorobenzene. P3HTe and P3DDTe have
maximum absorption peaks (558 nm and 545 nm, respectively) that occur at a
notably longer wavelength than P3HT (455 nm) or P3HS (500 nm), which is
consistent with theory that predicts that polytellurphenes will have a more narrow
HOMO-LUMO gap than thiophenes and selenophenes. For P3BEHTe, a blue-shift in
absorption maximum (to 512 nm) was observed relative to P3HTe and P3DDTe, and
could be due to backbone twisting that results from the bulky ethylhexyl side chain."®
Although P3HTe and P3DDTe have similar maximum absorption peaks, a well-
defined shoulder was observed in the long wavelength region of the P3HTe
absorbance spectrum. This may be attributed to the presence of aggregated chains
that arise from the limited solubility of this polymer, consistent with NMR studies.
Upon heating to 95 <C in 1,2,4-trichlorobenzene, P3HTe was fully dissolved and the
shoulder no longer present. The molar absorptivities of the three polymers were
obtained in chlorobenzene. P3HTe, P3DDTe, and P3EHTe have molar absorptivities
of 3900, 5100, and 6400 M'cm™ (calculated per repeat unit), respectively, revealing
that all three polymers are strong light absorbers.

All three polymers were found to have a second, weaker, high energy
absorption band in their solution absorption spectra. Consistent with this observation,
time dependent density functional theory calculations predict a high-energy transition

-8-
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with an oscillator strength of 0.14 compared to 1.49 for the lower energy transition
(See Figure 6). The high-energy transition is a HOMO-1 to LUMO+1 transition while
the lower energy transition is HOMO to LUMO. This high energy band is also
predicted for P3HT and P3HS, but occurs at a lower wavelength and is therefore not
often observed in the wavelength range that is typically reported for these polymers
in solution.

Solid-state properties of the exemplary polytellurophenes were also examined.
Films were prepared by spin-casting solutions of polymers from hot chlorobenzene
followed by annealing (100 °C, 1 h), and then optical properties of the films were
measured. P3HTe and P3DDTe have structured solid-state absorption spectra with
long wavelength shoulders that are indicative of interchain rn-stacking (Figure 7(a)).
This further supporis the conclusion that these polymers are regioregular as only
regioregular polyheterocycles have these characteristic vibronic peaks in their solid-
state spectra. For PSEHTe, the long wavelength shoulder is not as well pronounced,
which could be due to the shorter chain-length of the polymer or back-bone twisting
as described earlier. The optical HOMO-LUMO gaps of P3HTe and P3DDTe,
determined by onset of absorption, are 1.44 eV while P3EHTe has a 1.57 eV opitical
HOMO-LUMO gap. To probe the samples, further atomic force microscopy images
were obtained. This showed that P3EHTe forms nanofibrils as a thin film (Figure
7(b)). It thus appears that all three polymers are organized, at least to some degree,
in the solid state.

Electrochemical properties of a P3HTe film spin coated onto an ITO working
electrode were also examined. A reversible oxidation with an onset at 0.02 V was
observed, followed by a second oxidation with an onset at 0.25 V (Figure 7(c)).
During reductive scanning, a peak with an onset around -1.35 V was also observed,
indicating an electrochemical HOMO-LUMO gap of 1.37 eV, which is significantly
narrower than polyselenophene.®® The observed reversibility of the oxidative wave
prompted us to conduct spectroelectrchemistry experiments on a film of P3HTe.

Stable oxidative (p-type) doping is a hallmark of robust and stable conjugated
polymer materials. To further characterize properties and test whether the exemplary
polymers can be doped, spectroelectrochemical properties of the chemically
synthesized P3HTe film were examined. A well-defined absorption in the near
infrared (IR) region of the spectrum appears upon oxidation and increases with

-9-
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potential, while a concurrent reduction of the absorbance in the visible region occurs
(Figure 7(d)). This IR absorption is characteristic of the formation of a polaron.
Changes observed in the spectra are reversible up to potentials of 0.40 V, which
demonstrates that P3HTe is stable towards electrochemical doping at this potential.
At higher potentials, even larger changes in the near IR region were observed and
the spectrum of the oxidized product remained stable for several successive scans.
Overall, these data are indicative of stable oxidative doping.

EXAMPLES
Reagents and Materials

All reagents were used as received unless otherwise noted. N,O-
Dimethylhydroxylamine hydrochloride, chloroacetyl chloride, para-toluenesulfonic
acid monohydrate, hexylmagnesium bromide (2.0M in diethyl ether),
dodecylmagnesium bromide (1.0M in THF), (2-ethylhexyl)magnesium bromide (1.0M
in diethyl ether), dichloro[1,3-bis(diphenylphosphino)propane]nickel,
ethynylmagnesium bromide (0.5M in THF), isopropylmagnesium chloride lithium
chloride complex (1.3M in THF), N,N,N',N'-tetramethylethylenediamine, sec-BuLi
(1.4 M in cyclohexane), iodine, and tellurium were purchased from Sigma-Aldrich.
Potassium hydroxide, sodium chloride, sodium thiosulfate, sodium bicarbonate,
ammonium chloride, and magnesium sulfate were purchased from Fisher Scientific.
Sodium borohydride was purchased from Acros Organics. 2-Chloro-N-methoxy-N-
methylacetamide (1) was synthesized according to literature procedures.?
Instrumentation

Absorption spectra were recorded using a Varian Cary 5000 spectrometer.
Solution measurements were made in chlorobenzene at ~0.05 mg/mL. NMR spectra
were recorded on a Varian Mercury 400 spectrometer (400 MHz). Masses were
determined on a Waters GCT Premier ToF mass spectrometer (El). Polymer
molecular weights were determined in 1,2.4-trichlorobenzene at 140 °C using a
Varian PL220 GPC that was referenced to narrow weight distribution polystyrene
standards. AFM images were obtained with a Veeco Dimension 3000 microscope.
Electrochemistry was performed with a BASi Epsilon potentiostat.
Monomer Synthesis
1-Chloro-2-octanone (2a): A solution of 2-chloro-N-methoxy-N-methylacetamide

(10.00 g, 72.7 mmol) in 300 mL of dry THF at 0°C was treated with 46 mL of
-10 -
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hexylmagnesium bromide (2.0 M in diethyl ether). The mixture was allowed to slowly
warm to room temperature and stir for 3 hours before being quenched with a 5% HCI
solution. The reaction mixture was diluted with diethyl ether (300 mL) and the
organic layer was washed once with saturated sodium bicarbonate (200 mL) and two
times with brine (200 mL each). The organic layer was dried over MgSO, and
concentrated under vacuum to give 10.86 g (92%) of the title compound, a yellow
liquid that required no further purification. "H NMR (CDCls 400 MHz): & 4.07 (s, 2H),
2.58 (t, J = 7.4 Hz, 2H), 1.61 (m, 2H), 1.28 (m, 6H), 0.88 (t, J = 6.9 Hz, 3H). '*C NMR
(CDCls, 100 MHz): 6 203.0, 48.3, 39.9, 31.6, 28.9, 23.7, 22.6, 14.1. HRMS-EI: calc.
163.0890, found 163.0892, A = 1.2 ppm.

1-chloro-2-tetradecanone (2b): Quantitative yield. '"H NMR (CDCls 400 MHz): §
4.07 (s, 2H), 2.58 (t, J = 7.4 Hz, 2H), 1.62 (m, 2H), 1.26 (m, 18H), 0.88 (t, J = 6.9 Hz,
3H). 5C NMR (CDCls, 100 MHz): 6 190.1, 39.7, 31.9, 29.6, 29.4, 29.3, 23.6, 22.7,
14.1. HRMS-DART: M + [NH4"] calc. 264.2094, found 264.2095, A = 0.3 ppm.
1-chloro-4-ethyl-2-octanone (2¢): Quantitative yield. '"H NMR (CDCls, 400 MHz): §
4.07 (s, 2H), 2.50 (dd, J; = 6.7 Hz, J; = 0.7 Hz, 2H), 1.91 (m, 1H), 1.26 (m, 8H), 0.86
(t, J = 7.4 Hz, 6H). "*C NMR (CDCls, 100 MHz): § 202.9, 48.8, 44.3, 35.4, 33.3, 29.0,
26.5,23.1,14.2, 11.0. HRMS-DART: M + [NH,4*] calc. 208.1468, found 208.1469, A
= 0.2 ppm.

3-(chloromethyl)-1-nonyn-3-ol (3a): A solution of 205 mL ethynylmagnesium
bromide (0.5M in THF) at 0°C was treated with a solution of 1-chloro-2-octanone
(9.839, 60.4 mmol) in 30 mL of dry THF. The combined solution was stirred at 0°C
for 22 hours before being diluted with hexanes (300 mL) and quenched with
saturated ammonium chloride. The organic layer was washed three times with brine
(200 mL), dried over MgSO4, and concentrated under vacuum to give 10.70g (94%)
of the title compound, a dark orange oil that was used without further purification. 'H
NMR (CDCls, 400 MHz): 8 3.70 (d, J = 11 Hz, 1H), 3.60 (d, J = 11 Hz, 1H), 2.55 (s,
1H), 2.51 (s, 1H), 1.74 (m, 2H), 1.57 (m, 2H), 1.31 (m, 6H), 0.89 (t, J = 6.9 Hz, 3H).
*C NMR (CDCls, 100 MHz): 6 83.8, 73.8, 70.7, 53.14, 39.3, 31.8, 29.4, 24 .2, 22.7,
14.2.

3-chloromethyl-1-pentadecyn-3-ol (3b): 98% yield. '"H NMR (CDCl; 400 MHz): 6
3.70 (d, J = 11 Hz, 1H), 3.60 (d, J= 11 Hz, 1H), 2.58 (s, 1H), 2.51 (s, 1H), 1.74 (m,
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2H), 1.57 (m, 2H), 1.26 (m, 18H), 0.88 (t, J = 6.9 Hz, 3H). ®*C NMR (CDCls 100
MHz): & 83.8, 73.8, 70.7, 53.2, 39.3, 32.1, 29.8,° 29.7,b 29.6, 29.5, 24.3, 22.8, 14.3.
(a) 3 peaks at this resonance, (b) 2 peaks at this resonance. HRMS-DART: M +
[NH,*] calc. 290.2251, found 290.2262, A = 3.7 ppm.
3-chloromethyl-5-ethyl-1-nonyn-3-ol (3c): 84% yield. 'H NMR (CDCls, 400 MHz): &
3.70 (d, J = 10.9 Hz, 1H), 3.59 (d, J = 10.9 Hz, 1H), 2.54 (s, 1H), 2.52 (s, 1H), 1.67
(m, 5H), 1.26 (m, 6H), 0.87 (t, J = 3.7 Hz, 6H). '*C NMR (CDCls, 100 MHz): § 84.1,
74.0,70.9,54.1,42.6, 39.4, 33.1, 28.7, 26.9, 23.2, 14.3, 10.8.

3-Hexyltellurophene (5a): Tellurium (12.25 g, 96 mmol) in degassed ethanol (350
mL) was treated with NaBH,4 (7.26 g, 186.6 mmol) under nitrogen in a 1 L 3-neck
round bottom flask fitted with a condenser. The reaction was heated to reflux for 2.5
hours while an additional 7.26 g of NaBH4 was added in 4 portions every 30 minutes.
After this, the solution was cooled to 0 °C and a degassed solution of 3-
(chloromethyl}-1-nonyn-3-ol (11.3 g, 60 mmol) in ethanol (20 mL) was added. The
reaction was maintained at 0°C for one hour before being warmed to room
temperature. Next, a solution of potassium hydroxide (5.38 g, 96 mmol) in
ethanol/water (50 mL/1.2 mL) was added and the reaction was heated to reflux for 2
hours. The reaction was quenched by stirring vigorously while exposed to laboratory
air, and filtered through Celite. The solution was diluted with dichloromethane (400
mL) and washed three times with brine (300 mL), dried over MgSQ,, and
concentrated under vacuum to give a dark orange oil. The oil was then redissolved in
60 mL of hexanes in a 250 mL round bottom flask fitted with a condenser. This
solution was treated para-toluenesulfonic acid monohydrate (666 mg, 3.5 mmol) and
the reaction was heated to reflux for 1 hour. The reaction was allowed to cool to
room temperature before being diluted with hexanes (200 mL) and quenched with
saturated sodium bicarbonate (50 mL). The hexanes layer was washed three times
with brine (150 mL), dried over MgSQ4, and concentrated under vacuum to give
10.36 g of a dark orange oil that contained the desired product. Purification by
column chromatography with hexanes afforded 5.80 g (37%) of the title compound,
an orange oil. '"H NMR (CDCls 400 MHz): § 8.78 (dd, J; = 1.88 Hz, J; = 6.6 Hz, 1H),
8.33 (s, 1H), 7.76 (dd, J; =1.48 Hz, J,=6.6 Hz, 1H), 2.62 (1, J= 7.7 Hz, 2H), 1.61
(m, 2H), 1.30 (m, 6H), 0.88 (t, J = 6.9 Hz, 3H). '*C NMR (CDCl3 100 MHz): & 151.1,
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140.2,124.2,117.9, 35.0, 31.9, 30.4, 29.1, 22.8, 14.3. HRMS-EI: calc. 266.0314,
found 266.0319, A = 1.9 ppm.

3-dodecyltellurophene (5b): 51% yield. 'H NMR (CDCls 400 MHz): § 8.78 (dd, J; =
1.9 Hz, J, = 6.6 Hz, 1H), 8.33 (s, 1H), 7.76 (dd, J; =1.5Hz, J, =6.6 Hz, 1H), 2.61 (t,
J=7.7Hz, 2H), 1.61 (m, 2H), 1.26 (b, 18H), 0.88 (t, J = 6.7 Hz, 3H). '*C NMR
(CDCl;, 100 MHz): § 140.2, 124.2, 117.9, 35.0, 32.1, 30.5, 29.8,% 29.6, 29.5,b 22.9,
14.3. (a) 4 peaks at this resonance, (b) 2 peaks at this resonance. HRMS-DART:
calc. 351.1332, found 351.1323, A = 2.4 ppm.

3-(2-ethylhexyl)tellurophene (5¢): 30% yield. 'H NMR (CDCls 400 MHz): & 8.76
(dd, Jy = 1.9 Hz, J> = 6.6 Hz, 1H), 8.30 (s, 1H), 7.73 (dd, J; = 1.5 Hz, J> = 6.6 Hz,
1H), 2.55 (d, J = 6.9 Hz, 2H), 1.59 (m, 1H), 1.26 (m, 8H), 0.86 (t, J = 2.7 Hz, 6H). '°C
NMR (CDCl; 100 MHz): 6 152.0, 145.9, 140.6, 123.9, 40.3, 39.2, 32.6, 29.0, 25.8,
23.2,14.3, 11.0. HRMS-DART: calc. 295.0706, found 295.0715, A = 3.2 ppm.
2,5-diiodo-3-hexyltellurophene (6a): Adapted from Sweat and Stephens.?' A
solution of 3-hexyltellurophene (3 g, 11.4 mmol) and N,N,N',N'-
Tetramethylethylenediamine (3.6 ml, 23.9 mmol) in 35 mL of dry hexanes in a 100
mL Schlenk flask with a nitrogen atmosphere was treated dropwise with sec-BulLi
(17.2 mL, 1.4 M in cyclohexane) at room temperature. The mixture was heated to 63
°C under nitrogen for 45 min. The flask was cooled to 0 °C and a solution of iodine
(7.23 g, 28.5 mmol) in 55 mL of dry ether was added using a cannula. The reaction
was allowed to stir at room temperature for 24 hours before being slowly quenched
with water. The mixture was diluted with hexanes (100 mL) and the organic layer
was washed one time with 10% sodium thiosulfate (100 mL) and three times with
brine (100 mL), dried over MgSQy4, and concentrated under vacuum to give 2.80 g of
a viscous brown oil. Purification by column chromatography with hexanes afforded
453 mg (8%) of yellow oil. 'H NMR (CDCls 400 MHz): § 7.72 (s, 1H), 2.52 (t, J = 7.8
Hz, 2H), 1.52 (m, 2H), 1.31 (b, 6H), 0.89 (t, J = 6.9 Hz, 3H). *C NMR (CDCls 100
MHz): 6 149.2, 102.7, 70.8, 69.8, 36.3, 32.1, 30.3, 29.3, 23.1, 14.6. HRMS-EI: calc.
517.8247, found 517.8242, A = 1.0 ppm.

2,5-diiodo-3-dodecyltellurophene (6b): 9% yield. '"H NMR (CDCls, 400 MHz): &
7.72 (s, 1H), 2.52 (t, J = 7.7 Hz, 2H), 1.26 (b, 20H), 0.89 (t, J = 6.7 Hz, 3H). '*C NMR
(CDCls 100 MHz): 8 157.5, 148.9, 70.5, 68.4, 36.0, 32.1, 30.0, 29.8,% 29.7, 29.6,
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29.5, 29.3, 22.9, 14.3. (a) 2 peaks at this resonance. HRMS-DART: calc. 602.9264,
found 602.9251, A = 2.2 ppm.
2,5-diiodo-3-(2-ethylhexyl)tellurophene (6c): 16% yield. '"H NMR (CDCls 400
MHz): § 7.67 (s, 1H), 2.45 (d, J = 7.3 Hz, 2H), 1.59 (m, 1H), 1.30 (m, 8H), 0.88 (t, J =
7.1 Hz, 6H). *C NMR (CDCls, 100 MHz): 6 156.8, 149.3, 71.3, 69.2, 40.4, 40.1, 32.5,
28.9, 25.8, 23.2, 14.3, 11.1. HRMS-DART: calc. 546.8638, found 546.8637, A = 0.2
ppm.
Typical Polymerization
Poly(3-hexyltellurophene): A solution containing Isopropylmagnesium chloride
lithium chloride complex (0.89 mL, 1.3 M in THF, 1.16 mmol) was added to a solution
of 2,5-diiodo-3-hexyltellurophene (600 mg, 1.16 mmol) in dry methyl THF (9 mL)
under a nitrogen atmosphere. The mixture was stirred for 30 minutes at room
temperature, then transferred to a flask containing [1,3-
bis(diphenylphosphino)propane]nickel(ll) chloride (6.3 mg, 0.0116 mmol). The
solution was heated to 80 °C for 24 hours then quenched by precipitation into
methanol. The polymer was purified by soxhlet extraction with methanol, hexanes,
and chloroform. The remaining insoluble material, the desired product, a purple solid,
was collected (101 mg, 33%). Amax = 558 nm, M, = 9.9 kDa, M,, = 21.8 kDa, PDI =
2.2.
Poly(3-dodecyltellurophene): Prepared in an analogous manner as poly(3-
hexyltellurophene). Purified by soxhlet extraction with methanol hexanes and
dichloromethane. The product was collected by extraction in chloroform (143 mg,
62% yield). "H NMR (CDCls 400 MHz): § 7.41 (s, 1H), 2.65 (b, 2H), 1.25 (m, 20H),
0.88 (1, J= 1.6 Hz, 3H). Amax = 545 nm, M, = 11.3 kDa, My, = 22.9 kDa, PDI = 2.0.
Poly(3-(2’-ethylhexyl)tellurophene): Prepared in an analogous manner as poly(3-
hexyltellurophene) with the exception that the polymerization allowed to react at 80
°C for 48 h. Purified by soxhlet extraction with methanol and ethyl acetate. The
product was collected by extraction in chloroform (56 mg, 35% yield). '"H NMR
(CDCls, 400 MHz): § 7.41 (s, 1H), 2.60/2.45 (d, J = 1.7 Hz, 2H), 1.68 (b, 1H), 1.26 (m,
8H), 0.88 (t, J= 1.5 Hz, 6H). Anax = 512 nm, M, = 5.4 kDa, My = 10.0 kDa, PDI = 1.9.
Film preparation

Glass substrates were prepared by washing with detergent and rinsing with

distilled water followed by methanol. Indium tin oxide substrates were prepared by
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washing with detergent followed by sonication in distilled water, acetone, and
methanol. Solutions of polymers in chlorobenzene (5 mg/mL) were heated with a
heat gun until the color had changed to bright red, signifying that all polymer was
dissolved. This solution was deposited onto a substrate by spin-casting (1000 RPM,
30 s). The films used for absorbance measurements were annealed at 150 °C for
one hour in a nitrogen atmosphere.

Electrochemical Measurements

All electrochemical measurements were performed at room temperature with a
BASi Epsilon electrochemical workstation using anhydrous acetonitrile (or anhydrous
DCM for polymerization spectroelectrochemistry) containing 0.5 M supporting
electrolyte (BusNPFg). A typical three-electrode setup was used including a platinum
or ITO working electrode, Ag wire reference electrode and a platinum wire auxiliary
electrode and ferrocene was used as an internal standard in all cases (ferrocene vs.
Ag = 0.40 V).

Additional embodiments of the invention are described in light of the Examples.

An "alkyl" group is the radical obtained when one hydrogen atom is removed
from a hydrocarbon. An alkyl group can have from 1 to 100 carbon atoms, or 1 to 50,
1010 25, 11020, 1t0 12, 1 to 6, or 1 to 4 carbon atoms. The term includes the
normal i.e., linear alkyl (n-alkyl), secondary and tertiary alkyl, so can be straight-
chain or branched. For any use of the term "alkyl", unless clearly indicated
otherwise, it is intended to embrace all variations of alkyl groups disclosed herein, as
measured by the number of carbon atoms, the same as if each and every alkyl group
were explicitly and individually listed for each usage of the term. When an alkyl
residue having a specific number of carbons is named, all geometric isomers having
that number of carbons are included, so, for example, "butyl" includes n-butyl, sec-
butyl, iso-butyl and t-butyl. Examples of alkyl groups are methyl, ethyl, n-propyl,
isopropyl, n-butyl, isobutyl, s-butyl, t-butyl, pentyl, isopentyl, hexyl,
particularly -CH,CH,CH,CH,CH,CHg, isohexyl, dodecyl, particularly -(CH2)11CHs,
icosyl, -CH>CH(C2Hs)(CH.CH,CH,)CHa, etc.

The term alkyl group includes "cycloalkyl” which indicates a saturated
cycloalkane radical having 3 to 20 carbon atoms, or 3 to 10 carbon atoms, in
particular 3 to 8 carbon atoms, such as 3 to 6 carbon atoms, including fused bicyclic
rings, e.g. cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, or cycloheptyl.

-15 -



10

15

20

25

30

WO 2014/067016 PCT/CA2013/050837

A "heteroalkyl" group is an alkyl radical as described above in which one or
more carbon atoms, -CH groups, -CH»- groups or -CHj; groups is replaced by a
heteroatom. Heteroatoms are O, S, N, Se, P, B, CI, F, I, Br, Si, Ge, Te and Sn.
Examples of heteroalkyl groups are -CH,OCH,CH3; or -OCH,CH>CHg; in which a CH>
group of -CH,CH>CH,>CHjs is replaced by an oxygen atom; -CHoNHCH>CH3;

(or -CH2N(CHjs), in which a CH group of -CH,CH,CH»CH3 (or -CH,CH(CHs),) is
replaced by a nitrogen atom; -CH,CHFCH,>CHj3 in which a CH3 group

of -CH,CH(CH3)CH>CHjs is replace by fluorine. The number of permitted substitutions
is1,2,8,4,5,6,7,8,9,10,11,12,13, 14,15, 16, 17, 18, 19 or 20, the number
being less than the number of carbon atoms of the alkyl radical from which the
heteroalkyl group is derived.

It is noted here, that when discussing radical portions of a molecule, such as
"CR3" or "F" or "CH,", etc. the connecting bond(s) may be omitted in various contexts
for the sake of convenience, as for example when the location of a bond or bonds is
unambiguous, and the skilled person understands this.

A "heterocycloalkyl” group is a cycloalkane radical as described above in which
one or more carbon atoms, -CH groups, -CH.- groups or -CHs groups is replaced by
a heteroatom. The number of substitutions is 1, 2, 3, 4, 5, or 6. Examples of
molecules from which heterocycloalkyl radicals are derived are [1,3]dioxole, oxetane,
[1,3]dioxolane, [1,3]dioxane, tetrahydrothiopyran, tetrahydrothiopyran-1,1-dioxide,
tetrahydrothiopyran-1-oxide, N-methylpiperidine, piperidine, tetrahydrothiophene,
[1,3]-dithiane, thietane, [1,3]-dithiane-1,3-dioxide, or thietane-1-oxide. Fused bicyclic
rings with 1 to 4 heteroatoms, wherein at least one ring includes a heteroatom are
included, for example, isoindolyl.

An "aryl" group indicates a radical of an aromatic carbocyclic ring(s) having 6 to
20 carbon atoms, such as 6 to14 carbon atoms, 6 to 10 carbon atoms, or 6-
membered rings, and an aromatic ring or rings may be fused with at least one other
aromatic ring, such as phenyl, naphthyl, indenyl and indanyl.

The term "heteroaryl” indicates a radical of one or more aromatic rings having 1
to 6 heteroatoms (O, S, N, Se, Si, Te) and 1 to 20 carbon atoms, such as 1 t0 6
heteroatoms and 1 to 10 carbon atoms, or 1 to 5 heteroatoms and 1 to 6 carbon
atoms, or 1 to 5 heteroatoms and 1 to 3 carbon atoms e.g., 5- or 6-membered rings
with 1 to 4 heteroatoms selected from O, S and N. Included are fused bicyclic rings
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with 1 1o 4 heteroatoms, in which at least one ring is aromatic, e.g. pyridyl, quinolyl,
isoquinolyl, indolyl, tetrazolyl, thiazolyl, imidazolyl, pyrazolyl, oxazolyl, isoxazolyl,
thienyl, pyrazinyl, isothiazolyl, benzimidazolyl and benzofuranyl.

Alkyl, heteroalkyl, cycloalkyl, heterocycloalkyl, aryl and heteroaryl groups can
be optionally substituted with one or more of the groups described above and/or one
or more of nitro, carboxyl, formyl, -C(O)-R" in which the R' group of -C(O)-R’ can be
alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl or heteroaryl. These latter
substitutions can be seen as replacement of a carbon-bound hydrogen atom of the
group from which the substituted radical is derived.

In embodiments, the invention provides a compound having formula (5):

R

/

Te

(5)
in which R is a monovalent organic group.
The substituent, R, covalently linked to the telluropene ring can be:

alkyl, optionally substituted with one or more of cycloalkyl, heteroalkyl,
heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R" in which R' is
alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and heteroaryl;

cycloalkyl, optionally substituted with one or more of alkyl, cycloalkyl,
heteroalkyl, heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(0)-R" in
which R’ is alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and heteroaryl;

heteroalkyl optionally substituted with one or more of cycloalkyl,
heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R" in which R' is
alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and heteroaryl;

heterocycloalkyl optionally substituted with one or more of alkyl, heteroalkyl,
aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R" in which R is alkyl, cycloalkyl,
heteroalkyl, heterocycloalkyl, aryl and heteroaryl;

aryl optionally substituted with one or more of alkyl, cycloalkyl, heteroalkyl,
heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R" in which R' is
alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and heteroaryl; and
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heteroaryl optionally substituted with one or more of alkyl, cycloalkyl,

heteroalkyl, heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R" in
which R’ is alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and heteroaryl.

In the above context, the one or more substitutions are made independently of

5 each other and multiple substitutions of the same substituent are included. For

example, a substituted aryl group might have multiple nitro substituents in addition to
any substitutions with other groups that are permitted.

In cases where a compound is capable of forming a salt e.g., contains -NH,,
such salts are included within the family of described compounds.

10 R-groups of the Examples fall into the category of groups in which R is C1-C20

alkyl.

In other embodiments, the invention provides a compound having formula (4):

HO
R

\

Te

(4)
As illustrated in the Examples, such a compound is useful, for example, in the
15 synthesis of a compound of formula (5) in which the R-group shown in formula (5)
and (4) correspond to each other.
In another embodiment, a compound of the invention comprises two or more
tellurophene-2,5-diyl groups covalently linked to each other at one or the other of the
2- and 5- positions of each tellurophene ring, wherein each of the tellurophene rings
20 is substituted at the 3- or 4-position thereof.
Put another way, the invention includes a compound that includes structural
units of formula (A):

/

Te n

where n is an integer greater than 1.
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According to certain embodiments, each R of compound A is, independently of
the other, as described above for a compound of formula (5). In particular
embodiments, such as those of the Examples, the R-group is the same for all n
structural units i.e., monomeric tellurophene units of the compound are the same as
each other. A homopolymer is a polymer in which the units are the same as each
other.

Oligomers and polymers made up of tellurophene monomers linked together at
the 2- and 5- positions of the tellurophene rings are fully conjugated.

As mentioned, the value of the integer n is greater than or equal to 2. The value
of n in various embodiments is between 10 and 5,000, or between 10, and 4,000, or
between 10 and 3, 000, or between 10 and 2,000, or between 10 and 1,000, or
between 10 and 500, or between 10 and 200, or between 20 and 180, or between 30
and 180, or between 20 and 150, or is about 10, about 20, about 30, about 40, about
50, about 60, about 70, about 80, about 90, about 100, about 110, about 120, about
130, about 140, about 150, about 160, about 170, about 180, about 190 or about
200.

In other embodiments, the value of n is greater than 10 and the compound has
a regioregularity of at least 50%, or at least 55%, or at least 60%, or at least 65%, or
at least 70%, or at least 75%, or at least 80%, or at least 85%, or at least 90%, or at
least 91%, or at least 92%, or at least 93%, or at least 94%, or at least 95%, or at
least 96%, or at least 97%, or at least 98% or at least 99%.

In embodiments, the value of n is greater than 10 and the compound is a
polymer having a regioregularity between 50% and 100%, between 50% and 99%,
between 70 and 99%, between 90 and 99%, between 50% and 95%, between 60%
and 95%, between 50 and 93%, between 60% and 93%, between 65% and 100%,
between 65% and 95%, between 65% and 93%, between 70% and 100%, between
70% and 95%, between 70% and 93%, between 75% and 100%, between 75% and
95%, between 75% and 93%, or between 80% and 95%.

In embodiments, the value of n is greater than 10 and the compound is a
polymer having a regioregularity of about 50%, about 55%, about 60%, about 65%,
about 70%, about 75%, about 80%, about 85%, about 90%, about 93%, about 94%,
about 95%, about 96%, about 97%, about 98%, about 99% or about 100%.
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In embodiments, the compound is a polymer, particularly a homopolymer,
having a regioregularity of at least 50%, or at least 55%, or at least 60%, or at least
65%, or at least 70%, or at least 75%, or at least 80%, or at least 85%, or at least
90%, or at least 91%, or at least 92%, or at least 93%, or at least 94%, or at least
95%, or at least 96%, or at least 97%, or at least 98% or at least 99%.

In other embodiments, the compound is a polymer, particularly a homopolymer,
having a regioregularity between 50% and 100%, between 50% and 99%, between
70 and 99%, between 90 and 99%, between 50% and 95%, between 60% and 95%,
between 50 and 93%, between 60% and 93%, between 65% and 100%, between
65% and 95%, between 65% and 93%, between 70% and 100%, between 70% and
95%, between 70% and 93%, between 75% and 100%, between 75% and 95%,
between 75% and 93%, or between 80% and 95%.

In other embodiments, the compound is a polymer, particularly a homopolymer,
having a regioregularity of about 50%, about 55%, about 60%, about 65%, about
70%, about 75%, about 80%, about 85%, about 90%, about 93%, about 94%, about
95%, about 96%, about 97%, about 98%, about 99% or about 100%.

In embodiments, the compound is a polymer, particularly a homopolymer,
having a number average molecular weight (M,) that is at least 2,000, or at least
5,000, or at least 10,000, or at least 20,000 when measured by gel permeation
chromatography relative to polystyrene standards. Suitably chosen polystyrene
standards up to 1,000,000, likely between 20,000 and 100,000 can be used.

In embodiments, the invention includes a polymer in which M, of the polymer is
up to 1,000,000, or up to 500,000, or up to 400,000, or up to 300,000, or up to
200,000, or up to 150,000, or up to 120,000, or up to 100,000. M, can be between
5,000 and 500,000, or between 5,000 and 400,000, or between 10,000 and 300,000,
or between 15,000 and 200,000, or between 15,000 and 150,000, or between
20,000 and 100,000. M, can be about 20,000, or about 30,000, or about 40,000, or
about 50,000, or about 60,000, or about 70,000, or about 80,000, or about 90,000, or
about 100,000.

Embodiments include a polymer in which M,/M,, is between 1 and 3, or
between 1 and 2.5, or between 1 and 2.0 or between 1 and 1.5, or in which M,/My, is
about 1 or about 1.1 or about 1.2 or about 1.3 or about 1.4 or about 1.5 or about 1.6
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or about 1.7 or about 1.8 or about 1.9 or about 2.0 or about 2.1 or about 2.2 or about
2.3 or about 2.4 or about 2.5.

In embodiments, the invention includes a film comprising a polymer, particularly
a homopolymer. A film can have a thickness of between 1 and 10,000 nm, or
between 10 and 5,000 nm, or between 20 and 500 nm, or between 40 and 400 nm,
or between 40 and 300 nm, or a film can have a thickness of about 40 nm or about
50 nm, or about 60 nm, or about 70 nm, or about 80 nm, or about 90 nm, or about
100 nm, or about 110 nm, or about 120 nm, or about 130 nm, or about 140 nm, or
about 150 nm, or about 160 nm, or about 170 nm, or about 180 nm, or about 190
nm, or about 200 nm, or about 210 nm, or about 220 nm, or about 230 nm, or about
240 nm, or about 250 nm, or about 260 nm, or about 270 nm, or about 280 nm, or
about 290 nm, or about 300.

In embodiments, the invention includes a composite material comprising a
polymer layer and a support disposed on at least one side of the polymer layer.

An embodiment is an optoelectronic device comprising the composite material.
Such devices include a diode, a light-emitting diode, a transistor, a solar cell, a
photodiode or a light-emitting transistor.

An electrode can be installed in contact with a film. The electrode can be part of
a solar cell.

A semiconductor composite material can contain a polymer in combination with
an electron acceptor material.

Embodiments include use of a compound of formula (B) in the preparation of
other compounds, particularly oligomeric and polymeric compounds. The Examples
describe synthesis of homopolymers.

In one embodiment, such preparation includes use of compound having formula
(B):

/

Te

where R is as described above.
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each X is, independently of the other X, F, CI, Br I, H, Li, Na, MgX',
B(OR)(OR"), B(OH),, or SnR"s,

X'is Cl or Br,

R"and R" for B(OR")OR") may be the same or different as each other, and
each can be any alkyl chain up to ten carbons or R' and R" can
together bridge the oxygen atoms by a carbon chain up to ten carbons.
The bridged chain may be substituted or unsubstituted with any
hydrocarbon group, common examples being 1,3-propanediol ester,
catechol ester, pinacol ester,

each R"3 is the same or different as the other and each is C1-C10 alkyl,
and

if one X is H, then the other X'is not H.

Compound (B) is activated as through the production of an organometallic
intermediate followed by coupling of the activated compound using a coordination
catalyst.

In the Examples, monomer (B) is activated using an isopropylmagesium
chloride lithium chloride complex, but many such activating agents are known, such
as isopropylmagnesium chloride, hexylmagnesium bromide, teri-butyl magnesium
bromide, methylmagnesium bromide, butylmagnesium bromide, or any
alkylmagnesium halide (bromide or chloride).

In the Examples, the activated intermediate is combined with [1,3-
bis(diphenylphosphino)propane]nickel(ll) chloride,a coordination catalyst containing
transition metal nickel. These activation and coupling steps are carried out in the
Examples without isolating the activated monomer. Many coordination catalysts are
known. Common catalysts include dichloro[1,3-
bis(diphenylphosphino)propane]nickel, and dichloro[1,3-
bis(diphenylphosphino)ethane]nickel, but any suitable Ni, Pd, Ir complex or
nanoparticle can be used as a catalyst.

As the catalyzed coupling of activated sites proceeds, monomers become
covalently linked to ends of a growing chain, often referred to as chain growth
polymerization, and chain growth proceeds to form an oligomer or polymer. So, in
one embodiment, the invention is a method for preparing a polymer, the method

comprising:
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(i  activating a monomer of formula (B) at the 2- and 5- positions of the
tellurophene ring; and

(i)  polymerizing the activated monomer in the presence of a coordination
catalyst.

Also described above, is the formation of a polymer by means of
electrochemical polymerization of a compound having formula (5). It is thus possible
to form a polymer as represented by formula (A) by exposing a compound of formula
(5) to an electrochemical potential of from 0.1 to 3.0 V for a period of time sufficient
to form the compound e.g., between 1 and 10,000 seconds. Other positive potentials
can be used including about 0.1 V, about 0.2 V, about 0.4V, about 0.6V, about 0.8V,
about 1V, about 1.2V, about 1.4V, about 1.6V, about 1.8V, about 2V, about 2.2V,
about 2.4V, about 2.6V, about 2.8V or about 3.0 V. Once prepared, a polymer can
be used, for example, in the preparation of a film by application to a substrate for
incorporation into an optoelectronic device, such as a diode, a light-emitting diode, a
transistor, a solar cell, a photodiode or a light-emitting transistor.

Application of the polymer to form a film typically includes taking a conjugated
polymer described herein up in a solvent or solution in which it is soluble. In the case
of the Example described herein, a polymer was dissolved in chlorobenzene and
applied by spin-casting to a substrate. Other methods of polymer application, such
as drop casting, doctor blading, ink jet printing, evaporation are known. Typically, the
polymer film is then annealed by the application of heat. In the case of the Examples
described herein, films were annealed at 150 °C for about an hour.

Polymers are applied to a substrate to obtain a desired thickness.

An embodiment of the invention is an article comprising a polymer film as
described herein.

An article can be an electrode installed in contact with the film in the
manufacture of a solar cell. An exemplary substrate in this case is a conductor layer
such as indium tin oxide coated with PEDOT:PSS. A polymer solution can be applied
directly to the conductor layer.

The polymer solution applied to a substrate can have admixed therewith an
electron acceptor. An electron acceptor can be one or more of a fullerene, a

fullerene derivative, a nanoparticle, nanocrystal, quantum dot, etc. Exemplary
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quantum dots include one or more of e.g., CdSe, CdTe, CdS, PbS, PbSe, CulnS,,
CulnSe,, CdsAs,, CdsPa.

Embodiments include methods of preparation of a compound of formula (5). In
one aspect, such method includes the step of dehydrating a compound of formula (4)
to form the compound of formula (5).

An embodiment of the invention is a method of preparing a compound of
formula (2)

that includes coupling a compound of formula (1)

0

.
LG

(1),
wherein LG is a leaving group, and an organometallic salt of the formula R'Z". In the
Examples, LG is -N(OH)R* where R" is an alkyl group that is methyl.
The invention includes a method of preparing a compound of formula (3)

—_—
HQ —
Cl
R

that includes coupling a compound of formula (2)

(3),

O

(2)
and an organometallic salt of the formula HC=CZ".
The invention includes a method of preparing a compound of formula (4)
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HO

Py

(4).
This is accomplished by:
(i) admixing a compound of formula (3)

—
—

5  with a mixture of a tellurium salt and a reducing agent. In the Examples, the tellurium
salt is Na,Te.
The invention includes a method of preparing a compound of formula (4)

10 (i) coupling a compound of formula (1)

0
/‘bc'
LG ()

wherein LG is a leaving group, and an organometallic salt of the

This can be accomplished by:

formula R'Z* to form a compound of formula (2)

0
J
R
(2)

15 (i) coupling the compound of formula (2) obtained in step (i) and an
organometallic salt having of the formula HC=CZ" to form a compound of

formula (3)
-25.
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HO —
N
R (3); and
(i)  admixing the compound of formula (3) obtained in step (ii) with a
mixture of a tellurium salt and a reducing agent.
This invention may also be said broadly to be composed of the parts, elements
5  and features referred to or indicated herein, individually or collectively, in their
various possible combinations. It is to be understood that those combinations and
e.g., subranges are described as though each is explicitly described herein. For
example, formula (A) defines a family of compounds, in which n is an integer greater
than 1, and it is also said that n can be a number from 2 to 200. This is to be
10 understood as though the full range of individual numbers 2, 3, 4, 5 ... 200 had been
written, and as though subranges of the numbers e.g., 2 to 24, 4 1o 18, etc. had been
written, and are included in combination with other such combinations,
subcombinations, ranges, and subranges falling within those described herein.
The entire disclosures of all applications, patents and publications cited herein
15 are hereby incorporated by reference.
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CLAIMS

1. A compound of formula (5):

/

Te

(5)
wherein R represents a monovalent organic group, or a salt thereof.
2. A compound of claim 1, wherein:
R is:

alkyl, optionally substituted with one or more of cycloalkyl, heteroalkyl,
heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R’ in
which R is alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and
heteroaryl;

cycloalkyl, optionally substituted with one or more of alkyl, cycloalkyl,
heteroalkyl, heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl,
and -C(O)-R" in which R is alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl,
aryl and heteroaryl;

heteroalkyl optionally substituted with one or more of cycloalkyl,
heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R1 in
which R' is alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and
heteroaryl;

heterocycloalkyl optionally substituted with one or more of alkyl, heteroalkyl,
aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R" in which R is alkyl,
cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and heteroaryl;

aryl optionally substituted with one or more of alkyl, cycloalkyl, heteroalkyl,
heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl, and -C(O)-R’ in
which R is alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl, aryl and
heteroaryl; or

heteroaryl optionally substituted with one or more of alkyl, cycloalkyl,
heteroalkyl, heterocycloalkyl, aryl, heteroaryl, nitro, carboxyl, formyl,
and -C(O)-R" in which R is alkyl, cycloalkyl, heteroalkyl, heterocycloalkyl,
aryl and heteroaryl.
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3. A compound of claim 2, wherein R is C1-C20 alkyl.
4. A compound of formula (4):

HO
R

\

Te

(4),
wherein R is a defined in any one of claims 1 to 3.
5 5. Acompound of formula (B):

/

Te (B)

wherein:
each X is, independently of the other X, F, Cl, Br, I, H, Li, Na, MgX",
B(OR?),, B(OH),, or SnR™;,
10 X'is Cl or Br,
R? for B(OR?)»is C1-C10 alkyl or optionally substituted C1-C10
alkylene bridging the oxygen atoms bound to B,
each R™; is C1-C10 alkyl and are the same or different from each
other, and
15 if one X is H, then the other X is not H, and
R is as defined in any one of claims 1 to 3.
6. An oligomeric or polymeric compound comprising two or more tellurophene-2,5-
diyl groups covalently linked to each other at one or the other of the 2- and 5-
positions of each tellurophene ring, wherein each of the tellurophene rings is
20  substituted at the 3- or 4-position thereof.
7. A compound of claim 6, wherein said compound is of formula (A):

R

/

Te n

=31 -
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wherein n is an integer greater than 1; and
each R is, independently of each other R, as defined by any one of claims 1 to
3.

8. A compound of claim 7, wherein the value of n is between 10 and 200.
9. A compound of claim 8, wherein the value of n is between 30 and 180.
10. A compound of any one of claims 6 to 8, wherein the value of n is greater than
10 and the compound has a regioregularity of at least 50%.
11. A compound of any one of claims 6 to 10, wherein the value of n is greater than
30, and the compound has a regioregularity of at least 80%.
12. A compound of claim 11, wherein the compound has a regioregularity of at least
93%.
13. A compound of any one of claims 6 to 8, wherein the value of n is greater than
10 and the compound is a polymer having a regioregularity between between 70 and
99%
14. A compound according to any one of claims 6 to 13, wherein each R of the
compound is the same as each other R of the compound.
15. A conjugated polymer comprising a compound as defined by any one of claims
6 to 14, wherein the polymer has a number average molecular weight (M;) that is at
least 2,000 when measured by gel permeation chromatography relative to
polystyrene standards.
16. A polymer according to claim 15 wherein the number average molecular weight
(Mp) of the polymer is up to 1,000,000.
17. A polymer according to claim 16, wherein the number average molecular weight
(M;) of the polymer is between 5,000 and 500,000
18. A polymer according to any one of claims 15 to 17, wherein M,/My, is between 1
and 3.
19. A polymer according to any one of claims 15 to 18, wherein the polymer is a
homopolymer.
20. A polymer according to claim 19, comprising the compound of formula (A) in
which R is C1-C20 alkyl.
21. A film comprising a polymer as defined by any one of claims 15 to 20.
22. A film of claim 21, having a thickness of between 1 and 10,000 nm.
23. Afilm of claim 22, having a thickness of between 10 500 nm.
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24. A composite material comprising a polymer layer comprising a polymer as
defined by any one of claims 15 to 20, and a support disposed on at least one side of
the polymer layer.
25. An optoelectronic device comprising the composite material of claim 24.
26. The device of claim 25, wherein the device is a diode, a light-emitting diode, a
transistor, a solar cell, a photodiode or a light-emitting transistor.
27. An electrode installed in contact with a film as defined by claim 21, 22 or 23.
28. A solar cell comprising the electrode of claim 27.
29. A semiconductor composite material comprising a polymer as defined by any
one of claims 15 to 20 in combination with an electron acceptor material.
30. A method of preparing a polytellurophene compound, the method comprising
exposing a compound of formula (5) to an electrochemical potential of from 0.1 to
3.0 V for a period of time sufficient to form the compound, wherein the R of formula
(5) is as defined in any one of claims 1 to 3.
31. A method for preparing a polytellurophene compound, the method comprising:
(iy activating a monomer of formula (B) at the 2- and 5-positions of the
tellurophene ring; and
(i) coupling the activated monomer in the presence of a coordination
catalyst,
wherein formula (B) is as defined in claim 5.
32. The method of claim 31, wherein each X = I.
33. A method of preparing a compound of formula (5)

R

/

Te

(3),
the method comprising the step of dehydrating a compound of formula (4)

HO
R

Te
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wherein R is as defined in any one of claims 1 to 3.
34. A method of preparing a compound of formula (2)

0
J
R
(2)

the method comprising coupling a compound of formula (1)

0
.
LG

5
wherein LG is a leaving group, and an organometallic salt of the formula R'Z*
in which R is as defined in any one of claims 1 to 3.
35. A method according to claim 34 wherein LG is -N(OH)R" where R" is an alkyl
36. A method of preparing a compound of formula (3)
10

the method comprising coupling a compound of formula (2)

O
J
R
(2)

and an organometallic salt of the formula HC=CZ* wherein R is as defined by
any one of claims 1 to 3.
15 37. A method of preparing a compound of formula (4)

H

the method comprising the steps of:
(i) admixing a compound of formula (3)
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HO —
>

R
(3)

with a mixture of a tellurium salt and a reducing agent.

\

38. The method of claim 37, wherein the tellurium salt is NasTe.
39. A method of preparing a compound of formula (4)

HO
R
\
),

in which R is as defined in any one of claims 1 to 3, the method comprising
the steps of:
(i) coupling a compound of formula (1)

O
/[k/CI
-G ),

wherein LG is a leaving group, and an organometallic salt of the formula R'Z*
to form a compound of formula (2)

O
.
R
(2);

(i) coupling the compound of formula (2) obtained in step (i) and an
organometallic salt having of the formula HC=C'Z", to form a compound of

—_—
HQ, —
cl
R
(3); and
(i)  admixing the compound of formula (3) obtained in step (ii) with a

formula (3)

mixture of a tellurium salt and a reducing agent.
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A CLASSIFICATION OF SUBJECT MATTER
IPC: CO7D 345/00 (2006.01) , CO8F 30/00 (2006.01) , HOIL 31/0224 (2006.01)
According to International Patent Classitication (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
CO7D 345/00 (2006.01) , CO8F 30/00 (2006.01) , HOIL 31/0224 (2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database(s) consulted during the mternational search (name of database(s) and, where practicable, search terms used)
STN, Total Patent, Canadian Patent Database

C. DOCUMENTS CONSIDERED TO BE RELEVANT
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selenophenes et tellurophenes™, Phosphorous and Sulfur and the Related
Elements, Vol 34 (3-4), 1987, 119-121
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) o ) date and not in conflict with the aln]lvllgatlon but cited to understand
CAT document defining the general state of the art which is not considered the principle or theory underlying the invention
to be of particular relevance
) X document of particular relevance; the claimed invention cannot be
“E” earlier application or patent but published on or after the mternational considered novel or cannot be considered to mvolve an inventive
tiling date step when the document is taken alone
“L” document which may throw doubts on priority claim(s) or which is “Y"  document of particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to mvolve an inventrve step when the document is
special reagon {as specified) combined with one or more other such documents, such combination
. being obvious to a person skilled in the art
0" document referring to an oral disclosure, use, exhibition or other means N o
“&”  document member of the same patent tamily
P document published prior to the iternational filing date but later than
the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
3 February 2014 (03-02-2014) 24 February 2014 (24-02-2014)
Name and mailing address of the ISA/CA Authorized officer
Canadian Intellectual Property Oftfice
Place du Portage I, C114 - 1st Floor, Box PCT Marcel Beaudoin (819) 994-1735
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Gatineau, Quebec K1A 0C9
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of the first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons :

|| ] Claim Nos. :

because they relate to subject matter not required to be searched by this Authority, namely :

2. [X] Claim Nos.: 25-29

because they relate to parts of the international application that do not comply with the prescribed requirements to such an extent
that no meaningful international search can be carried out, specifically

See Supplemental Box 1.

3. [ ] Claim Nos. :

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIT Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows :

See Supplemental Box 2.

1. [ ] Asall required additional search fees were timelv paid by the applicant, this international search report covers all

searchable claims.

2. [X] Asall searchable claims could be searched without effort justifving additional fees, this Authority did not invite

pavment of additional fees.

3. [ ] Asonlysome of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claim Nos. :

4. | ] No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claim Nos. :

Remark on Protest | | The additional search fees were accompanied by the applicant’s protest and. where applicable,

the pavment of a protest fee.

[ ] The additional search fees were accompanied by the applicant's protest but the applicable protest

fee was not paid within the time limit specified in the invitation.

[ ] No protest accompanied the pavment of additional search fees.
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Supplemental Box 1

The subject matter defined 1in claims 25, 26 (an optoelectronic device), 27 (an electrode), 28 (solar cell) and 29 (semiconductor composite
material) 15 so far removed from the subject matter of the rest of the application that 1t 15 not reasonable to do a search of the prior art with
any expectation of success. Furthermore, the application only provides adequate disclosure within the meaning of Article 5 of the PCT as to
the utility of the compounds appearing in the examples disclosed on pages 10 (line §)-15 (line 6) of the description, such that a search
bevond this scope 1s not possible.
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Supplemental Box 2
The claims are directed to a plurality of inventive concepts as follows:

Group A - Claims 1-3 (all in full), 33 (in part) featuring 3-substituted tellurophenes.

Group B - Claims 4 (in full), 33, 37-39 (in part) featuring the 3-hydroxyl precursor to the 3-substituted tellurophenes of group
A,

Group C - Claims 5-32 (in full) featuring oligomeric and polymeric 3-substituted tellurophenes.

Group D - Claims 34, 35 (in full), 36, 39 (in part) featuring the synthesis of 1-chloro-2-ketone compounds.

Group E- Claims 36-39 (in part) featuring 3-(chloromethyl)-1-alkynyl-ol.

The claims must be limited to one inventive concept as set out in Rule 13 of the PCT.

An a posteriori analysis reveals that the 3-hydroxyl precursor to the 3-substituted tellurophenes (D2), the synthesis of said
precursor from 3-(chloromethyl)-1-alkynyl-ols (D2}, the synthesis of the 3-substituted tellurophenes (D2} and 3-substituted
tellurophenes (D1 and D2) are known from the prior art. As a result, there is the lack of a single inventive concept which
would link the above-mentioned groups.
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