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ABSTRACT

With the goal to form stable, solid state tunable emitters at room temperature, the
work within this thesis describes the synthesis of both symmetric and unsymmetric
tellurophenes along with the study of their optoelectronic properties in solution and in the

solid state.

Chapter 2 describes the synthesis of a series of tetraborylated thiophenes,
selenophenes and tellurophenes via transmetallation reactions. The optical properties of the
series were studied by UV-vis spectroscopy, fluorescence spectroscopy and cyclic
voltammetry, as well as using theoretical calculations (TD DFT). Luminescence from
tetraborylated/diborylated tellurophenes was studied under argon and in aerated conditions,

given Oy-dependent phosphorescence in solution and the solid state.

Chapter 3 reports the synthesis of new borylated and bromide-functionalized
tellurophenes via selective protodeboronation reactions of tetraborylated tellurophenes under
thermal and microwave conditions and via exchange reactions using copper dibromide. The
protodeboronation of tetraborylated chalcogenophenes (thiophene, selenophene and
tellurophene) is described and their respective 3,4-diborylated products featured non-
emissive properties in the solid state and in solution. It is expected that both new borylated
and brominated tellurophenes will serve as building blocks for the further preparation of

conjugated polymers.
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Chapter 4 features the synthesis of symmetric and unsymmetric aryl-tellurophenes
through Suzuki-Miyaura and Sonogashira cross coupling reactions. The goal was to tune the
phosphorescent properties via modification of the central tellurophene in the 2,5-positions
with electron donating/withdrawing substituents. It was found that the electron withdrawing
group, m-(CF3),C¢Hs, attached to the tellurophene forms a couple acceptor-donor-acceptor
with intense phosphorescent emission. This study showed the possibility of achieving

phosphorescence using readily available di-arylated tellurophenes.
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Chapter 1

Introduction

1.1. METALLACYCLE TRANSFER REACTIONS FOR THE SYNTHESIS OF
MAIN GROUP ELEMENT-CONTAINING HETEROCYCLES

1.1.1. Introduction

Heterocycles containing main group elements from groups 13 to 16 have been widely
used in the fields of material science, medicinal chemistry and biology." Among
heterocycles, the synthesis of metalloles, derivatives of cyclopentadienes in which the
methylene unit is replaced by a heteroatom, is of paramount importance both for further
understanding their properties and for unlocking potential applications, such as in OLEDs,
OPVs and sensors. A general protocol for metalloles synthesis is the metallacycle transfer
reaction in which a zirconacyclopentadiene complex, prepared from a low-valent zirconocene
intermediate (e.g., Cp,Zr(I)) that is generated in the presence of two alkynes, transfers the
carbon-based butadiene fragment to the corresponding main group element halide (Scheme
1.1).>? Using this protocol, a variety of heterocycles can be formed such as thiophenes,
selenophenes, and tellurophenes (group 16 chalcogenophenes), pyrroles, phospholes and

bismoles (group 15 heterocycles), or siloles and germoles (from group 14), among others.

CP2

2 equiv. "BulLi 2 equ|v CGHsEclz
Cpy2ZiCly —————  "Cp,zr" j_/( 7__1/ E=P, 81%
0 2 butyne 0 As, 78 %
THF, -78 °C y THF, 25 °C Sb. 78 %
-2 Licl E =P As Bi, 70 %
ECl, \ /
THF, 25 °C CeHsli
E = Sb, Bi THF, 25 °C

W

Scheme 1.1. Oxidative cyclization and metallacycle transfer reaction.’



The synthesis of zirconacyclopentadienes is very important not only for the formation
of main group element-containing metalloles but as precursors for the synthesis of natural
products and functional materials®® (Figure 1.1) with benzene, pyridine, ketonic, cyclo-
pentadiene and cyclooctatetraene cores.” Many natural compounds share the 1,3-butadiene
motif, which can be formed by the hydrolysis of the respective metallocene complex.* The
first example of the use of metallacycle-mediated oxidative cyclization reactions in the
synthesis of a natural product, callystatin A, a cytotoxic natural product with potential as

antitumor agent, was reported in 2008 by the Micalizio group.’

CO,Et
callystatin A
cyclopentadiene
derivative

Et Pr Pr

Et CO,Me Spe Pr. Pr
< R W R —_

Et CO,Me Pr Pr

Et R R Pr Pr

zirconacyclopentadiene

benzene cyclooctatetraene
derivative R: Ethyl, Methyl, Butyl, Propyl derivative
O
Bu ketone
derivative
Bu Bu

Figure 1.1. Some organic derivatives obtained from zirconacyclopentadiene precursors.

1.1.2. Formation of zirconacyclopentadienes

Many zirconacyclopentadienes have been made since the first report in 1961 by
Caplier and coworkers® (Scheme 1.2). Of substantial relevance to this thesis, the reductive

coupling of two equivalents of alkyne in the presence of a low-valent zirconocene species
2



“Cp2Zr(I1)” is an efficient way to construct zirconacycles. “Cp,Zr(Il)” can be generated by
the reduction of the ready available Cp,ZrCl, complex using different types of reducing
agents, such as Na/Hg, Mg/Hg and "BuLi; “Cp,Zr” units can also be stabilized in the

presence of electron donating compounds, such as pyridine, and by m-complex formation

with alkynes.
Li Ph 2
Ph Etz0 Ph— 2\ —Ph
—\__ + CpyZrCl, ———— \ / + 2Licl
Ph ) reflux

Ph L PH  Ph

Scheme 1.2. The first synthesis of a zirconacyclopentadiene.

The treatment of Cp,ZrCl, with 2 equivalents of "BuLi yields Cp,ZrBu, (Negishi
reagent), which exists as a mixture of many products that act as a source of “Cp,Zr”. The
series of reactions to reach the low-valent zirconocene has been studied in detail by Harrod
and coworkers’ using electron paramagnetic resonance (EPR) and multinuclear NMR
spectroscopy. They found that Cp,ZrBu, suffers thermal decomposition starting with a y-H
elimination and liberation of butane to generate a 1,1-bis(cyclopentadienyl)-2-methyl-1-
zirconacyclobutane (IV) (Scheme 1.3), which by a series of transformations occur to form
paramagnetic and diamagnetic zirconocene complexes in equilibrium, one of them being

Cp2Zr(1-butene).

The Takahashi reagent Cp,Zr(C,Hs) (Scheme 1.3) is formed by combining Cp,ZrCl,
with 2 equivalents of EtMgBr or EtLi at low temperature.'’ The related PMes, stabilized

complex Cp,Zr(C,Hy)(PMes), was reported by Alt and coworkers.'!

In other work by Rosenthal and coworkers, they reduced the high-valent zirconocene
Cp2ZrCl, with Mg in the presence of Me;SiC=CSiMes; (Scheme 1.3) to form the isolable
complex of Cp,Zr(THF)(Me;SiCCSiMes;). This complex in the presence of the weakly
coordinated solvents benzene or pentane, or when heated under vacuum, decomposes to form

a zirconocene dimer via loss of coordinated THF. X-ray measurements show the Zr-O bond



length in Cp,Zr(THF)(Me3;SiCCSiMes) to be relatively long (2.390(5) A), suggesting that the
lability of Zr-THF interaction might be the cause of complex decomposition. The
zirconocene dimer (Scheme 1.4) is an air- and moisture-sensitive complex that decomposes
at 142-143 °C. To circumvent the decomposition of Cp,Zr(THF)(Me;SiCCSiMes) in hydro-
carbon solvents, which prevented the reagent to be used in synthesis involving these solvents,
the same group prepared Cp,Zr(NCsHs)(Me3SiCCSiMe;)'? by displacement of THF with
pyridine; this new, formally Zr(II) complex, is still air- and moisture-sensitive, but now it can

be used as a reagent in a wide range of weakly-coordinating solvents.

Negishi reagent:

2 nBulLi, THF, -40 °C CooZr— |
Cp,ZrCl, » CpoZrBuy — 3 CpyZr —_— pasLr L = "Cp,Zr"
-2 Licl - BuH Et

Takahashi reagent:

2 EtLi or 2 EtMgBr
Cp,ZrCl, 9 o CPaZrEt szZr—" ] = "Cp,Zr"
THF, -78 °C —>
-2 LiCl/ -2 MgBrClI
Rosenthal reagent:
SiMe; SiMe,
THF, 20°C Pyridine
Cp,ZrCl, + Mg + MesSi—=—SiMe; o Cp2Z _yndine _ - Cpozrll
- MgCl iM - i
gCl, THE SiMe; THF Pyr SiMe;
Namy-Szymoniak reagent:
Cp,ZrCl, Ln, THF, 1 hr, rt= "Cp,Zr"

Ln: mischmetal of Ce, La, Nd and Pr

(Ce 48-50%, La 32-34%, Nd 13-14%, Pr 4-5%)

Scheme 1.3. Synthesis of the “Cp,Zr’-sources. Negishi,”"> Takahashi,'” Rosenthal'* and

Namy-Szymoniak'> reagents.



2 S
pentane ) 78
Cpozrll » Me;Si \,Z‘r
| L or ! H\%
SiMej3

heated, vacuum |
THF _THE Me3Si

2 equiv. dimer

Scheme 1.4. Formation of zirconocene dimer via THF loss.

In 2006, Szymoniak and coworkers,"” developed an efficient protocol to generate
“CpoZr” under mild conditions (1 h at room temperature, THF) (Scheme 1.3). In the presence
of mischmetal, an easy available alloy composed of rare earths (Ce 48-50%, La 32-34%, Nd
13-14%, Pr 4-5%), Cp,ZrCl, is reduced to Cp,Zr(Il); this reagent was then used in

intermolecular couplings involving terminal alkynes.

One criteria for determining the “Cp,Zr” source to be used (Scheme 1.3) is the final
structure of zirconacyclopentadiene to be synthesized. The synthesis of zirconacycle-
pentadienes depends on the supporting ligands at Zr, type of alkyne (terminal or internal) and
the amount of alkyne added.'® The Negishi reagent (Cp,ZrBu,) shows some limitations in
that it cannot be used with terminal alkynes and it is very challenging to form regioselective
unsymmetrical zirconacyclopentadienes due to a lack of regioselectivity. The Takahashi
reagent proved to be useful in forming unsymmetrical zirconacyclopentadienes by the

stepwise addition of two different alkynes as shown in Scheme 1.5."

The coupling of symmetrical alkynes can be performed with almost all of the
“Cp2Zr(I1)” species mentioned before, however, there are limitations in the use of most of the
low-valent species to couple terminal alkynes;'” for example, the intramolecular coupling of
the symmetrical 1,7-octadiyne is not possible using the Negishi reagent and the result is an
unidentified mixture of products with deprotonation of a terminal alkyne being a likely side
reaction. The relatively high acidity of terminal alkynes leads to proton-transfer to the low-
valent “Cp,Zr(I)” species, as a result the formation of zirconacyclopentadienes from

terminal alkynes is rare.'®



— Cp, Cp, Cp,

P P

Negishi Reagent _ L PP gzrz + Zr_pr
M S_/T
Pr Pr Et Et Et Pr

CpoZr— u
Et 48 % 24 % 3%
C C
. Pr—=—FPr 752 P2
Takahashi Reagent > Pr . Pr Pr
q M
Cpozr—|| ] Pr P’ Pr
80 % traces
Cp,
Et—=—ft Et—?\—Pr
Et Pr
81 %

Scheme 1.5. Selectivity of Negishi and Takahashi reagents in the target synthesis of

unsymmetrically-substituted zirconacyclopentadienes.

The Namy-Szymoniak reagent mentioned before can facilitate the intermolecular
reductive coupling of terminal diynes,” as was evidenced by the reductive coupling of
phenylacetylene to afford a mixture of 2,5- and 2,4-diphenylzirconacyclopentadienes in a
ratio of 2.5 to 1 (Scheme 1.6, eq. 1). In another example, bulky tris(trimethylsilyl)silyl-
acetylenes were coupled to form exclusively 2,5-disubstituted zirconacyclopentadienes after
the reduction of Cp,ZrCl, with Mg (Scheme 1.6, eq. 2).'” High regioselectivity towards the
coupling of aromatic-substituted terminal alkynes'® was found using the isolable indenyl
(Ind) zirconium complexes (Ind);ZrH or (Ind),Zr(CO); to form exclusively 2,5-disubstituted-

diarylzirconacyclopentadienes (Scheme 1.6, eq. 3).



1) 2/3 equiv. Ln

2)2 iv. R—=——~H §p2 gpz
equiv. — r r
Cp,ZrCly > RMR + RMH (eq. 1)
THF, rt, 4 h H H H R
-1/3 LnClg
R =Ph, 81% 2.5 1
R = nC5H11, 79%
1 1.5
Ln: mischmetal of Ce, La, Nd and Pr
1) Mg
. . o Cp,
2) 2 equiv. (SlMe3)3SITH . . Z o
szer|2 o (Me3$|)33|\§_r/Z/SI(S|Me3)3 (eq 2)
THF, rt, 18 h H H
- MgCIZ
Ind
(Ind)3ZrH . — 2
2 equiv. Ar—=——H Ar Zr, Ar
or > \§_/Z/ (eq. 3)
THF, rt H H

(Ind),Zr(CO),
Ar = Ph, Tol, p-BrCgHy4, p-MeCgHy,, 3-thienyl Ind =

Scheme 1.6. Reductive coupling of terminal alkynes towards the formation of regioselective

2,5-disubstituted zirconacyclopentadienes.

The use of symmetric alkynes (R'C=CR') leads to the formation of zircona-
cyclopentadienes through a stepwise mechanism described first by Negishi®® in 1989 and
then further studied by Tilley'® (Scheme 1.7 - A). “Cp,Zr(Il)” is a 14-electron species, with a
filled non-bonding orbital and two empty frontier molecular orbitals; in the first step, the
“Cp2Zr(I1)” uses its filled non-bonding orbital and one of the empty orbitals to react with
alkyne to form a zirconacyclopropene intermediate, which binds a second equivalent of
alkyne to form a transient species that undergoes intramolecular carbometallation to afford

the respective zirconacyclopentadiene.

Reductive coupling of symmetric or unsymmetric alkynes follow the same

mechanism proposed by Negishi,'’ leading to a transition state where one alkyne is strongly



bound to Zr while the other alkyne interacts more weakly, proving a stepwise mechanism and

strong electronic bias that can sometimes lead to regioselectivity in the coupling reaction.

Coupling two different symmetric alkynes (R'C=CR' and R?*C=CR?) can lead to the
formation of unsymmetric zirconacycles (Scheme 1.6-C Path 3 and 4), with the reaction
outcome dependent on the stability of the initially formed three-membered zirconacycle

formed after addition of the first alkyne equivalent.

A) General mechanism:

R1
R1
2 R'-—=—R' S5
"CpoZr(ll)-L" _ CpyZr _
]
-L R R
L: THF or Pyr
“ R'-—=—=—R' “
R’ R’ R’ '
R1 =R
CpZZr---” -«—>» CpyZr Cp22r4 - \\~R'
/ CpoZr7™" 4
L R! L R )‘/—R1
R R!
B) Symmetrical C) Unsymmetrical
zirconacyclopentadienes: zirconacyclopentadienes:

1
RR1

R2—=—=—R?

R']
R?
~
CpoZr. T» szzr
H
H

R1
R1
~ 2 R'—=—R!
CpoZr. _
.
o R -L Path1 Path3

"Cp,Zr(ll)-L" T

R’ 2_— 2

— : Path2 Path 4 R2—R CpZZrQ(

Cpezd _ N WA
-L -L \

L/R1

L: THF or Pyr

Scheme 1.7. Mechanism of five-membered zirconacycle formation'” and general pathways
of reductive coupling of alkynes in the synthesis of symmetric and unsymmetric

zirconacyclopentadienes.



R R Cp> Cpz Cpa

CpZZr" R15.ZM2 R R15.Zr2_R2 R2.5.4M2_R2
I SR T
R2 R2 R1 R1
oo af Bp

Scheme 1.8. Regioselective reductive coupling of two unsymmetric alkynes. Three isomers

are possible: oo, a3 and Bf.

In the case of using unsymmetric alkynes (R'C=CR?), three possible isomers can be
formed (Scheme 1.8). In order to gain control over the regioselectivity of alkyne-alkyne
reductive coupling, it is important to understand the role of substituents on the reaction

122 The regioselectivity can be controlled by both steric and electronic effects.

outcome.
Steric effects become significant when bulky substituents, such as mesityl (Mes), are present
and often lead to placement of these groups in the B-position of the zirconacycle. Despite the
challenges often encountered in achieving regioselectivity in the reductive coupling with
Negishi’s reagent, the selectivity of the reaction can still be influenced greatly by groups
such as SiMe;™ (Scheme 1.9, eq. 1) and PPh, (Scheme 1.9, eq. 2) which each prefer o-
substitution about a zirconacyclopentadiene.* Of note, there is no known zirconacycle
containing a SiMes group at the B-position (eq. 1). Zirconacycles containing two SiMes
groups at the B-position are unstable and tend to undergo alkyne exchange readily, to form
unsymmetric zirconacycles.”” The o-position is initially preferred by the SiMes; at room
temperature, however, at higher temperature (eq. 1), the steric effects of SiMe; group become
important and the final product of reductive coupling of alkynes happens with the less
hindered groups attached to the alkyne. Electron-withdrawing fluoroaryl groups (C¢Fs and
C¢HF4)" tend to adopt B-positions upon coupling (Scheme 1.9, eq. 3) over a-positions, due
to increased steric repulsion between the cyclopentadienyl ligands and the fluorinated aryl
groups at the a-positions in the respective transition state. Moreover, attractive m-m
interactions between parallel fluoride-containing aryl groups in the transition state, would

favour the formation of the B isomer. Overall, electronic, steric and attractive interactions,



would favour the formation of the B over the oy zirconacyclopentadiene isomer, according

to the authors.

a-directing groups:

2 Me,Si—=—Bu
gpz gpz gpz
2 nBuLi Ph—=—vPh ; r__si s T
CpyZiCly, — o "Cpyzr" Me33|\§_/Z/SIMes . PhVSIMe;, . Ph\§—/Z/Ph (eq. 1)
THF, -40°C B/ Bu PH  Bu PH  Ph
-2 Licl
- BuH, butene t,3h 12 % 83 % 4%
50°C, 15 h 2% 0% 79 %
Cps gpz
2 EtMgBr _ Zr__ppp, Et—=—cft Et 'S-PPh
CooziCl, o | cpz—| | BUT=PP2 (_/Z’ 2 - T T \ 2 (eq. 2)
THF, -78 °C Bu 50°C, 3 h E  Bu
-2 MgBrCl, ethane
Cp,ZrCly Jl HCI Cp,ZrCl, HCI
\—/(Pth Et\>\—/(PPh2
Bu Et Bu
96 % 98 %
(GC yield) (GC yield)
B-directing group:
 g—
2 nBulLi, THF, -40 °C 2 — F T, somer purity:
Cp,ZrCly o 'Cpzrt 2 MeT=—Ar _ Me \ J Me (eq. 3)
BB =97 %
2 Licl R F AFF OAfF ap<3%
- BuH, butene ao=0%
Arf = H BB
F F
Scheme 1.9. Examples of «o- and -directing regioselective synthesis of

zirconacyclopentadienes.

When (nz—propene)Ti(OiPr)z is used as an alkyne coupling reagent, the second
terminal alkyne is coupled regioselective to the a-position by using hydroxyl and ketonic -
COX (X = OR, NRj;; R = alkyl) groups (Scheme 1.10, top), leading to unsymmetrical
titanacycles.** In the case of highly branched-substituted alkynes, having hydroxyl groups
(Scheme 1.10, bottom) attached to the alkyl branch, the reaction is directed towards a

10



regioisomer (fused bicyclic titanacyclopentadiene)

attached at the 2-position of the metallocene.**®

m—Ti(OiPr)g X
o o)

1.2 equiv. )
R=+4 —— > Ti(0Pr),
X Et,0, - 50 °C R
2h

\l—Ti(OiPr)Z

OH OR! i 4
"BuLi, Et,0,

\

1
-78°C t0 -30 °C RO
2h
fused bicyclic
"By, - LIOPr titanacyclopropene

Ph

R'= /o—@—o R2 = o)\o

with a sterically demanding group

=—R?
. X O
0.8 equiv. Ti(OPr),
2
Et,0, - 50 °C RINZR
1h

R': CgHq3, X: NEty, R%: CgHq3 65 %

R': CgHy3, X: O'Bu, R% CgH43 60 %

=—R?
0.7 equiv. .
—q> R'0 1-OPr
| Rz
Et,O \ /
-78°Cto0°C
fused bicyclic
titanacyclopentadiene
HCI (aq)
0°C - rt 45 min
OH OR!
R’
X
60 %

Scheme 1.10. Selective synthesis of titanacyclopentadienes by COX and OH oa-directing

groups.
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1.1.3. Conversion of zirconacyclopentadienes into main group metalloles by

transmetallation
R
Z |
[
Iy N 2 equiv. "BulLi
R
l A: E =S, Se, PhP, PhAs, PhSb, PhBi, Me,Sn
gpz £
R R R R eci, R -
\_/ 2» W - Z U B: E = Me,Sn
L
R R A R R c R
R C: E = PhSb, SiCl,, MesB
B | ECI,
D = K,S, H,NAr
2 equiv. CuCl R
RZ Cu
x_Cu
R
R

Scheme 1.11. Main group metalloles from zirconacyclopentadienes; E = main group

element.

Since the first Zr/E transmetallation (E = main group element) reaction carried out by
Fagan and Nugent in 1988, a lot of progress have been made in the reaction of
zirconacyclopentadienes with main group element halides. This transmetallation reaction
involves the transfer of a 1,3-butadiene unit from a zirconacyclopentadiene to a main-group
element center to form a new five-membered main group heterocycle. In general, there are
four general modes of synthesis through transmetallation starting from zirconacyclo-
pentadienes as summarized in Scheme 1.11. Direct transmetallation (Scheme 1.11, route A)
is the reaction of zirconacyclopentadiene with the main group element halide. However, the
lack of reactivity of zirconacyclopentadienes (due to a lower nucleophilicity relative to other
sources of formally anionic carbon nucleophiles) in the presence of some main group halides
makes the reaction slow and sometimes it does not proceed at all, e.g. in the attempted

preparation of pyrroles and siloles. In these cases, in order to facilitate transmetallation, it is

12



necessary to have more reactive species, such as dicopper- or dilithiated-1,3-butadienes
(Scheme 1.11, route B and C, respectively) to deliver the substituted 1,3-butadiene unit to a

main group element.

In 1994 Fagan and Nugent® proposed that metallacycle transfer proceeds via a 4-
membered transition state. Also, they found that the transfer of the metallacycle to the main
group element is more readily when the main group element is able to expand its
coordination number. A general proposed mechanism for metallacycle transfer is shown in

Scheme 1.12.

Cp2 Cly
zr, ECl, cl, E E

M CpirHI -Cp,ZrCl, W
THF S

Scheme 1.12. Proposed mechanism for metallacycle transfer. E = main group element (e.g.

S, Se).

An example of direct transmetallation is the one-pot synthesis of phospholes, arsoles,
stiboles and bismoles in high yield (Scheme 1.13), using the corresponding main group

halides PhECI, or ECI5/PhLi.

PhECI, (E = P, As)

E=
Co, THF, rt o 759,
z, “CpazrCly As, 76 %
\ / E '
\5_1/ \5_2/ Sb, 78%
1) ECl, (E = Sb, Bi)

Bi, 70%

2) PhLi
THF, rt
- szzrclz, LiCl

Scheme 1.13. Preparation of phospholes, arsoles, stiboles and bismoles through direct

transmetallation.>*
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Direct transmetallation is not always adequate to form main group metalloles, as is
the case for the attempted synthesis of furans, pyrroles and siloles. Instead an efficient
protocol for the synthesis of pyrroles has been developed using zirconacyclopentadienes and
azides as reactants in the presence of a copper (I) salt (Scheme 1.11, route B and Scheme
1.14).%” The authors found that the reaction did not proceed in the absence of CuCl, and the
proposed mechanism of the transformation is described in Scheme 1.14. In the first step,
formation of a dicopper butadienide occurs through transmetallation of zirconacyclo-
pentadiene with CuCl, then the azide coordinates to the two copper metals to give a copper-
azide complex, which later releases N, upon nucleophilic attack of alkenylcopper on the

azide. The pyrrole end-product is proposed to form by a ring-closure reaction.

C R'
P2 ) )
R—Z"__R RN, 2 equiv. CuCl rR_N__r  R=akyl aryl, MesS
e - "I
R R THF, 50 OC, 3hr R R R'= alky', aryI, aIIyI
- N2
Et Et Et
Bt Et - TP
= 7rCp 2 equiv. CuCl Z “Cu R—-N—N=N = Cu—l}l -
a ? x-Cu X Cu\N’)+
Et Et Et 1
Et Bt L

N \4
Et
Et £t et N,R
= N-R Z  “Cu
-
Et ; . x_Cu
Et t
2 Cu Et
R = PhCHy, 65 %

Scheme 1.14. Synthesis of pyrroles using azides and CuCl and proposed mechanism.”’

The synthesis of siloles using SiCly; and R,SiCl, does not proceed by direct
transmetallation, even in the presence of CuCl as a catalyst/promoter. However, efficient

synthetic procedures have been developed to form siloles by first forming dilithiated dienes;
14



these dilithiated dienes are available from the reaction of dihalobutadienes and two
equivalents of "BuLi (Scheme 1.11, route C; Scheme 1.15).*** In this reaction, the main
issue is the formation of the requisite diiododienes. The reaction between the zirconacycle
and I, needs longer reaction times and heating (50 °C) to form diiododienes. A great
improvement was made by Takahashi in 1999%° with the addition of CuCl to the reaction

mixture, which affords the required diiododiene quantitatively (Scheme 1.15).

Cp, - . Me\ :Me
zr ; 2 equiv. "BuLi LiL ; Si
\S_/Tph 2 equiv. Iy 4§\_/27ph qulv. Vph Me,SiCl, \S_/Z/Ph
—_— > —_—
o CuCl THF Ph -78 °C Ph Ph
h Et,0, rt
’ 95 %

Scheme 1.15. Synthesis of siloles through an iodination/lithiation process.*

The last strategy to form five-membered metalloles of main group elements is
through the route D (Scheme 1.11) in which a 1,4-dihalo-1,3-butadiene reacts with amines
(as a source of N-R) or potassium sulfide (K,S) or carbon disulfide (CS,) (as a source of

sulfur), to form the respective N—alrylpyrroles30 and tetra-substituted thiophenes®' (Scheme

1.16).

F
Et Cul (10 mol%) R C S

AN DMEDA (20 mol%) EtwN<__Et 65 % 83 %
X
Et 'BUONa, toluene, 140 °C Et Et @OMe
Et
70 %
R1
R! 2N Cul (10 mol%) RI__S\_R? R'=R?=Et 79%
+ KS — \ /
N CHSCN, 140 °C
R? 3CN, R R2 R' = Et o
2 2 84 %
R R? = Ph

Scheme 1.16. Synthesis of pyrroles and thiophenes through copper-catalyzed transmetal-

lation.
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1.2. CHALCOGENOPHENES AND RELATED GROUP 16 ELEMENT-BASED
HETEROCYCLES

1.2.1. Synthetic methods and existing challenges with accessing tellurophenes

Chalcogenophenes are five-membered heterocycles containing group 16 elements

(e.g. O, S, Se and Te). Interest in chalcogenophene synthesis lies in the potential use in

32,33

pharmacology and in the search for new optoelectronic materials. Specifically, some

34736 and antiviral’” activities. Chalcogeno-

40

chalcogenophenes have shown potent antitumor

phenes also find possible applications in organic photovoltaics,”™** light-emitting devices,

41,42 43-45

bio-imaging dyes™ "~ and in high-performance air-stable thin-film transistors.

Three general approaches can be found in the literature for the synthesis of
chalcogenophenes: 1) ring-closing reactions involving 1,3-diynes, 2) transmetallation of
suitable chalcogen-halides with zirconacyclopentadienes under mild conditions, 3) intra-

molecular cyclization of acyclic chalcogen precursors.

As shown in Scheme 1.17 (eq. 1) 2,5-disubstituted chalcogenophenes (including
precursor small molecule chalcogenophenes that can later be functionalized at the 2- and 5-
positions) can be prepared via ring-closing reactions between 1,3-diynes and Na,S, H,Se or
Na,Te, respectively. Both symmetric and unsymmetric 2,5-disubstituted thiophenes can be
synthesized in excellent yields with this method under mild conditions.* Interestingly, Zhao
and Tang noted that ring-closure with Na,S or NaSH is a very solvent-dependent reaction
with high yields obtained in DMF; however no reaction was observed in toluene, THF,

CH,Cl,, Et,0, MeOH, dioxane or CH3CN.
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NaQS-QHQO

S
— — o > R R (eq. 1)
R — — h o U

DMF, 80 °C, 3-32 h
R=R"'=Ph, 99 %

R = 4-MeOCgH,, R' = 4-MeCgH,, 99 %
R=R'=4-FCgH,, 99 %

ste, CH3C02Ag Se '

- o R R 2
R———=—R > U (eq. 2)

NaOEt, EtOH, 60 °C

R=R'=Ph, 65 %
R = Ph, R' = CH,OH, 97 %

Cl
% Te + NaBH,
Cl

H,0
KOH
DMSO MeOH/THF
Te 3
== + Na,Te |———> ;\ /; (eq.3)
75 %

Scheme 1.17. Synthesis of chalcogenophenes via the ring-closing of 1,3-butadiynes.

2,5-Disubstituted selenophenes were formed in good yields using an excess hydrogen
selenide, H,Se, and a silver salt as a catalyst in EtOH (Scheme 1.17, eq. 2).*’ Fortunately,
there are other methods to form disubstituted selenophenes that avoid the use of the very
toxic gas H,Se. For example, SeCl; can be stabilized in the form of the 2,2 -bipyridine (Bipy)
adduct BipySeCl,"” and transmetallation of this Se" source with zirconacyclopentadienes

yield selenophene heterocycles at room temperature.

2,5-Disubstituted tellurophenes were first synthesized in 1966 by Mack®® via the
reaction of 1,3-diynes with sodium telluride (Na,Te); Na,Te was formed in situ by the
reduction of tellurium metal with sodium in liquid ammonia. Additional investigations were
conducted by Fringuelli and Taticchi in order to obtain better yields of Te heterocycle,*” such
as the in situ generation of butadiyne, the exclusion of oxygen and moisture, the use of liquid
ammonia free of iron. Later the improved synthesis of Na,Te from the reduction of Te metal
with NaBH, in water and the use of 1,4-dichloro-2-butyne as a source of diacetylene™
afforded tellurophene in 32-48% yield. More recently the Seferos group used DMSO instead
17



of dioxane as a solvent in the above tellurophene synth

of tellurophene to 75 % (Scheme 1.17, eq. 3).”!

esis, leading to an increase in the yield

Cp,
N . Zr E
1) 2 equiv. "BuLi, -78 °C S,Cl, or Se,Br E=S,55%
Cp,ZrCl, - \ 7 272 272 \ / ° (eq. 1)
2) 2,8-decadiyne THF, 25°C, 1 h Se, 53 %
THF
S,Cl
Z72 64 % (eq. 2)
THF, rt, O.N.
. . o} Cp2 O
1) 2 equiv. "BuLi, -78 °C, THF \ h Q O
Cps2ZrCl > A8 \Zr/ B, B S, Y B ES B
(¢} (0}
2) PinBCC(CH,),CCBPin 8 THF, rt, O.N. \8/
BipyTeCl, 57 9% E=S, Se Te
THF, rt, 24 h
(0] (0] t
}\' L__E_d ‘/k o S 1) 2 mol % Pdy(dba)s, 9 mol % [HP'Bu3]BF, S T\ (60, 3)
7 N\, -
o \/J o \_/ _ \./ E ’'n
2 equiv. K,CO3 (aq.), THF, 70 °C, 24 h
hexyl hexyl
2) toluene, 70 °C, 24 h
E=S, Se, Te E=S,46 %; Se, 48 %, Te, 35 %

M, =~ 1.0.10% PDI=1.5-2.0

Scheme 1.18. Synthesis of chalcogenophenes through transmetallation reactions via zircona-

cyclopentadiene intermediates.

Transmetallation is also an effective route to prepare chalcogenophenes in one-pot via
the reaction of in situ generated zirconacycles with main group halides. Thiophenes and
selenophenes were first synthesized in this way by Fagan and Nugent using sulfur
monochloride (S,Cl,) and selenium dibromide (Se;Br;) as chalcogen sources (Scheme 1.18,
eq. 1).> In 2013 the Rivard group synthesized a series of boryl-substituted tellurophenes from
the Te" source Bipy*TeCl, under mild conditions (Scheme 1.18 eq. 2); the resulting
tellurophenes were then co-polymerized with conjugated monomers with Suzuki-Miyaura

cross-coupling to form novel chalcogenophene-containing polymers (Scheme 1.18 eq. 3).*
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The preparation of Bipy*TeCl, is possible by treating [Bipy*TeCl;]Cl (made from TeCly and
bipy) with the reducing agent Ph;Sb.>

Being able to functionalize chalcogenophenes with different molecular groups at
different positions in the five-membered ring is very important due to the potential
applications of these compounds in optoelectronics and as pharmaceuticals. In this regard,
the synthesis of 3-halo-2,5-disubstituted chalcogenophenes (Scheme 1.19) is noteworthy as
these products can be functionalized at the 3-position using palladium-catalyzed Suzuki-
Miyaura, Sonogashira, and Stille cross-coupling reactions, leading to a large number of new

substituted chalcogenophenes of tunable optoelectronic behavior.

One way to obtain 3-halo-2,5-disubstituted chalcogenophenes is via electrophilic
cyclization of alkyl/aryl chalcogeno ether precursors (Scheme 1.19).>* Electrophilic
cyclization proceeds by the coordination of the electrophile to the triple bond, this activates
the triple bond toward the nucleophilic attack by the chalcogen center on an alkyne, which
forms a cationic intermediate. Then the leaving group (R: alkyl or aryl) on the chalcoge-
nophene is displaced in an Sx2 process by a nucleophilic halide that is generated in situ, to

eventually yield the final cyclized product. **

R! X
— X*, solvent /A_S\
RE — Y I\
\\ R1 E R2
R2 rt
R = alkyl, aryl . 3-halo-2,5-disubstituted
E=S, Se, Te X" =1, ICI, NBS chalcogenophene

Scheme 1.19. Electrophilic cyclization of acyclic chalcogen precursors to form 3-halo-2,5-

disubstituted chalcogenophenes.

2,3-Benzo[b]thiophenes have also been prepared under mild conditions by
electrophilic cyclization using the halogens I, or Br, as reactants (Scheme 1.20, eq. 1).>
This reaction proceeds under very mild reaction conditions and other electrophiles, such as

NBS and PhSeCl can be used to give 2,3-benzo[b]chalcogenophenes in good yields. In
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another work, the synthesis of 4-iodo-thiophenes/selenophenes via the cyclization of diynols
promoted by dichalcogenides (MeSSMe or "BuSeSeBu") and a halogen source have also
been reported (Scheme 1.20, eq. 2).”’ These reactions were showed to be selective by
controlling the halogen source and the ratio of reagents. When other sources of halogen (in
place of I) such as NBS or Br,, were used, the formation of a by-product transpired wherein

a thio- or seleno-ether unit was installed at the 3-position of the chalcogenophene. °’

R |

=
Z 6 equiv. I, N\
> R
SMe CH,Cly, 10 min, rt S (eq. 1)
= 0,
R = Ph, "CgHy7 R =Ph, 100 %
"CgH47, 100 %
| By-product:
OH 1) 3 equiv. MeSSMe or
i o [/ \ R
= A 1.5 equiv, "BuSeSeBu"
Z N - g7 Ph (eq. 2)
PH o\
1.5 equiv. |,, DCM, rt, 30 min E Ph
2) EtOH, 1.5 h PH

E=S, 73 %; Se, 98 %
R = MeS, "BuSe

Scheme 1.20. Synthesis of 3-iodide-benzothiophenes and 4-iodide-thiophene/selenophene

via electrophilic cyclization.

A very thorough study was done by Zeni on the synthesis of 3-halogen-2,3-
disubstituted selenophenes. Using (Z)-selenoenynes as precursors, they managed to conduct
the target selenophene cyclizations reaction under very mild conditions (Scheme 1.21).°"
This cyclization reaction is solvent-dependent and interestingly only proceeds when the
leaving group has a Se-C(sp’) bond. The resulting 3-iodoselenophenes are valuable precur-

sors to 3-substituted selenophenes.

20



R? X

- X*, CH,CI
n-BuSe>_\ ;» RV[Se\S\RZ (eq. 1)

R2
41-93 %
X* = l,, ICI, PhSeBr, PhSeCl
R" =H, Ph, "Bu, CH,OH
R? = Ph, "Bu, CH,OH, p-Me-CgH,
MeSeSeMe Ph
Or==A) —2e wedT\ o
= — ese €q.
EtOH \
flux, 5 h Ph
refiux, 70 %

Scheme 1.21. Synthesis of 3-substituted selenophenes via electrophilic cyclization and

synthesis of the acyclic ene-yne precursor.

3-lodo-tellurophenes were prepared from tellurobutenynes by electrophilic
cyclization using two equivalents of iodine in petroleum ether. NaBH4 was used to reduce the
likely diiodide tellurophene (Te'') intermediate to afford the final 3-iodo-2,5-disubstituted

tellurophenes in moderate to good yields (Scheme 1.22).”°

— 1) 2 equiv. |I,, petroleum ether /[/—g\ NaBH, /(_\S\
n-BuTe \ > R TR T T RTNETR
\ 1.5-3 h, rt Ry
R 2) CH3COOEt/ H,0 40-90 %

R = H (40 %), Me (90 %), Ph (83 %), p-MeCgH, (82 %), p-MeOCgH, (80%)

Scheme 1.22. Electrophilic cyclization of tellurobutenynes to form 3-iodo-2,5-disubstituted

tellurophenes.
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1.2.2. Optoelectronic properties of tellurophenes

To better understand the optoelectronic properties of tellurophenes and/or
polytellurophenes it is important to first determine the intrinsic characteristics that the heavy
Te atom brings to heterocycles in comparison with the lighter sulfur- and selenium-based
analogues. Among the characteristics to have in mind is the low electronegativity of Te, its
larger atomic size, and related factors such as polarizability, the aromaticity of the hetero-
cycles, intermolecular interactions (via Te---Te contacts) and the heavy atom effect on
luminescence. These intrinsic characteristics are interrelated and therefore sometimes a
specific final property improves at the expense of another one, such as charge transport and
luminescence properties: while charge transfer is favoured by close intermolecular packing,

luminescence in the solid state might be quenched by the same close molecular packing.

Some optoelectronic properties being investigated with tellurophenes are enhanced
light absorption for organic photovoltaic (OPV) applications and phosphorescence for LEDs;
in relation to the development of efficient LEDs, aggregation induced emission (AIE) is now
commonplace and leads to improved light emission efficiencies in the solid state. Improved
charge transport properties are also of value in the development of next generation organic

field effect transistors (OFETS).59

The presence of more polarizable (and larger) Te atoms in tellurophenes leads to
stronger intermolecular Te--Te interactions when compared to Se--Se and S--S interactions
in related thiophene and selenophene systems. These interactions promote close inter-
molecular packing that can enhance crystallinity, at the expense of lower solubility in organic
solvents. Substantial aggregation in the solid state can also negatively impact the morphology
within films of polytellurophenes/acceptor blends in OPV devices,” thus designing telluro-
phenes-based materials with improved solubility is a key point for tellurophene-containing

solar cells.
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Figure 1.2. Chalcogenophenes as co-monomers within isoindigo-based conjugated

copolymers.

Tellurium is less electronegative and more polarizable than Se and S, respectively,
which can lead to a lowering of the oxidation potential of the corresponding heterocycles via
raising the energy of the HOMO. However, deep HOMO energy levels are often desired in
OPVs to obtain high open-circuit voltages (Voc). Conversely, raising the HOMO level, leads
to a smaller HOMO-LUMO gap, leading to an increase in overall solar light absorption at
longer wavelengths, affording possible improvement in power conversion efficiencies
(PCEs). The effect of tellurophene in isoindigo-based conjugated copolymers on the
photovoltaic properties has been reported (Figure 1.2).°° As expected, the band gap is slightly
reduced going from the polythiophene derivative to its polyselenophene and polytellurophene
counterparts (B, = 1.62, 1.58, 1.53 eV; as determined by optical spectroscopy and cyclic
voltammetry). In this case a slight decrease in the HOMO energy was noted in the Te-
containing polymer (-5.69 eV). As mentioned before, deep HOMO energy levels in
tellurophenes-containing polymers are expected to afford high open-circuit voltage (Voc),
which was observed (0.92 V), however its short-circuit current density (Jsc) (which depends
on the efficiency of light absorption, exciton diffusion to and dissociation at the donor-
acceptor interface, and charge mobility)®' was very low (2.51 %). An overall performance in
the solar cell of power conversion efficiency (PCE) of only 1.07 % was obtained. Further
studies showed a more crystalline structure in the Te-substituted polymers, which is in

agreement with the highest hole mobility found in FETs among the chalcogenophene series
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(0.072 cm? V' s7). Studies of the morphology of the polymer/PC¢;BM blends showed that in
films containing Te, there was more phase separation, possibly due to the abovementioned
strong Te--Te interactions, leading to localized aggregates and less miscibility of the polymer

with PCs;BM, thus affecting the charge transport and lowering the Jsc value.®

In theory it should be easier to electropolymerize tellurophenes than selenophenes
and thiophenes. Polyselenophenes have been obtained electrochemically with optical
bandgaps as narrow as 1.4 eV and conductivity values approaching of 0.1 S cm™.%* It is
expected then, that the respective polytellurophenes analogues of polyselenophenes will have
better properties in this regard, although polytellurophene synthesis is generally harder than
the lighter element analogues. Because of the lower oxidation potentials of the tellurium-
containing monomers, electropolymerization should occur at lower potentials and possibly
yield better quality of polymer films since there is less material degradation at lower
voltages; also the expected higher values of conductivity in polytellurophenes should assist in
the electropolymerization process. Electropolymerization has been reported using as a
monomers tellurophene, small tellurophenes oligomers (2 and 3 repeat units) and 3-hexyl-

tellurophenes to form polytellurophenes and poly(3-hexyltellurophene), respectively.®

In terms of aromaticity, theoretical and experimental studies have shown
tellurophenes to be less aromatic®® than selenophenes and thiophenes, yet more than furans;
therefore a more quinoidal/planar structure is expected in polytellurophenes, leading to more
delocalization of charge and also lower optical bandgaps (E,). However aromaticity is
important since it helps to extend the delocalization along the polymer backbone, which is
the reason the optical bandgap in polyfurans (2.35 eV) (the less aromatic congener) is larger
than polythiophenes (2.0 eV). The more delocalized nature of the orbital manifold should

also lead to a red-shift in the absorption and emission properties.

The reduced aromaticity in tellurophenes compared to selenophenes and thiophenes
can be explained in terms of poor overlap between the p, orbitals in the diene unit and one of
the lone pairs on Te due to the differences in the atom size (bigger in Te) and the longer Te-C
distances compared to C-Se and C-S. Overall, the reduced aromaticity would bring desta-

bilization of the HOMO (upwards) and LUMO stabilization (downwards) which in turn
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would help to decrease the bandgap leading to enhanced light absorption in the red to near IR
spectral region. As an example of the effect of tellurium has in the absorption properties, a
cyclopentadithiophene polymer with tellurophene as a co-monomer was studied and its
properties compared to its lighter chalcogenophene analogues (Figure 1.3). A red-shift
(reduced E,) in the absorption properties occurred due to a lowering of the LUMO level
when heavier atom Te is in place. A moderate rise in the HOMO level was also found, along

with aggregate formation in the polymer film due to Te---Te interactions.**

C1eHaz~_-C1eHaz Eq (eV)
S: 1.81
Ph / VN Even  se 172
s s \ /' Te: 1.64
E =S, Se, Te

Figure 1.3. Chalcogenophene-containing cyclopentadithiophene polymers.

Tellurophene-based materials have the potential to exhibit phosphorescence due to
the heavy atom effect (Figure 1.4). In these cases, excited triplet states (T,) become
accessible during either photo- or electroluminescence by intersystem crossing (ISC) from
populated excited singlet states (S,) in a process that is facilitated by enhanced spin-orbit
coupling in the presence of heavy atoms. These excited triplet states are highly susceptible to
be quenched by energy transfer to O, and via triplet-triplet annihilation (TTA) in the
condensed phase. Due to these quenching mechanisms, emission from tellurophenes is
usually not observed in the solid state or in air. However, if there is no O, present, the
chances of getting tellurophenes-based phosphorescence materials increases, especially if the
tellurophenes possess other molecular characteristics such as molecular rigidity in solution
(or in the solid state) that limits intramolecular rotations and therefore loss of energy by non-

radiative pathways.®
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Figure 1.4. Room temperature phosphorescent tellurophenes reported by the Rivard

52,65,66
group.” ™

1.3. LUMINESCENCE AND AGGREGATION-INDUCED EMISSION (AIE)
1.3.1. Overview and mechanism of fluorescence, phosphorescence and AIE

The emission of light by a sample is called luminescence, and depending on the spin
state of the excited state and the lifetime of the emission process, one can classify the
emission as either fluorescence or phosphorescence. Figure 1.5 outlines the basic pathways
available in luminescence, with light absorption to give excited singlet states (10™'°) being
favored by spin-selection rules. In fluorescence the lifetime of the excited state is about 10
to 10™ s before direct electron relaxation from the S; state to the ground singlet state, Sy with
a release of a photon; if higher singlet states are occupied (S,; n > 1), rapid internal
conversion to the S states occurs as stated in Kasha’s rule.®’ The difference in the energy of
light absorbed and the light emitted is called the Stokes shift and is never zero since some of
the energy that is absorbed is lost by collisions with other molecules and by other non-
radiative processes, which will be considered later. Each electronic state is associated with its
own vibrational states, which are very close in energy, and the vibrational states have its own
fine structure of rotational states. Therefore, partly the energy is lost when the electron from
a high energy vibrational state reaches a lower vibrational state within a singlet excited state,

S, which leads to the Stokes shift.
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Figure 1.5. Jablonski diagram and possible photophysical processes upon absorption.

When the lifetime of the excited state is substantially longer than the nanosecond
regime (e.g. microseconds or longer), the most likely mechanism for luminescence is
phosphorescence whereby emission from an excited triplet state (T;) occurs (Figure 1.5). As
the direct population of triplet excited states (T,) upon photoexcitation is not allowed by
spin-selection rules, population of T, states occurs by intersystem crossing (ISC) from
excited singlet states (S,). The lifetimes of triplet states are longer than excited singlet states
and since the light emission (phosphorescence) would be from the lowest excited triplet state,
T}, to the ground singlet state, Sy, a transition that is formally spin forbidden and therefore of
low probability. Since more energy is lost when intersystem crossing takes place, the energy
of phosphorescence is generally smaller than fluorescence-based emission, leading to a red-
shift in the emission and a correspondingly larger Stokes shift. It has been observed

experimentally that low temperatures extend the lifetime and increase the intensity of

27



phosphorescence emission. Also, the fine structure of electronic states becomes more visible
(for non-charge transfer-based processes), since large-scale molecular motion is halted at
very low temperatures (e.g. 77 K). Less rotational and vibrational modes in a molecule
provides less pathways for non-radiative energy loss and a concomitant increase in

photoluminescent (PL) emission quantum yield.

In most cases, molecules that present luminescence in solution show decreased
luminescence or full quenching of emission in the solid state. In these instances,
intermolecular interactions such as close m-m contacts enables electron transfer between the
excited species as surrounding molecules to transpire, providing a non-radiative route to
relax to the ground state. In order to avoid this aggregation-caused quenching (ACQ), large
flanking units can be placed in close proximity to the luminogenic core of the molecule to
suppresses close intermolecular contacts and prevent quenching electron transfer processes
from transpiring. In 2001, Prof. Ben Zhong Tang and his team noted that a series of aryl-

functionalized siloles,68’69

such as Ph,SiC4Phs emit more strongly when in the aggregated
state than in solution. He coined the term aggregation-induced emission (AIE) for this effect.
The principle behind AIE is restriction of intramolecular motion (either rotation or
vibrations) in the aggregate state while suppressing close intermolecular molecular contacts,
which normally contributes to non-radiative decay/energy loss from the excited state (Figure
1.6).°% Since this initial report, there are now many examples of AIE active luminogens and

detailed mechanistic studies and applications in sensing have been reported.”® "
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Figure 1.6. Examples of silole fluorogens®® and phosphorescent tellurophenes presenting

AIE.®

28



1.3.2. Luminescence quenching pathways

There are several mechanisms by which the luminescent intensity of a fluorophore
diminishes (quenches). Among these mechanisms are static quenching and dynamic quen-
ching (Figure 1.7). However, there are other processes by which the observed intensity of the
emission can be decreased, e.g. inner filter effects. Because of the selectivity for binding
found in some quenchers and fluorophores, quenching has important bioanalytical applica-

tions and also useful to elucidate structural information of fluorophores.”’®

Luminescence:

hv,

F ——> F* ——> F + hv;
Static quenching:

Q hv,
F —— FQ ——> FQ* —— FQ + Heat + (hvy)

Dynamic quenching:

hv;

F——> F* ——> FQ* —> F + Q + Heat + (hv,)

Figure 1.7. Representation of normal luminescence, static and dynamic quenching.
F: fluorophore, Q: quencher, F*: fluorophore in its excited state, FQ: ground state complex of
fluorophore and quencher, FQ*: excited state complex of fluorophore and quencher, v;:

frequency of light absorption, v frequency of light emission.”

Inner filter effects are those related to absorption or dispersion of light at the
excitation or emission wavelength in fluorophore solutions.”” Those are due to the presence
of substances that can absorb light before or after initial beam light is in contact with the
fluorophore. When light is absorbed before to reach the fluorophore, less light reaches the
fluorophore and so less luminescence is emitted by the fluorophore. When absorption occurs

at the emission wavelength, the emitted light that reaches the detector is reduced and so the
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intensity measured by the fluorometer is also reduced; inner filter effects can also be caused
by substances present in the solution that are able to scatter light. Inner filter effects can be
minimized by reducing cuvette thickness, selecting excitation and emission wavelengths that
reduce absorption by the quencher and reducing the concentration of the substances that
might absorb or scatter the light.”” Inner filter effects might not be considered as a true
quenching mechanism; however, it should be regarded as a possible source of decreased

luminescence, which in routine luminescent studies should be minimized.

Static quenching refers to any process that prevents the formation of the excited state
of the fluorophore and therefore completely quenches its original luminescence,”’ such as
complex formation between the quencher and the fluorophore in its ground state (Figure 1.7).
Since the ground state complex in which the luminescence of the fluorophore is completely
quenched does not affect the excited state of the few fluorophores remaining without
complexation, the lifetime of the fluorophore is not affected.”’” However if the strong
quencher is in excess, emission from the fluorophore is not observable or sometimes very
little fluorescence emission from the fluorophore might be detected with very short lifetimes,

depending on the sensitivity of the experimental instrumentation.’®

On the contrary, dynamic quenching relates to any process involving the excited state
of the fluorophore that leads to a reduction in the intensity of the emission. Among the
dynamic quenching mechanisms are collisional quenching (such as in dioxygen and iodine
quenching), processes that requires direct contact between the fluorophore in its excited state,
and quenching pathways that do not require direct contact (~ 10 nm), such as Forster
Resonance Energy Transfer (FRET).”” In dynamic quenching, since the nature of the excited
electronic state of the fluorophore changes, the overall fluorescence lifetime (t) will
decrease. In the case of collisional quenching, upon collision of the quencher and fluoro-
phore, some energy is taken away from the excited fluorophore by the quencher and in

consequence less energy is left to the fluorophore for emission.”®

FRET is present when an excited fluorophore (donor) transfers its energy to the
quencher acting as an acceptor through dipole-dipole interactions (no emission of photons)

(Figure 1.8).”° For FRET to occur, there must be an overlap between the emission spectrum
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of the donor and the absorption of the acceptor, as well as close proximity and relative
orientation of the dipole moments of the donor and acceptor.”® Due to the energy loss of the
fluorophore during the energy transfer, the fluorescence intensity, quantum yield and lifetime

will also decrease.”®

—2
S 7|8 ~~—| ________ — -
1 1 H =
i3 4 ; : S
: FRET i i
1
1 : ----19'2.5--.) E !7
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v i ~-8
S
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DONOR ACCEPTOR
(fluorophore) (quencher)

Figure 1.8. Jablonski diagram of FRET. 1: excitation of donor, 2: internal conversion, 3:
relaxation via non-radiation process, 4: non-radiative energy transfer, 5: excitation of
acceptor, 6: internal conversion, 7: relaxation via non-radiation process, 8: internal conver-

sion.

Not only energy can be transferred, but charge can also be transferred as in Dexter
Electron Transfer (DET) (Figure 1.9). DET is a transfer electron process between two
molecules or two parts of the same molecule. Intermolecularly, one molecule is the
fluorophore in its excited state (donor) and the other is the acceptor (quencher) and in order
for a charge transfer happens, orbital overlap between donor and acceptor is required. This
charge transfer process includes the formation of very short-lived entities, such as excimers
(if the donor and acceptor, quencher, are the same molecule) or exciplexes (donor and
acceptor are different), which occur via electrostatic attraction because of the partial charge
transfer.”® Now, emission from this dimer/complex can be possible or might not be

observable as in complete quenching®” because the final excited state of the acceptor relaxed
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back through non-radiative processes. DET is very common in the solid state, since short

distances have to be reached in order to orbitals overlap.”
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Figure 1.9. Representation of Dexter Electronic Transfer, DET.”

A special case of local charge transfer involving different conformations of the
fluorophore in its excited state is Twisted Intramolecular Charge Transfer (TICT). Here,
donor (electron donating) and acceptor (electron accepting) groups are linked by a single
bond in the same fluorophore structure. Upon electron transfer from the donor to the
acceptor, there is an intramolecular twisting around the single bond, which forms a more
stable conformation (twisted) that can then be relaxed back to its initial conformation
(ground state) via fluorescence emission or through non-radiative processes (quenching).
Interestingly, TICT, usually is characterized by presenting dual fluorescence, one from the

locally excited state (before twisting) and the other emission from the TICT state.”®

Static and dynamic quenching can be differentiated by measuring fluorescence life

times with and without quencher, as mentioned before. Another alternative is measuring the
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change in UV-vis absorption of the fluorophore plus quencher versus the absorption of only
the fluorophore, which it will not change in the case of dynamic quenching.*® Temperature-
dependent fluorescence studies are also useful to distinguish between dynamic and static
quenching, if the quantum yield of the emission is independent of temperature. If this is the
case, increasing the temperature, increases the diffusion of quencher in the media, which
collisional quenching (dynamic) would increase, while binding-related quenching (ground

state complex static quenching) would decrease.®’

=1+ kg [ (1) =10 (2)

Figure 1.10. Stern-Volmer equations describing dynamic quenching (1) and linear filter
effects (2). F and F, are the fluorescence intensities of the fluorophore in the presence and
absence of the quencher, kq: bimolecular quenching constant, t,: lifetime of the fluorophore

in the absence of the quencher and A: absorbance of the quencher.

Quenching studies can be represented mathematically with the Stern-Volmer equation
by plotting the concentration of the quencher vs. the ratio F/F (F, and F are the fluorescence
intensities of the fluorophore without and with quencher) (Figure 1.10, equation 1). Dynamic
quenching always gives a linear plot, however, the presence of static quenching introduces
deviations to the linear behavior (curvatures).”® Therefore, non-linear features in a Stern-
Volmer graph could be interpreted as a result of both quenching mechanisms might be
present, assuming homogeneous emission (the system has only one emitting center).”” Now if
the curvature is significant, then inner filter effects are should be considered and thus the

equation Stern-Volmer becomes exponential (equation 2, Figure 1.10).”

Quenching mechanisms such as FRET and DET can be classified as external
quenching mechanisms, since two molecules are involved in the process. On the other hand,
intramolecular processes due to intrinsic characteristics of the fluorophore, such as

intramolecular rotations and spin-orbit coupling to reach triplet states (T,) can also lead to
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quenching of the emission from the fluorophore (in the case of singlet based fluorescent
emitters). Internal rotations of fluorogenic groups around single bonds is the most common
process of non-radiative energy loss and usually happens in the excited state; notably, double
bonds can also be converted into single bonds upon excitation and thereby facilitating
internal quenching.” Internal rotations can be affected by temperature, viscosity and the
overall rigidity of the fluorophore. Restriction of internal rotations by steric effects,
decreasing viscosity and temperature can lead to enhanced the luminescence behaviour and
thus increasing the lifetime of emission.” In the case of intersystem crossing (ISC),
population of triplet states (T,) by using heavy atoms (vide infra) makes the fluorophores
more susceptible to be quenched, since first by promoting exited singlet states (S,) to triplet
states (T,) the intensity of luminescence (and lifetime) coming from excited singlet states
(S)) to the ground singlet state (S¢) will be reduced, and secondly, the triplet states are highly
sensitive to quenching by species such as molecular oxygen. Overall, the first event
(fluorescence) might not be observable because the lifetime drops from nanoseconds to
picoseconds and the second event (phosphorescence) might be quenched by available oxygen
from air or being reduced because of the rate of intersystem crossing for S; to T, also

- 79,81,82
increases by the same heavy atom effect.”""

1.4. BORYLATION AND PROTODEBORONATION REACTIONS
1.4.1. Synthesis of boronate esters

Boronate esters can be synthesized by using stoichiometric amounts of a diol and a
boronic acid (RB(OH),), typically in aprotic solvents such as benzene, toluene, CH,Cl,. The
reaction can be driven towards the boronate ester when the water by-product is trapped

83-8 Boronate esters are

/removed by using drying agents such as molecular sieves or CaSOs.
less polar and more stable (towards nucleophilic attack) than boronic acids, although
boronate esters can be cleaved under mild conditions, such as washing an organic solution of
the boronate ester with aqueous hydroxide (Scheme 1.23). Six-membered cyclic boronate

esters are less strained than the five-membered ring analogues. These species usually have
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three-coordinate boron centers, except under basic conditions when hydroxide complexation

can occur to yield tetrahedral hydroxylated borates.®’

toluene / CH,Cl,

,OH - 0 aq. acetone or - OH
R_B\ + - R—B\ - R_B‘"OH +
OH OH OH -H,0 0 aq. NaOH OH OH OH

(molecular sieves)

Scheme 1.23. Synthesis of boronate esters via condensation reactions and cleavage under

mild conditions.

Synthetic methods have been developed to prepare both arylated and alkylated
boronate esters (from the corresponding aromatic or alkyl halides) under mild conditions.
The direct synthesis of boronate esters by C-H activation of aromatic substrates is also
known, but requires the use of expensive Rh- and Ir-based catalysts and bis(pinacolato)-
diboron (B;Pin,) under harsh reaction conditions.®®® Instead, the synthesis of boronic acids
under mild conditions that in situ can be converted to boronate esters have been developed
(Scheme 1.24, top). Worth nothing is the common and inexpensive aromatic chlorides used
to form the boronic acid and tetrahydroxyboron, B,(OH)a, as the source of boron center via
Pd-catalyzed cross-coupling. This procedure allows one to form the boronic esters entirely in
one-pot in good to excellent yields using air stable reagents (albeit the Pd-catalysts do have

some sensitivity to oxygen).

The synthesis of alkyl boronate esters have been reported using Zn'"/NHC (NHC =
N-heterocyclic carbene) as a catalyst precursor (Scheme 1.24, bottom). This protocol is very
attractive since uses less toxic catalysts than the usual procedures (Pd, Ni or Cu), while zinc
i1s inexpensive, abundant and environmentally less harmful. The reported syntheses were
conducted at room temperature and were applicable to the coupling of primary, secondary

and tertiary alkyl halides.”!
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Scheme 1.24. Synthesis of boronate esters via palladium (top) and zinc (bottom) catalyzed

reactions of aromatic chloride and alkyl halides and boron substrates.

Not only aromatic/alkyl halides can be converted into boronate esters, but esters can
be used as reactants. Specifically, under more drastic conditions it is possible to cleave the
ester group by C-O bond activation and functionalization via the nickel-catalyzed decarbon-
ylative borylation of aromatic esters (Scheme 1.25, top).”> The authors showed broad
substrate scope and scalability of this borylation protocol, along with chemoselectivity,
making the conversion of carboxylic esters into boronate esters a valuable tool in organic

chemistry.

The generation of C(spz)-boronate esters often requires the use of transition metals
(Pd, Ni, Zn), thus alternate protocols using metal-free C(sp”)-B bond formation are highly
desirable. In this context, borylative cyclization of alkynes can be used to form polycyclic

boronate esters in the presence of a boron electrophile (BCls), which activates the alkyne for
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intramolecular electrophilic cyclization under mild reaction conditions (Scheme 1.25,

bottom).”

10 mol % Ni(COD),

Q 40 mol % P"Buj BPi
OPh + Bapiny > n
R 3 equiv. Li,CO3 R

1,4-dioxane, 160 °C, 36 h
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Scheme 1.25. Synthesis of boronate esters via decarbonylative borylation reaction of

carboxylic esters (top) and borylative cyclization of alkynes (bottom).

1.4.2. Effect of reaction conditions in protodeboronation

Organoboron compounds are widely used in Suzuki-Miyaura cross-coupling reactions
where different types of Pd catalysts, bases, ligands, solvent media and conditions have been
tested to increase the efficiency of the reaction. However, a common side reaction during

cross-coupling is protodeboronation (PDB) where the C-B bond is cleaved; basic, acidic,
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metal-mediated (copper and silver salts) and thermal conditions can be used cleave C-B
bonds.”*”® While boronate esters are considered to be more stable than boronic acids, they
can also protodeboronate under Suzuki-Miyaura conditions, albeit at a lower rate. PDB can
also occur with MIDA (N-methyliminodiacetic acid)-stabilized boronates but only under
more drastic conditions (Scheme 1.26).” In general, the more Lewis acidic the boron center
is, the more prone the resulting boronic ester (or acid) is to protodeboronation under neutral

conditions (DMSO at 120 °C) as it is shown in Scheme 1.26.%

OH OH
DMSO
120 °C, air, time
B(OR),
+ > 4l
B > > B
“OH o _§_
B(OH), Bpin B(DAN) B(MIDA)
time: 4 h 24 h 10 days 21 days
yield: 100 % 100 % <10 % N.R.

Scheme 1.26. Rate of protodeboronation according to different Lewis acidity on boron.”

In one study, the PDB of 4-(dimethylamino)phenylboronic acid was examined using
wet DMSO as a proton source; it was found that the PDB reaction was slower in the presence
of added phosphine.”* The slow PDB in the case of added phosphine is due to the competing
formation of an intermediate ate complex (Scheme 1.27). The aforementioned proves that
PDB goes through a complexation between the boron source and the proton source before

cleavage of the C-B bond by a 6-bond metathesis reaction.
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Scheme 1.27. Proposed mechanism for protodeboronation reaction.”

The electron density of the aromatic group along with the pH of the reaction medium
also plays a role in PDB. It has been observed that more electron density in the aromatic ring
under acidic conditions increases the reactivity of boronic acids/esters towards PDB, by
facilitating the o-bond metathesis step in the proposed mechanism of PDB (Scheme 1.27).
On the contrary, electron-poor boronic acids protodeboronate faster at high pH, as it was
shown in the PDB reaction of diortho-electron-withdrawing (CF3;,NO, and F) substituted
phenylboronic acids under basic conditions.”” Based on this, it is expected that electron rich
boronic acids/esters would be more stable towards PDB reactions under basic Suzuki-

Miyaura conditions.

There are different strategies reported in the literature to diminish PDB, especially
when the organoboron species are going to be used in cross-coupling reactions.'® One of the
strategies is named “masking”, since it stabilizes the arylboronic acid by forming a more
stable anionic tetrahedral ate complexes. Examples of these complexes are the cyclic
triolborate'®' and the lithium triisopropyl arylborate'®® complexes shown in the Figure 1.11.

103,104 and

Another strategy is to use the very air and stable potassium organotrifluoroborates
N-methyliminodiacetic acid (MIDA) boronates'®” complexes (Figure 1.11), which under
mild aqueous base conditions release slowly the respective boronic acid. The slow release of
the boronic acid ensures that the transmetallation step is more efficient and less exposure of
the boronic acid to the reaction conditions whereby protodeboronation can occur. Finally, by
increasing the rate of transmetallation in Suzuki-Miyaura cross-coupling, it reduces the time

that boronic acids are exposed to the basic conditions and so less chance of protodeboro-

nation. Buchwald and coworkers'**'% have developed dialkylbiaryl phosphine ligands (e.g.
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Xphos) that increase the rate of transmetallation and reductive elimination; specifically, they

have managed to form very active pre-catalysts using these ligands as will be described

1
below.'”

a) Masking reagents: b) Slow-release reagents:

Me\
oLi* N F K

ﬁ% K+ | - A —B’ 1 é_
o-P~o Ar” Bi’0\< r \“Ol © Ar” MF
Ar O o) F
T ’
lithium triisopropyl MIDA arylboronate
arylborate complex complex

potassium aryl
trifluoroborate
complex

potassium aryl
cyclic triolborate
complex

Figure 1.11. Examples of boron reagents that show slow PDB reactions under Suzuki-

Miyaura coupling conditions.

As it was mentioned before, one of these strategies is to make the boron atom less
Lewis acidic, more stable, as in the formation of lithium triisopropyl borates (Scheme 1.28,

'92 This lithium salt is much more stable toward PDB and is easy to handle under

eq. 1).
benchtop conditions at room temperature. Buchwald and coworkers'® could also generated
Li[Ar-B(O'Pr);] species in one-pot via a series of lithiation, borylation and Suzuki-Miyaura
cross-coupling reactions with good overall yields of coupled products (Scheme 1.28, eq. 2).
Previous to this study, the same group developed an air- and moisture-stable Pd pre-catalyst
(Scheme 1.28, bottom). This Pd pre-catalyst can easily be activated to the active catalyst
form under mild reaction conditions (room temperature and short reaction times) where the
PDB is slowed down. It was tested successfully in the Suzuki-Miyaura cross-coupling

reaction using polyfluorophenyl and five-membered 2-heterocyclic boronic acids, which are

well known to be very sensitive to protodeboronation.'”
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1) 1.1 equiv. "BuLi, THF, toluene
ArBr >  Ar-B(OiPr)Li (eq. 1)
2) 1.1 equiv. B(O'Pr)3, -78 °C to rt

1) B(O'Pr);, THF, -78 °C
ArH + nByLi > Ar-Ar (eq. 2)
2) Ar'Br, Pd cat., K3PO,4 aq, 40 °C

OH F /o
— O \
OO~
S (o] N / OtBu F
93 % 93 % 60 %
Cy,PPr
e ()
Q8 e O
_Pd-NH
Xphos cl ipy

Scheme 1.28. Lithium triisopropyl borate formation (eq. 1) and one-pot borylation and

Suzuki-Miyaura cross-coupling procedure (eq. 2).102

Despite the general consensus that tellurophenes-based materials could have

improved optoelectronic properties in relation to well-known thiophene analogues,”''*!!!

48,112-114
5 to form new tellurophene

there is not too much variety in efficient protocols
heterocycles. For the same reason, the study of the optical properties of tellurophenes in the
context of light absorption and phosphorescence emission for optoelectronic applications is
limited. In that sense, in this thesis, the functionalization of tellurophenes through different
coupling techniques will be addressed to form new stable phosphorescent materials. While
doing this, new tellurophene precursor materials have been synthesized through very simple
techniques such as the selective promotion of protodeboronation reactions on tetraborylated-
substituted tellurophenes. The optical properties of the new functionalized tellurophenes have

been studied using UV-vis, fluorescence spectroscopy and cyclic voltammetry, and as well as

calculations of the energy of the frontier orbitals in order to explain the optical properties.
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Chapter 2

Synthesis of tetra-boryl substituted chalcogenophenes and aggregation-induced

emission properties of tellurophenes

2.1. INTRODUCTION

Chalcogenophenes are five-membered heterocycles containing group 16 elements (e.g. S,
Se and Te). Due to the useful optoelectronic properties of chalcogenophenes, including
photoluminescence and their role in efficient solar cells, molecular and polymeric
chalcogenophenes have been studied in detail.'” Moreover, the presence of heavier
chalcogen atoms with low electronegativity, larger atomic size and higher polarizability can
lead to heterocycles with increased intermolecular interactions, smaller optical band gaps and
favourable (enhanced) charge transport properties.®” These properties, combined with the
recent discovery of phosphorescence,® makes the heavier chalcogenophene analogues
desirable for potential applications in organic photovoltaics, light-emitting devices, and as

next generation bio-imaging dyes.” "

Despite the emerging consensus that heavier chalcogenophene derivatives should have
advantageous optoelectronic properties in relation to those exhibited by the widely studied
thiophene analogues, there is still comparatively few selenium and tellurium-containing
chalcogenophenes known, mainly due to a lack of suitable synthetic routes and

12-15
precursors.

o/ \ / \0 0/ o o/ \O
O—p B—0
oS
n (o} (o]
B-E-6-B n=1, B-Te-5-B
E: S, Se n=2, B-Te-6-B 4BE

Figure 2.1. Di-substituted and tetra-substituted BPin-capped chalcogenophenes.
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In this chapter, an efficient alkyne-coupling / transmetallation route'®"’

was used to gain
access to a tetraborylated phosphorescent tellurophene (4BTe; Figure 2.1) and its sulfur and
selenium analogues (4BS and 4BSe, respectively). These species not only have interesting
luminescence properties, they represent potentially useful building blocks for the
construction of new m-conjugated arrays via Suzuki-Miyaura coupling. Specifically, the
effect of heteroatom substitution on the absorption, emission and electrochemical properties
of 4BS, 4BSe and 4BTe has been studied and the results compared with previous
chalcogenophenes synthesized by the Rivard group.'® Cyclic voltammetry measurements
were also used to evaluate the electrochemical stability of the newly reported
chalcogenophenes and to determine the HOMO/LUMO energy levels. Initial experiments
involving the coupling of 2-iodothiophene with 4BTe were conducted under Suzuki-Miyaura
cross-coupling conditions with the intended goal of forming star-shaped conjugated

structures; this last study indicated that base-induced pinacolboronate (BPin) cleavage from

heterocycle in 4BTe readily occurred.

2.2. RESULTS AND DISCUSSION

The strategy used to form the chalcogenophenes 4BE (E = S, Se, Te), listed in Schemes
2.1 and 2.2, started with the synthesis of the borylated =zirconacyclopentadiene
Cp2ZrC4BPiny. The formation of 1,2,3,4-tetrasubstituted cyclopentadienes through intermole-
cular coupling of two equal or different alkynes has been reported.'?° The resulting
zirconacycle is air- and moisture-sensitive, thus it must be handled under N,. Once
Cp2ZrC4BPingy was prepared, the synthesis of the various chalcogenophenes 4BE was
possible through a transmetallation reactions at room temperature using the heteroatom

sources S,Cl, Bipy*SeCl, or Bipy*TeCl, (Bipy = 2.2 -bipyridine).*’
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— | Li——— Lil

\ -
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> N

ov'B———F&
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O\B _ n/o 4 equiv. HCI, 4 M in dioxane
Vil I ]
e ° - LiCl, 'PrOH
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: S,Cly, PPhg,
E 2v12 3 - 4BS
Y Q ¢ © THF, 24 h, it~ 89%
o8 2 Bug
2 equiv. "Buli, B2C2, 2 equiv. M
Cp,ZrCl, » "CpyZr" - 0—g 50 Bipy-SeCly, 4BSe
THF, 1.5 h, 78 °C THF, 0°C 5 4 THE 16h 1t 66%
Then 16 h, rt
Bipy-TeCl,,
Cp,ZrC,BPin,, 78% PV ez 4BTe

THF, 16 h, it~ 65%

Scheme 2.1. General strategy to form tetraboryl-substituted chalcogenophenes.

2.2.1. Synthesis of tetra-boryl substituted chalcogenophenes

The synthesis of the target tetraboryl-substituted chalcogenophenes started with the
synthesis of the known bis-pinacolato-diboronacetylene precursor PinBC=CBPin (B2C2,
Scheme 2.1). Using a modified procedure based on the literature, trichloroethylene was
converted efficiently into 1,2-dilithioacetylene in situ, to which was added 'PrOBPin to form

the diborate complex, which was then reacted with HCl to afford B2C2 in a 89 % yield.

In the next step of the synthesis, a solution of B2C2 in THF at 0 °C was added to a
solution containing Negishi's reagent "Cp,Zr" leading to alkyne coupling and formation of

the zirconacycle complex szer4BPin4.19’2l

The LiCl by-product could be easily removed
by dissolving the crude product in diethyl ether and filtering the mixture to recover

Cp2ZrC4BPiny as a dark red solid from the filtrate in a 78 % yield (see Scheme 2.1).
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In the final stage of the synthesis, the sulfur and selenium-based boryl-chalcogenophenes
4BS and 4BSe were obtained through metallacycle transfer of Cp,ZrC4BPins with the
corresponding chalcogen sources, S;Cl, and Bipy*SeCl,, in THF (see Scheme 2.1). The
thiophene analogue 4BS was obtained as a white solid in an 89 % yield, while its selenium

congener 4BSe was recovered as an off-white solid in a 66 % yield after purification.

In the case of the tellurophene, 4BTe, a one-pot synthetic procedure was also developed
without the need to isolate the reactive =zirconacycle intermediate Cp,ZrC4BPiny.
Specifically, it was possible to form 4BTe in a 56 % overall yield starting from the borylated
alkyne B2C2 and conducting both the alkyne coupling and metallacycle transfer in sifu in
THF at room temperature under N, atmosphere (see Scheme 2.2). It is possible that some of
the zirconacycle reactant Cp,ZrC4BPings was quenched by moisture when the flask was
opened to add solid Bipy*TeCl,, however the final yield obtained was only on average 10 %
less than the method described in Scheme 2.1; overall this procedure is an improvement as

there is no need to isolate/purify the zirconacycle intermediate Cp,ZrC4BPiny.

Lt s

1) "Cp,Zr", THF at -78 °o
O“B B’O
) 1 equiv. Bipy+TeCl,, >$( 7€<
2 equiv. 16 hatrt
B2C2 4BTe, 56%

Scheme 2.2. One-pot synthesis of 2,3,4,5-tetrakis(pinacolato)tellurophene (4BTe).

The three chalcogenophenes 4BS, 4BSe and 4BTe each show similar overall patterns in
the 'H and >C{'"H} NMR spectra. In each case, two different chemical environments for the
BPin-containing methyl groups can be found at 25.2 and 24.9 ppm. Despite having two
spectroscopically distinct BPin environments according to 'H and *C{'H} NMR, only one
broad ''B signal was detected for each compound; specifically, the boron resonances show a

slight downfield shift from 4BS (30.0 ppm) to 4BSe (30.8 ppm) to 4BTe (31.8 ppm).
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Crystals of 4BSe and 4BTe were obtained from toluene (0 °C) with the molecular
structures determined by X-ray crystallography (see Figures 2.2 and 2.3, respectively). Both
structures have the BPin groups arranged around the respective chalcogenophene ring in a
similar fashion, having one of the two closest BPin groups to the heavy atom almost coplanar
to the chalcogenophene ring (4BSe: 1.6(4)°, 4BTe: 9.2(5)°) while the other one significantly
twisted (4BSe: 60.4(3)°, 4BTe: 56.5(4)°). This arrangement is in contrast to what is observed
in the 2,5-diborylated species B-Se-6-B and B-Te-6-B (Figure 2.1)'® where both BPin groups

are almost coplanar to the central chalcogenophene ring.

Figure 2.2. Molecular structure of 4BSe with thermal ellipsoids presented at a 30 %
probability level. Residual factor, R = 0.0264. All hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): C(1)-C(2) 1.374(4), C(2)-C(3) 1.453(3),
C(3)-C(4) 1.378(4), C(1)-B(1) 1.544(4), C(2)-B(2) 1.573(4), C(3)-B(3) 1.555(4), C(4)-B(4)
1.561(4), C(1)-Se 1.876(3), C(4)-Se 1.864(2); C(1)-Se-C(4) 88.52(11), C(1)-C(2)-C(3)
114.6(2) C(2)-C(3)-C(4) 115.1(2), C(2)-C(1)-Se 110.90(17), C(3)-C(4)-Se 110.82(17), Se-
C(1)-B(1) 120.9(2), Se-C(4)-B(4) 121.65(19), C(1)-B(1)-O(1) 124.4(3), C(2)-B(2)-O(3)
124.2(3), C(3)-B(3)-O(5) 123.1(3), C(4)-B(4)-O(7) 121.8(2); O(1)-B(1)-C(1)-Se 1.6(4),
O(7)-B(4)-C(4)-Se 60.4(3), C(4)-C(3)-B(3)-O(5) 33.0(4), C(1)-C(2)-B(2)-O(4) 70.7(4).
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Figure 2.3. Molecular structure of 4BTe with thermal ellipsoids presented at a 30 %
probability level. Residual factor, R = 0.0342. All hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): C(1)-C(2) 1.378(5), C(2)-C(3) 1.448(4),
C(3)-C(4) 1.364(5), C(1)-B(1) 1.543(4), C(2)-B(2) 1.568(4), C(3)-B(3) 1.559(4), C(4)-B(4)
1.558(4), C(1)-Te 2.063(3), C(4)-Te 2.067(3); C(1)-Te-C(4) 82.77(12), C(1)-C(2)-C(3)
117.2(2), C(2)-C(3)-C(4) 118.6(3), C(3)-C(4)-Te 110.5(2), C(1)-B(1)-O(1) 122.8(3), C(2)-
B(2)-0(3) 124.5(3), C(3)-B(3)-O(5) 123.4(3), C(4)-B(4)-O(7) 121.5(3).

2.2.2. Optical and electrochemical properties of the chalcogenophenes 4BE

The absorption spectra of 4BS, 4BSe and 4BTe were measured in THF solution to see the
effect the heteroatom had on the optoelectronic properties (Figure 2.4). In line with prior
work in the field,'**** a progressive red-shift in the absorption maximum (Am.x) Was noted
when moving to heavier chalcogenophenes (4BS: 262 nm; 4BSe: 275 nm; 4BTe: 291 and
338 nm) along with a reduction in absorption intensity of both bands in the case of 4BTe (see
Figure 2.4, Table 2.1). The effect of solvent on the absorption profile of 4BTe was also
investigated (Figure 2.4). Based on the spectra of 4BTe in three different solvents (THF,
toluene and CH,Cl;) the two major absorption peaks were maintained at the same
wavelength, although a decrease in intensity in CH,Cl, was observed (hypochromism) (Table

2.1).

It is known that non-covalent interactions (e.g. Coulombic forces, hydrogen bonding and

dipole-dipole interactions) lead to an arrangement of the molecules in certain directions and
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so their respective transition dipoles can be ordered in certain directions as well, and
depending on the relative orientation (parallel or collinear) of these oriented-dipoles and the
induced dipoles in the neighbor molecules the absorption properties of the chromophores
might decrease/increase (hypochromism/hyperchromism, respectively);>*® however, it is
difficult to explain, based on this theory, the hypochromism observed in CH,Cl,, since the
overall dipole change in the excited state might not be large as suggested by the lack of

noticeable solvatochromic effect in 4BTe.

0.14 0.11
1 ——4BS ] ——4BTe-THF
- - -4BSe - - -4BTe-TOL
0.08 - e-T0
9 —-4BTe | — - -4BTe-DCM
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< \ 2
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Figure 2.4. UV-Vis absorption spectra of 4BE (E = S, Se, Te) in THF (left) and 4BTe in

different solvents (THF, toluene and CH,Cl,) (right); in each case, the concentration of the

chalcogenophene was 11 uM.

The energy of the optical band gap (Ey) was also estimated from the UV-Vis data using
Tauc’s approach®’ (Equation 2.1 and Table 2.1), in which the optical band gap for a direct
allowed transition (n = 1/2, in Equation 2.1) can be read directly from a graph of (Ahv)’

versus hv by extrapolation of the straight line where the absorption is zero (A = 0) to the

x-axis (hv, in eV) (Figure 2.5).

Ahv= (hv—E)" 2.0
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To aid in comparison, the values of Amax, Aem and the estimated optical band gaps, E,, for
4BS, 4BSe and 4BTe are tabulated in Table 2.1. As can be seen in Table 2.1, the E, values
decreased when the heteroatom is changed from S to Se and Te (4.4, 4.1 and 3.4 eV,
respectively), which is expected based on related examples in the literature;*** this lowering
of Eg is generally due to a reduction of the LUMO level.*** Two electronic transitions were
observed for 4BTe in the UV-Vis spectrum, the first (288 nm) was assigned to a n-n*
transition and the second absorption (338 nm) to a charge transfer absorption that will be
explained below. The high energy n-n* transition is also present in tellurophenes reported in

the Rivard group'’ (e.g. B-Te-6-B and B-Te-5-B).

Table 2.1. Optical properties of chalcogenophenes.

Absorption® Photoluminescence QOptical band gap°
}\'maxa nm €, N[-1 cm'l 7\'ema nm Eg, eV
4BS (THF) 262 10700 - 4.4
4BSe (THF) 275 10900 ; 4.1
288 7200
4BTe (THF) 516° 3.4
338 6000
ABTe 284 8100 . .
(Toluene) 339 6400 _ _
4BTe 288 4200 i i
(CH,Cl,) 337 3400 ; ]

a) Concentration of chalcogenophene, 11 puM b) In THF / water (5:95), 600 pM

¢) From Tauc plots
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Figure 2.5. Tauc plots for 4BS, 4BSe and 4BTe.

58



As it will be shown later, the emission profiles of B-Te-6-B and 4BTe in solution (under
N») are quenched once these samples are exposed to air. In addition the absorption profiles of
B-Te-6-B and 4BTe in THF were measured before and after exposure to air and the results
are shown in Figure 2.6 and Table 2.2. Both tellurophenes had similar absorption properties,
with two main electronic transitions in the UV spectral region (Table 2.2). Once the telluro-
phenes were exposed to air, a similar two band UV-Vis spectrum was seen as under N,
indicating no change in the electronic distribution of tellurophenes in the ground state. Of
note, collisional energy transfer from these tellurophenes to triplet oxygen (CO,) is only

expected to occur in the excited triplet state.™

As mentioned before, the first absorption peak at 292 nm in B-Te-6-B was assigned to a
n-n* transition. The lower energy absorption at 355 nm has been assigned, on the basis of
TD-DFT computations'’ as an electronic transition from the HOMO (mainly localized in a
lone pair on the Te" center) to the LUMO (B-C n-type orbitals involving the appended BPin
groups). The same assignment applies to the long wavelength UV-vis absorption in 4BTe as

confirmed via TD-DFT calculations conducted in collaboration with Prof. Brown (University

of Alberta); the computed HOMO and LUMO in 4BTe in THF are presented in Figure 2.7.

11900 10000

] ——B-Te-6-B THF-N2 ] ——4BTe THF-N2

-—---B-Te-6-B THF-02 ] 4BTe THF-02
1 7500 -
< 7900 - - ]
g 1 £ ]
A < 5000 -
= 14 = :
3900 @ 1
1 2500 -

250 350 450 550 650 750 250 350 450 550 650 750
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Figure 2.6. UV-Vis absorption spectra of B-Te-6-B and 4BTe in THF before and after

exposure to air; concentration of tellurophenes 50 uM.
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Table 2.2. Absorption properties of B-Te-6-B and 4BTe under N, and air in THF.

Amax, NM (€, M'lcm'l)

B-Te-6-B 4BTe
N, Air N, Air
292 (10200) 292 (10300) 295 (5800) 286 (6900)
354 (6100) 354 (6100) 342 (5000) 336 (5500)

HOMO-1 HOMO

Figure 2.7. Molecular orbitals of 4BS, 4BSe and 4BTe, as computed at the TD-B3LYP/aug-
cc-pVTZ-(PP) level of theory in THF (IEF-PCM).
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Based on the theoretical calculations for 4BS, the most allowed transition corresponded
from the HOMO localized in m-type orbitals in the C=C bonds to the LUMO localized in a
B-C =n-type orbitals involving the appended BPin groups, though transitions from the
HOMO-1 and HOMO to the LUMO, turned out to be very close in energy (4.79 and 4.72 eV,
respectively). In contrast, the most allowed transition in 4BSe corresponded to HOMO-1 (=-
type orbitals in the C=C bonds) to the LUMO (same n-type orbital located between B-C, as
in 4BS); there is also a switch in orbital character of the HOMO and HOMO-1 going from
4BS to 4BSe. Now the HOMO in 4BSe and 4BTe contains contribution from a Se" or Te"

lone pair (Figure 2.7).
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Figure 2.8. Luminescence of 4BTe in the film state under air at A = 370 nm.

When UV light of 365 nm was shined on the solid 4BS, 4BSe and 4BTe, only 4BTe
showed luminescence. Luminescence measurements in air (Figure 2.8) of pure films

indicated green phosphorescence (Aem = 536 nm) with a weighted mean luminescence

lifetime of T = 156 ps and an absolute quantum yield of ¢ = 20.3 %. Measurements under Ar
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show an increase in quantum yield to ¢ = 24.4 % and a longer average lifetime (1) of 387 ps,
though with the same emission band centered at ca. 536 nm. The large increase in the
lifetime in Ar by more than twice of the value measured in air, suggests the excited triplet
states are living longer under Ar than in air and therefore, the emission from the excited
triplet states in air might have being partially quenched via interaction with O, (also
evidenced by the slight decrease in 1 in air). However the packing of 4BTe in the solid state
might be preventing oxygen from diffuse entirely throughout the tellurophene film. The

quenching mechanism by O, will be addressed later.

In collaboration with Dr. Przemyslaw Data (Durham University), prompt and delayed
fluorescence studies of B-Te-6-B and 4BTe in a solid 1% in Zeonex matrix - solid state
under vacuum were performed. They showed two emissions in each B-Te-6-B and 4BTe
compound, one in fluorescence nature with lifetimes of T = 3.02 and 1.06 ns, respectively,
and the other in the phosphorescence range with lifetimes of © = 56.56 and 242.96 ps,
respectively. These results are important in the sense that the fluorescence emission had not
been detected yet in both tellurophenes, probably due to its very low intensity of these
emissions, which are each centered at 425 nm. The longer lifetime phosphorescence emission

occurred at the same wavelength as previously reported in the solid state for B-Te-6-B and

4BTe (516 and 535 nm, respectively)."’

Solutions of 4BS and 4BSe in THF were irradiated at 350 nm (in the fluorimeter) and 365
nm (UV light) under N, and in the presence of air (O,), however, no detectable luminescence
was found (Figure 2.9, top). In contrast, THF and CHCl; solutions of the tellurophenes 4BTe
and B-Te-6-B under N, exhibited faint green-yellow luminescence upon irradiation at 365
nm (Aem = 536 and 550 nm, respectively) (Figure 2.9, bottom). After these solutions were
exposed to air for 5 minutes the luminescence was completely quenched as verified by the
fluorimeter. The effect of air (O;) on the emission in tellurophenes in solution is then an

important factor to be considered in future luminescence studies.
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Figure 2.9. Top: no observable emission from 4BS and 4BSe under N, and O,. Bottom:
quenching process of B-Te-6-B and 4BTe in THF (50 uM) under N, when exposed to air for
5 minutes and shined with UV light of 365 nm.

Since luminescence was observed from B-Te-6-B and 4BTe in solution under N, it was
necessary to study this effect in more detail. In collaboration with Dr. Przemyslaw Data,
solutions of B-Te-6-B and 4BTe in toluene and THF were measured under air and after
degassing the samples (Figure 2.10). Interestingly, B-Te-6-B in toluene under air (top-left
Figure 2.10) showed weak fluorescence emission at 460 nm, which likely corresponds to the
same fluorescence emission detected in the solid state at 425 nm. In contrast, it was not
possible to detect the fluorescence emission coming from 4BTe in toluene and THF under air

(Figure 2.10, bottom-left).
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Figure 2.10. Luminescence measurements of B-Te-6-B and 4BTe in toluene and THF (10

MM) under air and after degassing the samples at Acx = 350 nm.

Once the sample solutions were cryo-degassed, main broad emissions at Aem = 560
and 580 nm tailing to longer wavelengths were observed in B-Te-6-B and 4BTe, respectively
(Figure 2.10, top and bottom-right), and a small band in 4BTe in toluene (Aey, = 460 nm)
corresponding to the fluorescence emission mentioned before. This is clear that quenching of
phosphorescence by the presence of O, is a major event in air. Light emission from 4BTe
and B-Te-6-B in the solid state was previously shown to be phosphorescence, as evidenced
by microsecond emission lifetimes, and supporting computational data was consistent with
the formation of excited triplet states (T,) via intersystem crossing from an initial singlet (S;)

1731 Thys, the noted quenching of emission in solution by O; is likely mediated by non-

state.
radiative collisional energy transfer from excited triplet states of the tellurophene emitters to

the ground state triplet oxygen (‘O,), resulting in the formation of energy singlet oxygen
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('0,) and regenerating a tellurophene in its ground state (So).”> This is a frequent quenching
mechanism of triplet emitting compounds with emission lifetimes in the microsecond range

or longer,™ as found in Pt or Pd porphyrin-based oxygen sensors.>*

Although the relative quantum yields of 4BTe and B-Te-6-B in THF and toluene (10 pM,
after cryo-degassing) were low (¢ = 2 % for B-Te-6-B and 4BTe in both solvents), the
emission in solution was still strong enough to be visible to the naked eye. Accordingly, one
can visually detect the quenching of luminescence after allowing the diffusion of air into the
solutions as was shown in Figure 2.9. Notably, relative quantum yields of these tellurophenes
in solution were very low in contrast to the absolute quantum yields (¢) found for B-Te-6-B
and 4BTe (11.5 and 20.3 %, respectively) in pure films.'” Such a difference in values might
be due to the possible hindered rotations in the solid state that avoid the excited molecule to
lose its energy through non-radiative rotational pathways, in this case the rotation of the BPin

groups around the B-C single bond would be restricted in the solid state.

Previous optical measurements'’ on B-Te-6-B showed that this tellurophene in
THF/water mixtures forms aggregates after > 80 wt. % water content upon which bright
green luminescence in air was found. The resulting aggregation-induced emission (AIE) from
B-Te-6-B is important as it opens the door for the possible use of B-Te-6-B in solid state

35-38

organic light-emitting diodes (OLED) and chemical sensors; its potential use as a sensor

lies in the use of B-Te-6-B in the turn-on mode when they form aggregates.

Sensors usually work in the turn-off mode, that is, they are emissive in solution and upon
contact with the analyte they might aggregate or precipitate showing a decrease in the
emissive properties by the usual aggregation-caused quenching effect (ACQ). However,
sensors working in the turn-on mode, such as AIE-based sensors, when they form aggregates
their emission is increased, showing higher sensitivity and less likely to generate false-
positive signals than their counterparts turn-off sensors.”> Examples of the use AIE- based
sensors have been reported (Figure 2.11) and include: selective detection of A" in cells
using a naphthalene di-imine base chelate,”® sensing of furin activity through the detection of

the emission from tetraphenylethylene (TPE)* aggregates formed when the enzyme furin is

65



cleaved, and the formation of a red emissive luminogen in the solid state based on TPE units

bridged by polyyne which could be applied for the fluorescence imaging of cancer cells.*!

Figure 2.11. AIE-based sensors for the detection of: a) AI’*, b) furin activity, and ¢) imaging

of cancer cells.

Due to similar structural characteristics of B-Te-6-B with 4BTe, the possibility of
achieving AIE in air from 4BTe was also investigated. Aggregates of 4BTe were formed in
a mixture of THF/water (5:95) and the resulting excitation and emission spectra are shown in
Figure 2.12. Aggregates of 4BTe emit at 516 nm (Aex = 365 nm). The resulting large Stokes
shift (5.5%10° cm™) is consistent with the nature of emission from 4BTe being phosphores-
cence; likewise a long lifetime (t) of 156 ps was found in air. Usually, AIE is assigned to the
restriction of intramolecular rotation (RIR) of molecular groups linked to the chromophores,
along with a reduction of potentially quenching mt-r stacking interactions in the solid state.*
However since tellurophene solutions of 4BTe (and B-Te-6-B) can emit in the absence of O,,

it is possible that not only restrictions in the molecular rotation of the BPin groups in the
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aggregates but exclusion of O, in the solid/aggregated state could contribute to the phospho-

rescence noted in air.
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Figure 2.12. Photoluminescence excitation and emission spectra of 4BTe in THF/water

(5:95); concentration of 4BTe = 600 uM (Aex = 365 nm).

Tellurophenes 4BTe, B-Te-6-B and their phenyl/BPin mixed-substituted analogues®'

(2,5-BPin,-3,4-Ph,-Te and 2,4-BPin;-3,5-Ph,-Te, see Scheme 2.3) all possess formally

empty p-orbitals at the ring-bound boron centers at the 2- and/or 5-positions; these species

also have one BPin group almost coplanar to the tellurophene ring, thus it is possible that all

of these species share the same mechanism of phosphorescence. Accordingly, when BPin

groups are found at the 2- and 5-positions of a tellurophene, the colour of emission is green

(Scheme 2.3), however, when a phenyl group is also found in either the 2- or 5-position (e.g.

2,4-BPin,-3,5-Ph,-Te) the emission changes from green to orange-yellow. Therefore, the
emission from these compounds can be altered by modification of the substituents bound to

the tellurophene. The formation and luminescent properties of unsymmetric alkyl-substituted

tellurophenes will be explored in Chapter 4.
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4BTe B-Te-6-B 2,5-BPin,-3,4-Ph,-Te 2,4-BPin,-3,5-Ph,-Te
green emission green emission green emission yellow-orange emission
Aem = 516 nm Aemis. = 535 nm Aemis. = 517 nm Aemis. = 577 nm
6 =20.3 %, T =156 ps (Air) ¢6=115%,1=166pus ¢$=4.5%,t=51.7ps $»=53%,1=179 us
¢ =24.4 %, t =387 us (Ar) (Air) (Air) (Air)

Scheme 2.3. Various BPin-substituted tellurophenes. Color of emission, absolute quantum

yields and lifetimes in the solid state are shown for comparison.

Phosphorescence from B-Te-6-B has been rationalized as stemming from the initial
population of an excited S; state followed by intersystem crossing (ISC), encouraged by the
presence of the Te atom, to occupy triplet excited states (with emission from T,) (Figure
2.13). Based on calculations on B-Te-6-B, the excited states S; and T; are close enough in
energy (< 0.1 eV) to make intersystem crossing possible leading to eventual phosphorescence
in the solid state. In contrast, it was found that in B-S-6-B and B-Se-6-B (Figure 2.1), the
closest triplet state to S; is on average different in energy by >1 eV, making intersystem
crossing highly unfavourable.'” This is a very important finding since it stressed the
importance of the presence of heavy atom (Te) in the series of chalcogenophenes to promote
phosphorescence via intersystem crossing from singlet to triplet states. Furthermore, the
energies of the excited triplet state (T3) in the phenyl/BPin-substituted tellurophenes 2,5-
BPin,-3,4-Ph,-Te and 2,4-BPin2-3,5-Ph2-Te31 are also close to that of the first singlet

excited state (S;) allowing ISC and phosphorescence to occur.

Theoretical calculations for the chalcogenophene series 4BE (E = S, Se and Te) are
shown in Figure 2.14. As in B-Te-6-B, the excited states S; and T; in 4BTe are close in
energy (~ 0.12 eV) thus explaining the phosphorescence observed upon irradiation. In the
case of 4BSe, no notable emission was observed in the solid state, likely due to the difference
in energy of excited states of S; and T; (0.35 eV), though the singlet excited state S, is
relatively close in energy to the excited triplet state Ts with a difference in energy of 0.17 eV,

still large enough to hamper ISC.
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Figure 2.13. Computed vertical excitation energies to both singlet and triplet states at the
TD-B3LYP/6-31G (2d, p) [LANL2DZ for Te] level of theory in the gas-phase, for
B-Te-6-B."
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Figure 2.14. Computed vertical excitation energies to both singlet and triplet states at the
B3LYP/cc-pVTZ (cc-pVTZ-pp for Te) level of theory in the gas-phase, for 4BS, 4BSe and
4BTe.

The non-emissive character of 4BS cannot be explained only by differences in energies

of their excited singlet and triplet states, since S, S, and T3 are very close in energy (~0.02

69



eV). However the smaller magnitude of spin-orbit coupling expected in the lighter chalco-
genophene 4BS, S could be preventing ISC from occurring. Thus the excited states in 4BS
(S; and S,) likely relax by non-radiative pathways as no observable luminescence in the solid

state or in solution was seen.

In order to see how the HOMO and LUMO’s energies vary in the series of chalcoge-
nophenes (4BE; E =S, Se and Te), cyclic voltammetry (CV) measurements were performed
at a 100 mV/s scan rate using analytically pure samples of 4BE (Figure 2.15) and ferrocene
(Fc) as a standard. Scanning the potential through all the range available for the system 4BTe
and Fc (in THF: -3.0 to 1.5 V) showed reduction processes at negative potentials relative to

the ferrocene standard (Fc) (Figure 2.16).

Based on the CV measurements, the peak-to-peak separation for the first reduction waves
(AE) in 4BS, 4BSe and 4BTe are more than 100 mV (0.35, 0.22, and 0.22 V, respectively),
therefore these redox processes are quasi-reversible in nature. Besides these quasi-reversible
redox process, 4BTe showed an irreversible reduction wave starting at -2.92 V. Multiple
cycles (up to 3 times) proved good electrochemical stability for the events (Figure 2.17). The
standard potential at the maximum of the quasi-reversible waves for 4BS, 4BSe and 4BTe -
2.53, -2.57 and -2.50 V (vs Fc/Fc"). According to the literature,” 4BE” species could be
considered as strong reducing agents and even catalysts. Examples where anion radicals are
used as catalysts can be found in the reductive cyclizations of unsaturated enones using
dicyanoanthracenes (DCA) as the photo-catalyst precursor. DCA is reduced with PPh; to
form the active catalytic species DCA™ which induces cyclization by reducing the enone via

an enol radical intermediate (Scheme 2.4).44
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Figure 2.15. Cyclic voltammograms of 4BS (3.7 mM), 4BSe (3.4 mM) and 4BTe (3.2 mM)
in THF / 0.1 M "BugNPF¢ under Ar, room temperature at 100 mV/s.
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Figure 2.16. Cyclic voltammogram of 4BTe and Fc/Fc' in THF (3.2 mM and 6.1 mM,

respectively) vs. Ag pseudo-reference at 100 mV/s under Ar.
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Scheme 2.4. Reductive cyclizations of unsaturated enones via anion-radical catalyst

formation (DCA").
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Figure 2.17. Cyclic voltammograms of 4BS, 4BSe and 4BTe in THF vs. Fc/Fc'. Three

cycles, scan rate at 100 mV/s.
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Table 2.3. Cyclic voltammetry measurements of the chalcogenophenes 4BE.

a b opt
on/onset9V Ered/onsetaV ELUMO ,eV EHOMO ,eV Eg ,eV

4BS -2.62 -2.42 -2.34 -6.74 4.4
4BSe -2.65 -2.47 -2.29 -6.39 4.1
-2.55 -2.40 -2.36 -5.76 3.4
4BTe
- -2.92 - - -

a) ELUMO = '(476 + Ered/onset) eV

b) Exomo (€V) = ELumo - Eg()pt

The energy of LUMO level (ELumo) in 4BTe was calculated using the corrected
reduction potential derived from the onset of the reduction wave by cyclic voltammetry
(Table 2.3). The Egomo of 4BTe was calculated from the estimated Epymo from CV and the
optical bandgap found by UV-Vis measurements. It was found that the lower bandgap in
4BTe is mainly driven by an increase in energy of the HOMO level (localized in a lone pair
on the Te" center, Figure 2.7). Thus 4BTe might be more prone to oxidation than the lighter
analogues 4BS and 4BSe.

2.2.3. Initial cross-coupling trials between 4BTe and 2-iodothiophene

4BTe is the most interesting chalcogenophene within the 4BE series (E = S, Se and Te)
in terms of optoelectronic properties; as a result, the possible functionalization of 4BTe using
Suzuki-Miyaura cross-coupling was explored. If suitable coupling conditions can be
developed then the generation of tetraaryl substituted, star-type, tellurophene structures could
be formed.**® Star-shaped molecules have some advantages over the linear analogues.*’*
For example, these species often have enhanced solubility and film-forming properties,so

with enhanced and broader absorption properties leading to higher power conversion
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efficiencies in photovoltaic devices.”'> The improved photovoltaic performance in
star-shaped molecules partially stems from an increased number of chemical groups able to
absorb light* compared to small molecules. Recently, a power conversion efficiency (PCE)
value of 8.1% was achieved in an organic solar cell containing a star-shaped light absorber

constructed from having benzodithiophene core (Figure 2.18).>

..........

spacer

...................

' S
acceptor,

Figure 2.18. Star-shaped benzodithiophene found in a high PCE solar cell.””

One challenge inherent to many tellurophene-based materials is a possible reduction in
solubility due to well-known Te---Te intermolecular interactions. Tellurophenes based on
star-shape structures could present better solubility than their lighter precursors, however,
star-shaped structures containing tellurophene cores are not known so far. Most star-shaped
compounds are based on core structures such as single”> and fused-aromatic rings,
-heterocycles, and heteroatom-containing triphenylamine (TPA) and silane units (Figure

2.19).
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Triphenylamine (TPA) Silane Benzene Triazine Quinoxaline Truxene

Figure 2.19. Different core units in star-shaped molecules. Examples can be found in the
literature for TPA,51’45’46 silames,so’54 benzene,53 triazine,55 quinoxatline56 and truxene’”*®

based materials.

Suzuki-Miyaura cross-coupling reactions were tested under different conditions in order
to form the tetrathienyltellurophene (4T-Te) (Scheme 2.5). First, the reaction was tested
under different solvents (THF, DMF and toluene) (Scheme 2.5 a), then under microwave
irradiation in THF at 135 °C for 45 min (Scheme 2.5 b), and finally different (pre)catalysts,
Pd(OAc), and Pd(PPhs)4, were tested under microwave conditions (80 °C for 1 h) (Scheme
2.5 ¢). Unfortunately none of these reactions afforded the desired tetrathienyl substituted
tellurophene. At the end of each reaction it was possible to detect (by 'H NMR and C{'H}
NMR spectroscopy) unreacted 2-iodothiophene and by-products of protodeboronation

reactions (see Chapter 3 for more details).

As stated above, the protodeboronation by-products 2BTe and BTe, derived from the
cleavage of BPin groups from 4BTe (Scheme 2.6) were detected in most coupling attempts;
thus it appeared that 4BTe was very sensitive to base-induced BPin cleavage. Accordingly,
the sensitivity of 4BTe to various bases was then explored in detail and the results form the

basis for much of Chapter 3.

3960 wherein the

Recently an alternate route to 4T-Te was developed in the Rivard group
known dithienylacetylene ((2-thienyl)C=C(2-thienyl), TC2T) was coupled to yield the new
zirconacycle, CpaZrCy(2-thienyl)s; this species then underwent metallacycle transfer with

Bipy*TeCl, to afford 4T-Te in a 33 % overall yield (Scheme 2.7).
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Scheme 2.5. Attempted Suzuki-Miyaura cross-coupling reactions of 4BTe with 2-iodothio-

phene.
)
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Scheme 2.6. By-products generated from the protodeboronation of 4BTe.
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Scheme 2.7. Synthesis of 4T-Te via dithienyl acetylene. Right side: structure of bithiophene-
substituted tellurophene, T-Te-6-T.

2.3. CONCLUSIONS

The synthesis and characterization of the tetraborylated chalcogenophenes, 4BS, 4BSe
and 4BTe is reported. 4BTe showed a smaller band gap than its lighter analogues, in addition
to good electrochemical stability and aggregation-induced phosphorescence. Luminescence
studies of B-Te-6-B and 4BTe in solution under N»/Ar and air proved the quenching effect of
O, had on the phosphorescent emission of the respective tellurophenes solutions. Prompt
fluorescence studies on B-Te-6-B and 4BTe allowed to detect a fluorescence band with very
short lifetimes. Although the functionalization of the tellurophene ring in 4BTe proved to be
challenging through Suzuki-Miyaura cross-coupling, 4BTe could be useful as a building
block to form another generic valuable BPin-capped tellurophenes, such as 2BTe and BTe,
through selective cleavage of the B-C single bond around the five-membered ring. 2BTe and
BTe might further be used as a precursors to form 3,4- or 3-substituted tellurophenes via
Suzuki-Miyaura cross-coupling reactions. Further research in the synthesis of 2BTe and BTe

is covered in detailed in Chapter 3.
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2.4. EXPERIMENTAL SECTION
2.4.1. General methods

Unless explicitly stated, all reactions were conducted with standard Schlenk and glove
box (MBraun) techniques using N, as an inert atmosphere, with solvents that were dried
using a Grubbs’ type purification system manufactured by Innovative Technology Inc. 2,2'-
bipyridine (Bipy) was purchased from GFS Chemicals, Cp,ZrCl, was purchased from Strem
Chemicals Inc., 2-isopropoxy-4.,4,5,5-tetramethyl-1,3,2-dioxa-borolane (iPrOBPin) was
purchased from Matrix Scientific, "BusNPF4 was purchased from Fluka-Sigma Aldrich and
all other chemicals were obtained from Aldrich, and used as received. Bipy*TeCl, and
Bipy*SeCl, were synthesized according to literature procedures.”’ 'H and “C{'H} and
"B{'H} NMR spectra were recorded on either a Varian Inova 500 and 400 spectrometer are
referenced externally to Me4Si ('H and “C{'H}) and F;B+OEt, (''B). Melting points were
measured in a MelTemp melting point apparatus and are reported without correction. Ele-
mental analysis were performed by the Analytical and Instrumentation Laboratory at the
University of Alberta, UV-visible measurements were performed with a Varian Cary 300
Scan spectrophotometer and fluorescence measurements with a Photon Technology Interna-
tional (PTI) MP1 fluorometer. High-resolution mass spectra were obtained on an Agilent
6220 spectrometer. Electrochemical measurements were performed in a WaveNow Poten-
tiostat / Galvanostat System with a USB interface and AfterMath Instrument control
software. The CV measurements were done using a three-electrode arrangement printed on a
ceramic substrate: Pt as a working and counter electrode and a Ag pseudo-reference electrode
in a 0.1 M THF solution of "BusNPF; as the supporting electrolyte using scan rate of 100
mV/s under Ar atmosphere in a glove box. Concentration of each chalcogenophene used in
the experiment was between 3.7 and 3.2 mM. The potential at the Pt-working electrode of
each sample was measured against Ag pseudo-reference electrode and corrected using the
formal reduction potential (0.64 V) of the ferrocene / ferrocenium (Fc / Fc") couple measured

at the same experimental conditions than those of the samples.
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2.4.1.1. Modified synthesis of B2C2:

O, o}
\ /
/B B\

o [o}

To a solution of "BuLi (50 mL, 2.5 M solution in hexanes, 125.0 mmol) in 140 mL of a

1:1 THF/Et,O mixture at -78 °C was added 3.7 mL of trichloroethylene (42 mmol) dropwise.
After stirring at room temperature overnight, the resulting solution (containing 1,2-dilithio-
acetylide) was cooled again to -78 °C and added via cannula to another solution of 'PrOBPin
(17.2 mL, 81.7 mmol) in 100 mL of Et,O at -78 °C. The mixture was stirred at -78 °C for 4 h
and at room temperature overnight. To the reaction mixture was added 42 mL of an HCI
solution in dioxane (4.0 M, 167 mmol) at -78 °C and followed by stirring at room tempera-
ture for 5 h. The solids were removed by suction filtration under air and the solvent was
removed from the filtrate. In order to remove any residual dioxane from the product, the
remaining solid was washed with ca. 100 mL of cold pentane (~ 4 °C) two times and the
washes collected; since the product is slightly soluble in pentane, more product can be
recovered from the collected washes by removing the solvent and washing again the
remaining solids with ca. 20 mL portions of cold pentane (~ 4 °C) two times. The collected
product was dried under vacuum to afford a white powder of B2C2 (10.139 g, 89 % yield).
'H NMR (500 MHz, CDCls): 6 1.25 (s, 24H, CHs). *C{'H} NMR (500 MHz, CDCls): & 84.7
(BCCB), 24.7 (CH3). '"B{'H} NMR (400 MHz, CDCls): § 23.2.%

2.4.1.2.  Synthesis of Cp,ZrCBPing:

bk

O‘B B—0

xS

To a solution of Cp,ZrCl;, (2.923 g, 10.00 mmol) in 73 mL of THF at -78 °C was added
dropwise a solution of "BuLi 2.5 M in hexanes (8.0 mL, 20 mmol). The mixture stirred for

1.5 h and then a cold solution of B2C2 (5.559 g, 20.00 mmol) in THF (100 mL) (at about
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4 °C) was added to the first solution via cannula transfer. The mixture was stirred overnight
at room temperature. The solvent was then removed by vacuum and to the remaining solid
was added 200 mL of dried Et,O. The resulting precipitate (LiCl) was allowed to settle and
the supernatant was decanted via cannula to another Schlenk flask under N, and the solvent
evaporated. Extraction of the remaining (LiCl) precipitate with Et,O was repeated twice
(with 200 mL of Et;O in each case). The solvent was removed from the collected Et,O
solutions to give Cp,ZrC4BPiny as a dark red solid (6.109 g, 78 % yield). '"H NMR (500
MHz, CeDg): & 6.17 (s, 10H, CsHs), 1.26 (s, 24H, CHz), 1.25 (s, 24H, CHs). “C{'H} NMR
(500 MHz, C¢Dg): & 111.3 (CsHs), 83.1 and 82.0 (O-C), 25.3 and 25.0 (CHs). ''B{'"H} NMR
(400 MHz, CDCls): 6 24.6 ppm. Anal. Calcd. for C3sHsgB4OsZr: C, 58.71; H, 7.52; Found:
C, 58.10; H, 7.50. Mp (°C): 165-167.

2.4.1.3.  Synthesis of 2,3,4,5-tetrakis(pinacolato)thiophene (4BS):

0 o
3 rSe
o~ \ / o

O—p
>§(‘ I7€<
o o

To a solution of Cp,ZrC4BPins (3.059 g, 3.94 mmol) in THF (60 mL) under N, was
added 0.4 mL of S,Cl, (4.3 mmol) dropwise. After stirring at room temperature for 24 h, 4.6
mL of P(OMe); (39 mmol) was added dropwise and the reaction mixture was stirred for
another 10 min. The solvent was removed under vacuum and the resulting product was
purified by column chromatography using silica gel and a 3:1 THF/hexane mixture as an
eluent (2.060 g, 89 %). Colorless crystalline 4BS could be obtained by cooling a toluene
solution layered with hexanes to 4 °C (0.723 g, 31 %). '"H NMR (400 MHz, CDCls): & 1.37
(s, 24H, CH3), 1.31 (s, 24H, CHs). “C{'H} NMR (400 MHz, CDCl;):  84.1 and 83.8 (C-O),
25.1 and 24.9 (CH3). "B{'H} NMR (400 MHz, CDCl;): & 30.0. Anal. Calcd. for
CosHusB4OsS: C, 57.20; H, 8.23; Found: C, 57.04; H, 8.23.
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2.4.1.4. Modified preparation of Bipy*SeCl,:

A mixture of 1.425 g of Se powder (17.95 mmol) and 1.5 mL of SO,Cl, (18 mmol) under
N, was stirred for 10 min before adding 46 mL of THF followed by stirring for 2.5 h. To this
mixture was added a solution of Bipy (2.804 g, 17.95 mmol) in 70 mL of THF dropwise.
After stirring for 1 h, the precipitate was allowed to settle and the supernatant decanted. The
remaining solid was washed with 2 x 200 mL of Et,O and then dried under vacuum to afford

a pale yellow powder of Bipy*SeCl, (4.881 g, 88 % yield).

2.4.1.5. Synthesis of 2,3,4,5-tetrakis(pinacolato)selenophene (4BSe):

o o
>2L L se 'J§<
o/Bj_Z’B\o
W/

O—p' B—0
>§(‘ ’7€<
(o] o

To a solution of Cp,ZrC4sBPins (4.897 g, 6.30 mmol) in THF (120 mL) was added
Bipy*SeCl, (2.121 g, 6.93 mmol). The mixture was stirred overnight at room temperature.
The solvent was then removed under reduced pressure and the product purified using column
chromatography (silica gel) with a mixture of THF/hexanes (3:1) as an eluent; this afforded
4BSe as a pale brown solid (2.674 g, 66 % yield). 'H NMR (500 MHz, CDCls): & 1.37 (s,
24H, CH3), 1.31 (s, 24H, CHs). “C{'H} NMR (500 MHz, CDCl;): § 84.1 (C-O), 83.9 (C-0),
252 (CH3), 24.9 (CH;). ""B{'H} NMR (400 MHz, CDCl;): & 30.7. Anal. Calcd. for
CysH4sB4OsSe: C, 52.97; H, 7.62; Found: C, 52.87; H, 7.64.
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2.4.1.6.  Synthesis of 2,3,4,5-tetrakis(pinacolato)tellurophene (4BTe):

(o] o
>2L L 'J§<
o’BHB\o

\ /

O—p B—0
>§(\ ’7€<
(o] (o]

To a slurry of Cp,ZrCl, (1.991 g, 6.81 mmol) in 50 mL of THF was added "BuLi (5.4
mL, 2.5 M solution in hexanes, 14 mmol) at -78 °C. After stirring for 1 h, a cold solution of
B2C2 (3.692 g, 13.28 mmol) in 70 mL of THF (at 0 °C) was added via cannula. The cold
bath was removed and after stirring for 1 h, the mixture was warmed to room temperature
with assistance from a warm water bath at ca. 35 °C; at this point the color of the mixture
went from pale yellow to dark red. The reaction mixture was stirred for another 1 h at room
temperature and Bipy*TeCl, (2.537, 7.15 mmol) was then added in one portion under a
strong counter-flow of nitrogen, followed by additional stirring for 2 h. The volatiles were
removed under vacuum and the product was purified by column chromatography (silica gel)
with hexanes/THF (1:3) as an eluent to yield 4BTe as a light brown solid (2.577 g, 56 %
yield). '"H NMR (500 MHz, CDClL): & 1.36 (s, 24H, TeCBOC(CHs),), 1.30 (s, 24H,
TeCCBOC(CHs),). *C{'H} NMR (500 MHz, CDCl3): & 84.1 (C-O), 83.9 (C-O), 25.20
(CHs3), 24.88 (CH3). ''B{'H} NMR (400 MHz, CDCl;): & 31.8. Anal. Calcd. for
CysHysB4OgTe: C, 49.20; H, 7.08; Found: C, 49.29; H, 7.05.
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2.4.2. X-ray details

Table 2.4. X-Ray crystallographic data for 4BSe.

A. Crystal Data

formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b(A)
c(A)
f (deg)
V(A3)
VA
Pealed (g cm3)

p (mm-l)

CogHygB40gSe
634.86
0.40 x 0.31 x 0.30

monoclinic

P2 (No. 4)

10.4690 (11)
13.8325 (14)
11.9952 (12)
100.7232 (11)

1706.7 (3)
2

1.235
1.142

B. Data Collection and Refinement Conditions

diffractometer

radiation (1 [A])

temperature (°C)

scan type

data collection 28 limit (deg)

total data collected

independent reflections

number of observed reflections (NO)
structure solution method
refinement method

20139)

Bruker D8/APEX 11 CCD?
graphite-monochromated Mo K« (0.71073)
—-100

 scans (0.4°) (10 s exposures)

55.16

39904 (-13<h<13,-17<k<17,-15L1<15)
7793 (Rint = 0.0306)

7534 [Fo? > 20(Fy?)]

Patterson/structure expansion (DIRDIF-2008¢)
full-matrix least-squares on F2 (SHELXL—
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absorption correction method
range of transmission factors
data/restraints/parameters
Flack absolute structure parameter¢
goodness-of-fit (S)/ [all data]
final R indices&

Ry [Fo? 2 20(Fo?)]

wR> [all data]

largest difference peak and hole

aQbtained from least-squares refinement of 9957 reflections with 4.54° <26< 55.08°.

multi-scan (TWINABS)
0.7923-0.7156

7793 /0/371

0.035(3)

1.030

0.0264
0.0668
0.490 and —0.791 ¢ A-3

bPrograms for diffractometer operation, data collection, data reduction and absorption

correction were those supplied by Bruker. The crystal used for data collection was found
to display non-merohedral twinning. Both components of the twin were indexed with the
program CELL NOW (Bruker AXS Inc., Madison, WI, 2004). The second twin
component can be related to the first component by 180° rotation about the [0.2 0 1] axis
in real space and about the [0 0 1] axis in reciprocal space. Integrated intensities for the
reflections from the two components were written into a SHELXL-2013 HKLF 5
reflection file with the data integration program SAINT (version 8.32B), using all
reflection data (exactly overlapped, partially overlapped and non-overlapped). The
refined value of the twin fraction (SHELXL-2013 BASF parameter) was 0.0930(6).

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,

R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory, Radboud
University Nijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr. 2008, A64, 112—122.

¢Flack, H. D. Acta Crystallogr. 1983, A39, 876-881; Flack, H. D.; Bernardinelli, G. Acta

Crystallogr. 1999, A55, 908-915; Flack, H. D.; Bernardinelli, G. J. Appl. Cryst. 2000,

33, 1143-1148. The Flack parameter will refine to a value near zero if the structure is in
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the correct configuration and will refine to a value near one for the inverted

configuration.

IS = [EW(F o2 — F2)2/(n — p)]Y/2 (n = number of data; p = number of parameters varied; w =

[2(Fo2) + (0.0391P)2 + 0.0327P]-! where P = [Max(F,2, 0) + 2F2]/3).

8R1 = Z||Fo| - |FCll/EIFol; wRy = [EW(Fo2 — F)2/Ew(FoH]12.

Table 2.5. X-Ray crystallographic data for 4BTe.

A. Crystal Data

formula CogHygB40gTe
formula weight 683.50
crystal dimensions (mm) 0.52 x0.47 x 0.39
crystal system monoclinic
space group P21 (No. 4)
unit cell parameters?
a(A) 10.4971 (3)
b (A) 14.0156 (4)
c(A) 12.0439 (4)
B (deg) 100.4861 (6)
V (A3) 1742.34 (9)
Z 2
Pealed (g cm™3) 1.303
u (mm-1) 7.076
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (1 [A]) Cu Ko (1.54178) (microfocus source)
temperature (°C) —-100
scan type w and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 142.56
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total data collected

independent reflections

number of observed reflections (NO)

structure solution method
refinement method
absorption correction method
range of transmission factors
data/restraints/parameters
extinction coefficient (x)¢
Flack absolute structure parameter/
goodness-of-fit (S)8 [all data]
final R indices”

Ry [Fo? 2 20(Fo?)]

wR> [all data]

largest difference peak and hole

11397 (-12<h<11,-17<k<17,-14 <1< 14)
6399 (Rint = 0.0397)

6390 [Fo2 > 20(Fy2)]

Patterson/structure expansion (DIRDIF-2008¢)
full-matrix least-squares on F2 (SHELXL-979)
Gaussian integration (face-indexed)
0.1670-0.1203

6399/0/372

0.0073(4)

0.373(5)

1.064

0.0342
0.0857
1.401 and —1.697 ¢ A-3

aQbtained from least-squares refinement of 9709 reflections with 9.78° <26< 142.52°.

bPrograms for diffractometer operation, data collection, data reduction and absorption

correction were those supplied by Bruker.

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory, Radboud
University Nijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr. 2008, A64, 112—122.

efF* = kF[1+ x{0.001F:2A3/sin(26)}]-1/4 where k is the overall scale factor.

fFlack, H. D. Acta Crystallogr. 1983, 439, 876-881; Flack, H. D.; Bernardinelli, G. Acta
Crystallogr. 1999, A55, 908-915; Flack, H. D.; Bernardinelli, G. J. Appl. Cryst. 2000,

33, 1143-1148. The Flack parameter will refine to a value near zero if the structure is in
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the correct configuration and will refine to a value near one for the inverted
configuration. The value observed herein is indicative of a degree of racemic twinning,

and was accomodated during the refinement using the SHELXL-97 TWIN instruction (see

reference d).

g8 = [Zw(Fy2 — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =

[02(Fo2) + (0.0598P)2 + 0.3421P]-! where P = [Max(Fy2, 0) + 2F2]/3).

th = 2||Fo| — |Fell/Z|Fol; wRy = [EW(FO2 _Fcz)z/ZW(Fo4)]1/2-
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Chapter 3

Selective placement of bromide and pinacolboronate groups about a

tellurophene: new building blocks for optoelectronic applications

3.1. INTRODUCTION

The study of tellurophene heterocycles has increased substantially recently due to the col-
lective recognition that advantageous properties can arise from the installation of a heavy in-
organic element within a ring framework.'” For example the presence of Te can promote
phosphorescence in some cases,”'* and afford lower optical band gaps in relation to thio-
phene and selenophene analogues.'™'*"® Moreover the potential for strong Te---Te intermo-
lecular interactions involving tellurophenes could lead to high degrees of charge mobility,
making them promising candidates for photovoltaic'**® and thin film transistor (TFT) appli-

. 212
cations.”'

One current limitation is the challenge associated with preparing and functionalizing
tellurophenes, however some key breakthroughs have emerged.”** Examples include the

6726 and Sn/Te* atom exchange and the development of

synthesis of tellurophenes via Zr/Te
stannylated tellurophenes as building blocks®* for efficient Stille cross-coupling methodo-
logies. When one examines the fertile research domains of thiophenes and seleno-phenes,
there are now commercially available compounds with either bromine or pinacol-boronate
(BPin)-appended functional groups; these substituents are suitable for a wide range of
derivatization/polymerization processes including Grignard Metathesis (GRIM), Stille, and

3933 Towards this end, new synthetic routes to BPin and

Suzuki-Miyaura cross-coupling.
bromide-functionalized tellurophenes is reported. The generated library of derivatized tellu-
rophenes should be of value to those seeking to advance the use of Te heterocycles in the

development of new optoelectronic materials.'™
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Scheme 3.1. New family of tellurophenes derived from the selective protodeboronation
(PDB) or halogenation of the luminescent tellurophenes 4BTe and B-Te-6-B (BPin = pinacol

boronate).

3.2. RESULTS AND DISCUSSION
3.2.1. Protodeboronation (PBD) of phosphorescent tellurophenes

The research described in this thesis chapter was instigated by our group’s effort to react
the known green phosphorescent perborylated tellurophene 4BTe (Scheme 3.1)° with various
arylhalides under Suzuki-Miyaura cross-coupling conditions. It was expected that aryl-
functionalized tellurophenes with color-tunable phosphorescence would be obtained in a di-
rect fashion.” However it became rapidly apparent that minimal aryl-group incorporation
transpired and that base-induced BPin cleavage (protodeboronation; PDB) occurred to give a
variety of new BPin-containing tellurophenes, as determined by 'H and ''B NMR analysis.
As a result, this competing reaction to Suzuki-Miyaura cross-coupling was explored in more
detail. When the commonly employed base K,CO; (ag.) was combined with 2,3,4,5-
tetrakis(pinacolboronate)tellurophene 4BTe in THF and the solvent heated to reflux for 2 h,
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the predominant product obtained after work-up was the new 3,4-substituted
bis(pinacolboronate)tellurophene 2BTe in a 50 % isolated yield (Scheme 3.2). This air-stable
compound afforded a high-resolution mass spectrum in accordance with the assigned overall
formula, and its "H NMR spectrum showed the presence of singlet resonances at 1.34 and
9.64 ppm (24:2 ratio; in CDCIl;) for the BPin and tellurophene-bound protons, respectively.
Moreover the latter resonance was flanked by discernable satellites (2Jire = 108.0 Hz) arising
from coupling to a '**Te nucleus (7.1 % abundance; = '), strongly suggesting the presence
of proximal hydrogen atoms at the 2- and S5-positions of the tellurophene ring. For
comparison, a similar *Jyr. coupling constant of 93.9 Hz was noted for the hydrogen atom at

the 5-position in 2-tellurophenecarboxylic acid.**

2 Mol KzCO3 (aqy 20M  H— T8 _H
\ /)
65 °C, 2 h, THF PinB BPin
PinB._-T€__BPin 2BTe, 50%
\ |
PinB BPin
4BTe 3 mol K2CO3 (aq.)s 20M H Te H
\ /)
pw: 130 °C, 20 min, THF H BPin
BTe, 75 %

Scheme 3.2. Selective protodeboronation of 4BTe to yield the 2BTe and BTe via thermal

(top) and microwave-induced conditions (bottom), respectively.

Careful analysis of the above mentioned crude reaction mixture identified the presence of
an additional tellurophene-containing product with three distinct aryl-H proton environments,
and one BPin group. This monopinacolato-substituted tellurophene, BTe, could also be
obtained in pure form in 75 % yield by heating 4BTe with aqueous K,COs3 for 20 min. at 130
°C under microwave conditions (Scheme 3.2). The resulting low melting beige solid (Mp =
67-69 °C) was subsequently identified as the 3-(pinacolato)tellurophene isomer by single-
crystal X-ray crystallography (Figure 3.1). Thus it appears that a sequential protodeboro-
nation process is occurring whereby the BPin groups initially positioned at the 2- and 5-
positions in 4BTe are first cleaved, followed by the loss of a third equivalent of BPin upon

prolonged heating with aqueous base (Scheme 3.1). In all of the above mentioned protode-
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boronation reactions, the known by-products PinBOH™ and PinBOBPin*® were identified by
'H, "B and “C{'H} NMR spectroscopy; fortunately these by-products can be readily
separated from the tellurophene products by extraction with water. '"H NMR analysis of the
crude reaction mixtures of aliquots of the reaction between 4BTe and K,CO; (ag.) in THF
(65 °C) taken after 10, 30 and 50 min, revealed the presence of a new product in decreasing
amounts relative to 2BTe over time, from a 3:2 ratio after 10 min down to a 1:5 ratio after 50
min. This new product afforded a singlet resonance at 10.27 ppm in CDCl; with discernable
Te-H coupling (At = 100.5 Hz; see Figure 3.17 at the end of this chapter) leading to the
assignment of this product as 2,3,4-tris(pinacolboronate)tellurophene 3BTe (Scheme 3.1).

Figure 3.1. Molecular structure of BTe with thermal ellipsoids presented at a 30 % probabil-
ity level. Residual factor, R = 0.0183. All hydrogen atoms have been omitted for clarity. Se-
lected bond lengths (A) and angles (°): Te-C(1) 2.0480(17), Te-C(4) 2.039(2), C(1)-C(2)
1.367(2), C(2)-C(3) 1.441(2), C(3)-C(4) 1.368(3), C(2)-B 1.554(2); C(1)-Te-C(4) 81.43(7).

The structure of BTe is presented in Figure 3.1 and contains a planar tellurophene ring
linked to a nearly coplanar BPin unit [average C(1)-C(2)-B-O(1) torsion angle = 6.9(5)°; the
BPin group is distorted over two positions]. As is common for tellurophenes, the intra-ring
C(1)-Te-C(4) angle is quite narrow [81.43(7)°]. For comparison, the same C-Te-C angle in
the tetra(pinacolato)tellurophene precursor 4BTe is 82.77(12)°,° while the average B-C
distance in each compound is the same within crystallographic error [1.554(2) A and

1.557(8) A avg. for BTe and 4BTe, respectively].
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Table 3.1. Optimization of conditions to form 2BTe".

Time, h Base, mol Mol %°
Entry

(temp, °C)  equiv. 4BTe/2BTe/BTe
1 (THF) 1 (65) <1/92/8
2 (THF) 3 (65) 2 <1/92/8
3 (THF) 16 (65) <1/64/36
4 (THF) 16 (65) 0 >09/<1/<1
5 (THF) 1 (65) <1/91/9
6 (THF) 3 (65) 4 <1/73/27
7 (THF) 24 (65) <1/49/51
8 (THF) <1/97/3
9 (Dioxane) <1/96/4
10 (MeCN) 24 (RT) 5 <1/95/5
11 (DMF) <1/72/28
12 (CHCI; or Toluene) >99/<1/<1

“Aqueous K,COj3 (2.0 M); *Determined by 'H NMR integration.

In order to further explore the role of base, temperature and solvent on protodeboronation
(PDB), the cleavage of BPin groups from 4BTe was studied in more detail with pertinent
reaction trials summarized in Table 3.1. Effective PDB occurred to yield products with > 90
% 2BTe content when 2-4 equiv. of aqueous K,COs; were combined with 4BTe in THF
followed by heating (65 °C) for 1 h. If one allows the reaction to transpire for 24 h (Entry 7,
Table 3.1) then an increase in the relative amount of mono-borylated product BTe is observed
(by 'H and ''B NMR).

The role of solvent in the PDB process was also examined. As a benchmark, 5 equiv. of
aqueous K,COj; were reacted with 4BTe in THF for 24 h. at room temperature and noted

conversion of 4BTe into a mixture of 2BTe and BTe (97:3 ratio; Entry 8). Other polar
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solvents such as DMF, dioxane and acetonitrile also support the PDB of 4BTe to give 2BTe
as a major isolated product (72 to 96 % spectroscopic yield in crude mixtures) along with
minor amounts of BTe (Entries 9-11, Table 1). No PDB occurred when 4BTe and K>CO3 (aq)
were combined in toluene or CHCI;. As a result the remaining reactivity studies were
conducted in THF given its miscibility with the quantities of water present in the reaction

media, and ease at which it can be removed (by evaporation) during work-up.

Given the Rivard group’s prior use of microwave conditions to facilitate chemical
transformations on metallole rings,37 compound 4BTe was treated with 3 equiv. of K,COs3 (aq)
in THF under irradiation (Table 3.2). In the first series of experiments, the temperatures were
varied from 80 °C to 130 °C with a constant heating time of 20 min. As expected, mostly
2BTe was obtained at 80 °C (90:10 ratio of 2BTe to BTe), while increasing the temperature
to 130 °C enabled the isolation of pure BTe in an isolated yield of 75 %; this reaction can be
scaled to yield 1 g of product with only trace quantities (1-2 %) of 2BTe present. Thus
microwave irradiation affords BTe from 4BTe in a more rapid and higher yielding fashion
than with conventional heating in refluxing overnight. The role of base in promoting the PDB
of 4BTe was also examined at 130 °C under microwave irradiation of 4BTe and it was found
that pure BTe was obtained with both NaOH and K,COj3, albeit at a slightly reduced isolated
yield of 63 % when aqueous sodium hydroxide was used as a reactant. 'Pr,NH also facilitated
the protodeboronation of 4BTe however only partial conversion occurred to give a mixture of

2BTe and BTe (55:45; Entry 5, Table 3.2).

A similar deboronation methodology was applied to the chalcogenophene analogues 4BS
and 4BSe to see if the selectivity observed for 4BTe PDB would translate to its lighter
element congeners to yield the mono-borylated thiophene (BS) and selenophene (BSe),
respectively (Scheme 3.3). Initial studies of the resulting crude product mixture by NMR (see
Figures 3.7 and 3.8 at the end of the chapter) indicated the formation of predominantly the
mono-substituted BPin analogues BS and BSe with respect to the di-substituted BPin
chalcogenophenes, 2BS and 2BSe (in 88:12 and 92:8 ratios, Scheme 3.3). Therefore an
overall similar trend/selectivity in protodeboronation occurs within the 4BE series (E =S, Se
and Te), illustrating the generality of based-induced BPin-aryl bond scission amongst the

chalcogenophenes.
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Table 3.2. Optimization of conditions to form BTe (from 4BTe) under microwave irradiation.

Temp., Time, Mol %
Entry Base®
°C min. (BTe/2BTe)

1 80 10/90
2 K,CO; 110 20 67/33
3 130 >99/<1
4 - 130 20 86/14/<1°
5 'ProNH 45/55
6 K,CO; 130 20 >99/<1
7 NaOH >99/<1
8 10 93/7
9 K,COs 130 20 >99/<1
10 40 >99/<1

*3 mole equiv. of base added. "Mol % (4BTe/BTe/2BTe)

PinB_E<_BPin  3molK,CO3 (sq), 20M  H_E_H Ho Ex_H
\ \ /] + \ /)
PinB BPin pW: 130 °C, 20 min, THF ~ H BPin  PinB BPin
E: S, Se BS /2BS: 88 : 12 mol ratio

BSe / 2BSe: 92 : 8 mol ratio

Scheme 3.3. Protodeboronation of 4BS and 4BSe.

Encouraged by the selective BPin-cleavage chemistry described above, I decided to
explore the propensity of the first room temperature phosphorescent tellurophene B-Te-6-B
(Scheme 3.1) to undergo protodeboronation (PDB).® An added driving force for studying the
PDB of B-Te-6-B is to gain a better understanding of a potential competing reaction to the
Suzuki-Miyaura cross-coupling polymerization of this tellurophene with arylhalides.”® B-Te-

6-B was prepared in an improved one-pot procedure in an overall yield of 63 % by first
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coupling the readily available BPin-capped diyne PinBC=C(CH,);C=CBPin*® with in situ
generated “Cp,Zr” to yield the known zirconacycle B-ZrCp,-6-B,**® which is subsequently
converted into B-Te-6-B by addition of TeCl*bipy” (Scheme 3.4). Furthermore, a similar
one-pot procedure could be applied for the synthesis of 4BTe (56 % overall yield) after a
total of 4 h starting from the alkyne PinBC=CBPin* (Scheme 3.4).

Cp,

PinB_-Z"_BPin PinB_-T€_ BPin
\ /) \
O\ /O
B—= =B,
o] 0 B-ZrCp,-6-B B-Te-6-B
0.97 equiv. THF THF
R or _— or
o 1) "Cp,Zr Cp, 3) 1.05 eguw.
2) alkyne PinB_ Zr__BPin  ClTesbipy p,.5  Te BPin
/B - B\
o) o) PinB BPin Ping BPin
1.95 equiv. 4B-ZrCp, 4BTe

Scheme 3.4. One-pot syntheses of B-Te-6-B and 4BTe.

Initial attempts to induce PDB within B-Te-6-B using aqueous K,CO; (1 equiv.) in
refluxing THF (in air) did not yield any appreciable reaction, despite heating to 65 °C for 16
h. Likewise microwave heating to 130 °C for 10 min using the same base and solvent
combination did not afford any discernable PDB. These results are commensurate with
aqueous K,COs being a suitable base for the Suzuki-Miyaura cross-coupling of B-Te-6-B
with various arylhalide substrates.”® However when the stronger base aqueous NaOH (1
equiv.) was combined with B-Te-6-B under microwave conditions (130 °C, 30 min.), proto-
deboronation of B-Te-6-B transpired to yield both B-Te-6-H (29 % isolated yield) and small
quantities of pure H-Te-6-H (3 % isolated yield) after separation by column chromatography.
Having found that the strong base NaOH protodeboronates B-Te-6-B, optimization of the
PBD reaction conditions was explored further. Notably, heating B-Te-6-B in refluxing THF
for 12 h with 1.2 eq. of NaOH (aq.) afforded B-Te-6-H in an enhanced yield of 42 % (Sche-
me 3.5); the related fully deboronated product H-Te-6-H was obtained as a pure pale yellow
oil in a 22 % yield after heating B-Te-6-B with 6 equiv. of 2.0 M aqueous NaOH in THF for

105



3 days. Crystals of B-Te-6-H (pale yellow solid) were obtained from toluene and the
structure determined by X-ray crystallography is presented in Figure 3.2.

Te

12 equiv. NaOHyq), 20M  "NB W H
PinB. e, BPin THF, 65°C, 12 h
\W
B B-Te-6-H

B-Te-6-B 6 equiv. NaOHsq), 2.0 M "~ "
THF, 65 °C, 3 days
H-Te-6-H

Scheme 3.5. Selective protodeboronation of B-Te-6-B.

The structure of the mono-borylated tellurophene B-Te-6-H contains many related
structural features as its di-pinacolboronate-functionalized predecessor B-Te-6-B. For exam-
ple, the planar tellurophene heterocycle in B-Te-6-H lies in a nearly co-planar arrangement
as the flanking BO,C,; ring in the BPin group [Te-C(1)-B-O(1) torsion angle = -18.2(5)°];
likewise in B-Te-6-B the two BPin residues are aligned in a nearly coplanar geometry with
the core tellurophene unit as evidenced by twist angles of 15.2(4) and 17.3(5)°. It has been
noted in prior work that tellurophenes bearing co-planar BPin substituents at either the 2- or
5-positions exhibit aggregation-induced phosphorescence;®” as a result, the optical properties

of the new emissive tellurophene B-Te-6-H will be discussed towards the end of this chapter.
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Figure 3.2. Molecular structure of H-Te-6-B with thermal ellipsoids presented at a 30 %
probability level. Residual factor, R = 0.0226. All hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): Te-C(1) 2.067(4), Te-C(4) 2.051(4), C(1)-
C(2) 1.368(5), C(2)-C(3) 1.443(5), C(3)-C(4) 1.348(6), C(1)-B 1.541(5); C(1)-Te-C(4)
81.90(16).

From the protodeboronation studies presented it is clear that the perborylated
tellurophene 4BTe is much more prone to base-induced BPin cleavage than the partially
alkylated heterocycle B-Te-6-B. At first glance once can attribute this fact to the more
electron-rich nature of the sp”-hybridized carbon atoms in 4BTe in relation to B-Te-6-B, due
to the o-donating nature of the BPin groups. Likewise the increased reactivity of C atoms
positioned next to the electropositive Te center in 4BTe facilitate the selective protonolysis of
the C-BPin linkages at the 2- and 5-positions. One needs to be cautious in over generalizing
reaction trends as it has been shown that placement of ortho electron-withdrawing groups
(EWGs) about arylboronates can facilitate protodeboronation,”’ while electron-donating
groups (EDGs) can also facilitate this transformation.** In the first instance, EWGs assist in
base-coordination to boron, while in the second case the EDG facilitate C-B protonolysis. In
some interesting recently studies, both Cu(Il) and Ag(I) salts were shown to facilitate
PDB,"”* however as will be seen, this reaction can be suppressed under suitable reaction

conditions in the case of CuBr,.
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3.2.2. Access to brominated tellurophenes via pinacolboronate-halide exchange

The use of brominated thiophenes is essential to many polymerization protocols with
both 3-bromothiophene and later a 2,5-dibrominated thiophene used in the preparation of the
widely explored conjugated material poly(3-hexylthiophene) (P3HT).*** Installation of
bromine atoms onto thiophene heterocycles can be accomplished via direct bromination of
C-H groups with elemental Br, or using milder halogenating reagents such as N-bromo-
succinimide. However the electron-rich nature of the Te(Il) centers in tellurophenes leads to
the competitive bromination at tellurium to yield Te(IV) dibromides.***’ To circumvent this
possible issue, I was drawn to the mild conversion of arylboronates to arylhalides using
excess CuBr,.*** The reaction of B-Te-6-B with excess CuBr, (4-6 equiv.) was first
examined at ca. 70 °C in a 2:1 THF/water mixture. After 24 hours the target dibrominated
tellurophene Br-Te-6-Br was obtained in a 19 % yield as a white solid after purification of

the reaction mixture by column chromatography (Scheme 3.6).

Yield
19%

6 equiv. CuBr,

THF/H,0 (2:1), 70 °C, 24 h

PinB.~T€. _BPin Br_Te_ Br
W 4 equiv. CuBr, \ /)
46%
DMF/H,0 (3:1), 100 °C, 12 h

B-Te-6-B Br-Te-6-Br

6 equiv. CuBr, 77%
0

DMF/H,0 (4:1), rt, 12 h

Scheme 3.6. Optimization of the BPin/Br exchange reaction to afford Br-Te-6-Br.

Subsequent tests were conducted to improve the yield of the BPin/Br exchange reaction
outlined in Scheme 3.6. First, the effect of water on the reaction progress was examined. To
my initial surprise, when CuBr; (3 equiv.) was combined with B-Te-6-B in MeCN (65 °C, 16
h) the direct bromination of the Te center transpired to yield the known Te(IV) dibromide
B-TeBr,-6-B° in an isolated yield of 53 % (Scheme 3.7) without the presence of starting
material or the intended product Br-Te-6-Br. However when B-Te-6-B was heated with

CuBr; to 100 °C for 12 h in DMF/H,0 (3:1), the recovery of pure Br-Te-6-Br in 46 % yield
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was possible after purification by column chromatography (Scheme 3.6). The highest yield of
Br-Te-6-Br (77 %) resulted from the reaction of 6 equiv. of CuBr, with B-Te-6-B in DMF
/H,O at room temperature for 12 h; moreover this product could be recovered in high
spectroscopic purity without the need for time-consuming column chromatography (Scheme

3.6).

Br\ Br
/
PinB.__-Te__BPin 3 equiv, CuBr PinB._-T€._BPin
N/ ' 2 \ /)
MeCN, 65 °C, 16 h.
B-Te6-B B-TeBr,-6-B

Scheme 3.7. Halogenation of B-Te-6-B using CuBr; to form B-TeBr,-6-B.

The optimal conditions used to form Br-Te-6-Br from B-Te-6-B were then applied to
yield the respective brominated-analogues of 2BTe and BTe (3.,4-dibromotellurophene and
3-bromotellurophene, respectively). When BTe was combined with 3 equiv. of CuBr; in
DMF/H,0 (4:1) at room temperature, no discernable reaction transpired after 16 h. In the
case of 2BTe, the reaction with 6 equiv. of CuBr; at room temperature in a 4:1 DMF/H,0
mixture afforded the target dibromide 2BrTe (Scheme 3.1) along with a new BPin-containing
product that has been tentatively assigned as 3-bromo-4-pinacolatotellurophene (BrBTe) on
the basis of 'H NMR spectroscopy (see Figure 3.16 for spectral assignments). Low, yet
reproducible isolated yields of pure 3,4-dibromotellurophene (2BrTe; 24 %) and 3-bromo-
tellurophene (BrTe; 21 %) were obtained by heating CuBr, and 2BTe and BTe respectively
in MeOH/H;0 under reflux for 16 h (Scheme 3.8). Future work will involve exploring the
functionalization of these new bromotellurophenes to yield new monomers for polymeri-

zation protocols.”’
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H.-Te_H 4 equiv. CuBr, H.Te__H
. . MeOH/H,0 (4:1)
PinB BPin reflux 16 h Br Br
2BTe 2BrTe
Ho Te_H 2 equiv. CuBr, H._-Te__H
. MeOH/H,0 (4:1)
H BPin reflux 16 h H Br
BTe BrTe

Scheme 3.8. Synthesis of 3,4-dibromo- and 3-bromotellurophene (2BrTe and BrTe).

To prove the utility of Br-Te-6-Br as a building block in coupling reactions, Stille cross-
coupling between this heterocycle and 2-(tributylstannyl)thiophene was performed. As antici-
pated, heating these reagents in the presence of Pd(PPhs), catalyst under microwave-assisted
conditions (Scheme 3.9) yielded the known thiophene-capped tellurophene (T-Te-6-T)° in a
crude yield of 75 % (ca. 90 % purity), by washing the crude product with cold hexane; addi-
tional washings with pentane could yield analytically pure T-Te-6-T albeit in a reduced yield
of 31 %.

4 mol. %

Br \TG/ Br s SnBu, Pd(PPhy),
5 + 2 @/
uW 140 °C
2 h, THF
Br-Te-6-Br T-Te-6-T

Scheme 3.9. Stille coupling involving the dibromotellurophene (Br-Te-6-Br).

3.2.3. Absorption and emission properties of B-Te-6-H

In general tellurophenes are non-emissive due to the “heavy-metal effect” which promo-
tes population of long-lived excited triplet states that are generally quenched by extraneous
oxygen or via self-quenching in the solid state.! More recently, it was found that when a BPin
group was positioned adjacent to Te-center (2- or 5-positions) then solid state phospho-
rescence could be observed, even in the presence of 02.6’7 In line with prior studies B-Te-6-H

is non-emissive in solution, due to non-radiative decay mediated by the free rotation of the
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BPin group, however unlike B-Te-6-B or 4BTe, this species does not emit in the solid state at
room temperature, nor in presence or absence of O,. It was difficult to obtain B-Te-6-H in
highly crystalline form (with only one successful crystallization trial to date), so one possible
theory is that at room temperature B-Te-6-H retains sufficient amorphous character to enable
luminescence quenching/non-radiative decay by BPin rotation. As a result the emissive pro-

perties of B-Te-6-H were examined in frozen 2-methyl-THF at 77 K (see Figure 3.3).

1.0
\ liquid
nitrogen

0.6 - |

0.4 vl

Normalized Intensity
\ ;
m/
'y
L)
I

0.2 N

0.0 4

250 300 350 400 450 500 550 600
Wavelength (nm)
Figure 3.3. Excitation (solid lines) and emission spectra (dashed lines) of B-Te-6-H as a
frozen glass in 2-Me-THF at 77 K. [B-Te-6-H] = 1 x 10 M. Inset shows the images of
B-Te-6-H in 2-Me-THF at room temperature (left) and at 77 K (right) under UV lamp (Aex =

365 nm).

As shown in Figure 3.3, very weak vibrationally resolved blue emission was found, with
the small Stokes shift noted suggesting that fluorescence was transpiring. Interestingly the
emission of B-Te-6-H in film state is substantially red-shifted (Aem = 580 nm) relative to in 2-
methyl-THF to afford yellow emission, due to the possible formation of low excited state
energy emissive excimers (Figure 3.4). The quality of the emission data unfortunately was
not high enough to extract reliable lifetime data for this system and current studies are

focusing on improving film crystallinity for more detailed photoluminescence studies.
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Figure 3.4. Excitation (solid lines) and emission spectra (dashed lines) of B-Te-6-H in film

at 77 K. Inset shows the images of film of B-Te-6-H at room temperature (left) and at 77 K
(right) under UV lamp (Aex = 365 nm).

3.3. CONCLUSIONS

General pathways to obtain both brominated and BPin-capped tellurophenes are reported.
These species represent valuable building blocks for the construction of next generation ma-
terials with possibly high degrees of charge mobility and narrow optical band gaps, stemming
from the presence of tellurophene heterocycles.'™ Future work will involve incorporating
these units into polymeric structures and the continued investigation of the unusual lumines-

cence properties of borylated tellurophenes.
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3.4. EXPERIMENTAL SECTION
3.4.1. General methods

Unless explicitly stated, all reactions were conducted with standard Schlenk and glove
box (MBraun) techniques using N, as an inert atmosphere, with solvents that were dried
using a Grubbs’ type purification system manufactured by Innovative Technology Inc. 1,7-
Octadiyne and 2,2’-bipyridine were purchased from GFS Chemicals, Cp,ZrCl, was pur-
chased from Strem Chemicals Inc., 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxa-borolane
was purchased from Matrix Scientific and all other chemicals were obtained from Aldrich.
Bipy*TeCl,,” Bipy*SeCl,,”” PinBC=CBPin,” PinBC=C(CH,);C=CBPin,”® Cp,ZrC4BPin,’

and 2-tributylstannylthiophene !

were synthesized according to literature procedures, while
B-Te-6-B,*° and 4BTe® were prepared according to modified procedures as described below
and in Chapter 2, respectively. 'H and "C{'H} and ''B{'H} NMR spectra were recorded on
either a Varian Innova 500 and 400 spectrometer are referenced externally to MesSi (‘H and
BC{'H}) and F;B+OEt, (''B). Melting points were measured in a MelTemp melting point
apparatus and are reported without correction. Elemental analysis were performed by the
Analytical and Instrumentation Laboratory at the University of Alberta, UV-visible meas-
urements were performed with a Varian Cary 300 Scan spectrophotometer and fluorescence

measurements with a Photon Technology International (PTI) MP1 fluorometer. High-resolu-

tion mass spectra were obtained on an Agilent 6220 spectrometer.

3.4.1.1.  Synthesis of B-Te-6-B:

0 o)
Q\‘ '/g<
o/B B\o

E\ /;

To a slurry of Cp,ZrCl, (2.558 g, 8.749 mmol) in 65 mL of THF was added "BuLi (7.0
mL, 2.5 M solution in hexanes, 17.5 mmol) at -78 °C. After stirring for 1 hour at -78 °C, a
cold solution of PinBC=C(CH,)sC=CBPin (3.039 g, 8.487 mmol) in 75 mL of THF (at 0 °C)

was added via cannula. The cold bath was removed and after stirring for 1 h, the mixture was
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warmed to room temperature with assistance from a warm water bath at ca. 35 °C; at this
point the color of the mixture went from yellow to dark red. The reaction mixture was stirred
for another 3 h at room temperature. Bipy*TeCl, (3.160 g, 8.911 mmol) was then added in
one portion under a strong counter-flow of nitrogen, followed by additional stirring for 2 h.
The volatiles were removed under vacuum and 150 mL of hexanes/pentane (1:1 mixture) was
added to the remaining solids. The mixture was then filtered through a small pad (1 cm) of
silica gel and the solvent was removed to give pure B-Te-6-B (2.588 g, 63 %) as a pale beige

solid with spectroscopic data that matched those previously reported.?®

3.4.1.2.  Synthesis of 3,4-bis(pinacolato)tellurophene (2BTe):

H_-Te& __H
\

0—p g—0
>$(‘ ’76<
(o] o

4BTe (0.342 g, 0.300 mmol) was dissolved in 4 mL of THF. 0.5 mL of aqueous K,COs3
(2.0 M, 1.0 mmol) was then added and the solution was heated to reflux for 2 hours. The re-
action mixture was then poured into 20 mL of CHCI; and MgSO4 was added, followed by
filtration through a pad of Celite. After the solvent was removed from the filtrate under
vacuum, the mixture was poured into 20 mL of hexanes and washed with water (3 x 50 mL
of H,0). After drying the organic layer over MgSOy and filtering, the volatiles were removed
from the filtrate to afford 2BTe (0.109 g, 50 %) as a yellow-orange oil.

Alternate synthesis of 2BTe under microwave conditions: 4BTe (0.364 g, 0.533 mmol)
was dissolved in 2 mL of THF in a microwave vial under an inert atmosphere of N», then, 0.8
mL of aqueous K,COs (2.0 M, 1.6 mmol) was added and the vial was sealed. The reaction
was left in the microwave reactor stirring for 20 min at 80 °C. The reaction mixture was
poured into 20 mL of CHCl;, filtered through a pad of Celite, and then the organic layer was
washed with H,O (3 x 50 mL). The organic layer was dried over MgSQO, filtered and the
volatiles were removed under reduced pressure. Purification was accomplished via column
chromatography using silica gel with a 9:1 hexanes:THF mixture as an eluent to give 2BTe

as a deep yellow liquid (0.054 g, 23 %) in a purity of ca. 95 % (according to '"H NMR). 'H
114



NMR (500 MHz, CDCls): & 9.64 (s, 2H; satellites: “Jur. = 108.0 Hz, Te-CH), 1.34 (s, 24H,
CHs). “C{'H} NMR (500 MHz, CDCl;): & 139.3 (Te-CH) 83.8, (C-O); 25.0 (CH3). 'B{'H}
NMR (500 MHz, CDCls): 6 30.4. HR-MS (EI) (C;sH26B204Te): m/z: Caled: 434.1079;
Found: 434.1076 (Appm = 0.9).

3.4.1.3.  Synthesis of 3-pinacolatotellurophene (BTe):

Te

.

H B—
|
o

4BTe (0.455 g, 0.666 mmol) was dissolved in 4.5 mL of THF in a microwave vial under
an inert atmosphere of N,. After adding 1.0 mL of aqueous K,COs3 (2.0 M, 2.0 mmol) the vial
was sealed. The reaction was left in the microwave reactor stirring for 20 min at 130 °C. The
reaction mixture was then poured into 40 mL of CHCl; and filtered through a pad of Celite,
then the organic layer washed with H,O (3 x 70 mL) and dried over MgSQ,. After filtration,
the volatiles were removed under vacuum to give BTe as a light brown solid (0.153 g, 75 %).
Crystallization from toluene at 4 °C afforded colorless crystals of BTe that were of suitable
quality for X-ray crystallography. 'H NMR (500 MHz, CDCl5): & 9.86 (pseudo t, 1H, J= ca.
1.4 Hz; satellites: *Jyr. = 106.0 Hz, TeC(H)C(B)), 8.96 (dd, 1H, *Juy = 6.6 Hz, *Jyu = 1.6 Hz;
satellites: “Jyre = 104.0 Hz, TeC(H)C(H)), 8.13 (dd, 1H, *Juy = 6.5 Hz, “Jyy = 1.2 Hz; satel-
lites: *Jirre = 28.4 Hz, TeC(H)C(H)), 1.33 (s, 12H, CHz). “C{'"H} NMR (500 MHz, CDCl3): &
143.2 (Te-C), 141.2 (Te-C), 126.8 (HCCHC(B)), 83.8 (C-0), 25.0 (CH3). '"B{'H} NMR (400
MHz, CDCl,): 6 29.1. HR-MS (EI) (C,0H;5BO;Te): m/z: Calcd: 308.0227; Found: 308.0229
(Appm = 0.7). Anal. Calcd. for C(H;5BO,Te: C, 39.30; H, 4.95; Found: C, 39.47; H, 4.97.
Mp(°C): 67-69.
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3.4.1.4. Synthesis of 3-pinacolatothiophene (BS) and 3,4-bis(pinacolato)thiophene
(2BS):

Ho S\ __H Ho S\ _H
\ / \ /
é7€< >§(a a7€<
BS 2BS

4BS (0.279 g, 0.476 mmol) was dissolved in 1.7 mL of THF in a microwave vial under
an inert atmosphere of N,. After adding 0.71 mL of aqueous K,CO3 (2.0 M, 1.42 mmol) the
vial was sealed. The reaction mixture was left in the microwave reactor stirring for 20 min at
130 °C. The reaction mixture was then poured into 30 mL of CHCI; and filtered through a
pad of Celite, then the organic layer washed with H,O (3 x 50 mL) and dried over MgSOs.
After filtration, the volatiles were removed under vacuum to give a mixture of BS and 2BS,
in a molar ratio of 88 : 12, as a dark brown oil (0.084 g).

NMR data for BS: '"H NMR (500 MHz, CDCls): & 7.92 (dd, 1H, *Jyy= 1.1 Hz, *Jyy = 2.7
Hz, SC(H)C(B)), 7.41 (dd, 1H, *Juyu = 1.1 Hz, *Jun= 4.9 Hz, SC(H)C(H)), 7.33 (dd, 1H, *Jun
=2.7 Hz, *Jun= 4.9 Hz, SC(H)C(H)), 1.33 (s, 12H, CH5). “C{'H} NMR (500 MHz, CDCl5):
8 136.5 (S-C), 132.1 (S-C), 125.4 (HCCHC(B)), 83.7 (C-0), 24.9 (CH3). ''B{'H} NMR (400
MHz, CDCls): § 29.0.

NMR data for 2BS: '"H NMR (500 MHz, CDCls): § 7.78 (s, 2H, SC(H)C(B)), 1.35 (s,
24H, CHs). “C{'H} NMR (500 MHz, CDCls): & 135.5 (S-C), 84.7 (C-O), 25.0 (CHs).
"B{'H} NMR (400 MHz, CDCls): & 29.0.

3.4.1.5. Synthesis of 3-pinacolatoselenophene (BSe) and 3,4-bis(pinacolato)seleno-

phene (2BSe):
H. S8 _H H. S8 _H

H B—C, O—g B—C,

BSe 2BSe

4BSe (0.247 g, 0.389 mmol) was dissolved in 1.5 mL of THF in a microwave vial under
an inert atmosphere of N,. After adding 0.58 mL of aqueous K,COs (2.0 M, 1.16 mmol) the

vial was sealed. The reaction was left in the microwave reactor stirring for 20 min at 130 °C.
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The reaction mixture was then poured into 30 mL of CHCl; and filtered through a pad of
Celite, then the organic layer washed with H,O (3 x 50 mL) and dried over MgSQ,. After
filtration, the volatiles were removed under vacuum to give a mixture of BSe and 2BSe, in a
molar ratio of 92 : 8, as a dark brown oil (0.083 g).

NMR data for BSe: "H NMR (500 MHz, CDCls): & 8.73 (dd, 1H, *Juu= 0.9 Hz, *Juy =
2.2 Hz; satellites: 2Jyse = 49.3 Hz, SeC(H)C(B)), 8.03 (dd, 1H, *Juy = 2.2 Hz, *Juu = 5.3 Hz;
satellites: “Juse = 48.6 Hz, SeC(H)C(H)), 7.64 (dd, 1H, “Jyy = 0.9 Hz, *Jyy = 5.1 Hz;
satellites: *Jyse = 15.4 Hz, SeC(H)C(H)), 1.33 (s, 12H, CHs). *C{'H} (500 MHz, CDCl;): &
143.1 (satellites: 'Jsec = 118.2 Hz, Se-C), 134.4 (SeC(H)C(H)), 130.6 (satellites: 'Jsec=111.1
Hz, Se-C), 83.7 (C-0), 24.9 (CH3). "B{'H} NMR (400 MHz, CDCL;): & 29.0.

"H NMR data for 2BSe (500 MHz, CDCls): & 8.55 (s, 2H; satellites: “Jys. = 49.8 Hz,
SeC(H)C(B)), 1.35 (s, 24H, CH;).

3.4.1.6. Synthesis of B-Te-6-H:
o
Q\,l\a Te _H
° E\ /é

To a solution of B-Te-6-B (0.971 g, 2.00 mmol) in 6 mL of THF at 70 °C under air was
added dropwise 1.2 mL of aqueous NaOH (2.0 M, 2.4 mmol). After heating was continued
for 12 h, the reaction mixture was allowed to cool to room temperature. The mixture was
then poured into 70 mL of Et,O and extracted with a saturated brine (NaCl) solution (3 x 80
mL). The organic layer was then dried over Na,SOy, filtered, and the volatiles were removed
under vacuum. The product was purified by column chromatography using silica gel and a
20:1 hexanes/ethyl acetate mixture as an eluent (Ry = 0.45) to give B-Te-6-H as a pale yellow
solid (0.308 g, 42 %). Crystals of suitable quality for X-ray diffraction were grown from
toluene at 0 °C. '"H NMR (500 MHz, CDCl3): & 8.63 (s, 1H; satellites: “Jyr = 93.3 Hz,
Te-CH), 2.85 (m, 2H, C=CCH,), 2.71 (m, 2H, C=CCH,), 1.67 (m, 4H, C=CCH,CH), 1.30
(s, 12H, CH;). *C{'H} NMR (500 MHz, CDCLs): & 158.3 (Te-C=C), 151.4 (Te-C=C), 125.3
(Te-C-H), 83.7 (C-0O), 32.7 and 32.6 (C=CCH,CHa), 24.9 ((H3:(C),C), 23.7 (C=CCH,CHy,).
"B{'H} NMR (400 MHz, CDCl): & 31.0. HR-MS (EI) (C14H;BO,Te): m/z: Calcd:
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362.06970; Found: 362.06999 (& ppm = 0.8). Anal. Calcd. for C4H,;BO,Te: C, 46.74; H,
5.88; Found: C, 47.03; H, 5.81. Mp(°C): 64-66.

H H
§\ /é

B-Te-6-B (1.363 g, 2.806 mmol) was dissolved in 9 mL of THF and 8.4 mL of aqueous

3.4.1.7.  Synthesis of H-Te-6-H:

NaOH (2.0 M, 17 mmol) was added dropwise under air. After heating the mixture to reflux
for 3 days, the reaction mixture was left to cool to room temperature. The mixture was then
poured into 60 mL of CHCI; and washed with water (3 x 80 mL). The organic layer was
dried over Na,SQ,, filtered and the volatiles were removed from the filtrate under vacuum.
The product was purified by column chromatography using silica gel and a 20:1 hexanes
/ethyl acetate mixture as an eluent (Ry = 0.82) to give H-Te-6-H as a yellow oil (0.150 g, 22
%). "H NMR (500 MHz, CDCl5): & 8.26 (s, 2H; satellites: Jire= 101.1 Hz, Te-CH), 2.70 (m,
4H, C=CCH,), 1.67 (m, 4H, C=CCH,CH,). "C{'H} NMR (500 MHz, CDCls): 5 148.3 (Te-
C=C), 117.7 (satellites: 'Jrec = 143.3 Hz, Te-C-H), 32.0 (C=CCH,CHy), 24.0 (C=CCH,CH)).
HR-MS (EI) (CsHjoTe): m/z: Caled: 235.9845; Found: 235.9846 (Appm = -0.5). Anal. Calcd.
for CgH;oTe: C, 41.10; H, 4.31; Found: C, 41.16; H, 4.30.

3.4.1.8.  Synthesis of Br-Te-6-Br:

Te

Br Br
E\ /é

B-Te-6-B (0.124 g, 0.255 mmol) and CuBr; (0.342 g, 1.53 mmol) were dissolved in a
mixture of DMF/H,O (4 mL: 1 mL) and stirred at room temperature for 12 h. The reaction
mixture was then poured into 50 mL of CHCI; and washed repeatedly with water (5 x 70
mL). The organic layer was then dried over Na,SOy, filtered and after removal of the solvent,
the product was obtained as a white solid (0.077 g, 77 %). If purity above 90 % is necessary,
the product can be further purified using column chromatography (silica gel) with petroleum
ether as an eluent (R = 0.62) to give Br-Te-6-Br as a white powder. 'H NMR (700 MHz,
CDCls): & 2.56 (m, 4H, Br-C=CCH,CH,), 1.65 (m, 4H, Br-C=CCH,CH2). “C{'H} NMR
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(700 MHz, CDCly): & 146.7 (Br-C), 102.9 (Br-C=C), 30.8 (C=CCH,CH), 22.9
(C=CCH,CH,). HR-MS (EI) (C3HgBr,Te): m/z: Caled for CsHsBr’’Br®'Te: 391.80170;
Found: 391.80258 (Appm = 2.3). Anal. Calcd. for CgHsBr,Te: C, 24.54; H, 2.06; Found: C,
24.98; H, 2.14. Mp(°C): 66-68.

3.4.1.9. Synthesis of B-TeBr,-6-B:

o

Br Br o
1

Y

e _B

o~ ~o
E\ /%

B-Te-6-B (0.124 g, 0.256 mmol) and CuBr; (0.171 g, 0.768 mmol) were dissolved in 5

mL of MeCN and stirred at 60 °C for 16 h. The reaction mixture was then poured into 20 mL
of Et;0 and washed repeatedly with water (3 x 40 mL) and once with brine (40 mL). The
organic layer was then dried over Na,SO,, filtered through a pad of Celite and after removal
of the solvent, the product was obtained as a spectroscopically pure colorless solid (0.088 g,

53 %) with NMR data that matched those previously reported.’®

3.4.1.10. Synthesis of 3,4-dibromotellurophene (2BrTe):

Te

HWH

Br Br

2BTe (0.255 g, 0.591 mmol) and CuBr; (0.529 g, 2.37 mmol) were dissolved in a mixture
of MeOH/H20 (8 mL: 2 mL) and then heated at reflux for 16 h. The reaction mixture was
dissolved in 50 mL of Et,O and washed with water (2 x 70 mL). The organic layer was then
dried over MgSOy, filtered and the solvent removed under vacuum. The product was then
purified using column chromatography (silica gel) with pentane/ethyl acetate (10:1) as an
eluent (R = 0.50) to give 2BrTe (0.048 g, 24 %) as a pure yellow liquid. "H NMR (500
MHz, CDCls): & 8.68 (s, 2H; satellites: “Jur. = 93.2 Hz, Te-CH). *C{'H} NMR (500 MHz,
CDCly): & 121.8 (satellites: 'Jrc = 156.3 Hz, Te-CH), 118.5 (CBr). HR-MS (EI)
(C4H,Br,Te): m/z: Caled: 337.75855; Found: 337.75554 (Appm = 2.4). Anal. Calcd. for
CsH,Br,Te: C, 14.24; H, 0.60; Found: C, 14.81; H, 0.69.
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3.4.1.11. Synthesis of 3-bromotellurophene (BrTe):

H Te _H
e
H Br
BTe (0.236 g, 0.772 mmol) and CuBr; (0.345 g, 1.54 mmol) were dissolved in a mixture
of MeOH/H,0 (8 mL: 2 mL) and then heated to reflux for 16 h. The reaction mixture was
dissolved in 50 mL of Et,O and washed with water (3 x 70 mL). The organic layer was then
dried over MgSOQs, filtered and the solvent removed. The product was then purified using
column chromatography (silica gel) with hexanes/ethyl acetate (10:1) as an eluent (R¢= 0.60)
to give BrTe (0.043 g, 21 %) as a yellow liquid with a purity of ca. 95 % (as determined by
"H NMR spectroscopy). 'H NMR (500 MHz, CDCl3): & 8.74 (dd, 1H, *Jyy = 6.8 Hz, *Jyy =
2.0 Hz; satellites: 2Jire= 97.6 Hz, TeC(H)C(H)), 8.69 (dd, 1H, =15 Hz, = 1.6 Hz;
satellites: 4JHH = 95.4 Hz, TeC(H)C(Br)), 7.84 (dd, 1H, 3JHH = 6.8 Hz, 4JHH = 1.6 Hz
satellites: *Jyy = 22.6 Hz, TeC(H)C(H)). “C{'H} NMR (500 MHz, CDCl;): & 140.1, 126.5,
120.3, 116.2 (ArC).

3.4.1.12. Synthesis of T-Te-6-T:

Br-Te-6-Br (0.073 g, 0.186 mmol), 2-(tributylstannyl)thiophene (0.144 g, 0.374 mmol)
and Pd(PPhs)4 (0.008 g, 0.007 mmol) were dissolved in 3 mL of THF in a microwave vial
under an inert atmosphere of N,. The reaction was left in the microwave reactor stirring for 2
h at 140 °C. The reaction mixture was cooled to room temperature and then filtered through a
pad of Celite and the solvent removed. The remaining solid was washed with 5 mL of cold
(-30 °C) hexanes and the sample dried under vacuum to give a yellow powder of T-Te-6-T
(0.056 g, 75 %) with a ca. 90 % of purity found by "H NMR spectroscopy; spectroscopic data
(see Figure 3.15) that matched those previously reported.® Additional purification was possi-
ble by washing the crude product obtained from the above reaction 3 x 10 mL of pentane

cooled to - affording pure T-Te-6-T in a o yield.
led to -30 °C) affordi T-Te-6-T in a 31 % yield
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3.4.2. X-ray details

Table 3.3. X-Ray crystallographic data for BTe.

A. Crystal Data

formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
c(A)
v (A3)

VA

Pealed (8 cm-3 )

p (mm-1)

C10H15BO2Te
305.63
0.28%x0.27x0.14

tetragonal

I41/a (No. 88)

14.2559 (6)
23.5690 (10)

4789.9 (5)
16

1.695

2.457

B. Data Collection and Refinement Conditions

diffractometer

radiation (1 [A])
temperature (°C)

scan type

data collection 28 limit (deg)
total data collected

independent reflections

number of observed reflections (NO)

Bruker D8/APEX IT CCD?
graphite-monochromated Mo K« (0.71073)
-100

 scans (0.3°) (20 s exposures)

57.43

38423 (-19<h<19, -19<k<19, -31<I<31)
3007 (Rint = 0.0194)

2856 [Fo2> 20 (Fo2)]
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structure solution method

refinement method
2013¢)

absorption correction method

range of transmission factors
data/restraints/parameters
goodness-of-fit (5)¢ [all data]
finalRindices/

R| [Fo?2 20 (Fo?)]

wR? [all data]

largest difference peak and hole

intrinsic phasing (SHELXT)

full-matrix least-squares on F2 (SHELXL-

Gaussian integration (face-indexed)

0.8166-0.5902
3007 /244 / 199

1.085

0.0183

0.0461

0.733 and —0.306 ¢ A-3

aQbtained from least-squares refinement of 9769 reflections with 5.32° <26<57.12°.

bPrograms for diffractometer operation, data collection, data reduction and absorption cor-

rection were those supplied by Bruker.

CSheldrick, G. M. ActaCrystallogr. 2008, A64, 112—122.

dThe C—C, the O—C and the O-B sets of distances within the disordered tetramethyldioxabo-
rolane group were restrained to be the same by use of the SHELXLSADI instruction. Addi-
tionally, a rigid-bond restraint was applied to the anisotropic displacement parameters of the
carbon atoms of the minor component by use of the SHELXLDELU instruction.

€S = [Zw(F 02 —F c2)2/(n -] 172 (n = number of data; p = number of parameters varied; w =
[62(Fo2) + (0.0225P)2 + 5.6607P]- lwhere P = [Max(Fo2, 0) + 2F2]/3).

JR1 = Z||Fol - [FCll/ZIFol; wR2 = [EW(Fo2 — F2)2/Ew(Foh)1/2.
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Table 3.4. X-Ray crystallographic data for B-Te-6-H.

A. Crystal Data

formula C14H21BO2Te
formula weight 359.72

crystal dimensions (mm) 0.30 x 0.27 x 0.19
crystal system tetragonal

space group P43212 (No. 96)

unit cell parameters4

a(A) 9.1615 (2)
c(A) 36.3296 (10)
v (A3) 3049.27 (18)
Z 8

pealed (g cm™3) 1.567

u (mm-1) 15.32

B. Data Collection and Refinement Conditions

diffractometer Bruker D8/APEX 11 CCD?

radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100

scan type ® and @ scans (1.0°) (5 s exposures)

data collection 2] limit (deg) 148.12

total data collected 21409 (-10 <A< 11, -11 k<11, 45 <I<45)
independent reflections 3103 (Rint = 0.0436)

number of observed reflections (NO) 3090 [Fo22> 20 (Fo2)]

structure solution method Patterson/structure expansion (DIRDIF—-2008¢)
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refinement method
201449)

absorption correction method
range of transmission factors
data/restraints/parameters
Flack absolute structure parameter®
goodness-of-fit (S)f [all data]
finalRindices§

R| [Fo?220 (Fo?)]

wR? [all data]

largest difference peak and hole

dQbtained from least-squares refinement of 9177 reflections with 4.86° <26< 147.34°.

full-matrix least-squares on F2 (SHELXL-

Gaussian integration (face-indexed)
0.2778-0.0477

3103/0/182

0.060(9)

1.068

0.0226
0.0563
0.434 and —-1.102 e A-3

bPrograms for diffractometer operation, data collection, data reduction and absorption cor-

rection were those supplied by Bruker.

CBeurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory, Radbou-

dUniversityNijmegen, The Netherlands.

dSheldrick, G. M. ActaCrystallogr.2015, C71, 3-8.

€Flack, H. D. Acta Crystallogr.1983, A39, 876-881; Flack, H. D.; Bernardinelli, G. Ac-
taCrystallogr.1999, A55, 908-915; Flack, H. D.; Bernardinelli, G. J. Appl. Cryst.2000,
33, 1143-1148. The Flack parameter will refine to a value near zero if the structure is in
the correct configuration and will refine to a value near one for the inverted configura-

tion.

/s= [Zw(F, 02 —F 02)2/(71 -] 172 (n = number of data; p = number of parameters varied; w =
[62(Fo2) + (0.0249P)2 + 2.8836P]-1 where P = [Max(Fo2, 0) + 2Fc2]/3).

gR1 = 3||Fo| — |Fe|l/Z|Fo|; wR2 = [Ew(Fo2 — Fc2)2/Zw(Foh]1/2.
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3.5. ADDITIONAL DATA
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Figure 3.5. A) '"H NMR spectrum of 2BTe in CDCls.
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Figure 3.5. B) °C{'H} NMR spectrum of 2BTe in CDCl.
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Figure 3.5. C) "'B{'H} NMR spectrum of 2BTe in CDCl;.
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Figure 3.6. A) '"H NMR spectrum of BTe in CDCls.
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Figure 3.6. C) ''B{'H} NMR spectrum of BTe in CDCl;.
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Figure 3.7. B) >C{'H} NMR spectrum of a mixture of BS and 2BS in CDCl;.
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Figure 3.8. C) ''B{'H} NMR spectrum of BSe and 2BSe in CDCl.
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Chapter 4

Synthesis of unsymmetric tellurophenes and study of the effect of electron

withdrawing / donating groups on their luminescence properties

4.1. INTRODUCTION

The synthesis of fluorophores that can emit/absorb in different regions of the UV-vis
spectrum is a highly researched topic in materials chemistry. A wide range of possible appli-
cations of those compounds such as in displays,1 photovoltaics™® and sensors® can be found
in the literature. Of great interest to this Thesis, the search for stable phosphors for energy
efficient LED has led to important breakthroughs, however there still exists challenges in

relation to the ease of synthesis, stability and processability of these compounds.>

One well-known strategy for achieving efficient color-tunable emission is the push-pull
concept.” Specifically, by placing strong electron-donating (push) or electron-withdrawing
(pull) groups in conjugation within a molecule can lead to charge imbalance thereby enabling
charge transfer upon excitation. Moreover, the wavelength (and colour) of emission can be
tuned by varying the nature of the donor and/or acceptor groups present in the molecule.
Commonly used donor groups include the amine-based triphenylamine (TPA) substituent and
heterocyclic benzodithiophene. Common acceptor units include nitro, nitrile and
trifluoromethyl substituents, and electron deficient heterocycles such as benzothiadiazole and
quinoxaline. The optoelectronic properties of the design donor-acceptor (D-A) can also be

modulated by the presence of aromatic spacers or linkers to give D-n-A type structures.® '

Over the past decade, researchers have used the electron deficient nature of three-
coordinated boron center as part of acceptor arrangements.'' For example, Yamaguchi and
coworkers'*® have formed different highly emissive D-rt-A solids (Figure 4.1) with bis(dime-
sitylboryl)-phenyleneethynylene and dimesitylborylbithiophene groups as the acceptor unit
and different electron-donating amino groups to tune the fluorescence emission of these
solids from green to red. These compounds were also fluorescent in solution and are stable in

the presence of air and water, and have high thermal stability (>350 °C). Moreover, the steric
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bulk provided by the mesityl (Mes = 2,4,6-Me;CgH;) groups on boron and the large Stokes
shift arising from intramolecular charge transfer proved to be useful for avoiding quenching

such as Dexter electron transfer (DET) and/or Forster resonance energy transfer in the solid

13-18
state.
BMes, BMes,
BMes,
Ot=0=C 0
R — — R
n N\ O NPh, Ar /S\ /S\ Ar
Mes,B Mes,B

n=1,R=NPh, Ar = p-CarbazolylCgH,

n =2, R =NPhy p-PhoNCgH,

n =1, R = carbazolyl 5-PhyN-2-thienyl

Figure 4.1. Emissive dimesitylboryl-substituted phenylene and bithiophene compounds.

The synthesis of unsymmetric (push-pull) tellurophenes has been explored by different
research teams. For example, a tellurophene containing p-NO,-C¢H4 and p-Bu,NCgHy groups
at 2- and 5-positions has been prepared by Seferos and coworkers (Figure 4.2) as part of a
general study of on the addition of halogens to the Te centers in tellurophenes (and the latter
photoelimination of X;)."” The donor capabilities of a series of D-A-D benzochalcogenophe-
nes compounds (Figure 4.2) within photovoltaic devices has been reported.”® By incorporat-
ing benzotellurophenes as the donor components, red-shifted absorption and increased exter-
nal quantum efficiencies were noted in compared related compounds bearing lighter benzo-
chalcogenophene analogues. In both reports, ipso-arylative cross-coupling was used to func-

tionalize the Te heterocycles.

\_/ oZNNBuz
R and R' are different \_/

UNSYMMETRIC TELLUROPHENE

Figure 4.2. Examples of unsymmetric tellurophenes structures.
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Recently, the Rivard group have synthesized a series of air stable phosphorescent BPin-
substituted tellurophenes (Figure 4.3).2'** One of the unsymmetrically-substituted telluro-
phenes 2,4-BPin;-3,5-Ph,-Te displayed yellow-orange phosphorescence (A, = 577 nm, T =
17.9 ps) which was different from the usual green emission (Aem = 517-535 nm) observed in
pre-existing tellurophenes containing BPin groups at the 2- and 5- positions (2,5-BPin;-3,4-
Ph,-Te). This observation opened the question about the possibility of tuning the lumines-
cence of BPin-capped tellurophenes through placing groups with different electron donat-
ing/withdrawing abilities at the opposite side of the BPin substitution, promoting possible
electronic changes in the charge transfer between tellurium and the boron centers (Figure

4.4).

Symmetric tellurophenes Unsymmetric tellurophenes
I || I
PinB'®,BPin  PinB. e, ~BPin Te__BPin PinB< T8, -Ph o
\ / M @/( M PinB : B+
PH Ph R PH BPin )
B-Te-6-B 2,5-BPin,-3,4-Ph,-Te R = BPin: Benzo-Te-BPin, 2,4-BPin,-3,5-Ph,-Te

R = Ph: Benzo-Te-BPin-Ph

| | Yellow-orange emitter

Green emitters

Figure 4.3. Tellurophenes phosphors containing BPin groups as substituents.

ICT
EWG

PinB~T€_ Ar _ _
\ / & EDG EWG: Electron withdrawing group

ICT: Intramolecular charge transfer

EDG: Electron donating group

Figure 4.4. Strategy to tune the luminescence of BPin-substituted tellurophenes.
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Recently, Dr. Shynkaruk® from the Rivard group attempted to form tetra-substituted
unsymmetric tellurophenes via selective reductive coupling of two different alkynes via the
known*** zirconium complexes Cp,Zr(PhCCPh)DMAP and Cp,Zr(DMAP), (Scheme 4.1).
The goal was to selectively insert alkynes to yield five membered zirconacycles and then
form unsymmetric tellurophenes after transmetallation with Bipy*TeCl,; however, in each

case starting materials were recovered.

SiMe; BPin gpz T
PinB—==—BPin Ph—=—Ph PinB4\P"  Bipy-Tecl, PinB '€, _-Ph
Cp22|l'—|| X CpaZrd —_— \ / —_— M
Pyr SiMe; Py Bpin - Pyr PinB Ph - CpoZrCly PinB Ph
Rosenthal's Zyrconacyclopropene Unsymmetric
reagent intermediate PinB—==—BPin Tellurophene
- DMAP
Ph
1) 2 equiv. "Buli Ph—=—pPh
CpoZrCly 3 CpyZr(DMAP), — S Cp22||' !
2) 2 equiv. DMAP DMAP Ph
Zyrconacyclopropene

intermediate

DMAP: NO—N(

Scheme 4.1. Attempted synthesis of unsymmetric tellurophenes via zirconocene-based

intermediates.

If one desires to use tellurophenes in OLEDs, it is necessary that the emissive telluro-
phenes can operate at high temperatures and have high luminescence quantum yields in the
solid state.'* Moreover such species should emit one of the three primary colors (blue, green
and red) for a full-color display. There are intrinsic challenges to overcome associated to blue

2627 and low quantum yields in the

and red emitters, such as a lack of stability in blue emitters
case of red emitters.” In this context, having efficient emissive tellurophenes in the solid

state along with high color tunability is of great importance.

In order to obtain color tunable tellurophenes that are highly efficient emissive telluro-
phenes in the solid state, the synthesis of unsymmetric tellurophenes was explored. As shown
in Scheme 4.2, a general synthetic route to unsymmetrically-substituted tellurophenes (B-Te-

6-Ar) was investigated. In each structure, one pinacolborate ester (BPin) group is present
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along with a different aromatic (Ar) side group such as 1,3-bis(trifluoromethyl)phenyl (Ar")
and naphthalene (Naph). In addition, direct emission from the naphthalene and fluorene sub-
stituents could also be possible. The steric bulk associated with some of these groups might
prevent close packing in the solid state and therefore avoiding aggregation-caused quenching
effects such as electronic charge transfer (excimer formation) and energy charge transfers by
dipole-dipole coupling (Forster resonance energy transfer). In order to compare the emission
properties, the synthesis of the respective di-substituted symmetric tellurophenes (Ar-Te-6-

Ar) was also explored.

Pd(PPhg),, Cul 1) Et,0, "Buli, -40 °C o,
H%\_/%H —_— H%\_/%Ar > /B = =——Ar
PPhj, Pr,NH 2) 'PrOBPin o
excess
Toluene H-C8-Ar B-C8-Ar
+ 75°C, ON. 3) HCI 4 M, -40 °C
Br-Ar rt O.N.

CF,
o 9w |, q O
B-c8-Ar __C°PZ o-B Zr_Ar M 0B e Ar Ar: O
8 8

THF, O.N. rt Toluene
CF3

ON. rt -Naph -Arf

Intermediate B-Te-6-Ar

Scheme 4.2. General synthetic protocol to unsymmetric tellurophenes.

4.2. RESULTS AND DISCUSSION

Different strategies for the synthesis of unsymmetric tellurophenes (B-Te-6-Ar, Scheme
4.3) were explored in this chapter. The first one was through the direct reaction of one equiv-
alent of an aryl halide (ArBr) with B-Te-6-B using Suzuki-Miyaura cross-coupling. The other
routes involved the initial syntheses of unsymmetric alkyne functionalized octadiynes, B-C8-
Ar, followed by the formation of the target tellurophenes B-Te-6-Ar via alkyne cyclization
with Negishi’s reagent “Cp,Zr” (made in situ from Cp,ZrCl, and 2 equiv. of "BulLi), and
transmetallation with Bipy*TeCl,. In order to prepare the requisite diynes, B-C8-Ar, either
the BPin group can be installed onto the diyne first (to form B-C8-H) or the diyne is initially
arylated to yield H-C8-Ar as a synthetic intermediate (Scheme 4.2).
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PinB \Te/ BPin o4 cat.. liaand PinB \e/ Ar
cat., ligan
- ———
15t Strategy: + ArBr
base, solvent

B-Te-6-B
A
2"d Strategy:
1) "Cp,2Zr", THF
n H o] -
1) E,O, "BuLi, -78 °C j:O\B L o Ar-Br 2) Bipy-TeCl,, Toluene
> = =—H it, O.N.

2) PrOBPin © Nl Pd(PPhs),, Cul
3)HCI 4 M, -78 °C B.CE.H PPhs, IPr,NH

rt O.N. Solvent, O.N.

0
H—=—\_ /= y_— —
. B— =——Ar
io’ —/
Ar-Br 3 Strategy: B-C8-Ar
Pd(PPhs),, Cul . o 1) Et,0, "BuLi, -78 °C
H—\ ———Ar
PPhs, 'ProNH 2) IPrOBPin
Solvent, O.N. H-C8-Ar 3)HCI 4 M, -78 °C
tON.

Scheme 4.3. Strategies explored to form unsymmetrically-substituted tellurophenes.

4.2.1. Synthesis of unsymmetric / symmetric tellurophenes via direct cross-coupling of

2-bromonaphthalene and B-Te-6-H (1% strategy)

Microwave and thermal reaction conditions were tested in the attempted synthesis of
B-Te-6-Naph (Scheme 4.4). Pd(OAc), was used in most cases as a pre-catalyst and the type
of ligand, base and solvent was varied. Under thermal conditions the symmetric tellurophene
Naph-Te-6-Naph was mainly formed (entries 3 and 4, Table 4.1) along with the previously
known by-products (B-Te-6-H and H-Te-6-H),” resulting from the protodeboronation (PDB)
of B-Te-6-B. The target product (B-Te-6-Naph) was also formed in a small yield (12 %,
calculated by "H NMR integration) using Pd,(dba)s as a pre-catalyst in THF (entry 2, Table
4.1).
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Pint BPin g, OO

B-Te-6-B

M

Pd cat., Ligand

PinB-Te
\

Base, Solvent

\

B-Te-6-Naph

@

B-Te-6-H

®)

OO PinBT®_H H._-T®_H Naph-T®_Naph
§\ /g §\ /g E\ /é

H-Te-6-H Naph-Te-6-Naph

(4) (5)

Protodeboronation of B-Te-6-B

Scheme 4.4. Synthesis of unsymmetric tellurophenes through Suzuki-Miyaura cross-

coupling conditions (1* strategy).

Table 4.1. Reaction conditions tested to form B-Te-6-Naph using one equivalent of 2-

bromonaphthalene and B-Te-6-B through Suzuki-Miyaura coupling (1* strategy).

. Products”
Entry Pd cat., mol% Ligand, equiv. = Base, equiv. Solvent Rea?t'mn 1/2/3/4/5
Conditions 0ol %
1 Pd(OAc), /2 - K,CO;/2 DMF 120 °C, 16 h 0/0/85/15/0
2 Pdy(dba); /2 [HP'Bus]BF,/0.08 K,COsaq./2 THF 70°C,24h 63/12/21/4/0
3 Pd(OAc), / 4 Xphos /0.08 K,COjzaq./3 MeCN 85°C,36h 0/0/0/33/67
47 Pd(OAc), /5 dppf/ 0.1 Cs,CO3/2 DMF 100 °C,16 h 32/0/0/28/40
5 K,COjaq./1 0/11/12/0/77
6 K,CO;/1 MeCN 6/9/18/10/57
7 - 100/0/0/0/0
"-"g—-— K,CO;3/1 THF 58/6/20/16/0
9 Pd(OAc), /4 Xphos / 0.08 K,CO;/1 Toluene; pW:110°C,2h | 54/6/27/13/0
10 K,CO;/1 DMF 47/8/38/7/0
11 NaOH /1 58/3/39/0/0
12 K5PO,/1 MeCN 92/8/0/0/0
13 Cs,CO; /1 18/22/13/3/44

a) 2 equiv. B-Te-6-B and 1 equiv. of CuClb) See Scheme 4.4 for reference numbers

The effect of solvent in the coupling reaction under microwave irradiation was also

investigated. When B-Te-6-B was combined with 2-bromonaphthalene under microwave

irradiation in THF, toluene or DMF, using a mild base such as K,COs at 110 °C (entries 8, 9
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and 10, Table 4.1) by-products of PDB and starting materials were recovered along with a
trace amount of the main product B-Te-6-Naph (6 %). However, when MeCN was used as a
solvent and either aqueous or anhydrous K,COs3 as a base (entries 5 and 6, Table 4.1) double
arylation occurred to yield Naph-Te-6-Naph as a major product (77 and 57 % yield). Based
on these results, MeCN seemed to be a more suitable solvent for Suzuki-Miyaura in compari-

son to THF, toluene and DMF.

Having found the most adequate solvent for coupling, the effect of other bases, such as
NaOH, CsCO; and K3;PO4 was explored. The reactions carried out with NaOH and CsCOs3 in
MeCN (entries 11 and 13, Table 4.1) afforded by-products of PDB as well as Naph-Te-6-
Naph (44 %) and B-Te-6-Naph (22 %) in low yields. When K;PO, was used as a base, pro-
todeboronation was suppressed however B-Te-6-Naph was only formed in 8 % yield (as de-

termined by NMR spectroscopy) after 2 hours of reaction time.

Under the abovementioned conditions it was not possible to form the target mono-
arylated tellurophene B-Te-6-Naph as a main product under Suzuki-Miyaura coupling condi-
tions. 2-Bromonaphthalene could be coupled to both sides of a tellurophene to give Naph-
Te-6-Naph in a 44 % yield after work-up (entry 5, Table 4.1) in MeCN using K,CO; as a
base; this result transpired when only 1 equivalent of 2-bromonaphthalene was added. It is
expected that this disubstituted tellurophene could be formed in a better yield of 44 % if at

least 2 equivalents of 2-bromonaphthalene were used in the reaction.

In general, the symmetric tellurophene Naph-Te-6-Naph formed in a higher yield versus
the unsymmetric B-Te-6-Naph under the microwave-assisted Suzuki-Miyaura coupling
conditions (Scheme 4.4). It is possible that once B-Te-6-Naph is formed, it re-enters the
catalytic cycle to undergo coupling with the BPin group during the long reaction times used
in each trial. It would be interesting for future work, to prove the previous statement by doing
the reaction under the conditions of entry 5 (Table 4.1) but tracking the reaction starting with
small reaction times, e.g. 10 minutes under microwave irradiation at 110 °C. In some cases,
the mono-arylated product H-Te-6-Naph could be seen by '"H NMR (Figure 4.5), which
likely forms via the PDB of B-Te-6-Naph. The detection of small satellites with a coupling
constant (*Jyre) of 97.8 Hz is in agreement with previous coupling constants detected in

related tellurophenes.” The formation of H-Te-6-Naph would contribute to decrease the
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yield of B-Te-6-Naph even more. Unfortunately, it was not possible to isolate H-Te-6-Naph

in pure form.

< ny_Te_n

8

—8.261

O e 8
°'°
2 -
s "L 3 o /g
2 & || (s o
S U A
gk a5 840 835 830 825 820 815 810 805

Figure 4.5. Identification of H-Te-6-Naph during the attempted synthesis of B-Te-6-Naph
through Suzuki-Miyaura conditions (Table 4.1).

Fagnou and coworkers™ reported the direct arylation of electron rich heterocycles such as
thiophene using pivalic acid (PivOH) as a cocatalyst and Pd(OAc); as a pre-catalyst in dime-
thylacetamide (DMA). Pivalic acid in the presence of base such as K,CO; forms potassium
pivalate, which could serve as a soluble proton transfer agent from the arene to the insoluble
K>CO; in a concerted metalation-deprotonation pathway described by the authors.*® Accord-
ingly similar reaction conditions were tested in the hope that B-Te-6-H (Scheme 4.5, Table
4.2) could be selectively arylated to give B-Te-6-Ar. However, using the reaction conditions
shown in entry 1 (Table 4.2) protodeboronation of B-Te-6-H was observed. Using Cs,COs as
a base (entry 3, Table 4.2), H-Te-6-H and H-Te-6-Naph (Figure 4.5) formed in a mole ratio
of 40/60, along with some unreacted 2-bromonaphthalene detected by 'H NMR spectroscopy.
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PinBTe,_H PinB__-Te OO H.Te  H
Br- ;
\ / . Pd(OAc),, Ligand N \ / \ /
PivOH, Base, Solvent .

B-Te-6-H B-Te-6-Naph H-Te-6-H

(3) (2) 4)

Scheme 4.5. Attempted synthesis of the unsymmetric tellurophene B-Te-6-Ar through direct

arylative coupling.

Table 4.2. Reaction conditions used in the attempted direct arylative coupling of one

equivalent of 2-bromonaphthalene with B-Te-6-H.

Pd(OAc),, PivOH,

Entry mol% Ligand, equiv. Base, equiv. equiv. Reaction Conditions Product®
1 2 [HP'Bw;]BF, /0.04 K,CO3/1.5 0.3 DMF, 100 °C, 36 h 4
2 5 ‘Bu;P /0.05 K,CO;/0.75 0.25 Toluene, 120 °C, 16 h 3,4
3 5 Xphos /0.1 Cs,CO5/ 1 0 Toluene 120 °C, 22 h 4
4 4 Xphos /0.08 K,CO3 aq./0.5 0 MeCN, uW:110°C, 2 h No rxn.

a) See Scheme 4.5 for reference numbers.

Motivated by the results summarized in Table 4.1, where Naph-Te-6-Naph was formed
as a by-product, the reaction conditions were then altered to give a good yield of this disub-
stituted symmetric tellurophene (Scheme 4.6, Table 4.3); the optoelectronic properties of this
species will be discussed (along with those of the unsymmetric analogue B-Te-6-Naph) later
in this Chapter. Using toluene and THF as solvents (entries 2 to 6, Table 4.3) led to the
conversion (0-22 % according to 'H NMR spectroscopy) of 2-bromonaphthalene into Naph-
Te-6-Naph, plus unreacted B-Te-6-B, along with PDB by-products and H-Te-6-Naph.
However using conventional heating to 80 °C (entry 1, Table 4.3) in MeCN, it was possible

to recover Naph-Te-6-Naph in a 36 % yield.

152



PinB_ T8, _BPin g, OO Te OO
Pd cat., Xphos \ /
+ >
Base, Aliquat 336 .
Solvent
B-Te-6-B 2 equiv. Naph-Te-6-Naph
1) (6)
PinB- ETeE H H:ETGE H  H T OO PinB® OO
By-products: \ / \ / \./ \./
B-Te-6-H H-Te-6-H H-Te-6-Naph B-Te-6-Naph

3) (4) (7) 2

Scheme 4.6. Synthesis

conditions.

of Naph-Te-6-Naph using Suzuki-Miyaura cross-coupling

Table 4.3. Optimization of Suzuki-Miyaura conditions to form Naph-Te-6-Naph.

Ent Pdcat,  Xphos, . Reaction Conditions, Products*®

n . ase, equiv.
Y mol%  equiv. quiv (Isolated Yield of 2°, %) 1/6/3/4/7/2

mol %

1 Pd(OAc), /4 0.08 K,CO;5 aq./4 MeCN, 80 °C, 60 h/36 % 0/34/0/10/56/0
2 Pd(OAc)/4 008  K,CO;aq./4 Toluene, 90 °C, 72 h 0/21/24/20/35/0
3*  Pd(PPhy),/5 - K,COj5aq./2 Toluene, uW:90 °C, 1 h 20/22/27/8/23/0
£  Pd(PPhy), /5 - NayCOsaq./4 Toluene, 90 °C, 96 h 0/0/0/56/44/0
5 K,CO; aq. /5 THF, uW: 150 °C, 1 h 10/12/30/13/22/13
6 K,COszaq./5 THF, uW:130°C,2 h 16/12/26/6/17/23
7 Pd(OAc)/4 008  K,COsaq./5 MeCN, uW: 150 °C, 1 h 0/14/0/47/39/0
8 K,COs aq./5 MeCN, uW:130°C,2h/20 % 2/30/9/17/41/1
o K,COyaq./1  MeCN, uW:110°C,2h/44%  0/64/10/3/15/8

a) Plus Aliquat 336, 1.3 equiv. b) 1 equiv. of 2-bromonaphthalene, c) See Scheme 4.6 for reference compounds

Given the long time of reaction (60 h) used to prepare Naph-Te-6-Naph in MeCN,
microwave conditions were then used to shorten the reaction time, leading to an increase in

product yield to 44 %, despite of only one equivalent of 2-bromonaphthalene in the reaction
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(entry 9, Table 4.3). By decreasing the temperature from 150 to 110 °C under microwave
conditions, and lowering the equivalents of K,COs base from 5 to 1 in MeCN (entries from 7
to 9, Table 4.3) the amount of the PDB by-products B-Te-6-H and H-Te-6-H were greatly
reduced, affording a higher isolated yield of Naph-Te-6-Naph.

Crystals of Naph-Te-6-Naph suitable for single-crystal X-ray diffraction were obtained
from CH,Cl, (0 °C) and the molecular structure is presented in Figure 4.6. In contrast to what
is seen within the boryl-capped tellurophene B-Te-6-B, the two naphthalene units are not
coplanar with the central tellurophene ring, as evidenced by the respective torsion angles of
140.8(6)° (Te-C7-C12-C11) and -60.7(9)° (Te-C8-C22-C21). The non-coplanar naphthalene-
tellurophene-naphthalene configuration might have a significant impact on the optoelectronic
properties in the solid state, as optimal charge transfer between the Te center and the m*

framework of the naphthalene system could be suppressed.

Using similar reaction conditions to form Naph-Te-6-Naph found in entry 1 (MeCN,
80 °C), Table 4.3, 2-bromofluorene was successfully coupled with B-Te-6-B (Scheme 4.7) to
afford FI-Te-6-Fl as a solid in a 58 % isolated yield.

Br K,CO3 ag. 4 equiv. OO \Te/ OO

_ Te ) 2 equiv. Naph-Te-6-Naph, 36 %
PinB (' BPin Pd(OAc), 4 mol%, aph-e AR ’
+ OR -
XPhos 8 mol%,
MeCN, 80 °C
B-Te-6-B Br Q.O K,COj3 aq. 5 equiv.
1.01 equiv. 3.5 days
2 equiv.

Fl-Te-6-FI, 58 %

Scheme 4.7. Synthesis of Naph-Te-6-Naph and FI-Te-6-F1 through Suzuki-Miyaura

coupling.
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Figure 4.6. Molecular structure of Naph-Te-6-Naph (two views shown) with thermal ellip-
soids presented at a 30 % probability level. Residual factor, R = 0.0653. All hydrogen atoms
have been omitted for clarity. Selected bond lengths (A) and angles (°): C(1)-C(2) 1.463(10),
C(2)-C(8) 1.349(10), C(8)-Te 2.079(8), C(1)-C(7) 1.359(10), C(7)-Te 2.088(7), C(7)-C(12)
1.474(10), C(11)-C(12) 1.379(9), C(12)-C(13) 1.415(10), C(8)-C(22) 1.488(10), C(21)-C(22)
1.361(12), C(22)-C(23) 1.423(13); C(7)-Te-C(8) 81.5(3), Te-C(8)-C(2) 112.3(5), C(8)-C(2)-
C(1) 116.8(7), C(2)-C(1)-C(7) 118.4(6), C(1)-C(7)-Te 110.8(5), Te-C(7)-C(12) 118.9(5), Te-
C(8)-C(22) 120.7(6), Te-C(7)-C(12)-C(11) 140.8(6), Te-C(7)-C(12)-C(13) -42.1(9), Te-C(8)-
C(22)-C(21) -60.7(9), Te-C(8)-C(22)-C(23) 119.9(8).

The coupling of 5-bromo-1,3-bis(trifluoromethyl)benzene and 4-bromo-N,N-dimethyl-
aniline with B-Te-6-B under microwave-assisted Suzuki-coupling (110 °C in MeCN; Table
4.3) was also explored. The desired fluoroaryl-capped tellurophene Ar‘-Te-6-Ar" was
formed as a dark brown solid and recovered after purification in a 15 % yield (Scheme 4.8).
On the other hand, coupling of 4-bromo-N,N-dimethylaniline with B-Te-6-B was not possi-
ble and starting materials were recovered after heating the reagents with catalyst and base at

110 °C for 2 hours under microwave conditions.
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PinB~"®_BPin _
c), 4 mol%, Xphos 0.08 equiv.
\ / Q Pd(OAc), 4 mol%, Xphos 0.08 O Te
+ Br '
\ /
- K,COj3 aq. 1 equiv., MeCN / THF FsC CFs
3 pW 110 °C, 2 h .
B-Te-6-B

ArF-Te-6-ArF

2 equiv.

Dark brown solid

Scheme 4.8. Synthesis of Arf-Te-6-Ar" through Suzuki-Miyaura coupling under microwave

irradiation.

Crystals of Arf-Te-6-Ar" suitable for single-crystal X-ray diffraction were obtained from
a mixture of hexanes and CH,Cl, (0 °C) and the molecular structure is presented in Figure
4.7. A similar non-coplanar configuration of the (CF3),CeHj3, (Ar") group and the central
tellurophene unit exists as noted in Naph-Te-6-Naph. Accordingly, torsion angles of

-61.4(4)° (Te-C7-C11-C12) and -69.1(4)° (Te-C8-C21-C26) are present.

CI26A)

i
®

Figure 4.7. Molecular structure of Arf-Te-6-Ar" with thermal ellipsoids presented at a 30 %
probability level. Residual factor, R = 0.0387. All hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): C(1)-C(2) 1.449(4), C(2)-C(8) 1.366(4),
C(8)-Te 2.068(3), C(1)-C(7) 1.366(4), C(7)-Te 2.068(3), C(7)-C(11) 1.474(4), C(11)-C(12)
1.395(5), C(11)-C(16) 1.391(5), C(8)-C(21) 1.477(4), C(21)-C(26) 1.390(5), C(21)-C(22)
1.394(4); C(7)-Te-C(8) 81.66(12), Te-C(8)-C(2) 111.8(2), C(8)-C(2)-C(1) 117.4(3), C(2)-
C(1)-C(7) 117.2(3), C(1)-C(7)-Te 111.9(2), Te-C(7)-C(11) 122.3(2), Te-C(8)-C(21)
123.4(2), Te-C(7)-C(11)-C(12) -61.4(4), Te-C(7)-C(11)-C(16) 120.4(3), Te-C(8)-C(21)-
C(22) 114.5(3), Te-C(8)-C(21)-C(26) -69.1(4).
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4.2.2. Synthesis of unsymmetric octadiynes via initial lithiation-borylation "

strategy, Scheme 4.3)

With the goal of gaining access to unsymmetrically-substituted tellurophenes (B-Te-6-
Ar) in higher yield, a second approach starting from unsymmetrically-functionalized diynes
(Scheme 4.3) was investigated. Following a similar procedure reported in the literature,”'
B-C8-H was synthesized in 87 % yield (Scheme 4.9). It is important to start with an excess
of 1,7-octadiyne followed by the slow addition of "BuLi in order to prevent the formation of

the known diborylated diyne PinB-C=C-(CH,);-C=C-BPin.

1) Et,0, "BuLi, -78 °C, 1 h
O\
H— = H > B—— =—H
\_/ g \_/

2) Et,0, 'PrOBPin, -78 °C, 2 h

5 equiv. B-C8-H, 87 % yield
3) 3 equiv. HCI 4 M, rt O.N.

Scheme 4.9. Synthesis of the monoborylated 1,7-octadiyne, B-C8-H.

Once B-C8-H was formed, selective Sonogashira coupling of the terminal acetylenic C-H
group to yield the arylated diyene PinB-C=C-(CH;);-C=C-Naph was attempted (Scheme
4.10, Table 4.4). Selective Sonogashira over Suzuki coupling reaction has been reported32 in
the synthesis of ethynylarylboronic esters under microwave conditions; although in those
cases the boronate ester and the halide were part of the same aromatic structure. Several
Sonogashira cross-coupling conditions were attempted (Table 4.4) in order to form B-C8-
Naph from B-C8-H, including similar protocols as that reported in the literature.”> Despite
trying various reaction conditions, there was no indication that the coupling of 2-bromo-
naphthalene occurred exclusively at an acetylenic C-H position; instead, coupling at both
sites to form Naph-C8-Naph and the resulting homocoupling product Naph-C8-C8-Naph as
the main products detected according to 'H NMR spectroscopy (also confirmed by mass

spectrometry).
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o . Br Pd cat, PPh;, Cul o
O/B — \ / — 1 + 7\ O/B —_— \ / —_— \ /

iPr,NH or Et3N, Solvent

By-products:

NN o NN o SN o

OH

~ —_— \ / — — — —
H-C8-Naph H-C8-Naph Naph-C8-Naph
(9) (10) (1)
‘O =07 et
—_/\— A Y B8 B
2 Jd © o
Naph-C8-C8-Naph (13) (14)

(12)

Scheme 4.10. Attempted synthesis of B-C8-Naph through Sonogashira cross-coupling.

Table 4.4. Reaction conditions tested to form B-C8-Naph through Sonogashira cross-

coupling.

PPh3 ’ CUI’ i Pl'2 N H,

. Solvent Reaction Conditions
(3 qulV. € qulV. e quiv.

Entry Pd cat., mol%

Products®

1 Pd(OAc), /5 0.18 0.05 13.6 DMF
uW: 120 °C, 20 min
2 Pd(PPh;), /5 0.18 0.05 13.6 DMF

11,12,13, 14

8,11,12,13, 14

L4

3 Pd(PPh;),CL/3 0 006 FEtN/52 THF 40°C, 16 h

9,14,13

4 Pd(PPh;), /5 0.18 0.05 13.6  Toluene uW:100°C, 1 h

5 Pd(PPh;), /5  0.18  0.05 1 Toluene it, 16 h

6 Pd(PPhy), /5  0.18  0.05 - Toluene it, 16 h

7 Pd(PPhy),/5  0.18  0.05 2 Toluene pW:70°C, 20 min
8 Pd(PPh;),/5 0.1 0.1 100 Toluene 80°C, 16 h

8,10, 11, 12, 14
9,10, 14
9,14
9,10, 14

10,11, 12, 14

a) See Scheme 4.10 for reference numbers. Major products underline.
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In the reaction between B-C8-H and 2-bromonaphthalene, it is not clear which site of
B-C8-H the coupling occurs first, since the by-product H-C8-Naph could be formed by two
concurrent pathways (Scheme 4.10). The first pathway is through Suzuki-Miyaura cross-
coupling (coupling of naphthalene at the BPin site) and the second one is via Sonogashira
coupling of naphthalene at the acetylenic site, followed by PDB, as described in Scheme
4.11. Finally, by the action of some residual O, in the reaction media, Pd(0) could be oxi-
dized back to Pd(II), which might catalyze the homocoupling by the double transmetallation
of in situ formed Naph-C=C-(CH,)4-C=C-Cu at a Pd(Il) center, followed by the reductive
elimination of two octadiyne-naphthalene units from the Pd complex to finally form the

homocoupled by-product Naph-C8-C8-Naph, as described in the literature.™

Pd(0)
02<
~ AU ()
— —
= =—H O - — O
18t route: Q Homocoupling 2

Suzuki-Miyaura C.C.
Naph-Br

Pd(0)

o}
\ )
B—= —— | ‘ “~._Pd(0
j:o' N/ ‘ .Pd()
! *«. Naph-Br
B-C8-H ! Protodeboronation "
Pd(0)
2" route: Naph-Br

Sonogashira C.C.
; S
= A= =
(0}

Suzuki-Miyaura C.C.

H-C8-Naph Naph-C8-C8-Naph

"+, Sonogashira C.C.

B-C8-Naph Naph-C8-Naph

C.C. : Cross-coupling

Br
Naph-Br:

Scheme 4.11. Possibly pathways in the formation of by-products in the synthesis of
B-C8-Naph.

In order to avoid protodeboronation (PDB) and try to recover some B-C8-Naph at the

end of the reaction, the base 'Pr,NH was not added to the reaction mixture described in entry
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6, Table 4.4 (in toluene with 16 h of stirring at room temperature), however, PDB still
occurred under these conditions and 1,7-octadiyne was detected at the end of the reaction.
Based on these results, BPin-capped 1,7-octadiyne is very sensitive to PDB under So-
nogashira conditions, likely due to the presence of Cul. Cul might be inducing PDB of the
BPin-capped species; notably, PDB of arylboronic acids promoted by different copper salts,

including Cul, has been reported.**

Using the same reactants as in Scheme 4.10, but now under Suzuki-Miyaura conditions,
the synthesis of H-C8-Naph was attempted (Scheme 4.12 and Table 4.5). Under these
conditions it was possible to form H-C8-Naph in higher ratio (> 62 %) than the disubstituted
product Naph-C8-Naph.

o, Br Pd(OAc),, Xphos 7\
—— = H o+ > = =—H
O’ \__/ Base, Solvent — \—/
1.05 equiv. H-C8-Naph

B-C8-H .

Naph-C8-Naph

Scheme 4.12. Synthesis of H-C8-Naph and Naph-C8-Naph via coupling of B-C8-H with

2-bromonaphthalene through Suzuki-Miyaura coupling reactions.

Conversion of B-C8-H under Suzuki-Miyaura cross-coupling conditions to form exclu-
sively H-C8-Naph was not possible. Under the reactions explored, there was always genera-
tion of the disubstituted by-product Naph-C8-Naph detected in addition to the target product
H-C8-Naph (entries 4-6, Table 4.5). The use of KOH as a base in toluene or ethanol (entries
1, 2 and 3, Table 4.5) promoted the PDB of B-C8-H (to give H-C8-H) along with the for-
mation of unidentified by-products. When the reactions of 2-bromonaphthalene and B-C8-H
were conducted in THF / H,O in the presence of mild bases, the formation of H-C8-Naph
(entries 5 and 6, Table 4.5) transpired to give up to 79 % NMR yield.
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In conclusion, B-C8-H is very sensitive to Sonogashira conditions, since the use of
'Pr,NH as a base and Cul as a co-catalyst can also promote the PDB of B-Te-6-H. Better
results were found using Suzuki-Miyaura conditions in terms of less amount of by-products

and some selectivity towards the formation of H-C8-Naph over Naph-C8-Naph.

Table 4.5. Reaction conditions tested in the synthesis of H-C8-Naph through Suzuki-Miyau-

ra coupling reactions.

Products
Entry P(:I(S::/:)Z fz:;)vs.’ Base, equiv. Reaction Conditions NE;)E?C_?_?:I:II’
mol %
1 1 0.02 KOH/3 Toluene, 90 °C, O.N. 0/0
2 2 0.04 KOH/3 EtOH /H,0 (1:1), uW: 150 °C, 10 min 0/0
3 2 0.04 KOH/3 EtOH / H,O (1:1), uW: 110 °C, 10 min 0/0
4 1 0.02 KOHaq./3 62 /38
5 1 0.02 Na,COszaq./3 THF/H,0 (2:1), uW: 100 °C, 30 min 79 /21
6 1 0.02 K3PO4aq./3 76 /24

4.2.3. Synthesis of unsymmetric octadiynes via initial Sonogashira coupling (3" strate-

gy, Scheme 4.3)

The synthesis of unsymmetrically-substituted diynes using Sonogashira coupling reac-
tions has been reported.” Specifically, it was possibly to couple 2-iodothiophene or 2-iodo-
benzene with 1,6-heptadiyne at room temperature to form the respective unsymmetric aro-

matic-substituted heptadiynes in good yields of 75 % and 80 %, respectively. Scheme 4.13).
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0.015 equiv. Pd(PPh3), / 0.03 equiv. Cul
H—= =——H + Arl > H——= =——Ar
\/ 9 equiv. EtxNH, THF, rt, 4 h \/

S Ar = Ph, 80 %
Ar = U§— @ 2-thienyl, 75 %

Scheme 4.13. Reported synthesis of unsymmetric 1,7-heptadiyene using Sonogashira cou-
35

pling conditions.

Motivated by these results, use of lower base loadings of "Pr,NH (5-7 equiv.) along with
an excess of 1,7-octadiyene as a reagent, it was possible to form the unsymmetric diyne H-
C8-Naph in yields up to 70 % after purification by column chromatography (Scheme 4.14).
It is likely that using less 'ProNH in the synthesis (Table 4.6) prevented further deprotonation
from occurring and therefore lowering the amount of disubstituted Naph-Te-6-Naph formed
as a by-product. Conversely, by altering the ratio of 1,7-octadiyne to 2-bromonaphthalene to
1:2, Naph-Te-6-Naph was synthesized as a solid in 61 % yield (Scheme 4.15).

Pd(PPhs),, Cul

e—— _— Br o — —
T~ T T PPhg, Pr,NH '”_\—/_\//;Q

Toluene, 75 °C, O.N.
X equiv. H-C8-Naph

Scheme 4.14. Synthesis of H-C8-Naph through Sonogashira coupling reaction.

Table 4.6. Optimization of the Sonogashira coupling conditions to form H-C8-Naph.

Alkyne, Pd(PPhy),, PPh;, Cul, ‘pp,NH, Yield % of

Entry equiv. mol%  equiv. equiv. equiv. H-C8-Naph®
1° 5 3 0.06 0.06 100 12
2 1 3 0.06 0.06 10 28
3 5 2 0.04 0.04 5 61
4 7 2 0.04 0.04 7 70

a) Isolated yield after column chromatography

b) Toluene / Pr,NH (1:1)
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—_—
— N

Pd(PPh), 5 mol%, PPh; 0.1 equiv.
> /J \ __ /=

+
Br Cul 0.1 equiv., Pr,NH 100 equiv. —/ = /T 7
'Pr,NH / Toluene (1:1), 80 °C, O.N.
Naph-C8-Naph, 61 %

2 equiv.

Scheme 4.15. Synthesis of the symmetric diyne Naph-C8-Naph via Sonogashira coupling.

By applying a similar protocol as used to prepare H-C8-Naph, the monoarylated 1,7-
octadiyne H-C8-Ar" could be synthesized in a 57 % isolated yield (Scheme 4.16). However,
attempts to couple 4-bromo-N,N-dimethylaniline with 1,7-octadiyene under the same condi-

tions led to no reaction.

H— —=H
7 equiv. CF3
Pd(PPh3)s 2 mol%, PPh; 0.04 equiv. —
+ > H— — \ /

CF4 Cul 0.04 equiv., 'Pr,NH 7 equiv. N/

Toluene, 75 °C, 16 h CF3
Br
H-C8-Arf, 57 %
CF,

Scheme 4.16. Synthesis of the unsymmetric diyne H-C8-Ar" via Sonogashira coupling.

Subsequent borylation of the respective aromatic-substituted 1,7-octadiynes were
performed using the common technique of lithiation of a terminal alkyne, followed by the
formation of the boronate ester, and then quenching of the reaction mixture with HCI. Good
yields and purity of more than 75 % were obtained after the respective work-ups to form
B-C8-Naph (Scheme 4.17) and B-C8-Ar" (Scheme 4.18). No further purifications were
attempted; instead, these diynes were used directly as is in the respective preparations of un-

symmetric tellurophenes.
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1) Et,0, "BulLi 1.1 equiv.,

-40°C, 2 h
e — = =
A N 2 ~ ST\ s
2) Et,0, 'PrOBPin, then rt 3 h
H-C8-Naph B-C8-Naph
3)5 eciu'v' HCl4 M quantitative yield
-40 C, then rt O.N. 79 % purity
oily liquid
Scheme 4.17. Synthesis of the unsymmetric diyne B-C8-Naph.
1) Et,0, "BuLi 1.1 equiv.,
CF
3 -78°C, 1h CFs
e = 7\ N g S — (=
=N T = ~ T T\
CF;  2) Et,0, 'PrOBPIn, then rt O.N. CF,4
H-C8-Arf B-C8-Arf
3) 5 equiv. HCI 4 M at -78 °C,
thenrt8 h L .
quantitative yield
75 % purity
oily liquid

Scheme 4.18. Synthesis of the unsymmetric diyne B-C8-Ar".

4.2.4. Synthesis of unsymmetric tellurophenes B-Te-6-Naph and B-Te-6-Ar"

B-Te-6-Naph and B-Te-6-Ar" (Scheme 4.19) were prepared in a one-pot procedure by
first coupling the respective BPin-capped diyne, B-C8-Naph or B-C8-Ar®, with in situ
generated “Cp,Zr” to yield the five-membered zirconacycles; these intermediates were sub-
sequently converted into B-Te-6-Naph or B-Te-6-Ar" by addition of Bipy*TeCl, as a Te(Il)
source. After removal of the Cp,ZrCl, by-product, good crude yields (> 70 %) of the telluro-
phenes were obtained. The presence of the respective tellurophene was confirmed first by
mass spectrometric analysis and then by 'H, °C {'"H} and ''B NMR spectroscopy. Purifica-
tion of B-Te-6-Naph and B-Te-6-Ar" by column chromatography lowered the yields drasti-
cally (6-9 %), partially because B-Te-6-Naph decomposed in the column using silica gel, as
evidence by the possible presence of the PDB by-product H-Te-6-Naph after column chro-
matography. The presence of this by-products was postulated by the appearance of a singlet

resonance with their respective satellites in the aromatic region of 'H NMR with chemical
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shift at 8.33 ppm assigned to the hydrogen atom attached to the five-membered ring in H-Te-
6-Naph (Figure 4.5). Despite the low yield of B-Te-6-Naph, this species was obtained in suf-
ficient quantities in pure form to perform optical measurements. Unfortunately, this was not

the case for B-Te-6-Ar".

Cp,ZrCl 1 )
p2 2 CF3
Ar : i
2 equiv. "BulLi, CF,4
THF, 1 h, -78 °C -Naph -Arf
N J
Y [ )

B-C8-Ar Q\ Q Cr Bipy+TeCl, Q]
"CpyZr" B L Ar _B-Te_Ar

O\ ~ O\
THF, 16 h, rt Toluene, 24 h, rt

Intermediate B-Te-6-Ar
(not isolated)

\

Scheme 4.19. Synthesis of the unsymmetric tellurophenes, B-Te-6-Naph and B-Te-6-Ar" .

The abovementioned syntheses (Scheme 4.19) were carried out in one-pot to yield B-Te-
6-Naph and B-Te-6-Ar", however, having pure products proved to be a challenge, since
some decomposition occurred during silica gel column chromatography. Other methods to
purify and extract the main products were tested, such as trituration and crystallization in dif-
ferent solvents at -30 °C, however, they did not work, obtaining at the end of the process the
same oily mixtures. Sublimation might be an alternative way to consider in the future for re-

covering B-Te-6-Naph and B-Te-6-Ar" as pure solids.

165



4.2.5. Optical properties of tellurophenes: Naph-Te-6-Naph, FI-Te-6-Fl, Arf-Te-6-Ar"
and Naph-Te-6-B

Naph-Te-6-Naph, Fl-Te-6-F1, and Naph-Te-6-B present the same set of two absorption
bands in the range of 250 and 350 nm (Figure 4.9 and Table 4.7) in contrast with the single
absorption band found in Arf-Te-6-Ar" (Amax = 312 nm). In order to explain the origin of
these bands, the absorption properties of the single molecules of naphthalene and fluorene
should be addressed first, along with the optical properties of some related molecules such as
naphthalene-thiophene-naphthalene: Naph-S1-Naph,***’ 2,4-BPin,-3,5-Ph,-Te (Figure 4.3)
and 2,5-bis(2-(9,9-dihexylfluorene))tellurophene®® (Figure 4.8).

Mol OO

CeH1z~ CeHys CeH13~ CeHys

Naph-S,-Naph
UV-vis: Apax = 390 nm
n =1 : green-blue light emission (n-m* transition)
n = 2 : yellow light emission, Eg: 2.5 eV Eg: 3.46 eV

Figure 4.8. Analogues of Naph-Te-6-Naph and FI-Te-6-FIl: Naphthalene-capped oligothio-
phenes.***” and 2,5-bis(2-(9,9-dihexylfluorene)) tellurophene,® respectively.

40000
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30000 - b
< ---c
; .
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10000 -
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Figure 4.9. UV-vis absorption of a) Naph-Te-6-Naph, b) FI-Te-6-Fl, ¢) Arf-Te-6-Ar" and
d) Naph-Te-6-B in THF (30 uM) at room temperature under N».
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Table 4.7. Optical properties of tellurophenes.

Absorption
Amax, NM g, M'em! Eg, eV"

281 22100

Naph-Te-6-Naph 33
324 18500
266 30700

Fl-Te-6-F1 3.2
330 32600

Ar-Te-6-Ar" 312 14000 3.5
287 14500

Naph-Te-6-B 34
322 15500

a) Calculated using Tauc plots, see Figure 4.10

18
] ----- a)Eg=3.3eV
{ ——b)Eg=3.2eV
1---c)Eg=35eV ,
1 ——dEg=34ev
12 /
+
£
<
6-
0+ FA ATt LI A R B A
25 3.5 4.5 5.5

Figure 4.10. Tauc plots of tellurophenes: a) Naph-Te-6-Naph, b) FI-Te-6-FI, c) Arf-Te-6-
Ar" and d) Naph-Te-6-B in THF (30 uM) at room temperature under N».
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Optical band gaps were calculated from the Tauc plots (Figure 4.10). Interestingly, the
value for FI-Te-6-Fl1 (Eg = 3.2 eV) is smaller than the one reported by Seferos’ 2,5-bis(2-
(9,9-dihexylfluorene)) tellurophene (Eg = 3.46 eV),*® indicating a likely more delocalized
structure in FI-Te-6-F1 and more planar configuration provided by the absence of alkyl

chains in the fluorene unit compared to 2,5-bis(2-(9,9-dihexylfluorene)) tellurophene.

Different studies have shown the absorption maximum for a single molecule of naphtha-

lene occurs at 219 nm with another absorption band at 275 nm;*”*’

these spectral features
have been assigned to m-m* transitions.* According to this, the high energy absorptions
observed in the naphthalene-substituted tellurophenes Naph-Te-6-B and Naph-Te-6-Naph
(287 and 281 nm, respectively) could also be attributed to a n-t* transition from the naphtha-
lene units themselves; in line with this postulate, there is a reduction in intensity of this band
in Naph-Te-6-B (¢ = 14500 M'cm™) compared to Naph-Te-6-Naph (¢ = 22100 M'cm™),
since less naphthalene groups are available to absorb and contribute to the intensity of the
band compared to the disubstituted Naph-Te-6-Naph. The second band observed in Naph-
Te-6-Naph and Naph-Te-6-B at 322 and 324 nm, respectively is tentatively assigned as a Te
(lone pair) to m* transition (with quinodal C-C n-bonding character). In the case of the closest
analogue naphthalene-substituted chalcogenophene (Naph-S1-Naph) reported®®’” (Figure

4.8), two similar bands in the UV-vis spectrum at 282 and 352 nm, however, no specific

assignment was reported.

Theoretical calculations on 2,4-BPin,-3,5-Ph,-Te’' (Figure 4.3) showed that the electron
density in the HOMO level is located on Te lone pair atom and a m-bonding manifold
between carbons C3 and C4 in the tellurophene ring. The LUMO level has orbital density
located at two sites: one is a delocalized m-orbital between the ipso-carbon of the Ph
substituent and the tellurophene ring and the other site is a  overlap between the carbon and
the empty p-orbital on boron. Based on this data, it is possible to that in Naph-Te-6-Naph
and Naph-Te-6-B a related HOMO-LUMO transition is contributing to the second absorp-
tion bands located at 322-324 nm. In the case of Naph-Te-6-B two charge transfer absorp-
tions from Te to the naphthalene and BPin groups could be responsible for the observed low-
er energy absorption, and computational studies are underway to gain more insight into this

process.
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In the case of FI-Te-6-Fl, two intense absorption bands were observed at 266 (¢ = 30700
M'em™) and 330 nm (e = 32600 M'em™) with a shoulder around 310 nm. Looking at the
absorption properties of a single fluorene molecule,*” three absorption bands can be
distinguished (260, 290 and 300 nm) and all correspond to transitions of -n* character.*"*
Based on this assignment, all absorption bands in FI-Te-6-Fl could have contribution from
the single fluorene unit, however, due to the broadness of the band at 330 nm is possible that
other transitions involving the tellurophene ring could be contributing to the broad signal
observed. The Seferos group reported theoretical and experimental results on 2,5-bis(2-(9,9-
dihexylfluorene))tellurophene (Figure 4.8) and of fluorene itself.*® In this study, the UV-vis
spectrum of the fluorene-substituted tellurophene was found to have a broad band at 390 nm,
which by their theoretical calculations, it was assigned to a transition from the HOMO level
localized at the carbon atoms in the tellurophene ring (w in character) to a LUMO level,
where orbital density is delocalized in a n-type orbital between the fluorene units and the
core tellurophene ring. Due to similar structural characteristics of 2,5-bis(2-(9,9-
dihexylfluorene))tellurophene and FI-Te-6-Fl1, the same type of transition at 330 nm might be
occurring in FI-Te-6-FI1.

In the case of the assignment of the absorption band in Arf-Te-6-Ar" at 312 nm, the lack
of available data in the absorption properties of the fluoroarene m-(CF3),CcHy4 or any related
chalcogenophene makes the assignment uncertain at this time. However, given that m-
(CF5),CgHs 1s a good electron-withdrawing group, it is possible that a transition between the
n orbitals localized in the tellurophene center to orbitals located on the Ar" could be occur-

ring, in a similar fashion as postulated for Naph-Te-6-Naph and F1-Te-6-FI.

The emission properties of Naph-Te-6-Naph, FI-Te-6-Fl, Ar'-Te-6-Ar" and Naph-Te-6-
B were first tested in the solid state under UV-light (irradiation at ca. 365 nm at room
temperature) under aerated conditions. It was found that only Arf-Te-6-Ar" and Naph-Te-6-
B showed visible photoluminescence with intense yellow and faint red-orange emission,

respectively (see Figure 4.11).
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Figure 4.11. Solid state luminescence of A) Ar*-Te-6-Ar" (under air) and D) Naph-Te-6-B
(under air) and the lack of visually discernable emission from B) Naph-Te-6-Naph (under
N») and C) FI-Te-6-FI (under N,) at room temperature, when irradiated with UV light at A =
365 nm.

More detailed photoluminescence studies on Ar*-Te-6-Ar" indicated that the nature of
the yellow emission at 600 nm (Figures 4.11 and 4.12) to be phosphorescence with a lifetime
of t =29.3 us measured in air at room temperature, with an absolute quantum yield of (¢) of
9.4 %. Interestingly, when films of Naph-Te-6-Naph and FI-Te-6-F1 were frozen in liquid N»
and exposed immediately to UV light of 365 nm, faint orange-red and yellow-orange
luminescence was detected in each solid sample, respectively, however, their intensity was
too low to obtain reliable lifetime and quantum yield data; however the large Stokes shifts
noted are consistent with phosphorescence. Initial attempts to get the emission profile of the
unsymmetric red-emitter Naph-Te-6-B in the solid state have been difficult, given the very
low nature of its red emission. An explanation for this process is the retention of some
molecular in the amorphous films of these tellurophenes at room temperature which are
suppressed upon cooling, thus leading to less non-radiative quenching via a restriction of

intramolecular rotation.
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Figure 4.12. Luminescence measurements of Ar‘-Te-6-Ar" in film at room temperature,

Mexe = 375 nm.

None of the tellurophenes reported in this chapter were found to be emissive in THF
under air or N, atmosphere at room temperature. It is likely that a non-radiative relaxation

mechanism is occurring, such as intramolecular rotations of the appended groups.
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Figure 4.13. Luminescence measurements of Naph-Te-6-Naph (top, A = 375 nm) and

F1-Te-6-F1 (bottom, Acx. =475 nm) in film at low temperature (77 K).

Additional theoretical calculations are underway in order to know the possible energy

distribution of the different excited singlet and triplet states available in Naph-Te-6-Naph,

F1-Te-6-F1 and Arf-Te-6-Ar", and to explain the phosphorescence observed in each case.
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Table 4.8. Excitation and emission properties of symmetric tellurophenes.

STATE A max, NM Aems NM

Naph-Te-6-Naph® FILM 374 588, 632
FI-Te-6-FI* FILM 373,468 633
Ar-Te-6-Ar"" FILM 370 600

Measures at a) low temperature, 77 K and b) r.t.

Overall, the luminescence studies showed some interesting trends. While the symmetric
tellurophene (Naph-Te-6-Naph) is practically not luminescent at room temperature, its un-
symmetric counterpart, Naph-Te-6-B, is a faint red-orange emitter at room temperature. It is
likely that for Naph-Te-6-B the presence of the acceptor group, BPin creates a donor-
acceptor (D-A) type structure that red-shifts the emission. The low quantum yield in these
species could be due to a lack of crystallinity in the solid state that enables quenching by O,
to occur more readily (via diffusion through the film); moreover there is a chance for molecu-
lar motion in these amorphous films, which also could lead to a reduction in quantum yield.
Lastly the red-emitting Naph-Te-6-B would have a faster rate of non-radiative decay due to

the Energy Gap Law.**

Low quantum yields in solid red emitters could be partially overcome by using bulky
substituents in the fluorophores to prevent quenching by close packing; this strategy has been
reported with perylene bisimides and naphthalenes moieties as a fluorophores and tetra-
phenylethene (TPE) as a bulky substituent (Figure 4.14).* Accordingly, it could be interest-
ing to study the optical properties of tellurophenes using more bulky and conjugated systems
than the substituent naphthalene, such as anthracene, with the goal to obtain more intense red
emission and high quantum yields by preventing close intermolecular contacts from forming,

thus mitigating triplet-triplet annihiliation.
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In order to have red-shift emission (generally fluorescence), it is often necessary to cou-
ple several aromatic units to form long conjugated systems (Figure 4.14). In the case of
Naph-Te-6-B such extended levels of conjugation are not needed due to effective intersystem
crossing (ISC) between excited singlet, S, and triplet, Ty, states, leading to the resulting large
Stokes shift associated with phosphorescence (and red emission). Thus one can achieve red

emission without complex synthetic procedures.

. ——— )

TPE TPE

TPE
IO O
ON 0.0 NO
(o] o}
TPE O
Aemiss = 668 nm
(red emission)

—
Aemiss = 466 nm

Aemiss = 469 nm

QUANTUM YIELDS

SOLUTION (CH,Cl,)  SOLID

Without TPE ~1 0

With TPE 007% —220 5 639

Figure 4.14. TPE-substituted fluorophores with increasing quantum yields in the solid state

by attaching TPE moiety.

Another observation, related to the intense yellow phosphorescence emission of
Arf-Te-6-Ar" is that it seems that the combination of electron withdrawing groups (such as
m-(CF3),C¢H3) attached to the electron-rich tellurophene in Arf-Te-6-Ar® forms a good
couple acceptor-donor-acceptor (A-D-A) to yield intensely phosphorescent tellurophenes in
the solid state at room temperature. Here the aryl-bound CF; groups might be preventing
close intermolecular packing in the solid state and so helping to avoid self-quenching of
triplet emission. In terms of the easy synthesis of symmetric tellurophenes compared to the
unsymmetric derivatives, the discovery that symmetric tellurophenes could still be phospho-

rescent in solid state at room temperature is an important finding, which could open a door to
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a new class of easy accessible emitters. Given the high quantum yield noted when electron-
withdrawing Ar" groups are appended onto a tellurophene, it would be interesting to prepare
analogues Te heterocycles containing (CHO)CeHs, (CN)CsHy and (COOMe)CgH4 as side
groups (Figure 4.15).

OHC O \Te/ O CHO NC O \Te/ O CN MeOOC O \Te/ O COOMe
O O O

Figure 4.15. Possible luminescence symmetric tellurophenes with different electron with-

drawing substituents appended to the tellurophene.

4.3. CONCLUSIONS

Synthetic protocols have been developed to obtain phosphorescent symmetrically and
unsymmetrically-substituted tellurophenes through Suzuki-Miyaura and Sonogashira cross-
coupling reactions. The electron-deficient species Ar*-Te-6-Ar" was strongly emitting in the
solid state despite the lack of BPin groups, thus it is now possible to achieve phosphores-
cence using readily available diarylated tellurophenes. Future work will involve the synthesis
of another symmetric tellurophenes with different electron withdrawing groups attached at
the 2- and 5-positions of the five-membered tellurophenes and study their optoelectronic

properties.
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44. EXPERIMENTAL SECTION
4.4.1. General methods

Unless explicitly stated, all reactions were conducted with standard Schlenk and glove
box (MBraun) techniques using N, as an inert atmosphere, with solvents that were dried
using a Grubbs’ type purification system manufactured by Innovative Technology Inc.
1,7-octadiyne and 2,2’-bipyridine (Bipy) were purchased from GFS Chemicals, Cp,ZrCl,
was purchased from Strem Chemicals Inc., 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane (‘PrOBPin), 1-bromo-3,5-bis(trifluoromethyl)benzene and 4-bromo-N,N-dimethyl-
aniline were purchased from Matrix Scientific and all other chemicals were obtained from
Aldrich. BipyeTeCl, was synthesized according a literature procedure.* 'H, “C{'H},
"B{'H} and ""F NMR spectra were recorded on either a Varian Innova 500 and 400
spectrometer and referenced externally to MesSi (‘H and "“C{'H}), F3B+OEt, (''B) and
CFCl; ("F). Melting points were measured in a MelTemp apparatus and are reported without
correction. Elemental analysis were performed by the Analytical and Instrumentation Labora-
tory at the University of Alberta, UV-visible measurements were performed with a Varian
Cary 300 Scan spectrophotometer and fluorescence measurements with a Photon Technology
International (PTI) MP1 fluorometer. High resolution mass spectra were obtained on an

Agilent 6220 spectrometer.

4.4.1.1 Synthesis of B-C8-H:

To a solution of 15 mL (113 mmol) of 1,7-octadiyne in 225 mL of Et,O at -78 °C
under N,, was added slowly a "BuLi solution (2.5 M in hexanes, 9.0 mL, 23 mmol). The
mixture was then stirred for 1 h at -78 °C, followed by addition via cannula to another
Schlenk flask containing a solution of 'PrOBPin (4.7 mL, 23 mmol) in 100 mL of Et,O at
-78 °C. The reaction mixture was stirred for 2 h at -78 °C. After stirring at room temperature
overnight, a solution of HCI was added (4.0 M in dioxane, 16.8 mL, 68 mmol) at -78 °C and

followed by stirring at room temperature overnight. The mixture was filtered in air and the
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solvent removed from the filtrate. The excess of 1,7-octadiyne and dioxane were removed
under vacuum at 80 °C to afford B-C8-H as a colorless oil (4.708 g, 87 % yield). "H NMR
(400 MHz, CDCl3): & 2.31-2.23 (m, 2H, BC=CCH), 2.21-2.16 (m, 2H, HC=CCH), 1.92 (t,
1H, *Juy = 2.7 Hz, HC=CCH,), 1.68-1.59 (m, 4H, HC=CCH,(CH,),), 1.25 (s, 12H, CHj).
BC{'H} NMR (400 MHz, CDCls): & 84.17 and 84.15 (CH,C=CB and HC=C), 84.1
(H:C),C), 68.7 (HC=0O), 27.5, 27.1 (C=CCHy(CHy),), 24.8 (CHj3), 19.2, 18.0
(C=CCH,(CH,),). "B{'H} NMR (400 MHz, CDCl5): § 23.6.

4.4.1.2.  Synthesis of H-C8-Naph:

H— \__/ = <\_/:

Pd(PPhs)s (0.198 g, 0.17 mmol), Cul (0.065 g, 0.34 mmol), PPh; (0.090 g, 0.34 mmol),

diisopropylamine (8.4 mL, 60 mmol) and 1,7-octadiyne (7.8 mL, 60 mmol) were dissolved in
57 mL of toluene under N,. Once the solution was warmed up to 75 °C, a solution of 2-
bromonaphthalene (1.837 g, 8.60 mmol) in 10 mL of toluene was added over 10 minutes and
the mixture was stirred overnight at 75 °C. The reaction mixture was filtered through a pad of
silica gel at room temperature and the filtrate was washed twice with 200 mL portions aque-
ous saturated of NH4Cl and the organic layer was recovered and dried over MgSO,. After
another filtration, the solvent was removed under reduced pressure at room temperature,
followed by exposure to dynamic vacuum with stirring for 3 h at 60 °C. The remaining oily
was re-dissolved in 100 mL of cold pentane (0 °C) and then filtered to remove the possible
by-product of Naph-C8-Naph, which is insoluble in cold pentane. The solvent was removed
under vacuum and the resulting product was purified by column chromatography using silica
gel (75:1 hexanes/ethyl acetate mixture as an eluent) to give H-C8-Naph as a pale yellow oil
(1.608 g, 70 %). "H NMR (500 MHz, CDCls): § 7.93 (s, 1H, ArH), 7.83-7.74 (m, 3H, ArH),
7.51-7.44 (m, 3H, ArH), 2.51 (t, 2H, *Jyu = 6.7 Hz, ArC=CCH,), 2.33-2.28 (m, 2H,
HC=CCH>), 2.00 (t, 1H, *Juy = 2.7 Hz, HC=CCH,), 1.83-1.73 (m, 4H, HC=CCH,(CH>),).
“C{'H} NMR (500 MHz, CDCls): § 133.2, 132.6, 131.2, 128.8, 127.9, 127.8, 127.7, 126.5,
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126.4 and 121.4 (ArC), 90.2 (ArC=C), 84.3 (HC=C), 81.4 (ArC=C), 68.7 (HC=C), 27.9 and
27.8 (C=CCH,y(CH,),), 19.2 and 18.2 (C=CCH,(CHa),). HR-MS (EI) (CisHyg): m/z: Caled:
232.12520; Found: 232.12507 (Appm = 0.6). Anal. Calcd. for CisHys: C, 93.06; H, 6.94;
Found: C, 92.71; H, 6.93.

4.4.1.3.  Synthesis of H-C8-Ar":

CF;
H— —— <\ />
CF3

Pd(PPhs)s (0.298 g, 0.25 mmol), Cul (0.098 g, 0.51 mmol), PPh; (0.135 g, 0.51 mmol),

diisopropylamine (12.6 mL, 90.4 mmol), 1,7-octadiyne (12.0 mL, 90.4 mmol) and 1-bromo-
3,5-bis(trifluoromethyl)benzene (3.862 g, 12.9 mmol) were dissolved in 86 mL of toluene
under N,. The final solution was stirred for 36 h at 75 °C. The reaction mixture was filtered
through a pad of silica gel at room temperature and the filtrate was washed twice with 300
mL portions aqueous saturated of NH4ClI and the organic layer was recovered and dried over
MgSQ,. After another filtration, the solvent was removed under reduced pressure at room
temperature, followed by exposure to dynamic vacuum with stirring for 3 h at 60 °C. The res-
idue was mixed with 100 mL of cold pentane (0 °C) and then filtered. The solvent was re-
moved from the filtrate under vacuum and the resulting product was purified by column
chromatography using silica gel and a 75:1 hexanes/ethyl acetate mixture as an eluent (Ry =
0.45) to give H-C8-Ar" as an oil (2.379 g, 57 %). '"H NMR (500 MHz, CDCls): & 7.81 (s,
2H, ArH), 7.75 (s, 1H, ArH), 2.47 (t, 2H, *Jun = 6.8 Hz, ArC=CCH,), 2.30-2.25 (m, 2H,
HC=CCH,), 1.97 (t, 1H, *Jyu = 2.7 Hz, HC=CCH,), 1.80-1.67 (m, 4H, HC=CCH,(CH,),).
BC{'H} NMR (500 MHz, CDClL): & 131.9 (q, “Jcr = 33.5 Hz, CCF3), 131.6 (ArC), 126.4
(ArC), 123.2 (q, "Jor = 272.7 Hz, CF;C;), 121.1 (ArC), 94.0 (ArC=C), 84.0 (HC=C), 78.6
(ArC=C), 68.8 (HC=C), 27.7 and 27.5 (C=CCH,(CH,)), 19.1 and 18.1 (C=CCH,(CH,),).
HR-MS (EI) (Ci6H2F6): m/z: Calcd: 318.08432; Found: 318.08441 (Appm = 0.3). Anal.
Calcd. for C;¢H2F¢: C, 60.38; H, 3.80; Found: C, 60.50; H, 3.75.
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F3C CF3

In one of the first fractions eluted from column, the by-product Ar*-C8-Ar" was recov-
ered (0.076 g). Arf-C8- Ar': '"H NMR (500 MHz, CDCly): & 7.81 (s, 4H, ArH), 7.75 (s, 2H,
ArH), 2.53 (m, 4H, C=CCH,CH,), 1.82 (m, 4H, C=CCH,CH,). *C{'H} NMR (500 MHz,
CDCls): & 132.0 (q, “Jcr = 33.5 Hz, CCF3,), 131.6 (ArC), 126.3 (ArC), 123.1 (q, 'Jer = 272.7
Hz, CF;), 121.2 (ArC), 93.8 (ArC=C), 78.8 (ArC=C), 27.7 (C=CCH,(CH,);) and 19.1
(C=CCHy(CH;),). HR-MS (EI) (Ca4H14F12): m/z: Caled: 530.09039; Found: 530.08982
(Appm = 1.1). Anal. Calcd. for Co4H 4F1,: C, 54.35; H, 2.66; Found: C, 54.34; H, 2.84.

4.4.1.4. Synthesis of B-C8-Naph:

j:o:B — \_/ — <\_ /:

To a solution of H-C8-Naph (0.791 g, 3.41 mmol) in 68 mL of Et,O at -40 °C was added

dropwise an "BuLi solution (2.5 M in hexanes, 1.5 mL, 3.8 mmol). After the mixture was
stirred for 2 h at -40 °C, neat ‘PrOBPin (0.72 mL, 3.4 mmol) was added. The reaction mixture
was stirred for 3 h at room temperature and then quenched with 4.3 mL (17 mmol) of 4.0 M
HCI in dioxane at -40 °C. The resultant mixture was then stirred at room temperature over-
night followed by filtration in air. The volatiles were removed from the filtrate under vacuum
to give B-C8-Naph as an oil in quantitative mass yield with 79 % purity estimated by 'H
NMR spectroscopy. "H NMR (500 MHz, CDCls): 6 7.89 (s, 1H, ArH), 7.80-7.72 (m, 3H,
ArH), 7.48-742 (m, 3H, ArH), 2.51-245 (m, 2H, ArC=CCH,), 2.38-2.33 (m, 2H,
PinBC=CCH>), 1.80-1.72 (m, 4H, PinBC=CCH,(CH>),), 1.27 (s, 12H, CH;). “C{'H} NMR
(500 MHz, CDCls): 6 133.2, 132.6, 131.2, 128.8, 127.9, 127.8, 127.7, 126.4, 126.4 and 121.4
(ArC), 90.1 (ArC=C), 84.2 (BC=C) and 81.4 (ArC=C), 27.9 and 27.4 (C=CCHy(CH,),), 24.8
(CH3), 19.3 and 19.2 (C=CCH,(CH,),). ''B {'H} NMR (500 MHz, CDCls): § 23.7. HR-MS
(EI) (C24H27B0O,): m/z: Calcd: 358.21042; Found: 358.21002 (Appm = 1.1).
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4.4.1.5. Synthesis of B-C8-Ar":

CF3

(o] —
ioﬁ:\ /— \ /

CF;

To a solution of H-C8-Ar" (0.943 g, 2.73 mmol) in 109 mL of Et,O at -78 °C was added
dropwise "BuLi (2.5 M solution in hexanes, 1.2 mL, 3.0 mmol). After stirring for 1 h at
-78 °C, neat 'PrOBPin (0.57 mL, 2.7 mmol) was added by syringe. The mixture was stirred at
room temperature overnight and then HCI (4.0 M solution in dioxane, 3.4 mL, 14 mmol) was
added at -78 °C. The resulting mixture was then stirred at room temperature for 8 h. The
reaction mixture was filtered in air and the volatiles were removed under reduced pressure to
give B-C8-C¢H3(CF3), with 75 % of purity as estimated by "H NMR spectroscopy. 'H NMR
(500 MHz, CDCls): 6 7.81 (s, 2H, ArH), 7.74 (s, 1H, ArH), 2.48-2.43 (m, 2H, ArC=CCH,),
2.37-2.32 (m, 2H, PinBC=CCH,), 1.79-1.67 (m, 4H, PinBC=CCH,(CH>),), 1.27 (s, 12H,
CHs). C{'H} NMR (500 MHz, CDCl3): & 131.9 (q, “Jcr = 33.5 Hz, CCF3), 131.6 (ArC),
126.4 (ArC), 123.2 (q, 'Jer = 273.2 Hz, CF3;), 121.1 (ArC), 93.9 (ArC=C), 84.3 (BC=C),
78.6 (ArC=C), 27.5 and 27.3 (C=CCH2(CH),), 24.8 (CH3), 19.3 and 19.1 (C=CCHx(CH,),).
"B{'H} NMR (500 MHz, CDCls): & 23.6. HR-MS (EI) (C¢H2Fs): m/z: Calcd: 444.16953;
Found: 444.16989 (Appm = 0.8).

4.4.1.6.  Synthesis of Naph-Te-6-Naph:

O, IO
)

B-Te-6-B (0.201 g, 0.41 mmol), 2-bromonaphthalene (0.175 g, 0.82 mmol), Pd(OAc),
(3.7 mg, 4 mol%), Xphos (0.016 g, 8 mol%) were dissolved in 5.0 mL of MeCN. After
adding 0.82 mL of aqueous K,;CO; (2.0 M solution, 1.6 mmol), the reaction mixture was
stirred at 80 °C for 60 h. The final product was not soluble in MeCN, thus the supernatant

was decanted and 50 mL of CHCI; was added to dissolve the precipitate. The resulting
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solution was filtered through a pad of Celite. After the volatiles were removed from the
filtrate, the remaining solid was washed three times with 20 mL aliquots of pentane to
remove the residues of Xphos and dried under reduced pressure to afford Naph-Te-6-Naph
as a brown solid (0.072 g, 36 %). 'H NMR (600 MHz, CDCls): & 7.89 (s, 2H, ArH),
7.88-7.82 (m, 6H, ArH), 7.61-7.57 (m, 2H, ArH), 7.53-7.47 (m, 4H, ArH), 2.82 (br, 4H,
C=CCH>), 1.69 (br, 4H, C=CCH,CH>). “C{'H} NMR (500 MHz, CDCl5): § 144.9, 139.7,
137.9, 133.5,132.3, 128.1, 128.01, 127.96, 127.9, 127.8, 126.5 and 126.1 (ArC and Te-C=C),
30.8 (C=CCH,CH,) and 23.5 (C=CCH,CH,). UV/Vis (THF): Ama (€) = 281 nm (2.21x10"
M em™), 324 nm (1.85x10* M'em™). HR-MS (EI) (CosHyTe): m/z: Caled: 488.07837;
Found: 488.07782 (Appm = 1.3). Anal. Calcd. for CysHyTe: C, 69.19; H, 4.56; Found:
C, 68.47; H, 4.59. Mp(°C): 171-174.

4.4.1.7. Synthesis of Fl-Te-6-FI:

B-Te-6-B (0.392 g, 0.81 mmol), 2-bromofluorene (0.413 g, 1.60 mmol), Pd(OAc)
(7.3 mg, 4 mol%), Xphos (0.031 g, 8 mol %) were dissolved in 10 mL of MeCN. After
adding 1.6 mL of aqueous K,CO; (2.0 M solution, 3.2 mmol), the reaction mixture was
stirred at 80 °C for 12 h. The resulting mixture was filtrated and the precipitate washed four
times with 20 mL portions of MeCN and three times with 20 mL portions of hexanes. The
remaining solid was dissolved in 5 mL of CH,Cl,, filtered through small pad of Celite and
the volatiles removed under reduced pressure to yield FI-Te-6-FI as a yellow-green powder
(0.177 g, 39 %). '"H NMR (500 MHz, CDCl3): & 7.78 (pseudo t, 4H, Juy = ca. 8.1 Hz, ArH),
7.61 (pseudo s, 2H, Jyy = ca. 0.9 Hz, ArH), 7.55 (d, 2H, Juy = ca. 7.2 Hz, ArH), 7.47 (dd,
2H, Jyu = ca. 7.8 Hz, Jyy = ca. 1.7 Hz, ArH), 7.39 (pseudo t, 2H, Jyy = ca. 7.3 Hz, ArH),
7.31 (pseudo t, 2H, Jyy = ca. 7.3 Hz, Jyy = ca. 1.2 Hz, ArH), 3.94 (s, 4H, CH; in F1), 2.79 (m,
4H, C=CCH,CHb), 1.68 (m, 4H, C=CCH,CH,). *C{'H} NMR (500 MHz, CDCl3): 5 144.6,
143.6, 143.5, 141.5, 140.6, 139.8, 139.0, 128.3, 127.0, 126.9, 126.1, 125.2, 120.0 and 119.7
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(ArC), 37.1 (CH,), 30.8 (C=CCH,CH,), 23.5 (C=CCH,CH,). UV/Vis (THF): Amax (€) = 266
nm (3.07x10* M cm™), 330 nm (3.26x10* M em™). HR-MS (EI) (C34Ha6Te): m/z: Caled:
564.10913; Found: 564.10883 (Appm = 0.52). Anal. Calcd. for C34Hy¢Te: C, 72.64; H, 4.66;
Found: C, 71.99; H, 4.82. Mp(°C): > 250.

4.4.1.8.  Synthesis of Arf-Te-6-Ar":

FsC CF,
Py
FsC \ / CF,

B-Te-6-B (0.196 g, 0.40 mmol), 5-bromo-1,3-bis(trifluoromethyl)benzene (0.239 g, 0.80
mmol), Pd(OAc); (3.6 mg, 4 mol%), Xphos (0.016 g, 8 mol %) were dissolved in 5.5 mL of a
solvent mixture of MeCN / THF (10:1) in a vial suitable for microwave reactions. After
adding 0.2 mL of aqueous K,CO; (2.0 M solution, 0.4 mmol), the reaction mixture was
stirred at 110 °C for 3 h in a microwave reactor. The resulting mixture was poured into 60 mL
of CHCI; while stirring, filtered through a pad of Celite and the solvent removed under
reduced pressure. The remaining solid was dissolved in 50 mL of toluene and wash four
times with 50 mL portions of water. The organic layer dried over MgSQy,, filtered and the
volatiles removed under reduced pressure to yield the product as a light yellow solid (0.190
g, 72 %). The resulting crude product was purified by column chromatography using silica
gel and petroleum ether as an eluent to give Ar'-Te-6-Ar" as a light yellow solid (0.114 g,
43 %). "H NMR (500 MHz, CDCls): & 7.82 (s, 6H, ArH), 2.65 (m, 4H, C=CCH,CH,), 1.68
(m, 4H, C=CCH,CH>). "C{'H} NMR (500 MHz, CDCls): § 143.3, 142.2, 137.0 (ArC),
132.0 (*Jor = 33.5 Hz, CCF;), 129.2 (ArC), 1233 (‘Jor = 272.7 Hz, CF3), 30.4
(C=CCH,CH>), 23.0 (C=CCH,CH>). "’F NMR (500 MHz, CDCl5): & 62.8. UV/Vis (THF):
Amax (€) = 312 nm (1.40x10* M cm™). HR-MS (EI) (Co4H 4F 2 Te): m/z: Caled: 659.99606;
Found: 659.99554 (Appm = 0.79) Anal. Calcd. for Co4H4F,Te: C, 43.81; H, 2.14; Found: C,
43.99; H, 2.29.
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4.4.1.9. Synthesis of B-Te-6-Naph:

To a solution of Cp,ZrCl, (0.675 g, 2.31 mmol) in 23 mL of THF was added "BuLi
(1.8 mL, 4.6 mmol, 2.5 M solution in hexanes) at -78 °C. After stirring for 1 h, a solution of
B-C8-Naph (0.802 g, 2.24 mmol) in 10 mL of THF was added via cannula. After stirring
overnight at room temperature, a solution of Bipy*TeCl, (0.876 g, 2.47 mmol) in 20 mL of
toluene was added dropwise under inert atmosphere and followed by stirring at room
temperature for 24 h. The volatiles were removed under reduced pressure and the resulting
solid was dissolved in 50 mL of toluene and filtered through a small pad of silica gel (under
air). The filtrate was concentrated to a volume of ca. 10 mL and then stored at 4 °C for 2
days in order to precipitate the Cp,ZrCl, by-product. The mother liquor was decanted and
collected. The remaining precipitate was washed three times with 2 mL portions of cold
toluene (~ 0 °C). The organic fractions were combined and the solvent was removed to give
an oil. In order to remove any remaining Cp,ZrCl, that might still be present, a 10 mL
mixture of CH,Cl, / hexanes (1:1) was added to the oily product and the mixture cooled to
0 °C for 16 h; this cold solution was then passed through a small pad of silica gel to effec-
tively remove Cp,ZrCl,. The solvent was removed from the filtrate under vacuum to get an
oily mixture of products (0.770, 70 %). The resulting product was purified by column chro-
matography using silica gel and a 25:1 hexanes/Et,O mixture as an eluent (R¢= 0.15) to give
B-Te-6-Naph as a yellow solid (0.096 g, 9 %)."H NMR (500 MHz, CDCls): & 7.83 (m, 4H,
ArH), 7.53 (m, 1H, ArH), 7.48 (m, 2H, ArH), 2.94 (t, 2H, *Juy = 6.6 Hz, C=CCH,), 2.72 (t,
2H, *Jun = 6.2 Hz, C=CCH,), 1.74 (m, 2H, C=CCH,CH,), 1.62 (m, 2H, C=CCH,CH>), 1.33
(s, 12H, CHs). “C{'H} NMR (500 MHz, CDCl;): & 147.1, 146.7, 138.6, 133.3, 132.4, 128.1,
127.8, 127.7, 127.5, 126.5, 126.1 (ArC and Te-C=C), 83.7 (C-0O), 33.4 (C=CCH,), 31.0
(C=CCHa,), 24.9 (CH3), 23.6 (C=CCH,CH>) and 23.4 (C=CCH,CH,). "'B{'H} NMR (500
MHz, CDCl3): & 31.3. UV/Vis (THF): Ay (8) = 287 nm (1.45x10* M ecm™), 312 nm
(1.4x10* M'em™). HR-MS (EI) (C24H27;BO,Te): m/z: Caled: 488.11663; Found: 488.11685
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(Appm = -0.4). Anal. Calcd. for C,4H»7BO,Te: C, 59.33; H, 5.60; Found: C, 60.26; H, 5.74.
Mp(°C): 132-134.

4.4.1.10. Synthesis of B-Te-6-Ar":

(of
o
5
\ /

0~

Fs3

CF;

To a solution of Cp,ZrCl, (0.522 g, 1.79 mmol) in 20 mL of THF was added "BuLi
(1.4 mL, 3.5 mmol, 2.5 M solution in hexanes) at -78 °C. After stirring for 1 h, a solution of
B-C8-Ar" (0.770 g, 1.73 mmol) in 10 mL of THF was added via cannula. After stirring
overnight at room temperature, a solution of Bipy*TeCl, (0.678 g, 1.91 mmol) in 20 mL of
toluene was added dropwise under inert atmosphere, followed by stirring at room tempera-
ture for 24 h. The volatiles were removed under reduced pressure and the resulting solid was
dissolved in 50 mL of toluene and filtered through a small pad of silica gel (under air). The
filtrate was concentrated to a volume of ca. 10 mL and then stored at 4 °C for 2 days in order
to precipitate the Cp,ZrCl, by-product. The mother liquor was decanted and collected. The
remaining precipitate was washed three times with 2 mL portions of cold toluene (~ 0 °C).
The organic fractions were combined and the solvent was removed to give an oil. In order to
remove any remaining Cp,ZrCl, that might still be present, a 10 mL mixture of CH,Cl, /
hexanes (1:1) was added to the oily product and the mixture cooled to 0 °C; this cold solution
was then passed through a small pad of silica gel to effectively remove Cp,ZrCl,. The solvent
was removed from the filtrate under vacuum to get an oily mixture of products (1.025, 103
%). The solvent was removed from the filtrate under vacuum and the resulting product was
purified by column chromatography using silica gel and a 30:1 hexanes/THF mixture as an
eluent to give a B-C8-Ar" as a solid (0.059 g, 6 %). 'H NMR (500 MHz, CDCl;): & 7.79 (3H,
ArH), 2.93 (t, 2H, *Juy = 6.6 Hz, C=CCH,), 2.59 (t, 2H, *Juy = 6.4 Hz, C=CCH>), 1.73 (m,
2H, C=CCH,CH>), 1.62 (m, 2H, C=CCH,CH>), 1.33 (s, 12H, CH;). “C{'H} NMR (500
MHz, CDCls): 6 159.1, 148.1, 143.5, 131.6, 128.9, 124.5, 122.3, 120.5 (ArC and Te-C=C),
84.0 (C-0), 33.2 (C=CCH,), 30.7 (C=CCH,), 24.9 (CHj3), 23.3 (C=CCH,CH;) and 23.1
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(C=CCH,CH,). '"B{'"H} NMR (400 MHz, CDCl;): § 30.5. '’F NMR (400 MHz, CDCl;): &
62.8. HR-MS (EI) (C:H3BF0,Te): m/z: Caled: 574.07575; Found: 574.07562 (Appm =
0.2).
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4.4.2. X-ray details
Table 4.9. X-Ray crystallographic data for Naph-Te-6-Naph.

A. Crystal Data

formula CagHooTe
formula weight 486.05

crystal dimensions (mm) 0.20 x 0.17 x 0.04
crystal system orthorhombic
space group Pbca (No. 61)

unit cell parameters?

a(A) 16.0968 (3)
b (A) 7.3295 (2)
c(A) 35.3537 (8)
V (A3) 4171.08 (17)
z 8

Pealed (g cm™3) 1.548

4 (mm-1) 11.32

B. Data Collection and Refinement Conditions

diffractometer Bruker D8/APEX II CCD?

radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) -100

scan type w and ¢ scans (1.0°) (5 s exposures)
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data collection 28 limit (deg)

total data collected

independent reflections

number of observed reflections (NO)
structure solution method

refinement method

20144)
absorption correction method
range of transmission factors

data/restraints/parameters
goodness-of-fit ()¢ [all data]
final R indices/

Ry [Fo? 220 (Fo?)]

wR> [all data]

largest difference peak and hole

148.03

23232 (20<h<19,-9<k<8,-34<1<41)
4108 (Rint = 0.0673)

3772 [Fo? > 20 (Fy?2)]

Patterson/structure expansion (DIRDIF-20058¢)

full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.7190-0.1931
4108/0/262

1.334

0.0653
0.1463

1.208 and —2.466 ¢ A-3

a0btained from least-squares refinement of 9456 reflections with 7.42° <26< 147.54°.

bPrograms for diffractometer operation, data collection, data reduction and absorption correc-

tion were those supplied by Bruker.

cBeurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory, Radboud

University Nijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8.

eS = [Ew(Fo2 — Fc2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[2(Fy2) + 50.7994P]-1 where P = [Max(Fy2, 0) + 2F:2]/3).
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le = Z||Fo| = |Fell/Z|Fo|; wRy = [ZW(FOZ —FCZ)Z/ZW(F04)]1/2~

Table 4.10. X-Ray crystallographic data for Ar*-Te-6-Ar".

A. Crystal Data

formula CogH14F5Te
formula weight 657.95
crystal dimensions (mm) 0.42 x 0.24 x 0.08
crystal system triclinic
space group P1 (No. 2)
unit cell parameters?®
a(A) 11.6764 (8)
b (A) 14.6438 (11)
c(A) 15.8273 (11)
o (deg) 68.5869 (8)
S (deg) 72.8467 (8)
v (deg) 73.0843 (8)
V(A3) 2355.7 (3)
Z 4
Pealed (g cm3) 1.855
u (mm-1) 1.369
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (4 [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) -100
scan type  scans (0.3°) (15 s exposures)
data collection 28 limit (deg) 56.48
total data collected 22229 (-15<h<15,-19<k<19,-21 </<21)
independent reflections 11350 (Rint = 0.0173)
number of observed reflections (NO) 9459 [Fy2 > 20(Fy2)]
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structure solution method Patterson/structure expansion (DIRDIF-2008¢)

refinement method full-matrix least-squares on F2 (SHELXL—
20144)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9279-0.6886
data/restraints/parameters 11350/0/ 667
goodness-of-fit (S)¢ [all data] 1.055
final R indices”
R| [Fo? > 20(Fy2)] 0.0387
wR [all data] 0.1051
largest difference peak and hole 1.428 and —0.768 e A-3

aQbtained from least-squares refinement of 9986 reflections with 4.76° <26< 50.60°.

bPrograms for diffractometer operation, data collection, data reduction and absorption correc-
tion were those supplied by Bruker.
¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,

R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory, Radboud
University Nijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8.

eS = [Ew(Fo2 — Fc2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.0497P)2 + 3.2965P]-! where P = [Max(F,2, 0) + 2F:2]/3).

TRy = Z||Fo| — [Fell/Z|Fol; WwRy = [EW(Fo2 — F2)2/Ew(Fo)]1/2.
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4.5. ADDITIONAL DATA
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Figure 4.16. A) H NMR spectrum of B-C8-H in CDCl;.
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Figure 4.16. B) "C{'H} NMR spectrum of B-C8-H in CDCl.
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Figure 4.16. C) ''B{'H} NMR spectrum of B-C8-H in CDCl;.
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Figure 4.17. A) '"H NMR spectrum of H-C8-Naph in CDCl;.
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Figure 4.17. B) "C{'H} NMR spectrum of H-C8-Naph in CDCl;.
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Figure 4.18. A) '"H NMR spectrum of H-C8-Ar" in CDCl.
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Figure 4.19. A) '"H NMR spectrum of Ar*-C8-Ar" in CDCl;.
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Figure 4.20. A) '"H NMR spectrum of B-C8-Naph in CDCls.
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Chapter 5

Summary and future work

In Chapter 2, I described the synthesis of the tetraborylated phosphorescent tellurophene,
4BTe, and its sulfur and selenium analogues, 4BS and 4BSe.

2 equiv. nBuLi B2C2, 2 i M 0
quiv. ) , 2 equiv. . O-pg o

Cp,ZrCl, » "CpoZr"
THF, 1.5 h, -78 °C THF, 0 °C
Then 16 h, rt

Se
"

S,Cly, P(Phg)s,

» 4BS
THF, 24 h, rt 89% on\ 94K<
B E<_B.
Bipy+SeCl ° M °
py 2 0 o

Cp,ZrC,BPin,, 78% » 4BSe B B-
THF, 16 h, 1t 66% >§(o 07€<
BipyTeCl,, 4BE
o 4BT
> =€ E:S, Se, Te

THF, 16 h, it~ 5%

Scheme 5.1. Synthesis of the tetraboryl substituted chalcogenophenes.

The synthesis of these chalcogenophenes started with the formation of the zirconacycle
complex Cp,ZrC4BPins via ring closing using bis-pinacolato-diboronacetylene precursor
PinBC=CBPin and Negishi's reagent "Cp,Zr". The moisture sensitive intermediate
Cp2ZrC4BPingy can be isolated and characterized, or used in situ in the next step of
metallacycle transfer with the corresponding chalcogen sources. The molecular structures of
4BSe and 4BTe were determined by X-ray crystallography and both presented similar
propeller configurations of the peripheral BPin groups.
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The absorption properties of 4BS, 4BSe and 4BTe were measured in THF solution and
4BTe in three different solvents (THF, toluene and CH,Cl,) to see the effect of substituting
the heteroatom and the solvent on the optoelectronic properties. A red-shift in the absorption
maximum (Am.x) Was noted when moving to heavier chalcogenophenes (4BS: 262 nm; 4BSe:
275 nm; 4BTe: 291 and 338 nm and no noticeable solvatochromism of 4BTe in different
solvents. The optical band gaps were calculated from the onset of absorption and the values
decreased when the heteroatom is changed from S to Se and Te (4.4, 4.1 and 3.4 eV,
respectively). Based on calculations done in collaboration with Prof. Brown (University of
Alberta), the lower energy absorption band at 338 nm was assigned as an electronic transition
from the HOMO (mainly localized in a lone pair on the Te" center) to the LUMO (B-C 7-
type orbitals involving the appended BPin groups). In accordance with cyclic voltammetry
measurements, the reduction in the bandgap in 4BTe is mainly driven by an increase in

energy of the HOMO level (localized in a lone pair on the Te" center).

In the solid state and in solution both, 4BS and 4BSe were not luminescent. However
4BTe presented bright green phosphorescence (Aeym = 536 nm, T = 156 ps and a quantum
yield of ¢ = 20.3 %) in the solid state and faint luminescence in solutions of THF prepared
under N, atmosphere; similar results occurred with B-Te-6-B. The faint emission in solution
was completely quenched when solutions of both tellurophenes were exposed to air,
suggesting that oxygen might be quenching their emission in solution (and partially in solid
state) as confirmed by luminescence measurements. Notably enhanced quantum yields and
increased lifetimes (quantum yield ¢ = 24.4 % and lifetime t = 387 ps) were found for films
of 4BTe measured under argon. 4BTe also showed AIE effects as it was evidenced by the
formation of emissive aggregates in a mixture of THF/water (5:95). The nature of
phosphorescence was explained based on theoretical calculations: the excited states S; and Ts
in 4BTe were computed to be close in energy (~ 0.12 eV) and therefore intersystem crossing

could occur, with assistance by the presence of the heavy atom tellurium.

Since B-Te-6-B and 4BTe showed intense emission properties, it would be interesting to
study the effect of different borane groups on the emission properties of tellurophenes by
varying the Lewis acidity strength on the boron center. I proposed the future synthesis of new

di-substituted boron/borole tellurophenes by a silicon boron exchange reaction and lithium

210



halogen exchange reactions as depicted in Scheme 5.2. New luminescent properties should
be expected of these new tellurophenes 3 and 5, since in the case of 3, the electronic
distribution around the tri-coordinated boron center could change from electron-donating Ar’

groups (anilines) to electron-accepting fluoroaryl groups.

Ar'\ /Ar'
4 equiv. Ar'Li B Te
> Ar \ / Ar
toluene
-4 LiBr
—Sli Te Sli— Br,B~"®,_BBr ’
\ 2 equiv. BBry 2 2
n-pentane
.78 OC Li Li A
quw
- 2 Me3SiBr

g
F3C )
S
o O O Or
FsC

\ J
5 L Li Li
Ar———Ar equiv. Li

LTI @ P |
2 equiv. Et,O Al ‘Wr ,
6 4 5
. ) . 2 equiv. "BuLi !
: CpyZrCl, + 2 equiv. "BuLi :
: I\ J :

S gpz .

. "CpoZr" Ar AT 2 equiv. |
S TR
Alternative route Ar Ar Ar Ar
7 8

Scheme 5.2. Synthesis of organoboranes/organoboryl tellurophenes.
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Compound 1, 6 and 7' have already been synthesized by the Rivard group. Borylation of
1 is accordance with literature procedures® to form bis-dibromoboranetellurophene 2, which
can be used later to form diarylboryl tellurophenes such as 3.% In a similar fashion, compound
2 can react with the dilithiated diene 4 to form the respective the disubstituted boryltelluro-
phene 5.> Compound 4 could be synthesized according to literature procedures starting from
known diarene acetylenes 6 (Scheme 5.2, bottom) or following the alternative procedure, via

zirconacycle formation, described in the Scheme 5.2.*

In Chapter 3, I reported the synthetic routes to new BPin and bromide-functionalized
tellurophenes. Protodeboronation of 4BTe was carried out by K,CO3 aqueous under thermal
conditions or using a microwave reactor to form 2BTe or BTe, respectively. Bromination of
2BTe or BTe, gave acceptable yields of the respective bromides 2BrTe and BrTe, respec-
tively (Scheme 5.3).

.
2 Mol K,COj (aq) 2.0 M "~ e/ H 4 equiv. CuBr, Hf/Z/H
e flux 16 h Br Br

PinB_-T€__BPin reflux
2BTe, 50% 2BrTe, 24 %

PinB BPin
4BTe 3 Mol KoCO3 (aq 20M  y_Te,_H 2 equiv. CuBr, He T8, H
- - M
uw: 130 °C, 20 min, THF H Bpin  MeOH/H,0 (4:1) H Br
reflux 16 h

BTe, 75 % BrTe, 21 %

Scheme 5.3. Protodeboronation of 4BTe followed by bromination with CuBr;.

PDB of B-Te-6-B was performed with NaOH aqueous solution in THF. By varying the
stoichiometry of base and time of reaction it was possible to control the outcome of the
reaction towards one of the PDB products. PDB at both sides of B-Te-6-B proved to be
difficult and the reaction needed longer reaction times (Scheme 5.4). Bromination of B-Te-6-
B with CuBr; under mild conditions gave good results as evidenced by the good yield

obtained of Br-Te-6-Br after purification by column chromatography.
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The emission properties of B-Te-6-H were studied in film state and frozen glass in
2-Me-THF at low temperature (77 K). In film state, B-Te-6-H showed yellow luminescence,
while in solution weak blue luminescence was found. The red-shift noted in the film state

might be due to the formation of emissive excimers in the excited state.

i Te
1.2 equiv. NaOHgq), 20 M FME( )™
T T THF, 65°C, 12 h
Brg' ©-Br 6 equiv. CuBr, PinB '€ _BPin
\ | < \ / | B-Te-6-H, 42 %
DMF / H,0 (4:1) T
rt, 12 h 6 equiv. NaOH(5q), 2.0 M \ /
Br-Te-6-Br B-Te-6-B >
THF, 65 °C, 3 days
77 %

H-Te-6-H, 22 %

Scheme 5.4. Protodeboronation and bromination of B-Te-6-B.

There is a very interesting chemistry that can be developed around the PDB products of
4BTe. Especially BTe shows great promise to be functionalized at 3-position by Suzuki-
Miyaura cross-coupling. Currently known 3-functionalized tellurophenes generally limited to
3-alkyltellurophenes. Functionalization of BTe would allow an increase in the number of
tellurophene precursors available for copolymerization reactions. In that sense, I propose the
synthesis of arylated tellurophenes, ArTe, where the aromatic group holds strong electron
withdrawing and donating groups in order to induce changes in the electronic properties of
the tellurophene ring (Scheme 5.5). Then, halogenation of ArTe would possibly afford new

valuable monomers for the synthesis of polytellurophenes as described in the Scheme 5.6.

Polymer 1 could be synthesized by Grignard metathesis (GRIM) method” to afford the
respective homopolymer (Scheme 5.6). It would be interesting to study the optoelectronic
properties of the homopolymer as a function of the appended aryl groups. Copolymerization
of 3-aryltellurophene with acceptor units such as thiophene and benzothiadiazole (polymer 2
and 3, respectively. Scheme 5.6) and form donor-acceptor structures would be valuable in

order to obtain polymers with small band gap for potential photovoltaic applications.
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Reports® on polymers having benzothiadiazole as an acceptor group and other different donor

groups, such as carbazoles, dithiophenes, siloles and fluorenes, have shown color tunable

luminescence with potential applications in bio-imaging.

T

v,

Suzuki-Miyaura

'

cross-coupling

BTe, 70-75% Br-Ar

CF3

H)

Strong EWG Strong EDG

CF3

I~ 16 |
W
CH,Cl, Ar
I-ArTe-l

Scheme 5.5. Functionalization of BTe and halogenation to form diiodo-3-aryltellurophenes.
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In situ Grignard Method

Mg, ArB(OMe),

o Polymer 4
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Ar': Mes
2 Route
Si-B exchange reactions
Ar'
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Ar 2)Me;SiCl Ar Ar
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Scheme 5.7. Polymerization of I-ArTe-I to form polyboranetellurophenes.

The synthesis of boron-containing polytellurophenes (polymer 4, Scheme 5.7) could be
very interesting. I proposed the synthesis of polymer 4 via three possible routes: the first is
through Grignard substitution reactions’ under reflux, the second is through a silicon-boron
exchange reactions,” and the third via the formation of a lithium-aryl intermediate.” There
are different characteristics of polymer 4 that make it attractive; the aryl group on
tellurophene could tune the electron donating ability (and nature of luminescence) of the
tellurophene backbone. By placing a bulky aryl group on boron, the resulting polymer could
be moisture- and air-stable, while the presence of boron still allows conjugation along the
main backbone. I consider polymer 4 the most interesting polymer of all to study, it is not
only because of the expected emission properties but because of its design allows to tune

different properties, such as solubility, stability and optical properties.

In Chapter 4, the synthesis of symmetric tellurophenes, Naph-Te-6-Naph, FI-Te-6-F1
and Arf-Te-6-Ar" was accomplished (Scheme 5.8) via Suzuki-Miyaura coupling reactions,

as well as the formation of unsymmetrical tellurophenes Naph-Te-6-B and Ar-Te-6-B. A
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general protocol for the synthesis of unsymmetric tellurophenes was developed, in which the
synthesis of unsymmetric alkyne-functionalized octadiynes, H-C8-Ar, was addressed first
via Sonogashira coupling (Scheme 5.9) before using this species to form the respective
boronate esters B-C8-Ar. From this precursor, luminescent tellurophenes B-Te-6-Ar were
formed via alkyne cyclization with Negishi’s reagent “Cp,Zr” followed by transmetallation

with Bipy*TeCl,.

KoCO3 aq. 4 equiv. . OO \Te/ OO

o

MeCN, 80 °C .
2 equiv. 2.5 days
Naph-Te-6-Naph, 36 %
OR
PinB \Te/ BPin Br PA(OAC), 4 mol%, | K,CO, ag. 5 equiv.
* Xphos 8 mol%, -
MeCN, 80 °C
2 equiv.
B.Te.6.B 3.5 days FI-Te-6-FI, 58 %
OR FsC CF3
CF3
Br K,COj3 aq. 1 equiv. O Te O
> FsC \ / CF3
CF, MeCN / THF .
pW 110 °C, 2 h
2 equiv.

ArF-Te-6-ArF, 15 %

Scheme 5.8. Synthesis of symmetrical tellurophenes, Naph-Te-6-Naph, FI-Te-6-F1 and

Ar"-Te-6-Ar", via Suzuki-Miyaura coupling reactions.

Suzuki-Miyaura coupling reaction on B-Te-6-B proved to be challenging, however, I
managed to recover and purify the products by column chromatography. Unfortunately, the
unsymmetric tellurophenes Naph-Te-6-B and Ar‘-Te-6-B partially decomposed during
silica gel column chromatography. The molecular structures of Naph-Te-6-Naph and Ar"-
Te-6-Ar" were also determined and show a non-coplanar configuration of the side-substi-

tuents in relation to the central tellurophene unit.

In the synthesis of the unsymmetrical octadiynes H-C8-Naph and H-C8-Ar® (Scheme

5.9), an excess of 1,7-octadiyne was used with respect to the aryl halides in order to favor the
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formation of the unsymmetrical compounds instead of the di-substituted by-products.
Borylation was performed on H-C8-Naph and H-C8-Ar" to form B-C8-Naph and B-C8-
Ar", respectively (Scheme 5.10), and these alkynes were used in the crude form to obtain the
respective unsymmetric tellurophenes B-Te-6-Naph and B-Te-6-Ar" in 6-9 % yield (after
prolonged purification protocols) by the standard method of cyclization via formation of the

zirconacycle and transmetallation with Bipy*TeCl,.

oo

\_/://\;Q

— > H—=
Pd(PPh), 2 mol% H-C8-Naph, 70 %
PPh3 0.04 equiv.
H— ——H + OR
Cul 0.04 equiv.
7 equiv. iPr,NH 7 equiv.
0,
CFs Toluene, 75°C, 16 h CF,
) L= =
CF, CFg

H-C8-Arf, 57 %

Scheme 5.9. Synthesis of the unsymmetrical octadiynes H-C8-Naph and H-C8-Ar® via

Sonogashira coupling reactions.

1) Et,0, "BuLi 1.1 equiv.,

-40°C, 2 h
(W] e —_— / O\B —_— —_— -
———n [ _ - O’ - \ / - \ /
2) Et,0, 'PrOBPin, then rt 3 h
B-C8-Naph
H-C8-Naph
3) 5 equiv. HCI4 M .
-40 °C, then rt O.N 79 % purity
’ S oily liquid
1) Et,0, "BuLi 1.1 equiv.,
CF
3 -78°C, 1 h CFs
e — /N R g -
=N T = = T\ Y
CF;  2) Et,0, 'PrOBPIn, then rt O.N. CFs
H-C8-Arf B-C8-Arf

3) 5 equiv. HCI 4 M at -78 °C,

thenrt8 h .
75 % purity

oily liquid

Scheme 5.10. Synthesis of the unsymmetrical octadiynes B-C8-Naph (top) and B-C8-Ar"

(bottom).
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The absorption properties of Naph-Te-6-Naph, FI-Te-6-FI, Arf-Te-6-Ar", and Naph-
Te-6-B were studied by UV-vis spectroscopy in solution of THF and the corresponding band
gaps were calculated between 3.2-3.5 eV, with FI-Te-6-FI having the lower band gap and the
broader absorption among these tellurophenes. In solution, none of these tellurophenes
showed visible luminescence properties, not even under N,. In the solid state (under UV-
light) at room temperature and under aerated conditions, Ar'-Te-6-Ar' showed visible
photoluminescence with intense yellow phosphorescence at 600 nm (t = 29.3 us) and an
absolute quantum yield of ¢ of 9.4 %; Naph-Te-6-B gave faint red-orange emission in the
solid state. When films of Naph-Te-6-Naph and FI-Te-6-F1 were frozen in liquid N, and
exposed immediately to UV light of 365 nm, faint orange-red and yellow-orange lumines-
cence was detected in each solid sample, respectively. Luminescence measurements on these
compounds suggest phosphorescence emission at low temperature given the large Stokes

shift detected.

The yellow phosphorescence emission in the solid state observed in Arf-Te-6-Ar"

suggests that more examples of luminescent non-borylated tellurophenes could be made.

Since symmetric tellurophenes could still be phosphorescent in solid state at room
temperature when strong electron-withdrawing Ar" groups are appended onto a tellurophene,
it would be interesting to prepare analogues Te heterocycles containing another electron-
withdrawing groups such as (CHO)C¢H4, (CN)Ce¢Hs and (COOMe)CeHa, as side groups
(Figure 5.1) and study their optoelectronic properties. For their synthesis, the protocol used to

form the previous unsymmetric tellurophenes could be followed.

OHC O \Te/ O CHO NC O \Te/ O CN MeOOC O \Te/ O COOMe
O O O

Figure 5.1. Symmetric tellurophenes with potential luminescent properties.
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In Chapter 4, the unsymmetric octadiyne B-C8-H was formed in good yield, 87 %. This
precursor and the recently diiodotellurophene (I-Te-6-I) developed by Rivard group could be
used in the synthesis of tertellurophenes (B-(Te-6)3-B) as proposed in the Scheme 5.11. The
intermediate zirconacyclotellurophene structure is very versatile, since not only Te could be
incorporated at both sides but also onto other chalcogenophenes such as those containing S
and Se. The structure between BPin and the center tellurophene could be envisioned as a
linker between the donor center (tellurophene) and the acceptor pinacolboronate ester placed
at the end, forming Acceptor-Linker-Donor-Linker-Acceptor structures, which in turn it
could lead to an increase in conjugation length, a decrease in the band gap and possible the
enhancement of the luminescence intensity depending on the planarity of the structure.'®
Further chemistry on the final B-(Te-6);-B would allow to functionalize it with naphthalene
units, which could form interesting and may be analogues nanowire structures as reported for

Naph-(Thiophene);-Naph. 1L12

A-LINKER-D-LINKER-A

NPZLAPY
O,

8 + i :B;\_/;H linker linker
(o] —— ——

2 equiv. acceptor acceptor
Suzuki-Miyaura O\B [\ Te /\ B,O
OI E \ / E b
conditions
Te E: S, Se, Te
H— — — ——H
\ /

T Transmetallation

l Borylation

Zirconacycles intermediate

Scheme 5.11. Proposed synthesis of tertellurophenes (B-(Te-6);-B) or acceptor-linker-donor-

linker-acceptor type chalcogenophene structures.
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