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Abstract: We studied the mechanism of the chain-growth polymerization of 2-bromo-5-chloromagnesio-
3-hexylthiophene (1) with Ni(dppp)Cl. [dppp = 1,3-bis(diphenylphosphino)propane], in which head-to-tail
poly(3-hexylthiophene) (HT-P3HT) with a low polydispersity is obtained and the M, is controlled by the
feed ratio of the monomer to the Ni catalyst. Matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectra showed that the HT-P3HT uniformly had a hydrogen atom at one end of each molecule
and a bromine atom at the other. The reaction of the polymer with aryl Grignard reagent gave HT-P3HT
with aryl groups at both ends, which indicates that the H-end was derived from the propagating Ni complex.
The degree of polymerization and the absolute molecular weight of the polymer could be evaluated from
the 'H NMR spectra of the Ar/Ar-ended HT-P3HT, and it was found that one Ni catalyst molecule forms
one polymer chain. Furthermore, by reaction of 1 with 50 mol % Ni(dppp)Cl;, the chain initiator was found
to be a bithiophene—Ni complex, formed by a coupling reaction of 1 followed by insertion of the Ni(0)
catalyst into the C—Br bond of the dimer. On the basis of these results, we propose that this chain-growth
polymerization involves the coupling reaction of 1 with the polymer via the Ni catalyst, which is transferred
intramolecularly to the terminal C—Br bond of the elongated molecule. We call this mechanism “catalyst-
transfer polycondensation’”.

Introduction with catalyst transfer: that is, the polycondensation proceeds
Polycondensation is an important polymerization method for with the catalyst transferring to and activating only the elongated
the synthesis of polyamides, polyesters, polyethers, and so onPClymer end group. o ,
which serve for production of fibers and as engineering plastics /& have developed an artificial chain-growth polyconden-
by virtue of their strong intermolecular forces-Conjugated _satlon without any cataly§tThe change of the s_ubstltuent eff(_ac_t
polymers have received considerable attention with the develop-nduced by bond formation of the monomer drives the reactivity
ment of the information technology industry and have also been ©f the polymer end group to become higher than that of the
synthesized by polycondensation. However, those polymersMonomer, leading to chain-growth polycondensation. We have
possess broad molecular weight distributions, because thed!so investigated chain-growth pol_ycondensatlon with a catalyst
polycondensation proceeds through a step-growth polymeriza-2nd found that the polycondensation of 2-bromo-5-chloromag-
tion mechanism, in which all the end groups of monomers and N€Si0-3-hexylthiophenelf with Ni(dppp)Cb [dppp = 1,3-bis-
oligomers in the reaction mixture equally react with each other. (diPhenylphosphino)propane] proceeds via a chain-growth
On the other hand, many natural polymeric materials are pqumenzatlon mechamsm to yield he.ad-to-'tall poly(3-hexyl-
perfectly monodisperse macromolecules and are synthesized byfhioPhene)s (HT-P3HT) with low polydispersity and controlled
the successive condensation of monomers with the polymer endn0lecular weight (Scheme 2).In this paper, we deal with the
group with the aid of selective activation by enzymes. mechanism ofthls chain-growth polyc_ondensanon anql we_show
Especially in the biosynthesis of proteins, the overall process that the chain-growth mechanism involves selective intra-

can be regarded as a kind of chain-growth polycondensation Melecular transfer of the catalyst to the polymer end group,
resulting in the activation of only the polymer end group in a

(1) For the biosynthesis of polypeptides, see (a) Weissbach, H.; Pestka, S.

Molecular Mechanism of Protein Biosynthe#sademic Press: New York, (5) (a) Yokozawa, T.; Asai, T.; Sugi, R.; Ishigooka, S.; HiraokaJSAm.
1977. (b) Bermek, BEMechanism of Protein Synthesis. StructuFainction Chem. Soc200Q 122 8313. (b) Yokozawa, T.; Suzuki, Y.; Hiraoka, B.
Relations, Control Mechanism, andv@utionary Aspects Springer- Am. Chem. So2001, 123 9902. (c) Yokozawa, T.; Taniguchi, T.; Suzuki,
Verlag: New York, 1985. Y.; Yokoyama, A.J. Polym. Sci., Part A: Polym. Cher2002 40, 3460.
(2) For the biosynthesis of DNA, see Kornberg, $ciencel96Q 131, 1503. (d) Yokoyama, A.; lwashita, K.; Hirabayashi, K.; Aiyama, K.; Yokozawa,
(3) For the biosynthesis of RNA, see (a) TraversNature 1976 263, 641. T. Macromolecule2003 36, 4328. (e) Sugi, R.; Yokoyama, A.; Furuyama,
(b) Chamberlin, M. InThe EnzymesBoyer, P. D., Ed.; Academic Press: T.; Uchiyama, M.; Yokozawa, TJ. Am. Chem. So@005 127, 10172.
New York, 1982; Vol. 15, p 61. (6) Yokoyama, A.; Miyakoshi, R.; Yokozawa, Macromolecule2004 37,
(4) For the biosynthesis @is-polyisoprene rubber, see (a) Light, D. R.; Dennis, 1169.
M. S.J. Biol. Chem1989 254, 18598. (b) Dennis, M. S.; Light, D. R. (7) Miyakoshi, R.; Yokoyama, A.; Yokozawa, Macromol. Rapid Commun
Biol. Chem.1989 264, 18608. 2004 25, 1663.
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Scheme 1. Synthesis of Well-Defined HT-P3HT
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manner similar to the biological polycondensations mentioned
above. This is a novel mechanism of artificial chain-growth
polycondensation and we call it&talyst-transfer polyconden-
sation” Although wef and McCullough and co-workérfiave
speculated that this was the mechanism, there have been n
data to support it until now. Here, we used matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry and'H NMR spectroscopy to examine two types of
HT-P3HT: one was obtained by quenching the polymerization
with 5 M hydrochloric acid, and the other contained aryl groups
at both ends of the polymer as a result of treatment of the
polymerization mixture with aryl Grignard reagent. The results
show that the propagating group is the Ni complex end of the
polymer, and one polymer chain forms per single Ni catalyst
molecule. Furthermore, the result of the reactiorl afith 50

mol % Ni(dppp)C}h demonstrated that a bithiophenli—Br
complex is the chain initiator.

Results and Discussion

Polymer Chain End. The polymerization ofl, which was
prepared in situ by the treatment of 2-bromo-3-hexyl-5-
iodothiophene Z) with 1.0 equiv of isopropylmagnesium
chloride at 0°C for 1 h, was carried out in the presence of 1.60
mol % Ni(dppp)C} in tetrahydrofuran (THF) at room temper-
ature fa 6 h (conversion ol = 85%). Then the reaction mixture
was quenched wit5 M hydrochloric acid and pure HT-P3HT
(M, = 9300, My/M,, = 1.10) was obtained after the crude
product was washed with MeOH without use of a Soxhlet
apparatus to remove low-molecular-weight fractions. The
MALDI-TOF mass spectrum of the HT-P3HT obtained was
taken with dithranol as a matrix in the absence of cationizing

salt. Surprisingly, the mass spectrum contains only one series
of peaks, indicating that each polymer molecule has the same
end groups (Figure 1). Detailed analysis revealed thatritze
values can be accurately expressed as I6@epeat unit)+

79.9 (Br)+ 1.0 (H), wheren is equal to the number of repeat

units. Therefore, one end group of the polymer is a bromine
atom and the other is a hydrogen atom (designated as Br/H).
For example, the 30-mer of this distribution is expected to

produce a signal atvz 166.3x 30 (repeat unit}t+ 79.9 (Br)+

1.0 (H)= 5069.9, and indeed, a signal is observed at 5069.80.
The 30-mer with Br/Br ends and the 30-mer with H/H ends

should afford signals atvVz 5148.8 and 4989.0, respectively,

(put these are not observed. On the other hand, it was reported

that the MALDI-TOF mass spectra of poly(3-alkylthiophene)s
with broad polydispersities, which were obtained by similar Ni-
catalyzed polymerization of the corresponding chloromagnesio
monomers, showed three kinds of end groups corresponding to
Br/Br, Br/H, and H/H? Since the H end group is thought to be
derived from the magnesiochloride end group and/or the Ni
complex end group by quenching, these poly(3-alkylthiophene)s
with the Br/Br, Br/H, and H/H end groups seem to be produced
by typical Ni-catalyzed step-growth polymerization. In our
polymerization ofl with Ni catalyst, however, the finding that
the polymer has only the Br/H end groups and the fact that the
polymerization proceeds in a chain-growth polymerization
manner indicate that the polymerization is initiated by a single
kind of molecule and propagated from a single kind of
propagating group.

Even in our polymerization of, however, the amount of
Grignard reagent used to conve@rinto 1 strongly influenced
the polymer end group and the molecular weight distribution
of HT-P3HT. When 0.80 or 1.20 equiv of isopropylmagnesium
chloride was used, the molecular weight distribution became
broad (Figure 2a,d). On the other hand, HT-P3HT with a low
polydispersity and a controlled molecular weight was obtained
when 0.95 or 1.05 equiv of isopropylmagnesium chloride was
used (Figure 2b,c). However, when 1.05 equiv of isopropyl-
magnesium chloride was used, the polymer end groups were
no longer uniform (Figure 3). It is important to use 0:9600
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Figure 1. MALDI-TOF mass spectrum of HT-P3HTM, = 9300 andM/M,
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Figure 2. GPC profiles of HT-P3HT obtained by the polymerizatior2of
with (a) 0.80 equiv, (b) 0.95 equiv, (c) 1.05 equiv, and (d) 1.20 equiv of
iPrMgCl and 2.2 mol % Ni(dppp)&l!
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Figure 3. MALDI-TOF mass spectrum of HT-P3HT obtained by the
polymerization of2 with 1.05 equiv of PrMgCl and 2.2 mol % Ni(dppp)-
Cla.

Scheme 2. Two Possible Chain Ends of HT-P3HT before
Quenching
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_ MO A S Ar

W
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equiv of the Grignard reagent to obtain HT-P3HT with a narrow
molecular weight distribution and controlled chain ends.
Propagating Group. As mentioned in the previous section,
the Br/H chain ends of HT-P3HT are consistent with two
possible propagating groups: one is the magnesiochl@&,ide
and the other is the Ni complek(Scheme 2). We considered
that the Ni complex was likely to be the propagating group

(8) Sheina, E. E.; Liu, J.; lovu, M. C.; Laird, D. W.; McCullough, R. D.
Macromolecule2004 37, 3526.
(9) Liu, J.; Loewe, R. S.; McCullough, R. DMacromolecule4999 32, 5777.
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Figure 4. MALDI-TOF mass spectra of HT-P3HT obtained by (a)
polymerization ofl with 1.94 mol % Ni(dppp)Cl for 30 min and (b)
reaction with 3,4-dimethylphenylmagnesium chloride.
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because the coupling reaction between the polymers occurred
slightly when the polymerization was quenched by wat€o.
identify the propagating group in the polymerization, arylmag-
nesium chloride was added to the reaction mixture at the last
stage of polymerization. If the propagating group is magnesio-
chloride, the bromine 08 will be replaced with the aryl group

by virtue of the Ni catalyst, and quenching with water should
afford HT-P3HT with H/Ar ends (route A). If the propagating
group is the Ni complex on the other hand, the Ni complex
will react with arylmagnesium chloride, and the coupling
reaction will take place accompanied with release of Ni(0)
catalyst by reductive elimination. Then the-8r bond of 4

will undergo oxidative addition to this Ni(0), followed by similar
coupling reaction to yield HT-P3HT with Ar/Ar ends (route
B).

The polymerization ofl was carried out in the presence of
1.94 mol % Ni(dppp)d in THF at room temperature for 30
min (conversion ofl = 74%;M, = 8400,M,,/M,, = 1.14), and
then an excess of 3,4-dimethylphenylmagnesium chloride (3,4-
Me,CsH3sMgCl) was added to the reaction mixture. The mixture
was stirred for 3 h, and then the reaction was quenched with
water. End group analysis of the obtained polynéx € 8600,
Mw/M, = 1.16) was performed by MALDI-TOF mass spec-
trometry (Figure 4). The spectrum contains only one series of
peaks, the values of which correspond to HT-P3HT with
Me,CsHa/Me,CeH3 end groups. For example, the 29-mer of this
distribution is expected to produce a signah#z 166.3 x 29
(repeat unit}t 105.2 (3,4-dimethylphenyl groug) 105.2 (3,4-
dimethylphenyl groupy= 5033.1, and in fact a signal is observed
at 5032.72. The polymer with the Br/H ends [166 (3epeat
unit) + 79.9 (Br)+ 1.0 (H)] and that with the MgCgH3/H ends
[166.3 (repeat unit)+ 105.2 (3,4-dimethylphenyl groupy
1.0 (H)] are absent (neithenz 4903.6 nor 4928.9 was detected
in Figure 4b). This result indicates that the 3,4-dimethylphenyl
group was introduced at both ends of the polymer, and that the
propagating group of the polymer is the Ni complex.

A phenyl group was also quantitatively introduced at both
ends by phenylmagnesium chloride. However, when-
butylmagnesium chloride was used, the polymer with H/H end
groups was obtained. This polymer may be formed from the
polymer—Ni—H complex, which is generated h§-hydride
elimination of the polymerNi—'Bu complex. When isopro-
pylmagnesium chloride was used, polymers witiPHANd H/H
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Figure 5. 'H NMR spectra of HT-P3HT in CDGlat 25°C. (a) HT-P3HT = 40000 s. s
obtained by polymerization of with 1.94 mol % Ni(dppp)Glin THF at 5 6— | "
rt for 30 min, followed by quenching wit5 M hydrochloric acid. (b) HT- g 30000 Cettia Cethrs
P3HT with MeCsHa/Me,CsHs end groups obtained by the addition of 3,4- & s. s s
dimethylphenylmagnesium chloride to the polymerization mixture, followed g 20000 S o BrVWH
by stirring at rt for 3 h. ;,g: Q:H CeHis CoHis Cetis
£ 10000 \ /
end groups were obtained. McCullough and co-worKers ‘e

reported similar results, but the introduction of aryl groups was 0 10 20 min

not complt_ate: pOIVmerS_be‘?”ng Ar/Ar and Br/Ar end groups  gigure 7. Gas chromatogram of reaction bivith 50 mol % Ni(dppp)Ci
were obtained. The partial introduction of aryl groups would at rt for 1 h.

result from the formation of side reaction products during the

polymerizaltion. ofl as suggested .by the termination reaction coupling reactions between arylmagnesium halide and aryl
of polymerizatioff and the formation of Br/Br and H/H end e in the presence of Ni(ll) catalyst reported by Tamao et
group polyr_n_er obtained by the quenching of the po_Iymerlzatlon al.} the Ni(ll) is first reduced to Ni(0) by 2 equiv of
before addition of aryl Grignard reagehboth of which were 51 aqnesium chioride, accompanied with the formation of
not observed in our results. We tentatively speculated that the 5y arvi dimer, and then the generated Ni(0) starts the catalytic
side reactions would be caused by an improper amount of .y e of the coupling reaction. Therefore, in the polymerization
Grignard reagent used to convérinto 1 as mentioned inthe ¢ 11 Grignard monomet in the presence of Ni(dppp)EI2

previous section and/or the insufficient purity 2f equiv of 1 would react with Ni(dppp)Gl followed by generation
Number of Polymer Molecules Formed per Ni Cafalyst. ¢ he Nj(0) and the formation of a bithiophene having bromine

On the basis of the above experiments, the average degree of, g at each thiophene ring, which would be the initiator of

polymerization DPy) andM, can be determined from thig! this polymerization. To confirm thig, was reacted with 50 mol

NMR spectra. In the'H NMR spectra of HT-P3HT with o4 \jgppp)Ch, and then the reaction mixture was quenched
MezCsHo/Me2CeHs end groups, the methyl proton signals of i 5 M hydrochloric acid and analyzed directly by GC/MS.
the dlmethylphenyl groups at the _two ends appeargd at 2.327he GC showed one main peak during-50 °C in the GC
_and 2.31 ppm (Figure 5). Accordl_ngly, on the basis of the oven, with parent peaks atz 412 and 414 (Figure 7). This is
integral ratio of the methyl proton signalof the hexyl group  ¢qpgistent with the molecular weight value of ‘4gihexyl-5-
in the repeat unit to the methyl signddf the dimethylphenyl bromo-2,2-bithiophene §) (MW = 412, 414). The tail-to-tail
groups at the two ends, tfeP, and My, were found to be 38 q,cryre of 6 was determined from the two-dimensional
and 6500, respectively. Surprisingly, the feed ratio of the peeronyclear multiple-bond correlation (HMBC) NMR spec-
converted monomet to the Ni catalyst in this polymerization ., 112 obtained after isolation 0. Other small peaks cor-
was also 38. This result indicates that one Ni catalyst molecule respond to the quenchdgithe bithiophene having two bromine
forms one polymer ghain and is in accordgnce with the result atoms, and the terthiophene with H/Br ends on the basis of the
in the previous section that the propagating group of all the ., \a1yes. We thought at first that the bithiophene having two
polymers is the Ni complex. Furthermore, when the polymer- .o mine atoms might be the initiator of the polymerization and
ization was carried out with smaller amounts of the Ni catalyst, would be detected by GC/MS. However, it was present in only
fF’”O"Ved by reaction with 3,_4-dime_thy|phenylmagnesium chlo- 3 trace amount, ané was almost exclusively formed as a
ride, the My vglues determined S|mllgrly from théd NMR bithiophene. This result gives us important information about
spectra were in good agreement with the calculated values,ine nolymerization mechanism. As described in the section on
assuming that one Ni catalyst molecule forms one polymer chain propagating groug§ would be obtained by hydrolysis of
(F'gl_“_re 6)'_ . ) i o the nickel comple»s with 5 M hydrochloric acid (Scheme 3).
Initiator in the_ Reactlo_n Mixture. Since the p_onmenzanon The formation of5 indicates that the Ni(0), generated by the
of 1 proceeds in a cham—growth polymenza’uon. manner and coupling reaction of, is immediately inserted into one—<Br
theMy, of the polymer is controlled by the feed ratiosfo the bond of the bithiophene having two bromine atoms. This
Ni catalyst despite the lack of addition of an initiator molecule, insertion is thought to proceed intramolecularly without diffusion

the ch_ain initiator must b_e formed in situ via a reaction invql\{ing of the Ni(0), because the bithiophene without a bromine atom
the Ni catalyst. According to the mechanism of the original

(11) Tamao, K.; Sumitani, K.; Kumada, M. Am. Chem. S0d 972 94, 4374.
(10) Jeffries-El, M.; Sauvés.; McCullough, R. DAdv. Mater. 2004 16, 1017. (12) See Supporting Information.
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Scheme 3. Reaction of 1 with 50 mol % Ni(dppp)Cl»
50 mol %
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Scheme 4. Proposed Mechanism of Chain-Growth Polymerization

of 1
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should be obtained in the intermolecular reaction of the
bithiophene having two bromine atoms, even at 50 mol % Ni(0).
Proposed Mechanism of Chain-Growth Polymerization.
In addition to the results in our previous paper that the
polymerization ofl proceeds in a chain-growth polymerization
manner to yield HT-P3HT with low polydispersity and that the
M, is controlled by the feed ratio & to the Ni catalysf,” we
have now obtained further important results concerning the
mechanism of this chain-growth polymerization Iof (1) the

polymer end groups are uniform among molecules: one end
group is a bromine atom and the other is a hydrogen atom; (2)

the propagating end group is a Ni complex; (3) one Ni molecule
forms one polymer chain; and (4) the chain initiatos irmed
in situ via intramolecular transfer of Ni(0) after the coupling

reaction. On the basis of these results, we believe that the

mechanism illustrated in Scheme 4 is valid for the chain-growth
polymerization ofl. Thus, the polymerization is initiated &y

specific reactivity of the Ni catalyst, which is transferred
selectively to the elongated polymer propagating end. We call
this type of polymerizationcatalyst-transfer polycondensatién

It should be noted that the mechanism of this catalyst-transfer
polycondensation has conceptual similarity to that of the
biosynthesis of biopolymers such as polypeptitl@s,which

the enzyme activates the polymer end group, followed by
reaction with the monomer, and then moves to the end of the
newly elongated polymer.

Conclusion

We have studied the mechanism of the chain-growth polym-
erization of 1, affording HT-P3HT with defined molecular
weight and low polydispersity. First, MALDI-TOF mass
spectrometry showed that all the polymer molecules have the
same end groups, that is, one bromine atom and one hydrogen
atom. Subsequently, the propagating group, from which the
H-end group is generated upon quenching, was determined to
be a Ni complex from the result of the introduction of aryl
groups at both ends with arylmagnesium chloride. Furthermore,
IH NMR analysis of HT-P3HT with the Ar/Ar end groups
allowed us to determine the average degree of polymerization
and absolute molecular weight of the polymer, and it was found
that one Ni catalyst molecule forms one polymer chain. Finally,
the chain initiator was studied by the reactionlafith 50 mol
% Ni(dppp)C}h, revealing that the initiator is the bithiophene
formed by the coupling reaction of accompanied with
generation of the Ni(0) catalyst. On the basis of these results,
we proposeatalyst-transfer polycondensatias a new mech-
anism of chain-growth polycondensation. Thus, Ni(0) generated
by the formation of the bithiophene is inserted intramolecularly
into the C-Br bond of the bithiophene, and growth continues
with the coupling reaction ol with the polymer end group,
followed by the transfer of the Ni(0) to the terminat-®r bond
of the newly elongated monomer unit in a intramolecular
fashion. We think that the catalyst-transfer polycondensation
described here represents an important step forward from our
chain-growth polycondensation, based on the change of sub-
stituent effects between monomer and polymer, and will be
valuable for the synthesis of well-defined condensation poly-
mers, includingz-conjugated polymers. Studies of catalyst-
transfer polycondensation for other conjugated polymers are
currently in progress.

of which one molecule is generated per one Ni, and propagatedexperimental Section

by the coupling reaction between the polymer end group and

monomerl, followed by the intramolecular transfer of the Ni-
(0) to the terminal &Br bond to yield the polymer with Br/H
ends after hydrolysis of the propagating Ni(ll) complex. If the
Ni(0) were inserted intermolecularly into the-®r bond of
the polymer end group, polymers with Br/Br and H/H end
groups would be obtained, as well as the polymer with Br/H
end groups. The molecular weight distribution would also

2-Bromo-3-hexyl-5-iodothiophene2) and 2-bromo-5-chloromag-
nesio-3-hexylthiophenel] were prepared according to previously
established proceduréssopropylmagnesium chloride (2.0 M solution
in THF, Aldrich), 3,4-dimethylphenylmagnesium chloride (0.5 M
solution in THF, Aldrich), phenylmagnesium chloride (2.0 M solution
in THF, Aldrich), tert-butylmagnesium chloride (2.0 M solution in THF,
TCI), [1,3-bis(diphenylphosphino)propane]dichloronickel(ll) (Ni(dppp)-
Cl,, TCI), and dry tetrahydrofuran (THF, stabilizer-free, Kanto) were

become broader, because the coupling reaction would occurused as received without purification. Naphthalene, which was used

equally between all monomers and oligomers in a step-growth
polymerization manner. However, these features are inconsisten

with the observed results. A few other reactions involving
similar intramolecular transfer of metal catalysts have recently
been reported~1> Consequently, the chain-growth polycon-
densation ofl can be attributed not to the substituent effects
seen in our chain-growth polycondensatidsut rather to a
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32. (b) Nomura, N.; Tsurugi, K.; RajanBabu, T. V.; Kondo,JT Am.
Chem. Soc2004 126, 5354.
(14) (a) Slnclalr D. J.; Sherburn, M. $.0rg. Chem2005 70, 3730. (b) Dong,
Hu, Q.- -SJ. Am. ChemSoc 2005 127, 10006.
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Shimon, L. J. W.; Martin, J. M. L.; Boom, M. E.. Am. Chem. SOQOO5
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as an internal standard for GC analysis, was purified by recrystallization suspension of Ni(dppp)€10.5 mg, 0.0194 mmol, 1.94 mol %) in

from MeOH.H and*3C NMR spectra were obtained on a JEOL ECA-
600 with tetramethylsilane (TMS) as an internal standard. Mheand
Mw/M, of polymers were measured on a Tosoh HLC-8020 gel-
permeation chromatography (GPC) unit (eluent, THF; calibration,
polystyrene standards) with two TSK-gel columns<(24ultipore Hy -

M). MALDI-TOF mass spectra were recorded on a Shimadzu/Krotos
Axima curved field reflectron (CFR) in the reflectron ion mode by use
of a laser { = 337 nm). A sample solution of polymer and dithranol
as a matrix was prepared in THF. Conversion of monomer was

dry THF (5.0 mL) was added via a syringe af©, and the reaction
mixture was stirred at room temperature. After 30 min, conversion of
monomer and th&l, andM/M, of the polymer formed were evaluated
via a small aliquot of the reaction mixture, which was withdrawn via
a syringe, quenched wit5 M hydrochloric acid, and extracted with
Et,0 and then CHGl(conversion= 74%, M, = 8400,M,/M, = 1.14).
Next, 3,4-dimethylphenylmagnesium chloride (0.5 M solution in THF,
1.5 mL, 0.8 mmol) was added to the reaction mixture via a syringe.
Stirring was continued at room temperature for 6 h, and then water

determined by analytical GC performed on a Shimadzu GC-14B gas was added and the mixture was extracted with GHCThe organic

chromatograph equipped with a GL Science dimethylsilicone fluid OV-

layer was washed with water, dried over anhydrous MgSihd

101 column (3 m) and a flame ionization detector (FID), and analyses concentrated under reduced pressure. The residue was washed well with
of conversion were carried out with naphthalene as an internal standard.MeOH and collected by suction filtration to give pure HT-P3HT with
GC mass spectra were obtained on a Shimadzu GCMS-QP5050A gasAr/Ar ends (M, = 8600, M./M, = 1.16) as a purple solid (91.7 mg,

chromatographmass spectrometer with a Frontier Laboratories Ultra
ALLOY capillary column UA*-1(HT)-15M-0.1F.

55%).
The reactions with various Grignard reagents (isopropylmagnesium

All glass apparatus used for reactions was dried prior to use. Addition chloride, phenylmagnesium chloride, aed-butylmagnesium chloride)

of reagents into the reaction flask and withdrawal of small aliquots of
the reaction mixture for analysis were carried out via a syringe from
the three-way stopcock under a stream of nitrogen.

General Procedure of Polymerization.A round-bottomed flask

instead of 3,4-dimethylphenylmagnesium chloride were carried out
similarly.

Identification of Initiator. A round-bottomed flask equipped with
a three-way stopcock was heated under reduced pressure and then

equipped with a three-way stopcock was heated under reduced pressurgooled to room temperature under an argon atmosphere. 2-Bromo-3-
and then cooled to room temperature under an argon atmospherehexyl-5-iodothiophen@ (373 mg, 1.00 mmol) was placed in the flask,

2-Bromo-3-hexyl-5-iodothiophen2 (373 mg, 1.00 mmol) and naph-

and the atmosphere was replaced with argon. Into the flask was added

thalene (used as an internal standard for GC analysis; 56 mg, 0.0444ry THF (5.0 mL) via a syringe, and stirring was continued &0
mmol) were placed in the flask, and the atmosphere was replaced with To the mixture was added isopropylmagnesium chloride (2.0 M solution

argon. Into the flask was added dry THF (5.0 mL) via a syringe, and
the mixture was stirred at €C. To the mixture was added isopropyl-
magnesium chloride (2.0 M solution in THF, 0.50 mL, 1.0 mmol) via
a syringe, and the mixture was stirred ét®for 1 h. A suspension of
Ni(dppp)Ck (8.7 mg, 0.016 mmol, 1.60 mol %) in dry THF (5.0 mL)
was added to the mixture via a syringe at@, and then the mixture

in THF, 0.50 mL, 1.0 mmol) via a syringe, and the mixture was stirred

at 0°C for 1 h. To a suspension of Ni(dppp}¢271 mg, 0.500 mmol,

50 mol %) in dry THF (5.0 mL) was added the mixture via a syringe

at 0°C, and the whole was stirred at room temperature. After 1 h, a
small aliquot of the reaction mixture was withdrawn for GC/MS analysis
via a syringe, quenched Wit M hydrochloric acid, and extracted with

was stirred at room temperature. After the reaction mixture had been g,0. Then 5 M hydrochloric acid was added to the reaction mixture,

stirred fa 6 h (conversion= 85%), 5 M hydrochloric acid was added
and the mixture was extracted with CHCIThe organic layer was
washed with water, dried over anhydrous MgsS@nd concentrated

and the whole was extracted with CHCTIhe organic layer was washed
with water, dried over anhydrous Mg$QOand concentrated under
reduced pressure. The residue was purified by flash column chroma-

under reduced pressure. To the residue was added MeOH. The insolublgography on silica gel (hexane) to gies a pale yellow oilH NMR

material was washed well with MeOH and collected by suction filtration
to give pure head-to-tail poly(3-hexylthiophen&),(= 9300, M,/M,
= 1.10) as a purple solid (120 mg, 72%j NMR (600 MHz, CDC})
06.98 (s, 1 H), 2.80 (tJ = 7.7 Hz, 2 H), 1.71 (quint) = 7.6 Hz, 2
H), 1.48-1.38 (m, 2 H), 1.371.30 (m, 4 H), 0.91 (tJ = 7.2 Hz, 3
H). 13C NMR (150 MHz, CDC}) ¢ 139.9, 133.7, 130.5, 128.6, 31.7,
30.5, 29.5, 29.3, 22.6, 14.1.

Reaction of Propagating Group with Grignard Reagent.A round-

(600 MHz, CDC}) 6 6.92 (d,J = 1.4 Hz, 1 H), 6.83 (br s, 1 H), 6.79
(m, 1 H), 2.56 (tJ = 7.7 Hz, 2 H), 2.52 (t) = 7.7 Hz, 2 H), 1.64
1.56 (m, 4 H), 1.381.26 (m, 12 H), 0.920.86 (m, 6 H).*C NMR
(150 MHz, CDC}) 6 144.1, 142.8, 137.2, 136.4, 125.1, 124.2, 119.1,
107.3, 31.7, 31.6, 30.5, 30.3, 29.62, 29.58, 29.0, 28.9, 22.6, 14.1.
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