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A general strategy toward the synthesis of well-defined
conjugated polymers with controlled heterobisfunctional chain
ends via combination of controlled Pd(0)/t-BusP Suzuki cross-
coupling  polymerization with the post polymerization
modification of triflate (OTf) group was disclosed.

Conjugated polymers have been intensively studied in the
past two decades because they hold promising applications in
many fields such as organic electronics.” Perfection of the
primary structure of these polymers, including molecular
weight, polydispersity, and chain end functionalities, is a
prerequisite  to obtain materials with reproducible
performance.2 Certain chain end functionality in conjugated
polymers can play a major role in their electronic and photonic
properties.3 In addition, chain end functionalized polymers are
used as macroinitiators for the synthesis of block copolymers,
grafted copolymers, and others polymers with complex
architectures.*® Although the method for mono chain end
functionalization of conjugated polymer is well-documented,’
it still remains a challenge to achieve heterobis chain end
functionalization with high fidelity. To date, the reported
strategy for the synthesis of heterobisfunctionalized
conjugated polymers is through the use of external initiator
such as palladium(ll) complexes or nickel(ll) complexes, along
with the in-situ capping process with various reagents (Scheme
1).8 However, the scope of the functional end groups
originating from external initiators is limited, due to the
difficulty of isolation and purification of palladium(Il) complex
and nickel(ll) complex.9 In addition, it is still challenging to
obtain conjugated polymers with narrow polydispersity
(PDI<1.20) and high chain end group fidelity (>98%) for most of
external initiators, because the polymerization process,
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especially in the initiation step, could be influenced by the
characteristics of the initiators.™® Therefore, a general method
to introduce a variety of functional groups at both chain ends
in conjugated polymers with high efficiency is highly needed.
We envisioned that in the controlled Pd(0)/t-BusP-
catalyzed cross-coupling polymerizations, if the initiator bears
a dormant reactive site, different functional groups could be
installed at the chain end of the polymer after the
polymerization through the reaction of this dormant reactive
site with various reagents (Scheme 1), and shortcomings
associated with the strategy could thus be
circumvented. The scope of the functional end groups would
be controlled by the post polymerization modification
reactions, such as the cross-coupling reactions, rather than the

reported

stability of external initiators, thus a broad spectrum of
functional groups could be incorporated at the ends of a
conjugated polymer.11 By combining with the well-established
termination reactions for the controlled Pd(0)/t-BusP-catalyzed
Suzuki  cross-coupling polymerization,gb'10c conjugated
polymers with precisely-controlled heterobisfunctional chain
ends could be obtained. In addition, it would allow us to
prepare conjugated polymers with the same molecular weight
but different chain ends, which is important in revealing chain
end functionalities dictating their optoelectronic and photonic
properties. In this communication, we report our preliminary
results on establishing such a strategy of combining the post
polymerization modification of the OTf group with the
controlled  Pd(0)/t-BusP-catalyzed cross-coupling
polymerization to precisely introduce a variety of functional
end groups
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Scheme 1. Heterobis chain end functionalization strategies.
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To be successful for the post polymerization modification-
involved strategy, the key is to find the suitable initiator with a
dormant reactive site, which would produce well-defined
conjugated polymers with narrow polydispersities and
meanwhile allow the reactive site to be easily converted to a
variety of other functional structures via post polymerization
modification reactions. Based on reported results and our own
experience that Cl group and pseudo halo groups, e. g., triflate
(OTf), could be preserved under the cross-coupling
polymerization condition with Pd,(dba)s;/t-BusP catalytic
system and could be further converted to aryl groups through
cross-coupling reactions with other catalyst systems,12 we first
examined Pd,(dba)s;/t-BusP/p-ZC¢H,X (X =Br or 1) as the
initiators for controlled Suzuki cross-coupling polymerization
using 2-(7-bromo-9,9-dihexyl-9H-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane as monomer (Table 1).
Narrowly distributed polymers (PDI as low as 1.15) with high
chain end fidelity were achieved (Table 1, entries 1-6),
particularly with Pd,(dba)s;/t-BusP/p-TfOCgH,Br as the initiator
system (Table 1, entry 5). The polymerization with Pd,(dba);/t-
BusP/p-TfOC¢H,Br as initiator was also tested with other
arylboronic acids as the quenching reagent (entry 7-10). We
found that arylboronic acids with electron-withdrawing,
electron-donating or ortho-position substitutions are all good
quenching reagents, supported by forming the polymer with
low polydispersities (PDI<1.20) and high chain end groups
fidelity (>98%). The chain-growth nature of the Pd,(dba)s/t-
BusP/p-TfOC¢H,Br-initiated  polymerization  process was
supported by the linear relationship between the monomer
conversion and the molecular weight of generated polymer
(see Figure S4).

Table 1. Controlled Suzuki Cross-Coupling Polymerization with Pdy(dba)s/t-

Bu;P/ArX as Initiator
.0 )
Br O O B‘o]\f Pd(dba)y/t-BusP/p-ZCgHaX p-ZCgHy O‘O ':W

1-CeHrg “n-CgHys  KaPO4 (2M), THF, 0°C, 25 min. ArB(OH)2 n-CeHyg “n-CaHis

Entry? ArX Ar'B(OH), Yield® M, (PDI)® fidelity®
1 o= )Br Meo~ )-BOH), 87% 12300(1.18) 99.1%
2 Cl@' MEO@B(OH)z 87% 8400 (1.26) 85.4%
3 TsO{ )Br MeO )-B(OH), 83% 10700(1.17) 98.5%
4 Ts0 )1 MO )-B(OH), 80%  6900(121) 90.0%
5 TO{ )-Br MeO{ )-B(OH), 87% 11700(1.15) 99.9%
6 TO )1 MeO )BOH), 8% 9200(122) 89.6%
7 ToL{ )-Br —()-BlOH), 87% 12500(117) 98.5%
8 TIO )Br F<_)-B(OH), 80% 10400(1.16) 98.5%
9 TfO@Br MeCO@B(OH)Z 73% 13500(1.16) 98.6%
10 o~ )Br QB(OH)Z 80% 13000 (1.17) 98.8%

oH

a. Polymerization condition: monomer (1 equiv.), Pda(dba)s (6 mol %)/t-BuzP (24 mol%)/ArX
(20 mol %), K3PO4 (10 equiv), THF, 25 min. ArB(OH); (1 equiv.). b. Isolated yield. c. As
determined by GPC (PS standards, THF, 40 °C). d. One end of the polymer was capped with
Ar, the other end was capped with Ar', as determined by Maldi-tof.

After identifying Pd,(dba)s;/t-BusP/p-TfOCgH,Br as an
appropriate initiator for controlled Pd(0)/t-BusP-catalyzed

2| J. Name., 2015, 00, 1-3

Suzuki  cross-coupling  polymerization and the post
polymerization modification strategy, we next turned our
attention to introduce functional end groups via the post
polymerization modification reactions. After screening the
catalysts, we found S-Phos-coordinated 2-phenylaniline-based
palladacycle complex 1 was an excellent catalyst for converting
the OTf group to functionalized aryl groups via Suzuki cross-
coupling reactions.” By using complex 1 as the catalyst, a
number of arylboronic acids were examined for the post
polymerization modification, and the results are summarized
in Table 2 (entry 1-16). We found that arylboronic acids
substituted by electron-withdrawing or -donating groups were
suitable reagents for this post polymerization modification
reaction, evidenced by low PDI and well-defined end groups
being observed (Table 2, entries 1-16). This methodology is
accessible to hetero bifunctional groups precisely installed at
the ends of the polymer through post polymerization
reactions. Moreover, the post polymerization modification
reaction with arylboronic acids with functional groups, such as
OH, CH=CH,, were very efficient (Table 2, entries 2,4,6,7).
Importantly, these functional groups could facilitate the
preparation of block copolymers, grafted polymer via other
controlled polymerization techniques.14 To further expand the
scope of the end groups, functionalized alkyl, alkenyl and
alkynyl groups are also introduced at the end of the polymer
via Suzuki or Sonagashira cross-coupling reaction (Table 2
entries 17-21). It is worthy to mention that the polymer with a
terminal triple bond could be easily obtained by removing
trimethylsilane group (entry 21), which is good precursor for
alkynyl - azide click reaction to form a variety of block
copolymers.15
bond functionalized polymer has been prepared in a gram

For application purpose, this terminal triple

scale. These hetero bisfunctionalized conjugated polymers are
of great interest, as they could potentially lead to the synthesis
of novel copolymers with various complex architectures based
on well-defined conjugated polymer structures.

The functional end groups of the polymers were confirmed
by matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry and "H-NMR spectrum.
Taking the polymer shown at Entry 5 in Table 2 as an example,
nearly only one series of peaks (>98%) were observed, which
correspond to the polymer with a para-methoxylphenyl group
at one end and an ortho-methylthiophenylphenyl group at the
other end (designated as p-MeOCgH,/0-MeSCgH,CcH,4) (Figure
1a). The 'H NMR result further confirmed that the polymer
chain exclusively bears the two desired end groups, evidenced
by signals for -MeO group at 3.88 ppm and for -MeS group at
2.42 ppm in almost 1:1 ratio (Figure 1b).

Table 2. Post Polymerization Reaction between Polyfluorene and Different
Boronic acids or Terminal Alkynes

This journal is © The Royal Society of Chemistry 20xx
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Q

Tio O 0.0 nAr Cl/pq‘1)/RB(OH)2 R O O O nAr
o sphes

n-CgH13" “n-CgHqa THF, 50 °C, 12h n-CgHis” 'n-CeHqz
Entry? Ar RB(OH), Yield® M, (PDI)® Fidelity®
1 2-@0Me NC—@B(OH)Q 85% 9600 (1.16) 99.5%
2 @ome MeCO@B(OH)z 95% 9700 (1.15) 98.5%
3 2—@0Me FQB(OH)Z 95% 11700 (1.14)  985%
F
4 §—@0Me QB(OH)z 95%  11100(1.15)  98.5%
OH
5 g-@OMe B(OH), 95% 11200 (1.16) 99.7%
SMe
6 §-@0Me \-@B(OH)Z 95%  11700(1.14)  98.4%
7 §—QOMe NE}B(OH)Z 95% 9700 (1.17) 99.9%
8 5-@ OB(OH)Q 90% 12500 (117)  98.5%
FiC
9 g—@ QB(OH)Z 95% 12700 (1.17)  985%
FaC
10 @F MeO@B(OH)g 95% 9000 (1.16) 98.8%
MeO,
8 §—©7F GB(OH)Z 95%  10400(1.18)  98.8%
12 §—QF BOH2 959, 10700(1.16)  98.5%
OMe
13 %@F B(OH),  95% 9000 (1.17) 98.5%
14 g-@COMe Meo@B(OH)g 95% 13500 (1.16)  99.0%
HO,
15 §-© NC@B(OHM 90% 13200 (1.18) 99.2%
HO, «B(OH),
16 ) 90% 13200 (1.17)  98.7%
N
17 é—@ov\ne C6H13/:/B(OH)2 88% 12800 (1.18)  98.4%
___B(OH),
18 §_@0Me (/ 94% 12800 (1.17)  98.4%
19 g‘@OMe NANGBOH:  90% 12800 (1.17) 98.2%
20 é—@ov\ne Ph—-H  90% 12700 (1.18) 98.5%
21 %@om %Si =-H 92% 12900 (1.17) 98.2%

a. Condition for entries 1-16: polymer (1 equiv.), arylboronic acid (20 equiv.), catalyst 1

(1 equiv. to polymer), THF, 50 °C, 12 h; for entries 17-18: polymer (1equiv.), alkenylboronic
acid (20 equiv.), Pd(dppf)Cl, (1 equiv. to polymer), THF, 80 °C, 16 h; for entries 20-21:
polymer (1 equiv.), alkyne (20 equiv.), Pd(CH3CN),Cl; (1 equiv. to polymer), THF, 80 °C,
16 h. b. Isolated yields. c. As determined by GPC (PS standards, THF, 40°C).

d. The fedility of end groups was

determined by Maldi-tof.
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Figure 1a. Maldi-tof spectrum of polyfluorene with p-MeOCgH./0-MeSCgH4CsHa
as two end groups.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1b. Portion of '"H NMR spectrum of polyfluorene with p-MeOCgH./0-
MeSCgH4CsH. as two end groups (3. 88 pm: OMe group; 2.42 ppm, SMe group).

Other AB-type monomers were also examined and
excellent results were observed (Table 3, entries 1-3). We also
observed that narrow PDI and high end group fidelity (>96%)
were achieved for the polymers with higher molecular weight,
which were prepared by using less amount of the initiator (SI,
Figures S5 & S6). These results showed that controlled Suzuki
cross-coupling  polymerization  with  Pd,(dba)s;/t-BusP/p-
TfOCgH,4Br as initiator coupled with the post polymerization
modification of OTf group is a robust method for AB-type
monomers to prepare conjugated polymer with controlled
molecular weight and molecular weight distributions, and a
variety of heterobis chain end groups.

Table 3. Controlled Suzuki Cross-Coupling Polymerization with Post
Polymerization Modification

ArB(OH),/ crPINH2
Sphos

1). Pd(dba)/t-BusP/p-TFOCgH,Br
K3POy4 (2M ), THF, 0°C, 25 min.

Br—Ar—B(OR|
AT BORY o, py—— A )Hark)-ome
Entry® Polymer Yield® M, (PDI)® Fidelity
, ne< )~ ) 0.0 n OMe 85%  9600(116)  99.5%
n-CeHig "n-CeHiz
On-CeHys
2 O O Q OMe 66% 4400 (1.18)  98.2%
n
n-CgHys0
n-CeHiz
3 "_@_’ 63%  8700(1.26)  96.3%
OMe
O~ OO
4 NC O O O‘O O OMe  65% 19400 (1.17)°  98.2%
n
n-CeHi3 'n-CgHyg
5 NCWH O OO OOMe 63% 30000 (1.19)°  98.0%
n
n-CeHig’ 'n-CeHiz

a. Polymerization condition: monomer (1 equiv.), 6 mol % Pd,(dba)s/24 mol%t-BuzP/10 mol%
p-TfOCgH4Br, K3PO4 (10 equiv), THF, 30 min. b. Isolated yields. c. GPC analysis
(polystyrene as standard, THF, 40 °C). d. 3 mol% Pd,(dba)z/12 mol %t-BusP/5 mol%
p-TfOCgH,Br initiator loading was used. e. 2 mol % Pd,(dba)s/8 mol %t-BuzP/3 mol%
p-TfOCgH,Br initiator loading was used.

In summary, based on the consideration that conjugated
polymers with a dormant reactive chain end could be
functionalized by the reactions of such a dormant reactive site
with different reagents, we demonstrated that Pd,(dba);/t-
BusP/p-TfOCgH,Br system was an efficient initiator to install
OTf group at the chain end of the polymer with high fidelity (
>98%) and narrow PDIs through controlled Pd(0)/t-BusP-
catalyzed Suzuki cross-coupling polymerization. The post

J. Name., 2015, 00, 1-3 | 3
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polymerization modification reactions of the OTf group at the
chain end via the Suzuki and Sonogashira cross-coupling
reactions were performed to introduce a number of different
groups including aryl, alkyl, alkenyl and alkynyl groups at the
end of the polymer. Our results provided a general strategy
for controlled Suzuki cross-coupling polymerization to
precisely install a number of functional groups at the end of
conjugated polymers with narrow PDI (PDI<1.18). Our study
also paved the road for us to explore the synthesis and
characterization of block copolymers, brush polymer and other
polymers with complex architectures containing conjugated
blocks. Our future work in these directions will be reported in
due course
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