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ABSTRACT: A series of 2,5-di(2-thienyl)-N-methylpyrrole deriva-
tives 1a−1d with methylthio end-capping groups and electron-
donating substituents at the 3-position of the thiophene rings was
synthesized, and the effects of the substituents on the structure,
stability, and π-dimerization ability of the radical cation were
investigated using UV−vis−NIR and electron spin resonance spectra
and density functional theory (DFT) calculations. Among the
electron-donating methyl, methoxy, and methylthio substituents,
the methoxy derivative 1c gave the most stable radical cation, which
persisted in dichloromethane at room temperature under nitrogen for
several hours without any apparent decomposition. In addition, 1c•+

had the largest π-dimerization enthalpy among 1a•+−1d•+. DFT calculations with the M06-2X method revealed that methyl and
methylthio derivatives 1b•+ and 1d•+ as well as 1c•+ adopt a cis−cis conformation, in contrast to the trans−trans conformer of
unsubstituted 1a•+, while the π-dimers of all of these compounds were shown to have a cis−cis conformation. On the basis of
further detailed analyses, the preformed cis−cis conformation and the weaker intramolecular and intermolecular steric repulsions
were considered to explain why 1c•+ has the largest π-dimerization enthalpy.

■ INTRODUCTION

The design and synthesis of various π-conjugated oligomers has
been intensively investigated over the last few decades for use
as models of the corresponding π-conjugated polymers and as
part of the development of novel functional materials.1 The use
of five-membered heteroaromatics as the repeating unit of the
π-conjugated oligomers is advantageous, because these
oligomers exhibit better environmental stability with more
effective π-conjugation due to the lower level of steric repulsion
between neighboring units in planar conformations than in
oligomers composed of six-membered aromatics. Among five-
membered heteroaromatics, thiophene is the most commonly
used component for linear oligomers, partly because of the
synthetic availability of various stable derivatives.2 Pyrrole,
which has a better donor ability, is also an attractive component
used in polypyrroles.3 Nevertheless, in contrast to the plentiful
examples of oligothiophenes,1c fewer examples of linear
oligopyrroles are available in the literature, in part due to the
limited synthetic access.4−6 Thus, a pyrrole unit is often
combined with thiophene rings in oligomer chemistry.7−15

The cationic species of π-conjugated oligomers serve as
models of the corresponding conducting polymers in the p-
doped state,1a in which electron-deficient holes play a critical
role as the charge carriers. However, in general, the radical
cations of shorter oligomers are highly reactive and give
polymers as in the synthesis of π-conjugated polymers by
electropolymerization.16 Structural modifications with electron-

donating amino,17 alkoxy,18−21 and arylthio or alkylthio20−22

substituents or the annelation of bicyclo[2.2.2]octene frame-
works23,24 have been shown to be effective in stabilizing these
shorter cationic oligomers. When persistent radical cations of
oligomers have an open site for intermolecular interactions,
face-to-face dimers (π-dimers) could be formed at higher
concentrations and/or lower temperatures.24a It has been noted
that such an intermolecular interaction between radical cations
could be an alternative to the bipolaron model for conducting
polymers.25 In addition, there is growing interest in the
structure and properties of the π-dimers of various persistent
radicals. The interaction between the two monomers in the π-
dimer is referred to as a two-electron multicenter bond.26

Additionally, the reversible bond formation and dissociation of
π-dimers have recently been employed to control the
mechanical motion within molecules.27−29

In our previous study, we demonstrated that the biradical
character of dications was enhanced in a thiophene−pyrrole
mixed oligomer consisting of nine units relative to non-
athiophene.15b If each radical moiety in the biradicals forms an
intermolecular π-dimer in a slipped-stack manner, the resulting
supramolecular polymer is expected to function as a conductive
molecular wire. However, the moderate stability of the dication
of the thiophene−pyrrole oligomers in CH2Cl2 solution
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hampered further investigation. To realize such a system, it is
necessary to synthesize a more stable radical cation unit
composed of short oligomers of five-membered heteroar-
omatics without sterically demanding substituents. As one
candidate, we designed 2,5-bis[5-(methylthio)-2-thienyl]-N-
methylpyrrole 1 with various electron-donating substituents at
the 3-position of the thienyl moiety. The electron-donating
substituents at the 3-position of the thiophene ring would be
effective for stabilizing the radical cation state18b due to the
protection of the carbon atom with a relatively high spin
density.9a Quite recently, we also successfully performed a
detailed analysis of the structure−π-dimerization energy
relationship in oligothiophene radical cations based on the
results of experiments and density functional theory (DFT)
calculations.30 In the present study, the effects of the
substituent on the structure, stability, and π-dimerization
capability of radical cation of 1 were investigated by both
experiments and DFT calculations. To the best of our
knowledge, such a substituent effect on the π-dimerization
energy of radical cations has not been investigated in detail
previously. From these studies, we found that the radical cation
of methoxy derivative 1c has sufficient stability and the largest
π-dimerization enthalpy. Herein, we discuss the factors driving
the π-dimerization based on the results of our experiments and
theoretical calculations with the M06-2X method31 that could
estimate the dimerization energy better than other modified
B3LYP methods.30

■ RESULTS AND DISCUSSION
Synthesis. The Paal−Knorr method using 1,4-di(2-thienyl)-

1,4-butanedione is generally applied for the synthesis of 2,5-
di(2-thienyl)pyrrole units,7−15 and we also used this method in
our first attempt. Dione 2a was easily obtained by the double
Friedel−Crafts reaction of succinyl chloride with thiophene.12

Then, condensation of 2a with methylamine gave 3a. A
previously developed procedure for the synthesis of dimethyl
derivative 2b involves the Pb(OAc)4-mediated coupling of a
silyl enol ether.10 To test a new route that does not require the
toxic Pb reagent, we performed a Friedel−Crafts reaction of 3-
methylthiophene with chloroacetyl chloride to give 4, followed
by homocoupling using NiBr2(PPh3)2 and activated Zn32 to
give 2b. However, the overall yield (15%) of this route was
found to be unsatisfactory. Furthermore, the attempted
synthesis of dimethoxy derivative 2c failed due to the difficulty
of the Friedel−Crafts acylation of 3-methoxythiophene at the 2-
position. Instead, we found a more convenient route for 3b−d
(i.e., the cross-coupling of 2-halothiophene derivatives 5 with
2,5-distannyl-N-methylpyrrole).33 Thus, dimethyl derivative 3b,
dimethoxy derivative 3c, and bis-methylthio derivative 3d were
obtained in 65%, 67%, and 43% yields, respectively. For the
end-capping units used to protect the most reactive site in the
radical cation state, we chose the methylthio group because of
its practical balance between efficiency and accessibility. The
introduction of two methylthio groups was easy via dilithiation
with n-BuLi, followed by a reaction with dimethyl disulfide to
give 1a−1d (Scheme 1) in high yields.

Electronic Properties of the Neutral Precursor. The
electronic absorption spectra of 1 were measured in CH2Cl2,
and the results are summarized in Table 1 together with those

for methylthio end-capped terthiophene 6, which was used as a
reference compound (for the spectra, see Figure S1 in the
Supporting Information). The longest absorption maximum of
dithienylpyrrole 1a was slightly blue shifted in comparison with
that of terthiophene 6. Furthermore, the introduction of
substituents at the π-position of the thiophene ring in 1b−1d
caused an additional blue shift due to the twisted structure in
the neutral state, as predicted by the DFT calculations (Figure
S2 in the Supporting Informaiton).

To study the redox behaviors of 1 and 6, cyclic voltammetry
measurements were taken, and the results are summarized in
Table 1. As shown in Figure 1, reversible two-step one-electron
oxidation waves were observed for all compounds, indicating
that the radical cation and dication of 1 and 6 were stable under
the measurement conditions. The oxidation potentials of 1
were lower than those of 6 due to the presence of a better
donor pyrrole ring in 1.7b Regarding the substituent effect on

Scheme 1. Synthesis of 1

Table 1. Absorption Maxima (λmax) and Oxidation Potentials
(Eox) of 1 and 6 in CH2Cl2

compound λmax/nm (log ε) Eox11/2/V
a,b Eox21/2/V

a,b

1a 349 (5.4) 0.16 0.41
1b 313 (5.5) 0.24 0.39
1c 335 (5.3) −0.01 0.19
1d 333 (5.3) 0.26 0.38
6 384 (5.4) 0.42 0.59

aPotentials vs Fc/Fc+. bConcentration: 1 mM. Supporting electrolyte:
0.1 M Bu4NPF6.
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the first oxidation potential of 1, methyl and methylthio
derivatives 1b and 1d were shown to have higher potentials
than that of 1a. Thus, the less effective π-conjugation due to the
more twisted structure in the neutral states of 1b and 1d (see
Figure S2 in the Supporting Information) outweighed the effect
of the inductive and conjugative electron donation of the
substituents. In contrast, methoxy derivative 1c had a lower
oxidation potential due to the conjugative electron donation of
the oxygen atoms. As for the difference between the first and
second oxidation potentials, 1b−1d showed smaller differences
than that of 1a probably because of the reduction of on-site
Coulomb repulsion brought about by the charge delocalization
into the additional electron-donating substituents in 1b−1d.
Calculated Structures of the Radical Cations. In the

one-electron oxidation state, the inter-ring bonds of bithiophe-
ne23b and bipyrrole19 were found to be shortened by X-ray
structural analyses. This phenomenon is attributed to the
significant contribution of the quinoidal resonance structure in
the cationic state (Figure 2). Because of the enhanced double

bond character of the inter-ring bond in the radical cation state,
the rotational barrier is considered to be raised, as previously
observed for bithiophene and terthiophene dications.23b

To predict the ground state structure and the inter-ring
torsional energy profiles in the one-electron oxidation state for
bithiophene 7, 2,2′-N,N′-dimethylbipyrrole 8, and 2-(2-
thienyl)-N-methylpyrrole 9a and its derivatives 9b−9d with

electron-donating substituents at the 3-position of the
thiophene ring, DFT calculations were performed using the

B3LYP and M06-2X methods with the 6-31G(d) basis set. For
the inter-ring torsional energy profiles, each conformer
generated upon changing the inter-ring CCCC dihedral
angle (θ) by 10° was optimized. Then, full optimization was
performed for the cis and trans conformers. As shown in Table
2 (and Table S1 in the Supporting Information) and Figure 3

(and Figure S3 in the Supporting Information), which present
the results of the B3LYP (and M06-2X) methods, the most
stable conformer for 7•+ was found to be trans with θ = 180°,
and the energy difference relative to the cis conformer with θ =
0° was quite small (B3LYP, 0.6 kcal mol−1; M06-2X, 0.6 kcal
mol−1). The estimated rotational barrier was 16.8 kcal mol−1

(from trans conformer) with the B3LYP method (M06-2X:
17.7 kcal mol−1 (from trans conformer)), which is significantly
greater than that for neutral bithiophene (2.7 kcal mol−1 (from

Figure 1. Cyclic voltammograms of 1a−d and 6.

Figure 2. Quinoidal resonance structures of the bithiophene radical
cation.

Table 2. Comparison of the Dihedral Angle (θ) and Relative
Energy (ΔE) for 7•+−9•+ at the B3LYP/6-31G(d) Level

compound

cisa

θ deg/(ΔE kcal
mol−1)

maximumb

θ deg/(ΔE kcal
mol−1)

transa

θ deg/(ΔE kcal
mol−1)

7•+ 0 (0.6) 90 (16.8) 180 (0)
8•+ 31 (4.1) 80 (11.2) 157 (0)
9a•+ 0 (0) 90 (14.1) 180 (0.6)
9b•+ 13 (0) 90 (12.7) 144 (2.9)
9c•+ 0 (0) 90 (15.4) 150 (3.2)
9d•+ 23 (0) 90 (11.8) 141(3.7)

aFull optimized structure. bLeast stable conformer among the
optimized structures obtained upon changing the inter-ring CC
CC dihedral angle (θ) by 10°.

Figure 3. Inter-ring torsional energy profile for 7•+−9•+ calculated at
the B3LYP/6-31G(d) level.
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trans conformer) at the B3LYP/6-31G(d) level)34 and
approximately two-thirds of that for the bithiophene dication
(27.6 kcal mol−1 (from trans conformer)).23b Similarly, the
energy difference between the cis and trans conformers of 9a•+

was found to be small, and the presence of a relatively large
rotational barrier (B3LYP, 14.1 kcal mol−1 (from cis con-
former); M06-2X, 16.2 kcal mol−1 (from cis conformer)) was
also shown. The most stable conformer for 8•+ was trans
(B3LYP, θ = 157°; M06-2X, θ = 157°), and the energy
difference relative to the cis conformer (B3LYP, θ = 31°; M06-
2X, θ = 31°) was 4.1 kcal mol−1 with the B3LYP method (M06-
2X, 3.8 kcal mol−1). The instability of the cis conformers of 8•+

was ascribed to the steric repulsion between the N-methyl
groups.
For 9b•+−9d•+, levels of steric repulsion between the N-

methyl group and the substituents at the 3-position of the
thiophene ring similar to those observed in 8•+ are considered
to exist. In the case of 9b•+−9d•+, however, it is not the cis but
the trans conformers that are destabilized by the steric
repulsion, and as a result, the cis conformers are expected to
be more stable. As shown in Figure 3 and Table 2, the most
stable conformers for 9b•+−9d•+ were found to be cis, and the
energy differences relative to the destabilized trans conformers
were calculated to be 3−4 kcal mol−1. The rotational barriers of
9b•+ and 9d•+ were found to be smaller than that of 9a•+, most
likely due to the destabilization of the fully planar cis conformer
caused by steric repulsion between the substituent on the
thienyl ring and the adjacent pyrrole ring. In contrast, the
barrier for 9c•+ is slightly higher than that of 9a•+, suggesting
that the methoxy substituent enhances the double bond
character of the inter-ring bond. In accordance with this
explanation, the calculated bond length in 9c•+(θ = 0°)
(B3LYP, 1.408 Å; M06-2X, 1.404 Å) is slightly shorter than
that in 9a•+(θ = 0°) (B3LYP, 1.410 Å; M06-2X, 1.406 Å).
According to these theoretical predictions, dithienylpyrroles

1b−1d are novel π-conjugated oligomers of five-membered
heteroaromatics that have a cis−cis conformation in the one-
electron oxidation state. As shown in Figure 4 (and Figure S4 in
the Supporting Information), the optimized structures of 1b•+−

1d•+ at the B3LYP/6-31G(d) and M06-2X/6-31G(d) levels
were confirmed to have cis−cis conformations, in contrast to
the trans−trans conformation of 1a•+. In the calculated ground
state structures, there were some twists in the π-systems due to
the repulsion between the methyl group in the pyrrole ring and
the thiophene units. The inter-ring CCCC dihedral
angles θ for 1a•+−1d•+ at the B3LYP/6-31G(d) level (and the
M06-2X/6-31G(d) level) were 157° (157°), 26° (24°), 17°
(16°), and 28° (27°), respectively. The smaller dihedral angle
in 1c•+ is due to the enhanced double bond character in the
inter-ring bond, as described above. The results of the DFT
calculations of 3b•+ have been reported previously, although
the calculations were only performed for the trans−trans
conformer.10 The present results indicate that the cis−cis
conformer is more stable than the trans−trans conformer for
3b•+ as well as 1b•+.

Synthesis and Stability of the Radical Cations. The
radical cation salts of 1a, 1c, and 1d were generated with
nitrosonium hexafluoroantimonate (NOSbF6) in CH2Cl2 under
sonication at room temperature. Then, hexane was added to the
dark blue solution to precipitate the radical cation salts. The
precipitates were washed with hexane several times. Elemental
analyses of these salts showed that 1a•+SbF6

−, 1c•+SbF6
−, and

1d•+SbF6
− were obtained with good purities (>94%). In the

case of 1b, one-electron oxidation with NOSbF6 did not
complete; this reaction might stop primarily at the formation of
the nitrosonium complex judging from the different reddish
color present after a faint blue color. Thus, for the generation of
a radical cation from 1b, silver hexafluoroantimonate (AgSbF6)
was used instead.
The UV−vis−NIR spectra of 1a•+−1d•+ were measured in

CH2Cl2 under nitrogen at room temperature. The observed
absorption bands are summarized in Table 3 and were
compared with the calculated bands (time-dependent density
functional theory (TD-DFT) calculations at the M06-2X/6-
31G(d) levels) for the cis−cis and trans−trans conformers. The
polarizable continuum model (PCM) was combined with TD-
DFT to compute the spectra in CH2Cl2. As shown in Figure 5,
the calculated absorption bands reproduced the features of the

Figure 4. Optimized structures (Cs symmetry) of (a) 1a
•+ (inter-ring CCCC dihedral angle θ = 157°), (b) 1b•+ (θ = 26°), (c) 1c•+ (θ =

17°), and (d) 1d•+ (θ = 28°) at the B3LYP/6-31G(d) level.
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experimental spectra, although the calculated transition
energies were somewhat overestimated. A similar discrepancy
(100−200 nm) was also observed for a series of oligothiophene
radical cations in our previous study.30 The spectra are
composed of two primary bands, as is the spectrum of 6•+.22

The bands in the longer and shorter wavelength regions were
assigned as the HOMO−SOMO and SOMO−LUMO
transition, respectively. For 1a•+ and 6•+, the calculations
indicate that the trans−trans conformers are more stable than
the cis−cis conformers by approximately 1 kcal mol−1 at the
M06-2X/6-31G(d) level with PCM, suggesting that the spectra
primarily reflect the absorption bands of the trans−trans
conformers. In contrast, the cis−cis conformers of 1b•+ (1.02
kcal mol−1), 1c•+ (0.75 kcal mol−1), and 1d•+ (1.80 kcal mol−1)
were more stable than the corresponding trans−trans con-
formers in CH2Cl2, as observed in the calculations in vacuo
(vide supra). For 1a•+, 1b•+, and 1d•+, the oscillator strengths
of the two bands in the cis−cis and trans−trans conformers

were predicted to be similar (Figure 5a,b,d). In contrast, the
apparent difference in the oscillator strength between the two
bands for the cis−cis conformer of 1c•+ was predicted, whereas
this difference was calculated to be small for the trans−trans
conformer (Figure 5c). The experimental spectrum of 1c•+

appeared to be similar to the calculated spectrum of cis−cis
conformer, which may suggest that 1c•+ has a cis−cis
conformation in solution.
To assess the stability of the radical cations 1a•+SbF6

−−
1d•+SbF6

−, the decomposition rate in CH2Cl2 under nitrogen
at room temperature was analyzed using the second absorption
band at approximately 600 nm. The radical cation 6•+SbF6

−,
which was generated with NOSbF6, was also analyzed. As
shown in Figure 6, radical cations 1b•+−1d•+ were more stable

than 1a•+ and terthiophene 6•+ due to the presence of the
electron-donating substituents at the 3-position of the
thiophene ring, while reduction to the corresponding neutral
species appeared to mainly occur in the decomposition
processes (see Figure S5 in the Supporting Information).
Among 1b•+−1d•+, the methoxy and methylthio derivatives
1c•+ and 1d•+ were further stabilized, and only a small amount
of the radical cation had decomposed after 3 h. Thus,
conjugative electron donation at the 3-position of the
thiophene carbon, which has a relatively high spin density, is
more effective for stabilizing the radical cations than electron
donation by the simple methyl group.

π-Dimer Formation. The electron spin resonance (ESR)
spectra of 1a•+−1d•+ were measured in CH2Cl2 at room
temperature. As shown in Figure 7, all of the radical cation salts
exhibited ESR signals at room temperature, and the intensity of
the signals decreased as the temperature decreased. These
results indicate that the doublet radical cations formed singlet
species at lower temperatures.
The equilibrium shift to π-dimer formation by the radical

cations (Scheme 2) in CH2Cl2 solution was studied using
variable temperature UV−vis−NIR spectra. Spectral changes
similar to those of other oligothiophene radical cations were
observed for 1a•+−1d•+ upon lowering the temperature. As
shown in Figure 8 (and Figure S6 in the Supporting
Information), the two absorption bands assigned to radical
cation monomers showed hypsochromic shifts upon π-dimer
formation, and a new band assigned to the HOMO−LUMO
transition of the π-dimer arose in the longer wavelength region.
These diagnostic absorption bands for π-dimer formation18b are

Table 3. Observed and Calculated Absorption Bands (λ) for
the Radical Cations 1a•+−1d•+ and 6•+ and Their π-Dimers
and Differences in the Total Energies of the Radical Cations
between Cis−Cis and Trans−Trans Conformers (Ett−Ecc) in
CH2Cl2

radical cation π-dimer

compound λ(exp)/nm λ(calcd)/nm
Ett − Ecc/
kcal mol−1 λ(exp)/nm λ(calcd)/nm

1a•+ 577, 947 437, 459,
851a,b

−1.2 492, 760,
935

377, 620,
825b

1b•+ 497, 567,
1000

441,
864b,c

1.0 506, 822,
1015

392, 647,
923b

1c•+ 570, 878 465,
720b,c

0.8 498, 721,
951

392, 396,
561, 857b

1d•+ 596,
1033

464,
887b,c

1.8 548, 951,
1340

411, 636,
1013b

6•+ 655,
1100d

528,
923b,c

−0.9 524, 838,
1094d

413, 664,
851b

aCalculated with the trans−trans conformer. bCalculated at the TD-
M06-2X/6-31G(d) level with PCM (CH2Cl2). Absorption maximum
with oscillator strength more than 0.29. cCalculated with the cis−cis
conformer. dReference 22. Measured in CH3CN.

Figure 5. Absorption spectra of (a) 1a•+, (b) 1b•+, (c) 1c•+, and (d)
1d•+. The results of the TD-DFT calculations at the TD-M06-2X/6-
31G(d) level with PCM (CH2Cl2) are also depicted as bar graphs. The
blue and red bars are for the cis−cis and trans−trans conformers,
respectively.

Figure 6. Decomposition rate of 1a•+SbF6
−−1d•+SbF6− and 6•+SbF6

−

in CH2Cl2 under nitrogen at room temperature.
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also summarized in Table 3. From the change in the second
absorption bands of the π-dimer in these absorption spectra,
the equilibrium constant for the dimerization process at each
temperature was estimated given that the π-dimer formation
was the only ongoing reaction judging from the appearance of
isosbestic points. Then, the thermodynamic parameters
ΔHdim(exp) and ΔSdim(exp) were obtained with a van’t Hoff plot
and are summarized in Table 4.
The comparison of the ΔHdim(exp) of 1a

•+ with that of the
methyl end-capped terthiophene (−10 kcal mol−1)35 indicated
that the possible steric repulsion between the methyl groups of
the pyrrole ring was negligible. Among 1a•+−1d•+, methoxy

derivative 1c•+ was shown to have the largest dimerization
enthalpy. In a previous study, the steric repulsion of the alkyl
substituent in the β-position of thiophene caused the repression
of the π-dimerization of oligothiophenes.36 A similar repression
was also observed for 1b•+, and a higher concentration and
lower temperatures were required to observe the dimerization
(Figure S6 in the Supporting Information). Similarly, the
dimerization process for 1d•+ was further repressed. In contrast,
the dimerization process for 1c•+ was observed even in a lower
concentration and at higher temperatures. Thus, only the
methoxy group was found to be a favorable substituent for the
dimerization.
To provide insight into these results, DFT calculations were

performed. We chose the M06-2X method with the 6-31G(d)
basis set because this method reproduced the X-ray structure of
the π-dimer of the bicyclo[2.2.2]octene end-capped terthio-
phene radical cation very well and also qualitatively reproduced
the order of the π-dimerization enthalpy for the series of
bicyclo[2.2.2]octene-annulated oligothiophenes.30 In contrast,
the B3LYP method failed to reproduce the structure of the
dimer and related modified B3LYP methods did not give
reasonable dimerization energies.30 As reported previously, the
most stable π-dimer structure for oligothiophene radical cations
without the annulation at the β-position is the face-to-face
dimer of primarily cis-connected banana-shaped conformers
with slipped-stack structures along the long axis. This structure
is the result of the balance between the maximization of the
bonding interaction of the SOMO of the radical cation and the
minimization of the intermolecular repulsion of the larger sulfur
atoms. Similarly, the most stable structures of π-dimer (1a)2

2+

and (6)2
2+ (Figure S7 in the Supporting Information) among

several optimized structures were found to be face-to-face
dimers of cis−cis conformers. The optimized structures of
(1b)2

2+−(1d)22+ also looked similar, with the preformed cis−
cis conformations with some twisted structures in the monomer
states becoming flat upon π-dimerization (Figure 9 and Figure
S7 in the Supporting Information). The shortest intermolecular
C−C contacts ((1a)2

2+, 2.961 Å (Cβ(thiophene)−Cβ(pyrrole));
(1b)2

2+, 3.026 Å (Cβ(thiophene)−Cβ(pyrrole)); (1c)2
2+, 2.968 Å

(Cβ(thiophene)−Cβ(pyrrole)); (1d)2
2+, 3.008 Å (Cβ(thiophene)−

Cβ(thiophene))) were less than the sum of the van der Waals
radius of carbon (3.4 Å) due to the SOMO−SOMO
interaction, as shown in the representative plot of the
HOMO of (1c)2

2+ (Figure 9c). The longer C−C contacts in
(1b)2

2+ and (1d)2
2+ than in (1a)2

2+ reflect steric repulsion due
to the methyl or methylthio substituents, whereas the
comparable lengths for (1a)2

2+ and (1c)2
2+ indicate that such

steric repulsion is negligible for the methoxy group. These
structural features were essentially the same as those without
PCM.

Figure 7. ESR spectra of (a) 1a•+ (0.1 mM), (b) 1b•+ (1.5 mM), (c)
1c•+(0.1 mM), and (d) 1d•+(0.4 mM).

Scheme 2. π-Dimer Formation of Radical Cation of 1

Figure 8. UV−vis−NIR spectra of 1c•+ (3.11 × 10−5 M) at various
temperatures.

Table 4. Dimerization Enthalpy (ΔHdim/kcal mol−1) and Entropy (ΔSdim/cal K−1 mol−1), Calculated π-Dimerization Energies
(ΔEdim), SOMO−SOMO Interactions (ΔES−S(calcd)), Differences in van der Waals Force (ΔEvdW), Solvation Energies (ΔEsol),
and Intradimer Coulomb Repulsion Energies (ΔECoul)

compound ΔHdim(exp)
a ΔSdim(exp)a ΔHdim(calcd) ΔEdim ΔE S−S(exp) ΔE S−S(calcd) ΔEvdW ΔEsol ΔECoul

1a −11.1 −35 −14.6 −16.2 −30.6 −34.7 3.7 −39.0 53.8
1b −11.8 −60 −11.1 −13.8 −28.2 −31.0 −0.8 −37.0 55.0
1c −12.2 −45 −19.6 −20.9 −30.1 −33.4 −5.9 −35.8 54.1
1d −9.7 −43 −11.0 −13.3 −21.3 −28.2 −0.4 −34.2 49.5

aExperimental errors were within ±1 kcal mol−1 and ±6 cal K−1 mol−1.
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The dimerization enthalpy ΔHdim(calcd) and the dimerization
energy ΔEdim (i.e., the difference in the total energy) were
estimated using the following equations:

Δ = − ×π‐E E E2dim dimer radical cation

Δ = − ×π‐H H H2dim(calcd) dimer radical cation

The ΔHdim(calcd) values qualitatively reproduced the order of
ΔHdim(exp) (Table 4) with overestimation similar to that
observed in our previous study. Then, we further investigated
which factors are important in the substituent effect on π-
dimerization. For this purpose, we divided ΔEdim into the
following four factors according to our previous study:30 (1)
SOMO−SOMO interactions (ΔES−S), (2) van der Waals forces
(ΔEvdW), (3) solvation (ΔEsol), and (4) Coulomb repulsion
(ΔECoul). The ΔES−S was estimated from the HOMO−LUMO
gap of the π-dimer (i.e., EH−L), which was calculated from the
HOMO−LUMO transition energy obtained by the TD-M06-
2X/6-31G(d) method.

Δ = −− −E ES S H L (1)

The ΔEvdW was estimated using the total energies obtained
from the single-point calculations of the neutral molecule in the
radical cation and π-dimer geometries (i.e., En@rc and En@pd,
respectively) and was calculated by subtracting the En@rc from
En@pd twice (eq 2):

Δ = − ×E E E2vdW n@pd n@rc (2)

The stabilization energies upon π-dimerization by solvation
(i.e., ΔEsol), were estimated from eq 3, where Esol mon and
Esol dim represent the solvation energies of the monomer and π-
dimer, respectively, obtained from the differences in the
calculated total energy of the radical cation monomers in
vacuo and in dichloromethane:

Δ = − ×E E E2sol sol dim sol mon (3)

Then, if we assume that the four factors dominate the π-
dimerization process, the change in the π-dimerization energy
ΔEdim can be expressed as eq 4:

Δ = Δ + Δ + Δ + Δ−E E E E Edim S S vdW sol Coul (4)

Because ΔEdim, ΔES−S, ΔEvdW, and ΔEsol were already obtained,
ΔECoul was simply calculated from eq 4.
As described above, the methoxy substituents increased the

dimerization enthalpy in both the experimental and calculated
results, whereas the methyl and methylthio substituents had the
opposite effects. For 1a and 1c, both ΔES−S(calcd) and ΔES−S(exp)
had similar values, indicating that the SOMO−SOMO
interactions in (1a)2

2+ and (1c)2
2+ are comparable. It is

worth noting that the calculated intermolecular atomic contacts
for (1a)2

2+ and (1c)2
2+ also gave similar values, suggesting that

the bonding SOMO−SOMO interactions are related to the
bond length. In contrast, the −ΔEsol for 1c was shown to be
smaller than that of 1a because the efficient charge
delocalization into the methoxy substituents causes a weaker
ion−solvent interaction for (1c)2

2+ than for (1a)2
2+ with a

denser charge distribution. Therefore, the primary reason for
the larger dimerization energy of 1c is the difference in ΔEvdW.
The positive ΔEvdW for 1a is considered to be primarily due to
the unfavorable conformational change from a trans−trans to
cis−cis structure upon π-dimerization, whereas the ΔEvdW for
1c was −5.9 kcal mol−1 due to the preformed cis−cis structure
in the monomer state. In the case of 1b and 1d, ΔEvdW was
smaller than that of 1c despite the similar preformed cis−cis
structure. This result is considered to reflect the greater steric
repulsion between the methyl or methylthio groups and the β-
proton of the adjacent pyrrole ring in the cis conformer, as
shown in Figure 3. In addition, the ΔES−S values of 1b and 1d
were found to be smaller than that of 1c due to the longer bond
length, which was primarily due to intermolecular steric
repulsion.37 These intramolecular and intermolecular steric
repulsions caused by the methyl and methylthio substituents
resulted in the smaller dimerization enthalpies of 1b and 1d.

■ CONCLUSION
As part of our research on how to obtain a stable radical cation
unit composed of a small number of five-membered
heteroaromatics, we investigated the effect of electron-donating
substituents at the 3-position of the thiophene rings in 2,5-di(2-
thienyl)-N-methylpyrrole on the structure, stability, and π-
dimerization ability of the radical cation. Among methyl,
methoxy, and methylthio groups, the methoxy group
(derivative 1c) gave the stable radical cation in dichloro-

Figure 9. (a) Top and (b) side views and (c) HOMO of the optimized
structures of π-dimers (1c)2

2+ at the M06-2X/6-31G(d) level with
PCM (CH2Cl2).
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methane at room temperature under nitrogen, persisting for
several hours. Furthermore, 1c•+ had the largest π-dimerization
enthalpy among 1a•+−1d•+. The detailed analysis using DFT
calculations revealed that the preformed cis−cis conformation
and the weaker intramolecular and intermolecular steric
repulsions caused the efficient π-dimerization of 1c•+. Thus,
2,5-bis(3-methoxy-2-thienyl)-N-methylpyrrole is potentially
useful as a new unit for π-dimer-based supramolecular
chemistry, which has been of growing interest in recent years.

■ EXPERIMENTAL SECTION
General Information. Commercially available reagents were used

as received. Solvents were distilled from relevant drying agents prior to
use. 1,4-Di(2-thienyl)-1,4-butanedione (2a),12 2,5-di(2-thienyl)-N-
methylpyrrole (3a),10 2,5-bis(tributylstannyl)-N-methylpyrrole,33 2-
bromo-3-methylthiophene (5b),38 2-bromo-3-methylthiophene
(5c),39 2-bromo-3-methylthiophene (5d),40 and 2,5″-bis-
(methylthio)-5,2′:5′,2″-terthienyl (6)22 were prepared according to
the literature procedures.
Synthesis of 2b. To AlCl3 (13.6 g, 102 mmol) suspended in

hexane (45 mL) was added dropwise a hexane (15 mL) solution of 3-
methylthiophene (4.15 mL, 43.0 mmol) and chloroacetyl chrolide
(3.70 mL, 46.5 mmol) under N2. The reaction mixture was refluxed
overnight and then quenched with aqueous HCl. The crude mixture
was washed with aqueous solution of NH4Cl, the aqueous layer was
extracted with ether, and the ethereal solution was dried over MgSO4.
After filtration, volatiles were removed in vacuo, and the residue was
purified by column chromatography (SiO2) with hexane−ethyl acetate
(v/v = 10:1) as eluent to give 4 (2.49 g, 14.2 mmol, 33%) as yellow
oil: 1H NMR (CDCl3) δ 7.49 (d, 1H, J = 5.0 Hz), 7.00 (d, 1H, J = 5.0
Hz), 4.55 (s, 2H), 2.60 (s, 3H).
Activated Zn (1.28 g, 19.6 mmol), NiBr2(PPh3)2 (0.505 g, 0.68

mmol), and Et4NI (3.37 g, 13.1 mmol) were added to a two-necked
flask and dried in vacuo for 30 min. THF (10 mL) was added to the
mixture and stirred for 40 min at rt. To this mixture was added a THF
(5 mL) solution of 4 (2.25 g, 12.9 mmol), and the resulting mixture
was stirred overnight. After filtration, the volatiles were removed from
the mixture in vacuo, and the residue was purified by column
chromatography (SiO2) with hexane−ethyl acetate (v/v = 5:1) as
eluent to give 2b (0.791 g, 2.84 mmol, 44%) as colorless crystals: 1H
NMR (CDCl3) δ 7.42 (d, 2H, J = 5.0 Hz), 6.95 (d, 2H, J = 5.0 Hz),
3.31 (s, 4H), 2.58 (s, 6H); 13C NMR (CDCl3) δ 192.0, 145.3, 135.6,
132.6, 129.8, 35.5, 17.0. Anal. Calcd for C14H14O2S2: C, 60.40; H, 5.07.
Found: C, 60.11; H, 5.13.
General Procedure for 3b−3d. A mixture of 2-halothiophene 5,

2,5-bis(tributylstannyl)-N-methylpyrrole (0.5 equiv), and Pd(PPh3)4
(10 mol %) was stirred in toluene under N2 overnight at 120 °C. The
resulting mixture was then allowed to cool down to room temperature
and was filtered off, and the volatiles were removed from the mixture
in vacuo. The residue was purified by preparative gel permeation
chromotography (GPC), eluted with CHCl3, and recrystallized from a
mixture of dichloromethane and ethanol to afford 3.
3b: 65% yield; colorless crystals; mp 40.6−41.5 °C; 1H NMR (500

MHz) δ 7.26 (d, 2H, J = 6.3 Hz), 6.94 (d, 2H, J = 6.3 Hz), 6.27 (s,
2H), 3.35 (s, 3H), 2.20 (s, 6H); 13C NMR (CDCl3) δ 133.1, 129.4,
128.7, 126.4, 125.7 111.6, 32.9, 17.6; HRMS (APCI) calcd for
[C15H15NS2] [(M + H)+] = 274.0719, found 274.0736.
3c: 67% yield; pale yellow solid; mp 81.7−83.0 °C; 1H NMR (500

MHz) δ 7.21 (d, 2H, J = 5.4 Hz), 6.90 (d, 2H, J = 5.4 Hz), 6.31 (s,
2H), 3.83 (s, 6H), 3.49 (s, 3H); 13C NMR (CDCl3) δ 154.1, 125.5,
123.5, 116.8, 111.7, 110.8, 58.7, 32.8; HRMS (APCI) calcd for
[C15H15NO2S2] [(M + H)+] = 306.0617, found 306.0644.
3d: 43% yield; pale yellow solid; mp 72.5−74.5 °C; 1H NMR (500

MHz) δ 7.35 (d, 2H, J = 5.4 Hz), 7.07 (d, 2H, J = 5.4 Hz), 6.35 (s,
2H), 3.47 (s, 3H), 2.37 (s, 6H); 13C NMR (CDCl3) δ 133.1, 129.4,
128.7, 126.4, 125.7, 111.6, 32.9, 17.6; HRMS (APCI) calcd for
[C15H15NS4] [(M + H)+] = 338.0160, found 338.0177.

General Procedure for 1a−1d. To a THF solution of 3, was
added n-butyllithium (2.5 equiv) in hexane at −78 °C under N2. After
the mixture was stirred for 1 h, dimethyl disulfide (3 equiv) was added
dropwise to the reaction mixture and then allowed to warm to room
temperature. After the mixture was stirred overnight, water was added,
and the mixture was extracted with ether and dried over Na2SO4. After
removal of the solvent in vacuo, the reaction mixture was passed
through a short column chromatography (SiO2 deactivated with 10%
water) using hexane/acetyl acetate (v/v = 25:1) as eluent. After
evaporation, the residue was separated by preparative GPC eluted with
toluene to give 1.

1a: pale yellow solid; mp 101.3−102.5 °C; 1H NMR (CDCl3) δ
7.04 (d, 2H, J = 5 0.1 Hz), 6.90 (d, 2H, J = 5 0.1 Hz), 3.73 (s, 3H),
2.52 (s, 6H); 13C NMR (CDCl3) δ 137.1, 136.6, 131.4, 129.2, 125.7,
110.3, 33.7, 22.1; HRMS(APCI) calcd for [C15H15NS4] [(M + H)+] =
338.0160, found 338.0149. Anal. Calcd for C15H15NS4: C, 53.37; H,
4.48; N, 4.15. Found: C, 53.65; H, 4.50; N, 4.05.

1b: yellow oil; 1H NMR (CDCl3) δ 6.90 (s, 2H), 6.24 (s, 2H), 3.38
(s, 3H), 2.51 (s, 6H), 2.13 (s, 6H); 13C NMR (CDCl3) δ 137.1, 136.4,
133.0, 130.8, 126.8, 111.0, 32.5, 21.6, 14.8; HRMS (APCI) calcd for
[C17H19NS4] [(M + H)+] = 366.0473, found 366.0475. Anal. Calcd for
C17H19NS4: C, 55.85; H, 5.24; N, 3.83. Found: C, 56.06; H, 5.33; N,
3.70.

1c: yellow crystals; mp 77.4−78.4 °C; 1H NMR (CDCl3) δ 6.89 (s,
2H), 6.28 (s, 2H), 3.80 (s, 6H), 3.49 (s, 3H), 2.52(s, 6H); 13C NMR
(CDCl3) δ 153.2, 134.8, 125.3, 120.0, 113.7, 111.0, 58.7, 32.9, 21.5;
HRMS (APCI) calcd for [C17H19NO2S4] [(M + H)+] = 398.0371,
found 398.0376. Anal. Calcd for C17H19NO2S4: C, 51.35; H, 4.82; N,
3.52. Found: C, 51.36; H, 4.83; N, 3.43.

1d: pale yellow oil; 1H NMR (CDCl3) δ 7.00 (s, 2H), 6.33 (s, 2H),
3.49 (s, 3H), 2.53 (s, 6H), 2.35 (s, 6H); 13C NMR (CDCl3) δ 153.2,
134.8, 125.3, 120.0, 113.7, 111.0, 58.7, 32.9, 21.5; HRMS (APCI) calcd
for [C17H19NS6] [(M + H)+] = 429.9914, found 429.9915. Anal. Calcd
for C17H19NS6: C, 47.51; H, 4.46; N, 3.26. Found: C, 47.44; H, 4.54;
N, 3.02.

General Procedure for 1a•+SbF6
−−1d•+SbF6

−. The radical
cation salts were prepared by one-electron oxidation in dichloro-
methane using 1 equiv of nitrosonium hexafluoroantimonate as the
oxidant, and then the radical cation salts were obtained as precipitates
by adding hexane to the solution. The purity was checked by elemental
analysis.
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