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ABSTRACT: Thienyl di-MIDA boronate esters are readily synthe-
sized by electrophilic C-H borylation producing bench stable crys-
talline solids in good yield and excellent purity. Optimal conditions
for the slow release of the boronic acid using KOH as the base in
biphasic THF/water mixtures enables the thienyl MIDA boronate
esters to be extremely effective homo-bifunctionalized (AA-type)
monomers in Suzuki-Miyaura co-polymerizations with dibromo-
heteroarenes (BB-type monomers). A single polymerization proto-
col is applicable for the formation of five alternating thienyl co-
polymers that are (or are close analogues of) state of the art materi-
als used in organic electronics. The five polymers were produced in
excellent yields and with high molecular weights comparable to
those produced using Stille co-polymerization protocols. Therefore
thienyl di-MIDA boronate esters represent bench stable / low tox-
icity alternatives to highly toxic di-trimethylstannyl AA-type mono-
mers that are currently ubiquitous in the synthesis of these im-
portant alternating copolymers.

Introduction

Thiophene moieties, including annulated derivatives, are key con-
stituents of many polymers used in organic electronic devices.'
Whilst early studies were dominated by polythiophenes generated
from a heterobifunctional (AB-type) monomer (e.g., P3HT, Figure
1),12 state of the art materials are based on alternating co-polymers
produced from two homo-bifunctional monomers (AA-/BB-type).?
This approach allows access to more complex polythiophenes (e.g.,
PQT12, PBTTT, Figure 1) and to donor-acceptor (D-A) polymers.
D-A polymers are ubiquitous active materials in organic electronic
devices and thienyl units, e.g., 4,4"-bis(alkyl}-4H-cyclopenta{2,1-
b:3,4-b’]-dithiophene (CPDT), are privileged donor moieties in
these materials.’
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FIGURE 1. Selected thiophene containing polymers

Homo-bifunctional CPDT monomers are co-polymerized with
bifunctional acceptors such as benzothiadiazole (BT) to form im-
portant D-A polymers (e.g. pCPDT-BT, pCPDT-TBTT) that have
desirable properties (e.g., high charge mobility).” Indeed, thienyl

containing alternating D-A polymers are among the state of the art
active components in organic photovoltaic devices (enabling power
conversion efficiencies (PCEs) of over 10 %).23

Whilst parameters such as charge mobility and PCE are crucial
markers of polymer performance in devices another important but
often overlooked criteria is the efficiency of monomer and polymer
synthesis. Low toxicity monomers that are available in good yield
and excellent purity via simple synthetic routes and that undergo
highly effective polymerization are crucial for the large scale devel-
opment of printed electronics.* However, the copolymerization of
an AA-type thienyl monomer with a BB-type acceptor monomer is
dominated by the Stille cross coupling reaction which generally
uses distannylated thienyl monomers.*® > This has drawbacks, in-
cluding obtaining the distannylated thienyl monomer in sufficient
purity (due to facile cleavage of thienyl-Sn bonds) making the pre-
cise control of stoichiometry in co-polymerizations challenging.®
Furthermore, stoichiometric toxic tin waste is produced which is
particularly problematic with the Me;Sn-thienyl derivatives (which
generate volatile tin by-products but are still widely used due to the
crystalline nature of many Me;Sn-monomers)." “ > Significant ad-
vances have been recently reported using direct (hetero)arylation
polymerization (DHAP) which is a more efficient methodology (in
terms of synthetic steps to produce the monomers and the quantity
of waste by-products).” 7 However, for producing D-A polymers
such as pCPDT-BT DHAP routes currently have a number of un-
solved challenges (including low to moderate yields and / or ho-
mocoupling / branching defects) resulting in Stille cross coupling
polycondensation protocols still being the dominant method to
access a range of important thienyl containing co-polymers.**!

The Suzuki-Miyaura cross coupling reaction utilizes organobo-
ranes that have significantly lower toxicity than organostannanes.
However, the utility of Suzuki-Miyaura polycondensation protocols
in forming thienyl based co-polymers is extremely challenging due
to the propensity of thienyl boronic acids (and derivatives) to un-
dergo protodeboronation.® This generally leads to low yields of
pure borylated thienyl monomer or significant impurities in the
crude monomer. The latter when combined with premature chain
termination events caused by protodeboronation during the
polymerization often leads to a reduction in polymer yield and
lower than required molecular weights.” Using pCPDT-BT as a
representative example all the Suzuki-Miyaura polycondensation
protocols reported to date have, to the best of our knowledge,
drawbacks including: moderate monomer yields, complex mono-
mer purifications (multiple flash chromatography cycles or recy-
cling GPC), low to moderate polymer yields and significantly lower
molecular weights relative to pCPDT-BT generated by Stille cross
coupling polycondensation routes.!® Therefore a general method-
ology for the Suzuki-Miyaura polycondensation of AA-/BB- type
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monomers to produce important thienyl containing alternating
copolymers remains an outstanding goal. Key criteria for an ideal
protocol are that high molecular weight polymers are formed in
good yield from readily accessible, bench stable, crystalline thienyl
boronate esters.

Synthesised via low temperature lithiation

Produced in low to moderate yields or Stille:

impure, as oils and not bench stable Moderate M,,/M,, and yields,
NS stoichiometric Sn waste
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MIDA boronate esters
Synthesised via electrophilic C-H borylation
Produced in good yield and high purity, as

crystalline bench stable solids

FIGURE 2: A comparison of previous routes to alternating thienyl
copolymers and that reported herein using MIDA-boronate esters.

low toxicity waste

N-Methyliminodiacetic acid (MIDA) boronate esters are bench
stable, crystalline solids that can be produced on scale from inex-
pensive commodity chemicals.!’ The use of MIDA boronate esters
was pioneered by Burke and co-workers who showed that under
optimal hydrolytic cross coupling conditions MIDA boronate esters
slowly release the active boronic acid thus enabling high yielding
Suzuki-Miyaura cross coupling reactions even with challenging
substrates such as 2-pyridyl MIDA boronate esters.* Furthermore,
MIDA is biodegradable making the waste stream from cross cou-
pling using these boronate esters relatively easy to handle.!™® Since
these seminal studies, MIDA boronate esters have become a well-
established commercially available class of compounds that have
enabled notable breakthroughs including: automated iterative syn-
thesis; access to >75% of polyene natural product frameworks by
Suzuki-Miyaura cross coupling reactions; stereoselective coupling of
sp’ moieties and the formal homologation of aryl boronate esters.!!
Whilst these are all impressive advances a modular co-
polymerization protocol using thienyl di-MIDA boronate esters to
form important conjugated co-polymers is currently absent. An
iterative coupling approach to oligothiophenes requires sequential
deprotection, cross coupling and purification cycles and is thus not
readily applicable to the formation of polymers, although a quater-
thiophene has been made via this strategy.'"® Herein we report the
facile synthesis of highly pure and crystalline AA-type thienyl di-
MIDA boronate ester monomers and show that using these mon-
omers a single polycondensation protocol is viable for the for-
mation of a wide range of important alternating copolymers that
are produced in excellent yield and with high molecular weights
that are comparable to those afforded by Stille cross coupling
polymerization reactions.

Results and Discussion

Due to the importance of fused thiophene building blocks in mate-
rials for organic electronic applications studies commenced with
the extremely electron rich donor moiety CPDT. Previously, we
reported the synthesis of 5-bromo-4-hexylthien-2-yl-MIDA boronate
ester, 1 (Figure 3 inset bottom left), by electrophilic C-H borylation
of 2-bromo-3-hexylthiophene.'”" A related procedure enabled the
double electrophilic borylation of CPDT (Figure 3) with subse-
quent MIDA protection leading to crude monomer 3 in high con-
version (by insitu NMR spectroscopy). The isolation of this mono-
mer in high yield required purification under anhydrous condi-

tions, with standard purification by silica gel column chromatog-
raphy using non-purified “wet” solvents leading to protodeborona-
tion and the formation of significant quantities of mono-borylated
product 4. The crystalline nature of 3 facilitated isolation under
anhydrous conditions in 81 % yield on a multigram scale with
single crystals obtained from MeCN / Et,O (a partial connectivity
map from Xeray diffraction studies for 3 is shown in Figure 3, mul-
tiple attempts with a number of crystals only produced low quality
data). It is noteworthy that the formation of 3 proceeds at ambient
temperature using electrophilic borylation and does not require
column chromatography during purification, thus is readily ame-
nable to large scale synthesis. Compound 3 is stable as a solid for at
least 12 months under an inert atmosphere and in the solid state 3
can be handled on the bench for several hours without any special
precautions. While the di-MIDA thienyl monomers reported here-
in can be stored under ambient atmosphere as a solid for at least
one week with no observable decomposition (by NMR spectrosco-
py) prolonged storage leads to slow protodeboronation (e.g., after
18 months pristine 3 had converted to a mixture of 86 % 3 / 14 %
2).
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FIGURE 3. Synthesis (and partial solid state structure) of 3.
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Hydrolysis Studies. The protodeboronation of 3 during silica gel
chromatography with “wet solvents” warranted investigation as it is
essential to prevent this process during step growth polymerization
reactions if high molecular weight polymers are to be obtained.
Heteroaryl MIDA boronate esters are generally compatible with
column chromatography and even stable towards strong Brensted
acids (e.g., triflic acid), with the stability attributed to the rigid tri-
dentate chelation of boron by the MIDA dianion.!"f NMR studies
on 3 confirmed the rigid tridentate chelation of MIDA* to boron
persists to at least 100°C with the CH, groups of MIDA remaining
diastereotopic over this temperature range. Furthermore, com-
pound 3 proved stable towards protodeboronation by DCI (in
Et,0) in anhydrous THF (for at least 1 h) indicating it is not 3, but
a different compound derived from 3, that is undergoing protode-
boronation under standard workup conditions using “wet” (non-
purified) solvents and silica gel chromatography. This suggests that
BMIDA hydrolysis in 3 must be occurring in the absence of base
(as workup conditions are base free) and it is a hydrolyzed boron
species derived from 3 that is undergoing protodeboronation. This
was confirmed by dissolution of 3 in dgTHF containing D,O (60
equiv. relative to 3) resulting in the slow hydrolysis of 3 at 23°C
and formation of the boronic acid 5 (15 % of 3 is consumed after
24 h with the rate of hydrolysis accelerated at 55°C, with 86 %
consumed after 24 h at 55°C).
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SCHEME 1. Hydrolysis of 3 in THF/water to form 5.

Probing the hydrolysis of 3 in THF containing 7O labelled wa-
ter revealed that 5 contained labelled oxygen but the isolated diacid
of MIDA produced from 3 did not (by "O NMR spectroscopy).
Whilst isotopic scrambling of boronic acids in the presence of
H,"O has been previously reported (thus incorporation of 7O into
5 is mechanistically inconclusive)' the absence of any 'O in the
MIDA diacid indicates that water is hydrolysing the B-O bonds in 3
and not the CO bonds of the ester moiety. This observation is
consistent with the recent detailed mechanistic study into the hy-
drolysis of MIDA boronate esters which also observed only B-O
heterolysis under neutral conditions.” Thus during the work up
water is hydrolysing the B-O bonds in 3 and a compound contain-
ing a partially dechelated MIDA (e.g., A, Scheme 1, although only
3 and 5 are observed by multinuclear NMR spectroscopy) or the
boronic acid 5 is formed and then undergoes protodeboronation.
It is notable that 5 (8,;5 +26.4 ppm which is characteristic for a
thienyl boronic acid) is stable in d¢ THF/D,O solutions for days (by
"H NMR spectroscopy), this is consistent with the enhanced stabil-
ity of 2-thienyl boronic acids at neutral pH.* However, electron
rich 5 undergoes rapid protodeboronation when exposed to
Bronsted acids such as DCl (and presumably silica gel or
H,MIDA).

The hydrolysis of 3 under conditions more relevant to cross
coupling was also examined. It is essential for high fidelity cross
coupling that the formation of the active boron transmetallating
reagent derived from 3 (5 or [thienylB(OH);]") proceeds under
optimal slow release conditions.® Previously, optimal rates of hy-
drolysis of MIDA boronate esters were achieved using K;PO, as
base, with complete BMIDA hydrolysis generally requiring 3-6
hours at 60°C in etherate/H,O mixtures.® ! However, monomer 3
undergoes slow hydrolysis at 55°C in dgTHF containing 60 equiv.
of D,O and 6 equivalents of K;PO, to produce 5, with only 50 %
consumption of 3 observed after 24 h at 55°C_This is notably
slower than the hydrolysis of 3 in the absence of K;PO, (under
otherwise identical conditions). These basic THF/water solutions
are biphasic, with a minor base rich aqueous phase.!'**® The pres-
ence of a basic aqueous biphase will lower the concentration of
water in the organic phase leading to a slower hydrolysis of the
BMIDA moieties by water.”” These insitu hydrolysis studies were
performed in NMR tubes fitted with J. Young valves that were not
effectively stirred (either rotated at a frequency of 10 revolutions /
min for 23°C reactions or not agitated for studies at 55°C). The
low interfacial area between the two phases and poor mixing limit
mass transport between the phases!'” slowing the BMIDA hydroly-
sis. Repeating the hydrolysis of 3 at 55°C in dgTHF/water (60
equiv. of D,O, 6 equiv of K;PO,) in a Schlenk tube with stirring
(900 rpm) to increase the interfacial area between phases led to
more rapid BMIDA hydrolysis, consistent with improved mass
transport between the two phases. However, even with stirring ca. 5
% of 3 remained after 24 hours at 55°C under these conditions.
Incomplete hydrolysis of 3 during polymerization is highly undesir-
able as in step-growth polymerizations this would prevent the for-
mation of high molecular weight polymers.

Journal of the American Chemical Society

6
5 6.84 Mes

I043I 0.09 (|)1‘1 90‘3

0.74 1.00
[ |

7.0
Chemical Shift (ppm)

% &[]
B ® [3
e - N - 3]
5 ™ =~
- 3
O N -
: \ -
g =9 ®\
E
= .
8- N
R

LA B LR LA LR B B LA B B |

12 16 20 24 28 32 36 40 44 48

t(h)

FIGURE 4. Hydrolysis of a 2 : 1 mixture of 1 /3 in d¢THE/ D,O
(30 equiv. relative to BMIDA) / 3 equiv of K;PO, (relative to
BMIDA) at 55°C. Top, '"H NMR spectra at various times, bottom,
pseudo first order BMIDA hydrolysis kinetics. Compound 6 is the
boronic acid derived from 1. The resonance at 7.33 ppm is 2-Br-3-
hexylthiophene produced from protodeboronation of 6.1
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The hydrolysis of the BMIDA groups in extremely electron rich
3 is slower than BMIDA hydrolysis in 1.1 For a direct comparison
under identical conditions 1 and 3 (in a 2 : 1 ratio to obtaina 1: 1
ratio of the respective thienyl-BMIDA moieties) were combined
with 3 equiv. of K3PO, (per BMIDA moiety) in dg THF/water (30
equiv. of D,O per BMIDA moiety) and the hydrolysis monitored
by NMR spectroscopy at 55°C. This confirmed that the BMIDA
groups in 1 are hydrolyzed approximately twice as fast as those in 3
under pseudo-first order kinetics (Figure 4). The slower hydrolysis of
the BMIDA groups in the more electron rich heteroaromatic 3
relative to 1 suggests a build-up of negative charge at boron during
the hydrolysis process'’” and is consistent with studies on the rate of
ester hydrolysis where more electron rich aromatic esters undergo
slower ester hydrolysis.'® It should be noted that the rate of hydrol-
ysis of 1 is not changed by the presence (or absence) of 3 under
otherwise identical conditions indicating that 3 does not signifi-
cantly affect the phase separation or concentration of H,O (or
base) in the THF phase.

Effective Suzuki-Miyaura polymerization reactions require fast-
er hydrolysis of the BMIDA groups in 3 than that possible with
K5PO, as the base under these conditions. Metal hydroxide salts
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have been previously reported to give extremely rapid hydrolysis of
BMIDA groups in aryl and heteroaryl MIDA boronate esters.®
Replacing K;PO, with KOH produced a biphasic system, and im-
portantly led to faster hydrolysis of the BMIDA groups in 3 under
identical reaction conditions. Boronic acid 5 was cleanly produced
from 3 (e.g., 84 % conversion after 3 h at 55°C) with no protode-
boronation products observed (2 is not observed after 3 h). This
indicates that KOH is a more appropriate base than K;PO, for
enabling release of the boronic acid from 3 at a suitable rate for
polymerization under these specific biphasic conditions.

pCPDT-BT Polymerization Studies. The synthesis of pCPDT-BT
from 3 and 4,7-dibromo-benzolc]-1,2,5-thiadiazole, 7, was initially
attempted utilizing K;POy as base. This resulted in no significant
polymer formation after 24 h at 55°C (table 1, entry 1) consistent
with the aforementioned BMIDA hydrolysis studies. The absence
of significant polymer was not due to pervasive chain termination
by protodeboronation as CPDT-BMIDA groups were still present
after 24 h of reaction (by NMR spectroscopy). Based on the
BMIDA hydrolysis studies two equivalents of KOH were added to
this reaction mixture to accelerate the hydrolysis of the BMIDA
groups and subsequent heating for an additional 24 h now led to
more effective polymerization ((CPDT-BT formed with M, / M,, =
10.2 / 21.4 kDa). In contrast, no significant pCPDT-BT is pro-
duced in the absence of KOH even on further heating (72 h). This
indicates that under these conditions: (i) active thienyl boronic
species derived from 3 are still present even after prolonged heating
at 55°C (with stirring at 900 rpm) in the presence of K;PO,/H,0,
(ii) KsPO, is not an effective base for the polymerization of 3 to
form high molecular weight polymer due to the slow hydrolysis of
the BMIDA moieties in 3.

Replacing K;PO, with KOH under otherwise identical
polymerization conditions leads to highly effective polymerization
and formation of high molecular weight pPCPDT-BT (entry 2), with
the polymerization complete within 24 h. Investigations into the
effect of KOH stoichiometry confirms that 6 equiv. of KOH (rela-
tive to 3) is optimal. Notably, changing the hydroxide salt to
nBu,NOH, which contains a cation that facilitates the phase trans-
fer of salts into the organic phase,'” leads to significantly lower
molecular weight polymer being formed in lower yield (entry 3)
than that with KOH as base. Analysis of the polymerization reac-
tion mixture containing nBu,;NOH indicated more rapid hydrolysis
of BMIDA groups in 3 (relative to that with K;PO, and KOH) with
no BMIDA moieties remaining after 4 h of reaction, with protode-
boronation products also observed at this point (by multinuclear
NMR spectroscopy). This disparity is presumably due to a greater
concentration of base being present in THF when using
nBu,NOH, with hydroxide documented to lead to rapid BMIDA
hydrolysis.”” Thus, in the polymerization of 3 under these condi-
tions hydrolysis of the BMIDA groups with K;PO, as base is too
slow (and incomplete even after 24 hours), whilst with nBu,NOH
hydrolysis is too rapid leading to competitive protodeboronation
and chain termination. In contrast, the use of KOH and biphasic
mixtures provides an appropriate BMIDA hydrolysis rate leading to
high molecular weight pCPDT-BT in high yield.

TABLE 1. Polymerization of CPDT monomers and 7.

7 pCPDT-BT
Method / Monomer  Yield M, M,

(Base) ) (D) (Do)
o Suveukd (QQSBMIDA 12 15 27 thiswork
SO a0,
3 S”Z“géui’ggglm 75 305 57 thiswork
4 Mitﬁeegne 80 340 580 6
5 ﬁ}j/z% 40 382 800 Tc
6 S/ 56 141 472 10
7 ﬁ”j”é‘;i/n 2150 220 10
8 S/ 63 117 310 10

@ T: 55°C, [3] = 3.5 x 10 M, Base: 6 equiv, H,O: 60 equiv,
Pd,(dba);: 2.5 mol%, SPhos: 5 mol%, solvent: THF, t: 24 h, 900
rpm stirring. ° Isolated. ‘Determined by GPC (THF at 35 °C, PS
calibration). ¢ Determined by GPC (1,2,4+richlorobenzene at
160°C, PS calibration). ¢ This is a representative high M,, polymer
from a Stille coupling polymerization procedure. f Polymer with the
minimum level of homocoupling / other defects chosen.

Using 6 equiv. of KOH (relative to 3) as base the formation of high
molecular weight pCPDT-BT is essentially quantitative (entry 2)
and does not require an excess of 3, with a 1 : 1 ratio of monomers
effective (in contrast to Stille protocols).® The C¢HsCl Soxhlet frac-
tion was isolated in 98 % yield as a dark green solid that was not
fully soluble in THF even at raised temperatures (hence M,, / M,,
determined by GPC in THF at 35 °C are not representative of the
actual molecular weight distribution of this polymer, whereas
pCPDT-BT produced using K;PO, or nBuyNOH, entries 1 and 3,
are fully soluble in THF at 35 °C). Subsequent analysis in 1,2,4-
trichlorobenzene at 160°C revealed that extremely high molecular
weight pCPDT-BT is formed using this methodology (entry 2).
Extremely high molecular weight pCPDT-BT was obtained from
several separate polymerizations run under identical conditions,
confirming the reproducibility of this process. This is significant as
high molecular weight pPCPDT-BT (M,, > 20 kDa) is essential for
good hole mobility.”® The "H NMR spectrum (70°C, C4DsBr) of
this pCPDT-BT does not display any observable resonances corre-
sponding to homo-coupling linkages indicating that the polymer
has extremely low defect levels. Further analysis of this polymer
(and the other thienyl polymers discussed below) by MALDLITOF
spectroscopy revealed only H/H, H/Br or Br/Br end groups, with
no residual BMIDA groups observed, presumably these undergo
hydrolysis and protodeboronation during quenching of the
polymerization (using acidified MeOH). The UVwis spectrum of
this high molecular weight pCPDT-BT in chlorobenzene at room
temperature (A, of absorption at 416 and 730 nm) was closely
comparable to that reported for pCPDT-BT produced via other
protocols,® indicating comparable electronic properties (the other
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polymers discussed below also have UV.is absorption spectra
comparable to that reported for the analogous polymer produced
by other synthetic methods). The formation of high molecular
weight pCPDT-BT from 3 is higher yielding than that reported for
producing pCPDT-BT Stille polycondensation which also required
super-stoichiometric quantities of the Me;Sn stannylated monomer
due to protodestannylation (entry 4).° Furthermore, the yield of
pCPDT-BT produced via 3 is higher than that of low defect
pCPDT-BT made via DHAP (entry 5) and higher than pCPDT-
BT made via other Suzuki-Miyaura cross coupling protocols from
diborylated CPDT monomers (entries 6 to 8).1° Therefore the co-
polymerization of 3 is an extremely effective methodology for pro-
ducing pCPDT-BT of useful molecular weight, which combined
with the high yielding formation of crystalline monomer 3 make
this an attractive alternative to the established Stille protocols.

Extension to form other CPDT co-polymers.

To be truly modular a new polymerization methodology needs
to be effective for a range of nucleophilic and electrophilic cou-
pling partners using a single set of polymerization conditions. If the
rate of hydrolysis of the BMIDA moieties in 3 is the key factor in
enabling effective polymerization then the same polymerization
conditions should be viable for copolymerizing 3 with different co-
monomers. To demonstrate this monomer 8 was co-polymerized
with 3, as the resulting pCPDT-FBT polymers give excellent per-
formance as the active component in bulk heterojunction solar
cells.2! Analogous to the formation of pCPDT-BT, monomer 8 is
polymerized effectively quantitatively to form pCPDT-FBT (table 2,
entry 1) using identical polymerization conditions to that used for
pCPDT-BT. The molecular weight of the resultant pCPDT-FBT
polymer is lower than that achieved for pPCPDT-BT derived from 3
possibly due to the lower solubility of pPCPDT-FBT which may lead
to premature polymer precipitation during the reaction.”? Never-
theless, the molecular weight pCPDT-FBT formed from 3 is still
sufficiently high for applications and it is formed in superior yield
to that produced by Stille cross coupling polymerization protocols
(95% using 3 Vs. 40-67% by Stille, e.g., entry 2 is a representative
example).2!" %

Polymerization of monomer 9 was examined as it is a dibromo-
heteroarene electronically distinct to 7 and 8 (an electron rich
thienyl-bromide versus electron poor dibromo-benzothiadiazoles)
whilst still being relevant for the production of high performing D-
A polymers.” Furthermore, pCPDT-TBTT is a highly soluble poly-
mer precluding any premature polymer precipitation that may have
limited the molecular weight of pCPDT-FBT derived from 3. Using
identical conditions to that successful for forming high molecular
weight pCPDT-BT from 3 pCPDT-TBTT was produced in excel-
lent yield and high molecular weight (entry 3) with both being
greater than that reported for polymers produced by Stille cross
coupling reactions (entry 4 is a representative example).”’ Therefore
this polymerization protocol using monomer 3 is applicable to co-
polymerization reactions with a range of electronically distinct
dibromo co-monomers. The importance of KOH as base in achiev-
ing appropriate slow release of the boronic acid again was con-
firmed using K;POy, as base instead of KOH under otherwise iden-
tical polymerization conditions. This produced pCPDT-TBTT in
low yield (10%) and with low M,, / M,, (4.3 / 5.6 kDa) after 24 h.
In situ NMR spectroscopy at this point revealed that thienyl
BMIDA moieties remained, thus slow BMIDA hydrolysis was again
limiting polymerization when using K;PO, under these conditions.
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TABLE 2. The copolymerisation of 3 and Acceptor<Br),.

Acceptor-(Br)s = .
N ';[\l

R*ﬂi\ ,;/—B'
N

FBT-Br), 8 |

S
\

OR /\A\/\
AC

N
CeHis NN CeH13

[ AN 74 | pCPDT-Acceptor "
Br S s Br Acceptor-(Br),

TBTT-(Br), 9

Yield M, M, Ref

Acceptor (M) (%) (kDa) (kDa)

' FBT (BMIDA) 95  19.4' 382" this work

2 FBT (Me;Sn) 67 10.1 215 21
3**  TBTT (BMIDA) 97  35.6° 63.7° this work
4 TBTT (Me;Sn) 86 9.0 11.7 23

¢ T: 55°C, [3] = 3.5 x 10* M, KOH: 6 equiv, H,O: 60 equiv,
Pd,(dba);: 2.5 mol %, SPhos: 5 mol %, solvent: THF, t: 24 h, 900
rpm stirring. * CgHsCl fraction. ‘Isolated. “Determined by GPC
(1,2,4-trichlorobenzene at 160°C, PS calibration). ‘Determined by
GPC (THF at 35 °C, PS calibration).

Extension to other thienyl di-MIDA boronate esters.

For the formation of high molecular weight polymers derived from
other thienyl MIDA boronate esters conditions enabling an appro-
priate rate of BMIDA hydrolysis have to be identified. For example,
the hydrolysis of BMIDA in 1 is more rapid than that in 3 and thus
optimal hydrolysis conditions for 1 required K;PO, and not KOH
(in basic THF/water mixtures). This is exemplified by the Suzuki-
Miyaura polymerization of 1 using KOH as base (under otherwise
identical conditions) giving significantly poorer outcomes due to
BMIDA hydrolysis being too fast and protodeboronation of the
thienylboronic acid becoming a significant factor (P3HT produced
from 1 with K3PO, as base yield = 90%, M,/M,, =13.8/ 24.1 kDa;"
with KOH as base yield = 47 % M,/M,, = 10.0/14.1 kDa). Never-
theless, excluding the change in base the polymerization of 1 and 3
both proceed under otherwise identical conditions. Therefore, the
identification of highly effective polymerization conditions for any
new thienyllMIDA boronate ester monomer should only require
the identification of conditions that result in appropriate BMIDA
hydrolysis rates using either K;PO, or KOH (at 55°C in THF /

water).

To validate this hypothesis the synthesis of PQT12 from a
thienyl di-MIDA boronate ester was investigated. PQT12 is a well-
studied polymer with a number of synthetic routes previously re-
ported; however, these generally proceed from the preformed qua-
terthiophene (often made via Stille cross couplings) or from co-
polymerization of Me;Sn-functionalised bithiophenes.™ **?7 The
required di-MIDA boronate ester monomer 10 can be synthesized
and isolated as a crystalline solid (a partial connectivity map from
Xeray diffraction studies for 10 is shown in figure 5) on a multigram
scale using an analogous electrophilic borylation methodology to
that successful for 3. Anhydrous work up conditions are again
essential due to the hydrolysis and protodeboronation of 10 using
standard isolation procedures and “wet” (non-purified) solvents.
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FIGURE 5. Left, compound 10 (including partial solid state
structure) and right the formation of PQT12 and PBTTT from
10. a = determined by GPC at 70°C in C¢H;Cl, PS calibration.

Prior to commencing polymerization studies the hydrolysis of
the BMIDA moieties in 10 was explored in dgTHE/D,0 (60 equiv.
relative to 10) using both K;PO, and KOH as the base (6 equiv.
relative to 10). As expected both bases led to faster hydrolysis of the
BMIDA moieties in 10 relative to those in the more electron rich
3. Again, K5PO, led to undesirably slow hydrolysis of the BMIDA
moieties with a significant amount of 10 still remaining after 18 h
at 55°C. Using KOH as base led to a more desirable BMIDA
hydrolysis rate for subsequent slow release polymerization
applications. The  co-polymerization of 10 with 5,5
dibromobithiophene (in a 1 : I monomer ratio) was explored using
identical polymerization conditions as previously utilized. This
resulted in a higher yield and a higher molecular weight PQT12
using KOH as the base (Figure 5) relative to PQT12 formed using
KsPO, as the base, fully consistent with the studies into the
hydrolysis of BMIDA groups in 10. The molecular weight of
PQT12 formed from 10 using KOH as base is good for PQT12
produced by the co-polymerization of two homo-bifunctionalized
AA/BB-type monomers. Importantly, the PQT12 produced from
10 contains significantly more thiophene units than required to
exhibit key desirable properties, with the effective conjugation
length for PQT12 determined to be in the range of 22 thiophene
units.”® Furthermore, we reiterate that the UVwvis spectra of the
thienyl polymers produced using di-MIDA boronate ester
monomers are effectively identical to that reported for the
analogous polymer produced by other methodologies confirming
comparable electronic properties of the polymers (e.g., for PQT12
made from 10 A, = 470 nm, for PQT12 made via Stille coupling
protocols A, =470 nm, both in CHCI;).?

Finally, with the standard polymerization conditions
demonstrated to be viable for PQT12 formation from monomer 10
the synthesis of PBTTT was investigated. PBTTT exhibits desirable
properties for organic electronic applications, e.g., good charge
mobilities, but is generally synthesized by Stille co-polymerization
protocols using Me;Sn-substituted  bithiophenes.”  The co-
polymerization of 10 with 2,5-dibromo-thieno[3,2-b]thiophene
under identical polymerization conditions used with monomer 3
and for forming PQTI12 from 10 was effective for producing
PBTTT in excellent yield and good molecular weight (Figure 5).°
The PBTTT produced from 10 is comparable to that produced
from Stille protocols,” this further confirms the generality of this
Suzuki-Miyaura polycondensation procedure.

Conclusions

In conclusion, a scalable synthesis of thienyl-di MIDA boronate
esters that can be isolated as highly pure crystalline solids in good

to excellent yields is reported. Reaction conditions that enable
desirable BMIDA hydrolysis rates have been identified and these
have been applied for the synthesis of a range of important and
electronically distinct thienyl containing alternating co-polymers.
The co-polymers are all produced in excellent yield, have low defect
levels and high molecular weights that are comparable to the
analogous copolymers produced by Stille cross coupling protocols.
Thus thienyl di-MIDA boronate esters represent a general,
environmentally benign class of monomers useful for forming a
range of important alternating co-polymers widely utilized in state
of the art plastic electronic applications that are currently made
using highly toxic trimethylstannyl functionalized monomers.
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