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Well-defined block copolymers' > and a dendronized poly-
mer* containing head-to-tail poly(3-alkylthiophene)s (HT-PAT)
have been synthesized via the Grignard metathesis method.” In
their syntheses, the HT-PAT units were modified in several steps
after the polymerization of thiophene monomers. Recently, we®
and McCullough’s group’ have independently reported catalyst-
transfer polycondensation which provides HT-PATSs with uni-
form end structure, controlled molecular weight, and narrow
polydispersity, and we have also reported catalyst-transfer
polycondensation for the synthesis of well-defined poly(p-
phenylene).® Because of living polymerization nature of catalyst-
transfer polycondensation, one might think that it is easy to
synthesize block copolymers composed of different conjugated
polymers via successive addition of the corresponding mono-
mers. However, one-pot synthesis in this manner has so far been
applied only to the synthesis of diblock copolythiophenes with
different side chains,”'® and block copolymers of different
conjugated polymers have not been synthesized. Considering
the reaction mechanism of catalyst-transfer polycondensation,'!
such a successive copolymerization should work well when the
polymerization of each monomer proceeds with the same
catalyst. Herein, we report that polycondensation of a Grignard-
type N-hexylpyrrole monomer proceeds in a catalyst-transfer
polymerization manner, and the best catalyst for the polymer-
ization is Ni(dppe)Cl, (dppe = 1,2-bis(diphenylphosphino)-
ethane), which is the same catalyst as in the case of p-phenylene
monomer.® We also found that the presence of additional dppe
in the reaction mixture is crucial to control the polymerization
precisely, and we developed a one-pot synthesis of diblock
copolymer of poly(N-hexylpyrrole) and poly(p-phenylene).
There are several reports on the organometallic polycondensation
of N-substituted pyrrole monomer using nickel(I) acetylaceto-
nate,'? bis(1,5-cyclooctadiene)nickel(0)," or copper'* as cata-
lysts, but controlled polymerization has not been reported.

We used 2,5-dibromo-1-hexylpyrrole (1) as a monomer
precursor, which was converted to the Grignard-type monomer
2 by treatment with 0.96 equiv of isopropylmagnesium chloride
in tetrahydrofuran (THF) at room temperature for 24 h. Then,
the polymerization was carried out by addition of 1 mol % of
a nickel catalyst to the reaction mixture (Scheme 1). When
Ni(dppp)Cl, (dppp = 1,3-bis(diphenylphosphino)propane) was
used as a catalyst in a similar manner to the case of polycon-
densation of hexylthiophene monomer® and the reaction was
conducted at room temperature for 3 h, the polymerization
proceeded smoothly and the conversion of 2 reached 85%. The
gel permeation chromatography (GPC) profile of the product
(Figure 1a) indicated formation of a polymeric product (M, =
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5.4 x 10% and M,/M, = 1.26, where M, and M,, are number-
and weight-average molecular weight, respectively) accompa-
nied by low-molecular-weight oligomers at the elution volume
between 19 and 21 mL. Polymerization with Ni(dppf)Cl, (dppf
= 1,1'-bis(diphenylphosphino)ferrocene) gave almost the same
results (Figure 1b). On the other hand, polymerization with
Ni(dppe)Cl, which was the best catalyst for the catalyst-transfer
polycondensation of p-phenylene monomer,® afforded the
polymer with higher molecular weight and narrower polydis-
persity (M, = 1.34 x 10%, M /M, = 1.19), though oligomeric
byproduct were still formed (Figure 1c¢). When 2 was polym-
erized with Ni(dppe)Cl, at 0 °C, the formation of the byproduct
decreased but was not completely suppressed. The gas
chromatography—mass spectrometer (GC—MS) and 'H NMR
analyses revealed that several kinds of oligomers were formed,
and we isolated 5,5'-dibromo-1,1'-dihexyl-2,2'-bipyrrole (4) as
a major byproduct in 14% yield.'> On the basis of the reaction
mechanism of catalyst-transfer polycondensation,'' 4 was
thought to have been formed by intermolecular transfer of the
nickel catalyst at the initial stage of polymerization. To suppress
the formation of the oligomeric byproduct, we examined the
effect of several additives and found that polymerization of 2
with 1 mol % of Ni(dppe)Cl, in the presence of 1 mol % of
additional dppe at 0 °C gave good results without formation of
byproduct (Figure 1d, M, = 1.43 x 10*, My/M, = 1.11).'6
With the optimized reaction conditions to control the polym-
erization in hand, we investigated the nature of the chain-growth
polymerization. We first examined the relationship between the
conversion of the monomer 2 and the molecular weight of the
polymer 3 obtained by the polymerization with 2.5 mol % of
Ni(dppe)Cl, and 2.5 mol % of dppe and found that the molecular
weight of 3 increased linearly in proportion to the conversion
of 2 (Figure S1)."> Furthermore, the molecular weight of the
obtained polymer also increased linearly in proportion to the
feed ratio of 2 to Ni(dppe)Cl, up to M, = 1.43 x 10* (Figure
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Figure 1. Gel permeation chromatography profiles of the products
obtained by the polymerization of 2-bromo-5-chloromagnesio-1-hex-
ylpyrrole (2) in tetrahydrofuran. The polymerization was carried out
with 1 mol % of (a) Ni(dppp)Cl, (dppp = 1,3-bis(diphenylphosphi-
no)propane) for 3 h (conversion of 2 = 85%), (b) Ni(dppf)CL (dppf =
1,1"-bis(diphenylphosphino)ferrocene) for 9 h (conversion of 2 = 90%),
(c) Ni(dppe)Cl, (dppe = 1,2-bis(diphenylphosphino)ethane) for 2 h
(conversion of 2 = 91%) at room temperature, and (d) 1 mol % of
Ni(dppe)CL in the presence of 1 mol % of dppe at 0 °C for 32 h
(conversion of 2 = 85%). The peaks marked with an asterisk are
2-bromo-1-hexylpyrrole, formed by the hydrolysis of unreacted 2 after
quenching of the reaction mixture.
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Figure 2. Gel permeation chromatography profiles of the polymer
obtained by diblock copolymerization. (a) Poly(N-hexylpyrrole)
(poly2) as a prepolymer (narrow line, M, = 5.5 x 103, M\ /M, =
1.20) and poly(N-hexylpyrrole)-b-poly(2,5-dihexyloxy-p-phenylene)
(poly2-b-poly5, bold line, M, = 1.78 x 10 M,/M, = 1.38). (b)
Poly5 as a prepolymer (narrow line, M, = 1.13 x 10* M /M, =
1.13) and poly5-b-poly2 (bold line, M, = 1.64 x 10% M /M, =
1.16).

S2).'* These linear relationships indicate that this polymerization
indeed proceeded in a catalyst-transfer polymerization manner.
The end groups of the polymer 3, obtained by polymerization
of 2 with 2.5 mol % of Ni(dppe)Cl, in the presence of 2.5 mol
% of dppe, were analyzed by means of matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry (Figure S3).'> As expected from the reaction mecha-
nism of the catalyst-transfer polycondensation,'' the major peaks
of the mass spectrum corresponded to the polymer with a
bromine atom at one end and a hydrogen atom at the other end
(designated as Br/H). However, the signals corresponding to
Br/Br-ended polymers were also observed as minor peaks.
Because the GPC elution curve of the obtained polymer showed
a small shoulder at the higher-molecular-weight region (Figure
1d), the Br/Br-ended polymers might be formed via dispropor-
tionation reaction between the Br/Ni(II)Br-ended polypyrroles,
followed by reductive elimination to afford the polymer-coupling
product, as in the case of polymerization of the thiophene
monomer quenched with water.'”

We next tried to synthesize sr-conjugated diblock copoly-
mers via successive catalyst-transfer polycondensation of two
monomers. Because the best catalyst for the polymerization
of the pyrrole monomer 2 is Ni(dppe)Cl,, which is also the
best catalyst for the polymerization of the p-phenylene
monomer, we studied block copolymerization of these
monomers. The pyrrole monomer 2 was polymerized first in
the presence of 2.5 mol % of Ni(dppe)Cl, and 2.5 mol % of
dppe in THF at 0 °C for 8 h, to afford well-defined poly2
(conversion of 2 = 78%, poly2: M, = 5.5 x 103 and M,/M,
= 1.20). Then 1.0 equiv of p-phenylene monomer (1-bromo-
4-chloromagnesio-2,5-dihexyloxybenene, 5)'° and 1.0 equiv
of LiCI® were added to the reaction mixture, and the second
polymerization was conducted at room temperature for 2 h.
The conversion of 5§ was 93%, and the GPC profiles of the
obtained polymer showed M, = 1.78 x 10* and My/M, =
1.38. From the first polymerization to the second one, the
GPC elution curve shifted toward the higher-molecular-
weight region, while retaining a narrow molecular weight
distribution (Figure 2a). These results indicate that the polym-
erization of the second monomer 5 started from the terminal
C—Ni group of the first polymer and proceeded in a chain-
growth polymerization manner to yield the diblock copolymer
poly2-b-poly5. However, the molecular weight distribution of
the block copolymer obtained after the second polymerization
was broader than that of the polymer obtained in the first stage.
Because the GPC elution curve of the polymer obtained from
the second polymerization showed tailing toward the lower-
molecular-weight region, the broadening of the molecular weight
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distribution would be due to side reactions which terminated
the progress of the second polymerization. We thought that the
Br/Br-ended poly2 mentioned above or the additional dppe,
which was necessary to the chain-growth polymerization of 2,
might have disturbed the catalyst-transfer polycondensation of
5 in the second stage. Therefore, we examined the copolym-
erization in the reverse order (Scheme 2). The p-phenylene
monomer S was polymerized first with 2.5 mol % of Ni(dppe)Cl,
and 1.0 equiv of LiCl in THF at room temperature for 0.5 h to
afford well-defined poly(p-phenylene) (conversion of 5 = 93%,
poly5: M, = 1.13 x 10%, M/M, = 1.13). After the reaction
mixture had cooled to 0 °C, 1.0 equiv of 2 and 2.5 mol % of
dppe were added, and the second polymerization was carried
out at 0 °C for 9 h. The conversion of the monomer 2 was
65%, and the GPC profiles of the obtained polymer showed
the formation of well-defined diblock copolymer poly5-b-poly2
with a narrow polydispersity (M, = 1.64 x 10* and My/M, =
1.16). The integral ratios of the 'H NMR spectrum indicated
that the block copolymer contained the p-phenylene and pyrrole
units in a ratio of 61.5/38.5.

In conclusion, we have demonstrated that polymerization
of the N-hexylpyrrole monomer 2 with Ni(dppe)Cl, and dppe
proceeds in a catalyst-transfer polymerization manner, that
additional dppe plays a crucial role to suppress the formation
of oligomeric byproduct, and that well-defined diblock
copolymer composed of two sr-conjugated polymers can be
synthesized in one pot via successive catalyst-transfer poly-
condensation. This work has extended the scope of applica-
tion of catalyst-transfer polymerization by employing ligand
addition to control the polymerization as well as demonstrat-
ing one-pot synthesis of z-conjugated diblock copolymers.
Further studies along this line are in progress.

Supporting Information Available: Experimental details,
NMR spectra, and MALDI-TOF mass spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.
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