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ABSTRACT: A nonstoichiometric Stille coupling polycon-
densation was first succeeded between 2,5-bis-
(trimethylstannyl)thiophene (1) and 4,9-dibromo-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]-phenanthroline-1,3,6,8-tet-
raone (2) with ratios ranging from 1:1 to 1:10. The model
reaction using 2-(tributylstannyl)thiophene (3) and 4,9-
dibromo-2,7-bis(2-hexyl)benzo[lmn][3,8]-phenanthroline-
1,3,6,8-tetraone (4) at a 1:1 molar ratio in the presence of
catalytic Pd,(dba);/P(o-tolyl), indicated that the rate constant
of the second substitution reaction (k) is 15 times higher than
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that of the first one (k;). It was found that the selective intramolecular catalyst transfer was promoted by the naphthalene-diimide
(NDI) skeleton. The results also provided a new one-pot symmetrical end-functionalization method to synthesize an NDI-based

n-type polymer with NDI groups at both a,@-chain ends.

F or the homogeneous polycondensation system using A2
and B2 type monomers, the number-average degree of
polymerization (X,) is expressed in an extension of Carother’s
equation” as X, = (1 + r)/(1 + r — 2rp), where r is the
stoichiometric ratio of reactants between the A2 and B2 type
monomers and p is the extent of the reaction. Thus, the
stoichiometry of the monomers is a crucial factor in obtaining a
high-molecular-weight polymer. This classical theory is based
on the assumption of the equal reactivity between the
functional groups in the monomers.

Hill et al. reported the significant deviation from the classical
theory for the synthesis of poly(p-phenylene sulfide), in which
stoichiometric monomer ratios are unnecessary.” Odian and co-
workers investigated the kinetics of the polymerization with the
change in reactivity of one functional group upon the reaction
of the other and determined the time-dependent X, values for
various rate constant ratios (k = k,/k,;).* Kihara et al. performed
the nonstoichiometric polycondensation of 4,4’-isopropylide-
nediphenol with a 1.7-fold excess of 2,2-dichloro-1,3-
benzodioxole to afford a high-molecular-weight polycarbonate
with the number-average molecular weight (M,) value of
120 000, although the theoretical maximum M, was 693.” This
is because the intermediate obtained by the first reaction of the
diphenol with dioxole is much more reactive than the initial
dioxole toward the diphenol. Therefore, the phenol groups
always exist at both chain ends of the generating polymers,
suppressing the termination reaction with an excess amount of
the dioxole. Hay and co-workers also reported the synthesis of
high-molecular-weight polyformals by the nonstoichiometric
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polycondensation between potassium bisphenolate with excess
amounts of dibromomethane.® Ueda and co-workers reported
the synthesis of polythioether from 4,4’-thiobisbenzenethiol
and dibromomethane under nonstoichiometric conditions.”
Recently, Kimura and co-workers established the synthesis of
aromatic polyesters® and polyimides'® by the nonstoichio-
metric polycondensation in heterogeneous phases based on the
reaction-induced crystallization technique, which have been
well-reviewed elsewhere."'

The catalyst-transfer systems'~ have also been developed.
Nomura and co-workers utilized the Pd(0)-catalyzed Tsuji—
Trost allylation reactions to realize a nonstoichiometric
polycondensation. In this polymerization, after the first reaction
of the monomers, the Pd(0) catalyst intramolecularly transfers
to the other reactive site to activate the second reaction.'”'*

Yokozawa and co-workers have recently established the
catalyst-transfer condensation polymerization (CTCP) using
Pd(0) catalysts.””~"” Indeed, a wide variety of well-defined 7-
conjugated polymers including polyfluorene,'* polypheny-
lene,'® polythiophene,'” poly(fluorene-alt-benzothiadiazole),
and poly(phenyleneethynylene)'” could be obtained by the
CTCP with ‘Bu;PPd(Ar)Br. In addition, they investigated the
structural requirements for the Pd(0) catalyst transfer on a C=
C double bond under Suzuki—Miyaura coupling reaction
conditions and concluded that the ortho position of the C=
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C of stilbenes is critical for the selective intramolecular catalyst
transfer.”’

On the other hand, representative n-type 7m-conjugated
polymers, such as the naphthalene-diimide (NDI)-based
polymers,”"** showed an excellent organic field-effect transistor
(OFET) electron mobility (0.85—3.2 cm? V™' s71);*>**
therefore, their related materials have received special attention.
Kiriy and co-workers investigated the chain-growth poly-
condensation of the NDI-based anion radical monomer in
the presence of Ni(0)*>*° and Pd(0)*"*® catalysts. Therefore,
the understanding of the catalyst-transfer systems during the
synthesis of n-type m-conjugated polymers becomes highly
important.

In the present study, we investigated the nonstoichiometric
Stille coupling polycondensation between 1 and 2 with ratios
ranging from 1:1 to 1:10 in the presence of Pd,(dba);/P(o-
tolyl); (Scheme 1). The model reaction using 3 and 4 at a 1:1

Scheme 1. Nonstoichiometric Stille Coupling
Polycondensation between 1 and 2
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[2]o/[1]y = 10, although the M, values slightly decreased by
increasing the [2],/[1], ratio (see Figure S1). In sharp contrast,
when a 2-fold excess of [1], to [2], was used ([2],/[1], = 0.5),
the polymerization did not occur at all. These results are quite
reproducible by at least twice repeated experiments.

To understand in detail why high-M, P(NDI2DT-T1)
samples were obtained despite the highly asymmetric monomer
feed ratio, we assume that the second reaction between the C—
Br moiety of 2 and the trimethylstannyl moiety of 1 is much
faster than the first one, so that the excess amount of 2 cannot
participate in the termination at the generating polymer chain
ends during the polymerization. To obtain evidence for this
assumption, the 1:1 model reaction between 3 and an
equivalent molar amount of 4 was investigated (see Scheme 2).

Scheme 2. 1:1 Model Reaction between 3 and 4
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G L Table 2. Results of 1:1 Model Reaction between 3 and 4
CizHas Ci2Has yleld (%)b
1 2 P(NDI2DT-T1) catalyst S 3
Pd.(dba)s, P(o-Tolyl)s 0 100
molar ratio in the presence of a catalytic amount of Pd,(dba),/ e 0 100
P(o-tolyl); indicated the rate constant ratio (x = 15). o S
Consequently, it was found that the presence of NDI moieties
is critical for the selective intramolecular catalyst transfer. The
most advantageous point of this nonstoichiometric poly- Pd(PPhs)s 16 84

condensation approach is that a new one-pot symmetrical
end-functionalization method can be adopted to prepare an
NDI-based n-type polymer with NDI groups at both of the
a,w-chain ends.

Table 1 shows the polymerization results for the various
[2]/[1], ratios. Under the conditions using excess amounts of
2, the Stille coupling polycondensation proceeded to afford
poly{[N,N'-bis(2-decyltetradecyl)-1,4,5,8-naphthalene diimide-
2,6-diyl]-alt-thiophene-2,5-diyl} (P(NDI2DT-T1)) in almost
quantitative yields based on the feeding quantity of 1.
Surprisingly, P(NDI2DT-T1) could be obtained even when

Table 1. Results of Nonstoichiometric Stille Coupling
Polycondensation between 1 and 2

(2]o/[1]" M, b
05 d d
1 23 500 2.00
1.25 17 800 1.93
2 14 500 1.64
4 10200 1.46
10 8500 142

“The polymerization yields were almost quantitative based on the
feeding quantity of 1 when [2]o/[1], > 1. “The feeding molar ratio of
2 and 1. “Determined by SEC in o-dichlorobenzene at 140 °C using
polystyrene standards. “The polymerization was not proceeded.
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“The feeding molar ratio [4](/[3], = 1. The model reactions were
carried out in toluene at 90 °C for 2 h. *The byproduct of unreacted 4
is excluded in the calculation.

when the Pd(0) catalysts, such as Pd,(dba);/P(o-tolyl); and
chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)]-
palladium(II), were used in the model reaction between 3 and
4. The 'H NMR spectra of the crude products obtained by the
model reaction using Pd,(dba);/P(o-tolyl); are representatively
shown in Figure 1. It is obvious that only 6 was obtained except
for the residual 4 used in excess.

These results indicate that the second reaction between the
C—Br moiety 4 and the tri-"butylstannyl moiety of 3 is much
faster than the first one. To further quantify the reaction rate
constant ratio (k = k,/k;), where k; and k, are the reaction rate
constants for the first and second reaction steps, respectively,
the kinetics was investigated in detail according to a previously
reported method (see also Supporting Information).”” As a
result, Kk was determined to be 15, which means that the second
reaction is 15 times faster than the first one.

On the basis of these findings, it is suggested that the Pd(0)
catalysts intramolecularly transfer walking through the single
molecule of 4 to obtain a high k value (see Scheme S2). To
check whether or not this catalyst-transfer system is specifically
affected by the NDI skeleton, we further performed the model
reactions between 3 and 1,4-dibromobenzene (7) or 2,6-
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Figure 1. "H NMR spectra of (a) 4, (b) 6, and (c) the crude products
obtained by the model reaction of 3 and 4 in toluene at 90 °C for 2 h.

dibromonaphthalene (8), which possess a phenylene or
naphthalene skeleton without the N-alkylated diimide moieties
(see Scheme 3).

Scheme 3. 1:1 Model Reactions between 3 and 7/8
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In both cases, a significant amount of monocoupled products
was obtained as can be seen in Scheme 3. Therefore, it can be
concluded that for the nonstoichiometric Stille coupling
polycondensation between 1 and 2 the Pd(0) catalyst
intramolecularly transfers through a single molecule of 2
specifically assisted by the NDI skeleton.

Finally, we extended this nonstoichiometric Stille coupling
polycondensation to synthesize poly{[N,N’-bis(2-decyltetra-
decyl)-1,4,5,8-naphthalene diimide-2,6-diyl]-alt-(2,2’-bithio-
phene)-5,5'-diyl} (P(NDI2DT-T2)) using $,5'-di-
(trimethylstannyl)-2,2"-bithiophene (9) instead of 1 in order
to generalize this system (see Scheme S1). Indeed, the high-
molecular-weight P(NDI2DT-T2) (M, = 22600, b = 2.98)
was obtained by the Stille coupling polycondensation of 9 and a
2-fold excess of 2 in the presence of a catalytic amount of
Pd,(dba),/P(o-tolyl),.

The '"H NMR spectrum of P(NDI2DT-T2) ([2],/[9], = 2,
see Figure S3) shows typical resonance signals assignable to the
main chain (see signals 1—6 in Figure S3). Besides, only the
signals are observed assignable to the terminal NDI units of
P(NDI2DT-T2) (8.86 and 8.81 ppm for H-terminated NDI
(see signals 2a and 2b, respectively)).”* There are no signals
corresponding to the thiophene terminal units at all. Therefore,
it was concluded that the NDI units were finally introduced at
both a,w-chain ends after the polymerization in an almost
quantitative yield. It should be noted that Br-terminated NDI
was not found around ~9.0 ppm.** The oxidatively inserted Pd
species within the terminal NDI-Br bond probably lead to the
dehalogenation by quenching the polymerization with HCL
The existence of intermediate terminal NDI-Pd—Br implies
that the rate-determining step is transmetalation.
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In conclusion, the nonstoichiometric Stille coupling poly-
condensation of 1 and 2 catalyzed by Pd,(dba);/P(o-tolyl),
was first discovered in which P(NDI2DT-T1) was successfully
obtained by employing the monomer feed ratio ([2]o/[1],) in
the range of 1—10. The nonstoichiometric Stille coupling
polycondensation of 9 with a 2-fold excess of 2 could also be
performed to afford the high-molecular-weight P(NDI2DT-
T2). The kinetics of the model reaction between 3 and 4
showed the high x value of 15. On the basis of the results of the
detailed model reactions of 3 with 7 or 8, it was found that the
NDI skeleton is crucial for the selective intramolecular catalyst-
transfer system. Such a nonstoichiometric polycondensation
approach provides the new one-pot symmetrical end-
functionalization method to succeed in synthesizing an o,w-
difunctional NDI-based n-type polymer at both chain ends. The
investigation of the chain-growth Stille coupling polycondensa-
tion of NDI-containing monomers by exploiting this catalyst-
transfer system is now also ongoing.
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