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ABSTRACT: A large series of conjugated carbazole dimers, namely
bicarbazoles 1−12, were synthesized by Suzuki−Miyaura, Sonogashira,
Hay, and McMurry coupling reactions. In 1−12, the two carbazole moieties
are linked at the 1-, 2-, or 3-position directly or via an acetylenic or olefinic
spacer. The structure−property relationships, particularly the effects of the
conjugation connectivity and the π-conjugated spacers on the electronic,
photophysical, and electrochemical properties of 1−12, were studied by
extensive UV−vis and fluorescence spectroscopic measurements, cyclic
voltammetry (CV), and theoretical calculations as well as X-ray crystallo-
graphic analyses. The connection at the 1-position of carbazole ensures high
extent of π-conjugation, while that at the 3-position enhances the electron-
donating ability. Both acetylenic and olefinic spacers allow the extension of
π-conjugation, and the latter also causes the increase of the donor ability. Moreover, the structural variations were found to affect
the fluorescence quantum yields significantly, which are up to 0.84.

■ INTRODUCTION

Carbazole with fine optical and electronic properties and high
chemical stability has found wide applications in functional
materials.1 Oligo-/polycarbazoles have been representative
materials in organic light-emitting diodes (OLEDs),2,3 organic
field-effect transistors (OFETs),4 and organic photovoltaics
(OPVs),5 to date. Poly(3,6-carbazole)s and 3,6-functionalized
carbazole derivatives were extensively studied because carbazole
can be easily functionalized by electrophilic aromatic
substitution at its 3,6-positions (para positions from the
nitrogen atom) with high electron density.1,6 The nitrogen
atom of the carbazole moiety can be also functionalized by
alkylation or arylation reaction, and thereby the solubility and
other properties of polymers and oligomers can be properly
controlled. The efficient synthetic pathways to poly(2,7-
carbazole)s and 2,7-functionalized carbazole derivatives have
been established in the past decade,7 and their peculiar
properties which are apparently different from those of 3,6-
carbazole derivatives, and their potential applications have been
explored by Leclerc and co-workers.1b−d When the 3,6-
positions of carbazole are first protected, the 1,8-positions
(ortho positions from the nitrogen atom) can be readily
functionalized because they are also activated.8,9 Very recently,
Michinobu and co-workers first synthesized 1,8-linked
carbazole polymers with acetylenic spacers and demonstrated
their interesting opto-electronic properties.10

The systematic study on oligomers with precisely defined
length, constitution, and conformation allows the elucidation of
correlation of physicochemical properties with chemical

structures, enables the generation of useful and predictable
structure−property relationships, and sheds light on the
properties of polymers.11 In the molecular design of oligomers
for their applications into π-functional materials, the π-
conjugated spacers have to be carefully chosen to achieve the
desired properties, because they play a crucial role in the
physicochemical properties, such as photophysical and electro-
chemical properties, and spread of frontier molecular orbitals
(FMOs). Popular π-spacers in conjugated oligomers comprise
CC double bonds, CC triple bonds, and mixed eneyne
systems, which ensure high planarity of the molecules and
thereby allow the efficient π-conjugation.
The ongoing quest for carbazole-based electronic and opto-

electronic materials has stimulated much structural variation, in
particular, the insertion of π-conjugated spacers between
carbazole moieties as well as the modification of conjugation
connectivity. Strohriegl and co-workers reported in 1994 the
first example of structurally well-defined 3,6-carbazole
oligomers, namely dimer and trimer, in which the carbazole
moieties are linked by ethynylene spacers.12a Recently, Lu, Liu,
Wang, and co-workers synthesized 3,6-carbazole pentamer and
hexamer13 and demonstrated that they function as hole-
transporting materials in OLED devices.13a The directly
connected 3,6-carbazole and 2,7-carbazole oligomers were
also exploited by Strohriegl and co-workers, and their glass
transition temperature and hole-drift mobility were inves-
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tigated.12b,c The 3,6-carbazole dimers with an ethenylene spacer
were independently reported by Lin and co-workers14a and Xu,
Liu, Zhu, and co-workers.14b The latter group also prepared the
macrocyclic carbazole dimer connected by ethenylene spacers
and demonstrated that the OFET devices based on the
macrocycle showed the hole mobility as high as 0.013 cm2 V−1

s−1.14b Meanwhile, Leclerc and co-workers synthesized the 2,7-
carbazole trimers connected by ethenylene spacers as p-type
semiconducting materials.15 Although various carbazole
oligomers have been reported as summarized above, almost
no systematic study focusing on the effects of the conjugation
connectivity and the π-spacers in carbazole oligomers on their
fundamental properties, such as the optical and electrochemical
properties, has been reported so far, to the best of our
knowledge. Notably, the synthesis of 1,8-carbazole oligomers is

completely lacking. In this context, we became interested in
conjugated carbazole dimers, namely bicarbazoles 1−12, in
which the two carbazole moieties are linked at the 1-, 2-, or 3-
position directly or via an ethynylene, butadiynylene, or
ethenylene spacer (Chart 1). The comprehensive study on
physicochemical properties of a large series of bicarbazoles 1−
12 should allow us to establish the general and useful
structure−property relationships of conjugated carbazole π-
systems.16 Here, we wish to report the synthesis, the structural
features, and the electronic, photophysical, and redox properties
of 1−12 on the basis of X-ray crystallographic analyses, UV−vis
and fluorescence spectroscopies, cyclic voltammetry, and
theoretical calculations.

Chart 1
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■ RESULTS AND DISCUSSION

Synthesis. Compounds 317 and 1214 are known in the
literature. To functionalize the 1,8-positions of the carbazole
moiety, tert-butyl groups were first introduced at the 3,6-
positions in 1, 4, 7, and 10 by Friedel−Crafts alkylation
reactions with 2-chloro-2-methylpropane in the presence of
ZnCl2 catalyst. Bicarbazoles 1 and 2 were synthesized by
Suzuki−Miyaura coupling reactions as key steps (Scheme 1).18

Bromination of 14 with 1 equiv. of NBS afforded 15 in high
yield, which was readily converted to boronic acid pinacol ester
16 via lithiation with n-BuLi in THF followed by the treatment
with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxabororane.
Compound 1 was obtained in 84% yield by the Suzuki−
Miyaura coupling reaction of bromide 15 and 16 with
Pd(PPh3)4 as catalyst. By the similar cross-coupling procedure,
2 was synthesized. Thus, 2-bromo-N-ethylcarbazole (17) was

Scheme 1. Synthesis of 1 and 2

Scheme 2. Synthesis of 4−6
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converted into boronic acid 18, which was then subjected to
the Suzuki−Miyaura reaction with bromide 17 to afford 2.
The synthesis of bicarbazoles 4−6 relies on Pd-catalyzed

Sonogashira cross-coupling reactions as key steps (Scheme
2).19 The Sonogashira reaction of monoiodide 19 obtained by
iodination of 14 with ICl and 2-methyl-3-butyn-2-ol gave 20.
The deprotection of 20 with KOH in 2-propanol readily
afforded 21. The Sonogashira coupling reaction of 21 and 19
gave 4 in 40% yield. For the synthesis of 5, compound 23 was
synthesized by the Sonogashira reaction of 17 and
trimethylsilylactylene (TMSA) followed by the removal of
TMS group with K2CO3. The Sonogashira reaction of 23 and
17, however, produced no desired 5, and homocoupling
product 8 was obtained. Therefore, bromide 17 was converted
to iodide 24 with excess amounts of CuI/LiI in DMSO.20,21

The reaction of 23 and 24 with Pd(PPh3)4 catalyst and CuI
cocatalyst was first examined, but 8 was again isolated
exclusively.22 Finally, when Pd(PPh3)4 was employed as the
sole catalyst in the absence of CuI,23 the homocoupling
reaction of 23 was suppressed to some extent and 5 was
obtained. Similar to the synthetic route of 4, bicarbazole 6 was
prepared in 3 steps from 25. The synthesis of 7, 8, and 9 was
readily accomplished by oxidative homocoupling reactions of
terminal alkynes 21, 23, and 27, respectively, by Hay coupling
reactions with CuCl and N,N,N′,N′-tetramethylethylenedi-
amine (TMEDA) in toluene (Scheme 3).24

Similar to the synthesis of 12 described in the literature,14 the
preparation of 10 and 11 relies on McMurry coupling reactions
(Scheme 4).25 Thus, lithium−bromine exchange between 15

and n-BuLi followed by the successive addition of piperidine-1-
carbaldehyde and aqueous NH4Cl gave aldehyde 28, which was
allowed to react with TiCl4 and zinc powder in THF to furnish
10 in 78% yield. Similarly, 11 was prepared from aldehyde 29
by employing the slightly modified reaction conditions. All of
the compounds were fully characterized by various spectro-
scopic methods, such as 1H NMR, 13C NMR, and mass
spectroscopy and/or elemental analysis.

Structural Properties. The single crystals of 2, 4, and 10
suitable for X-ray diffraction analyses were obtained by vapor
diffusion of hexane into CH2Cl2 solution of the molecules
(Figure 1). The two carbazole moieties in 2 are twisted from
each other with the dihedral angle for C26−C15−C10−C11 of
−25.2°. On the other hand, the dihedral angles for C12−C11−
C25−C26 in 4 and C10−C11−C11′−C12′ in 10 are only
−3.8° and 1.7°, respectively. Thus, the introduction of π-
spacers between the two carbazole moieties apparently results

Scheme 3. Synthesis of 7−9

Scheme 4. Synthesis of 10 and 11

Figure 1. ORTEP plots of (a) 2, (b) 4, and (c) 10 with displacement
ellipsoids at 50% probability level. Arbitrary numbering; hydrogen
atoms are omitted for clarity.
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in high planarity of the molecules, and thereby should lead to

the effective extension of π-conjugation (vide inf ra). In all of 2,

4, and 10, molecules are packed via multiple CH−π
interactions, and almost no characteristic cofacial intermolec-

ular interaction is observed.

To gain further insight into the molecular structures, we
optimized the ground-state structures of 2, 4, and 10 by density
functional theory (DFT) calculations at the B3LYP/6-31G*
level of theory without any symmetry constrains by Gaussian 03
suit of program.26 The selected geometrical parameters of 2, 4,
and 10 are summarized in Supplementary Tables S1−S3

Table 1. Optical Data and Calculated Lowest Excitation Energies of 1−12

λmax [nm]
a

λonset
[nm]b λfl [nm]

a Φf
c

calcd λmax [nm]d

( f) composition of bandd

1 269, 301, 342, 356 370 369, 380 0.52 318 (0.010) H−3→L+3, 3%; H−2→L+2, 3%; H−1→L+1; 22%, H→L,
63%

2 267, 326, 350e 375 375e 398 0.84 331 (0.111) H−2→L, 74%; H−1→L+1, 2%, H→L, 11%; H→L+3, 3%
3 265,e 303, 345,e 360e 370 395e 413, 440e 0.18 328 (0.039) H−2→L+2, 5%; H−2→L. 2%, H→L+1, 86%
4 260,e 279, 306, 345,e 384, 400 415 412, 435,e 450e 0.81 389 (0.599) H→L, 96%
5 265, 280,e 320,e 343, 369 385 386, 401 0.80 366 (1.776) H→L, 85%
6 276, 305, 323, 340,e 350,e 365e 380 378, 393 0.60 344 (0.216) H−2→L+2, 2%; H→L, 67%; H→L+2, 19%
7 290,e 303, 330,e 394, 412 435 431, 475e 0.22 409 (0.839) H→L, 95%
8 264, 305,e 340,e 354, 382 405 399, 416, 430e 0.21 395 (1.956) H−4→L+2, 3%; H→L, 96%
9 280,e 299, 342, 360, 372 390 384, 415e 0.002 371 (1.635) H−4→L+3, 5%; H→L, 94%
10 270,e 303, 378 430 447, 470,e 515e 0.83 376 (0.538) H→L, 96%
11 267, 285,e 368, 385e 415 411, 423 0.59 376 (1.906) H→L, 98%
12 270,e 300,e 308, 342, 370,e

395e
410 411, 430e 0.63 355 (0.689) H−2→L, 2%; H→L, 65%; H→L+2, 30%

aIn CH2Cl2.
bThe longest energy absorption wavelengths with a molar absorptivity (ε) = 1000 L mol−1 cm−1 for 1−12 and 500 L mol−1 cm−1 for 13

and 14. cAbsolute quantum yields determined by an integrating sphere system in cyclohexane. dTD-DFT (TD/B3LYP/6-31G*) calculations were
carried out with use of optimized structures at B3LYP/6-31G* level of theory, and only energies with f > 0.01 are shown; f = oscillator strength; H =
HOMO, L = LUMO. ePeak as shoulder.

Figure 2. Electronic absorption spectra of (a) 1−3, 13, and 14, (b) 4−6, (c) 7−9, and (d) 10−12 in CH2Cl2 at room temperature.
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(Supporting Information) and compared with the crystallo-
graphic dihedral angles and bond lengths. Regarding the bond
lengths, there is good agreement between the experiments and
theory. Thus, the differences for the C−C bond lengths and the
C−N bond lengths are mostly within 0.016 Å. Exceptionally,
the CC bond length in 10 obtained by DFT calculations is
longer than the crystallographic bond length by 0.027 Å. The
dihedral angles between the two carbazole moieties for 2, 4,
and 10 are estimated to be −38.0°, −23.1°, and 10.2°,
respectively, and hence the DFT calculations gave distinctly
larger angles than those in the X-ray results by ca. 10−20°.
Crystal packing force may contribute to the observed high
planarity of 2, 4, and 10 in the solid state.27

Electronic Absorption Spectroscopy. We measured the
UV−vis spectra of 1−12 as well as N-ethylcarbazole (13) and
3,6-di-tert-butyl-N-ethylcarbazole (14) in CH2Cl2 and the data
are summarized in Table 1. It is noteworthy that the extent of
π-conjugation of bicarbazoles is highly dependent on the
conjugation connectivity and the π-conjugated spacers as
described below.
Bicarbazole 1 exhibits a quite similar absorption curve to that

of 14 and has almost twice as large molar extinction coefficient
(ε) as 14, indicating that steric hindrance enforces almost no π-
conjugation between the two carbazole moieties in 1 (Figure
2a). Thus, the marked twist around the C−C bond connecting
the two carbazole moieties in 1 as a result of steric hindrance of
the two ethyl groups should make its π-conjugation insufficient.
Bicarbazoles 2 and 3 display clearly different absorption curves

from that of 13, reflecting the extension of π-conjugation, and
the absorption onset (λonset) of 2 is bathochromically shifted
relative to that of 3 (375 nm (2), 370 nm (3)). These results
confirm that the connection at the 2-position of carbazole is
more effective for the extension of π-conjugation than that at
the 3-position when the two carbazole moieties are connected
directly. The ε values of 2 in the longer wavelength region are
quite large as compared to that of 3.
The moderate bathochromic shifts of the longest absorption

maxima (λmax) and λonset are observed in 5 and 6 compared with
2 and 3, respectively, by ca. 10−20 nm owing to the extension
of π-conjugation as a result of the introduction of the
ethynylene spacer in 5 and 6 (Figure 2b). Interestingly, the
ethynylene linkage in 4 brings about a remarkable bath-
ochromic shift of the longest λmax in comparison to 1 by ca. 50
nm, which should reflect the release of twist and the resulting
effective π-conjugation. As a consequence, in the series of 4−6,
compound 4 features the most red-shifted λmax (400 nm (4),
369 nm (5), 365 nm (6)). Noticeably, the ethynylene spacer in
4 and 6 increases the ε values in the longer wavelength region.
Compounds 7−9 feature the red-shifted longest λmax and λonset
by 7−20 nm as compared to the corresponding 4−6,
demonstrating that the elongation of the acetylenic spacer
leads to further extension of π-conjugation as shown in Figure
2c (412 nm (7), 382 nm (8), 372 nm (9)). As compared to 4−
6, the corresponding 10−12 having an ethenylene linkage
display bathochromically shifted λonset values by 15−30 nm
(430 nm (10), 415 nm (11), 410 nm (12)). It is clear that the

Figure 3. Fluorescence spectra of (a) 1−3, 13, and 14, (b) 4−6, (c) 7−9, and (d) 10−12 on 320-nm excitation in CH2Cl2 at room temperature.
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conjugation of bicarbazole π-systems is effectively extended by
the ethenylene spacer than the ethynylene spacer.28 Moreover,
the λonset values of 11 and 12 are found to be somewhat red-
shifted relative to those of 8 and 9, respectively, while the λonset
of 10 is slightly blue-shifted relative to 7 (Figure 2d).
Importantly, the effect of the conjugation connectivity of the

two carbazole moieties on the extent of π-conjugation, that is
the HOMO−LUMO gap, is clearly visible in the absorption
spectra of the series of 4−6, 7−9, and 10−12. In each series,
the connection at the 1-position of carbazole leads to the most
red-shifted λonset, and that at the 3-position leads to the least.
The reason why 1 provides the most blue-shifted λonset in the
series of 1−3 is the significant nonplanarity of 1 as compared to
2 and 329 discussed above. Overall, it is likely that flat
bicarbazole π-systems, such as 2, 4, and 10 as confirmed by the
X-ray analyses, essentially obey the established trend of the
conjugation connectivity for the extent of π-conjugation
irrespective of the π-spacers: 3- < 2- < 1-positions, although
we cannot entirely rule out the effect of t-Bu groups in 1, 4, 7,
and 10 on their absorption spectra.30

Fluorescence Spectroscopy. All the compounds in the
present study are fluorescent. We performed the fluorescence
spectral measurements by using the diluted CH2Cl2 solution
(10−5−10−6 mol/L), and the spectral data are summarized in
Table 1. The color of the fluorescence of bicarbazoles ranges
from violet, blue, to light green (Figure 3). As is the case with
the λmax values of 1−12, their emission maxima (λfl) are
generally dependent on the conjugation connectivity of the two
carbazole moieties. Thus, the trend of the 3- < 2- < 1-positions
in order of increasing λfl values holds for 4−12. For instance, 4,
5, and 6 feature emission with the λfl of 412 nm, 386 nm, and
378 nm, respectively. Compounds 1−3 have slightly different
trend, and thus 3 displays the red-shifted λfl relative to 1 and 2
by approximately 20 nm (369 nm (1), 375 nm (2), 395 nm
(3)). The insertion of π-spacers between the two carbazole
moieties results in the bathochromic shifts of λfl, and the
ethenylene spacer has the pronounced effect as compared to
the ethynylene and butadiynylene spacers. Consequently, the
observed λfl of 447 nm in 10 is the longest among the
compounds in this study. It is uncertain at present why the λfl of
3 is at somewhat longer wavelength than 6 and 9.
We determined the absolute fluorescence quantum yields

(Φf) of 1−12 by an integrating sphere system (Table 1).31 The
conjugation connectivity of carbazole and the conjugated
spacers also affect the Φf values significantly. The Φf values
of 1, 2, and 3 are 0.52, 0.84, and 0.18, respectively. The
introduction of the ethynylene spacer increases the Φf values as
found in 4−6. Thus, 4 and 6 display the Φf values of 0.81 and
0.60, respectively, which are higher than those of 1 and 3,
respectively, and 5 also exhibits high Φf value of 0.80
comparable to that of 2. Again, the ethenylene spacer ensures
high Φf values as observed in 10−12. Hence, the Φf values of
10 and 12 are almost equal to those of 4 and 6, respectively,
whereas the Φf value of 11 (0.59) is slightly decreased relative
to that of 5. The extension of the acetylenic spacer from 4−6 to
the corresponding 7−9 results in significant decrease of their Φf
values. Bicarbazoles 7 and 8 show the Φf values of 0.22 and
0.21, respectively, which are almost one-third of those of 4 and
5, respectively, and the lowest Φf value was observed in 9 to be
0.002. It is worth mentioning that 2, 4, 5, and 10 display the
remarkably high Φf values over 0.80, which are almost two
times as high as that (ca. 0.4) of parent 13.32 These results
clearly demonstrated that the appropriate connection of

carbazole moieties directly or via π-conjugated spacers
enhances Φf values. It is likely that the connection at the 1-
and 2-positions of carbazole are generally responsible for higher
Φf values than that at the 3-position.

Electrochemistry. In order to elucidate the effects of the
conjugation connectivity and the π-spacers in bicarbazoles on
the donor ability, that is the HOMO level, experimentally, we
performed the cyclic voltammetry (CV) for 1−12 as well as 13
and 14 in CH2Cl2 containing 0.1 mol/L n-Bu4NPF6 as the
supporting electrolyte. The oxidation potentials (Epa) versus
Fc+/Fc (ferrocenium/ferrocene couple) are listed in Table 2.

Most of bicarbazoles underwent two reversible or irreversible
1e− oxidations, reflecting that they possess the two carbazole
moieties as a redox center (Figure 4). Bicarbazoles 1, 3, 4, 7,
10, and 12 experienced the two reversible 1e− oxidation steps.
On the other hand, the irreversible oxidation behavior and/or
the substantial peak amplitude after the first oxidation were
observed for 2, 5, 6, 8, 9, and 11, indicative of the instability of
the radical-cationic species generated by the 1e− oxidation.
Compounds 1, 4, 7, and 10 bearing the t-Bu groups underwent
reversible oxidations irrespective of the π-spacers. It is well
documented that the radical-cationic species of N-substituted
carbazole derivatives easily dimerize at their 3,6-positions.1b

Table 2. Oxidation Potential (Epa) by Cyclic Voltammetry in
CH2Cl2 (0.1 mol/L n-Bu4NPF6),

a Theoretically Calculated
HOMO and LUMO Levels and their Gaps
(ΔEHOMO−LUMO),

b and Optical HOMO−LUMO Gaps
(ΔEopt)

c

Epa [V]
HOMO
[eV]

LUMO
[eV]

ΔEHOMO−LUMO
[eV]

ΔEopt
[eV]

1 +0.70d −5.40 −1.00 4.40 3.35
+0.93d

2 +0.74e −5.48 −1.36 4.12 3.30
3 +0.46d −5.15 −0.98 4.17 3.35

+0.84d

4 +0.57d −5.11 −1.57 3.54 2.99
+0.87d

5 +0.77e −5.35 −1.70 3.65 3.22
6 +0.51e −5.05 −1.07 3.98 3.26
7 +0.68d −5.23 −1.81 3.42 2.85

+0.86d

8 +0.91e −5.39 −1.95 3.44 3.06
9 +0.67e −5.12 −1.41 3.71 3.18
10 +0.49d −5.12 −1.43 3.69 2.88

+0.67d

11 +0.53d −5.20 −1.71 3.49 2.99
+0.89e

12 +0.27d −4.91 −1.14 3.77 3.02
+0.67d

13 +0.89e −5.55 −0.96 4.59 3.49
14 +0.71d −5.37 −0.89 4.48 3.39

aAll potentials are given versus the Fc+/Fc couple used as external
standard; Scan rate = 100 mV s−1. bB3LYP/6-311G**//B3LYP/6-
31G*. cThe values are obtained from λonset.

dReversible wave.
eIrreversible wave.
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Thus, the t-Bu groups in 1, 4, 7, and 10 appear to sufficiently
suppress the decomposition and/or dimerization processes of
the cationic species formed upon electron release. It is worth
noting 3, 6, 9, and 12, where the two carbazole moieties are
linked at the 3-position, differ much in the reversibility of the
oxidation and back-oxidation processes. Thus, 3 and 12 are
oxidized reversibly, whereas 6 and 9 are irreversibly. These
results indicate that an acetylenic spacer relative to an olefinic
spacer lowers the reversibility for conjugated carbazole systems.
It seems that the electron-accepting ability of an acetylenic
spacer as compared to an olefinic spacer decreases the kinetic
stability of electronically generated cationic species.
Bicarbazole 1 showed almost the same oxidation potential as

that of 14 (+0.70 V (1), +0.71 V (14)). These results clearly
confirm the lack of effective π-conjugation between the two
carbazole moieties in 1 and are in good agreement with those in
the UV−vis spectra. The first oxidation of 2 and 3 occurs at
lower oxidation potentials than that of 13 (+0.74 V (2), +0.46
V (3), +0.89 (13)). Thus, the direct connection of the two
carbazole moieties at the 2- and 3-positions enhances the donor
ability and the latter has the pronounced effect. Bicarbazoles 5
and 6 display slightly anodic shifts of the Epa values as
compared to those for 2 and 3, respectively (+0.77 V (5), +0.51
V (6)), which should reflect the electron-accepting ability and
the decoupling effect of the ethnylene spacer.33 In contrast, 4 is
oxidized at the lower potential than 1 by 130 mV. The
difference between the first Epa and the second Epa for 4 is 300
mV, while that for 1 is 230 mV. These results clearly confirm
that the two carbazole moieties in 4 are effectively conjugated
owing to the release of twisting as revealed by X-ray analysis.
The first Epa values of 7−9 with the butadiynylene spacer are
anodically shifted relative to those of the corresponding 4−6
(+0.68 V (7), +0.91 V (8), +0.67 V (9)), which is readily
explained by the stronger electron-accepting ability of a
butadiynylene spacer than an ethynylene spacer.33

Bicarbazoles 10−12 with the ethenylene spacer displayed
remarkable cathodic shifts of the first Epa values relative to 4−6

with the ethynylene spacer, respectively, by 80−240 mV (+0.49
V (10), +0.53 (11), +0.27 V (12)). Compounds 11 and 12 are
easily oxidized as compared to 2 by 210 mV and 3 by 190 mV,
respectively. Thus, in sharp contrast to an ethynylene spacer, an
ethenylene spacer was found to enhance the donor ability of
bicarbazole π-systems, although the reason for this finding is
not clear at present. The similar effects of acetylenic and
olefinic spacers on donor potency were seen in π-extended
tetrathiafulvalene derivatives by Nielsen and co-workers.34 As
summarized in Table 2, it is worth stating that there is a clear
relationship between the conjugation connectivity of the two
carbazole moieties and the first Epa values, and thus the trend of
the 2- < 1- < 3-positions in order of lowering the first Epa values
is generally applicable to 1−12. Consequently, 12 has the
lowest first Epa value. A similar trend has been also observed in
our recent thienylcarbazole systems.16

TD-DFT and Frontier Molecular Orbital (FMO) Calcu-
lations. We performed the time-dependent (TD) DFT
calculations (TD-B3LYP/6-31G*//B3LYP/6-31G*) for 1−12
in order to gain insight into their electronic transitions, and the
results are summarized at Table 1. On the basis of the
theoretical calculations, the absorption maxima in the low-
energy region of 3−5, 7−9, 10, and 11 are mainly attributable
to the HOMO−LUMO transitions, whereas those of 1, 2, 6,
and 12 are related to the largely mixed transitions from
HOMO, HOMO-1, and HOMO-2 to LUMO, LUMO+1, and
LUMO+2. In general, the longest λmax values estimated by the
calculations are in good agreement with those obtained by the
experiments. The calculations reproduced well the experimen-
tally observed findings that the insertion of π-conjugated
spacers between the two carbazole moieties results in the
bathochromic shifts of the longest λmax values and the
connection at the 1-position of carbazole causes the bath-
ochromic shift in the longest λmax compared to that at the 2-
and 3-positions. However, the effect of the ethenylene spacer
on the longer wavelength shifts seems to be underestimated
than relative to the butadiynylene spacer.

Figure 4. Cyclic voltammograms of (a) 1−3, (b) 4−6, (c) 7−9, and (d) 10−12 measured in CH2Cl2 (0.1 mol/L n-Bu4NPF6) at scan rate 100 mV/s.
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We subjected 1−12 to the single-point calculations at the
level of B3LYP/6-311G**//B3LYP/6-31G* to obtain the
FMO plots and the HOMO and LUMO levels. The results are
listed in Table 2, and the HOMOs and LUMOs of 1−12 are
shown in Figure 5. The theoretically calculated HOMO−

LUMO gaps (ΔEHOMO−LUMO) are higher than those obtained
in the UV−vis spectroscopic measurements (ΔEopt) by ca. 0.5
eV, probably reflecting that the calculations are employed under
the gas-phase conditions. With respect to the effects of the
conjugation connectivity and the π-spacers in bicarbazoles on
their HOMO and LUMO levels, the theoretical calculations
provide the following four important findings, which are
generally consistent with the results obtained by the absorption
spectra and CV. (1) In essentially planar bicarbazole π-systems,
the connection at the 1-position of carbazole allows the smallest
ΔEHOMO−LUMO values, namely the high extent of π-conjugation,

and that at the 3-position allows the largest values. Exception-
ally, the HOMO−LUMO gap of 10 is estimated to be larger
than that of 11 in the calculations (3.69 eV (10), 3.49 eV (11)).
(2) The connection at the 3-position of carbazole ensures high
HOMO levels and makes the molecules strong donors relative
to that at the 1- and 2-positions. (3) The ΔEHOMO−LUMO values
become smaller upon introduction of the π-spacers, and an
ethenylene spacer effectively decreases the ΔEHOMO−LUMO
values as compared to an ethynylene spacer. (4) The
introduction of an ethenylene spacer sufficiently elevates the
HOMO levels of the resulting bicarbazoles, and thus 10−12
become stronger donors than the corresponding 1−3.35
All the HOMOs of 1−12 are evenly delocalized over the

entire molecular π-frameworks as shown in Figure 5.36 The
LUMOs of 1−6, 8, and 11 are also delocalized over the entire
π-frameworks, while those of 7, 9, 10, and 12 are slightly
localized at the central butadiynylene or ethenylene segment.37

It is interesting to note that the HOMO densities of 2, 5, 8, and
11 have almost no contribution from the electron-rich nitrogen
atoms, whereas those of other compounds are found on the
nitrogen atoms. This finding explains that the connection at the
2-position of carbazole makes the molecules weak donors as
compared to that at the 1- and 3-positions, however, at present
we do not have a suitable explanation for the difference in
effectiveness for the donor potency between the connection at
the 1-position and that at the 3-position.

■ CONCLUSION
In conclusion, we have synthesized a series of bicarbazoles 1−
12 by means of Suzuki−Miyaura, Sonogashira, Hay, and
McMurry coupling reactions as key steps. The electronic
structures were approached by UV−vis and fluorescence
spectral measurements, CV, and DFT calculations as well as
X-ray analyses. Based on this study, a following clear picture
about the effects of the structural variations of bicarbazoles,
namely the conjugation connectivity and the insertion of
acetylenic and olefinic spacers, on their electronic and
electrochemical properties emerges. The connection at the 1-
position of carbazole results in high extent of π-conjugation of
the molecules as observed in the absorption spectra of 4, 7, and
10, while that at the 3-position enhances the donor ability of
the molecules as confirmed by the CV for 3, 6, 9, and 12. The
introduction of π-spacers steadily brings about the extension of
π-conjugation, and an ethenylene spacer has a pronounced
effect relative to an ethynylene spacer. The introduction of
ethynylene and butadiynylene spacers decreases the donor
ability owing to the electron-accepting effect of the acetylenic
spacers, but on the contrary, the introduction of an ethenylene
spacer increases the donor ability. The structural variations of
bicarbazoles alter the fluorescence quantum yields dramatically,
which vary from 0.002 to 0.84. In general, the experimentally
obtained structure−property relationships are in qualitative
agreement with the findings obtained by DFT calculations. We
believe that the present study provides valuable information for
the design and synthesis of new carbazole-based π-systems.

■ EXPERIMENTAL SECTION
General Sonogashira Cross-Coupling Procedure. A solution

of haloarene (1 equiv) in Et3N (∼50 mmol/L) was bubbled with
argon with stirring for 15 min. PdCl2(PPh3)2 (0.03 equiv), CuI (0.25
equiv), PPh3 (0.09 equiv), and alkyne (0.8−1.2 equiv ) were added to
the mixture, and the resulting mixture was bubbled for further 15 min.
The mixture was heated under argon atmosphere. The solvent was

Figure 5. Molecular orbital plots (B3LYP/6-311G**//B3LYP/6-
31G*) of (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7, (h) 8, (i) 9, (j)
10, (k) 11, and (l) 12. The lower plots represent the HOMOs, and the
upper plots represent the LUMOs.
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removed in vacuo and the residue was dissolved in CH2Cl2. The
resulting solution was washed with water, dried over MgSO4, and
evaporated in vacuo. The residue was purified by column
chromatography. An analytically pure material was obtained by
recycling gel permeation chromatography (GPC) eluting with CHCl3.
General Hay Coupling Procedure. A mixture of ethynylcarba-

zole (1 equiv), CuCl (8 equiv), and N,N,N′,N′-tetramethylethylenedi-
amine (8 equiv) in toluene (∼30 mmol/L) was stirred at 50−70 °C
under air supply. The suspension was filtered through a bed of silica
gel, and the filtrate was removed in vacuo. The residue was purified by
column chromatography. An analytically pure material was obtained by
recycling gel permeation chromatography (GPC) eluting with CHCl3.
Preparation of 1. A mixture of bromide 15 (0.48 g, 1.24 mmol),

boronic acid ester 16 (0.30 g, 0.69 mmol), K2CO3 (0.40 g, 2.89
mmol), and Pd(PPh3)4 (10 mg, 8.65 μmol) in toluene (25 mL) and
water (5 mL) was refluxed for 24 h under argon atmosphere. After the
mixture was diluted with CH2Cl2 (50 mL), the resulting solution was
washed with water (100 mL × 2), dried over anhydrous MgSO4, and
evaporated in vacuo. The residue was purified by column
chromatography (SiO2; hexane/toluene 3:1) and recycling GPC to
give 1 (360 mg, 84%) as white solids. Mp 177−180 °C; 1H NMR (300
MHz, CDCl3): δ = 0.78 (t, J = 6.9 Hz, 6H), 1.48 (s, 18H), 1.49 (s,
18H), 3.40−3.52 (m, 2H), 3.62−3.74 (m, 2H), 7.20 (d, J = 8.7 Hz,
2H), 7.49 (dd, J = 2.1, 8.7 Hz, 2H), 7.50 (d, J = 2.1 Hz, 2H), 8.17 (d, J
= 2.1 Hz, 2H), 8.19 (d, J = 2.1 Hz, 2H); 13C NMR (125 MHz,
CDCl3): δ = 14.4, 32.18, 32.24, 34.8, 38.4, 108.1, 115.8, 116.2, 122.6,
122.9, 123.4, 123.6, 126.7, 136.9, 139.3, 141.0, 141.9 (one peak was
missing); UV−vis (CH2Cl2): λmax (relative intensity) = 269 (1.00),
301 (0.85), 342 (0.20), 356 nm (0.23); EI-MS (70 eV): m/z 612
(M+); Elemental analysis calcd (%) for C44H56N2·0.01CHCl3: C 86.07,
H 9.19, N 4.56; found C 85.80, H 9.29, N 4.59.
Preparation of 2. To a solution of bromide 17 (0.17 g, 0.63

mmol) in THF (15 mL), a hexane solution of n-BuLi (0.60 mL, 0.98
mmol, 1.65 mol/L) was added dropwise at −78 °C under argon
atmosphere. After the mixture was stirred at room temperature for 1 h,
a solution of trimethoxyborane (0.21 mL, 1.89 mmol) in THF (2 mL)
was added dropwise to the mixture at −78 °C. The mixture was stirred
at −78 °C for 1 h and at room temperature for 3 h, and quenched by
addition of aqueous HCl (20 mL, 3 N). The organic phase was
separated, and the aqueous phase was extracted with EtOAc (25 mL ×
3). The combined organic phase was washed with brine (70 mL × 2),
dried over anhydrous MgSO4, and evaporated in vacuo. After the
residue was suspended in hexane, the precipitate was collected by
filtration and washed with hexane to give crude 18 (0.049 g) as white
solids, which was used in the next reaction without further purification.
1H NMR (300 MHz, CDCl3): δ = 1.60 (t, J = 7.2 Hz, 3H), 4.58 (q, J =
7.2 Hz, 2H), 7.27−7.32 (m, 1H), 7.49−7.59 (m, 2H), 8.21−8.24 (m,
2H), 8.30 (d, J = 7.8 Hz, 1H), 8.41 (s, 1H).
A mixture of bromide 17 (0.067 g, 0.24 mmol), crude boronic acid

18 (0.049 g), K2CO3 (0.070 g, 0.51 mmol), and Pd(PPh3)4 (10 mg,
8.65 μmol) in toluene (7 mL) and water (1 mL) was refluxed for 24 h
under argon atmosphere. After the mixture was diluted with CH2Cl2
(50 mL), the resulting solution was washed with water (100 mL × 2),
dried over anhydrous MgSO4, and evaporated in vacuo. The residue
was purified by column chromatography (SiO2; hexane/toluene 3:1)
and recycling GPC to give 2 (41 mg, 17% based on 17 via 18) as white
solids. Mp 242−246 °C; 1H NMR (300 MHz, CDCl3): δ = 1.50 (t, J =
7.2 Hz, 6H), 4.48 (q, J = 7.2 Hz, 4H), 7.23−7.28 (m, 2H), 7.43−7.51
(m, 4H), 7.61 (dd, J = 1.2, 8.1 Hz, 2H), 7.71 (d, J = 1.2 Hz, 2H), 8.14
(dd, J = 1.5, 7.8 Hz, 2H), 8.19 (d, J = 8.1 Hz, 2H); 13C NMR (125
MHz, CDCl3): δ = 14.0, 37.7, 107.5, 108.6, 119.0, 119.2, 120.6, 120.7,
122.1, 122.9, 125.7, 140.3, 140.59, 140.66; UV−vis (CH2Cl2): λmax
(relative intensity) = 267 (1.00), 326 (0.66), 350 nm (sh, 0.46); EI-MS
(70 eV): m/z 388 (M+); Elemental analysis calcd (%) for
C28H24N2·0.04CHCl3: C 85.63, H 6.16, N 7.12; found C 85.69, H
6.09, N 7.10.
Preparation of 4. Iodide 19 (0.06 g, 0.14 mmol) was allowed to

react with ethynylcarbazole 21 (0.03 g, 0.091 mmol) at 80 °C for 20 h
according to the general Sonogashira cross-coupling procedure. The
crude material was purified by column chromatography (SiO2;

hexane/toluene 9:1) and recycling GPC to give 4 (23 mg, 40%) as
white solids. Mp > 250 °C; 1H NMR (300 MHz, CDCl3): δ = 1.48 (s,
18H), 1.49 (s, 18H), 1.63 (t, J = 7.2 Hz, 6H), 4.98 (q, J = 7.2 Hz, 4H),
7.39 (d, J = 8.7 Hz, 2H), 7.57 (dd, J = 2.1, 8.7 Hz, 2H), 7.69 (d, J = 2.1
Hz, 2H), 8.12 (d, J = 2.1 Hz, 2H), 8.13 (d, J = 2.1 Hz, 2H); 13C NMR
(125 MHz, CDCl3): δ = 15.8, 32.0, 32.2, 34.6, 34.8, 38.8, 90.5, 104.6,
108.2, 116.3, 117.4, 122.5, 124.0, 124.2, 128.1, 137.4, 139.1, 141.5,
142.2; UV−vis (CH2Cl2): λmax (relative intensity) = 260 (sh, 0.82),
279 (0.70), 306 (1.00), 345 (sh, 0.14), 384 (0.44), 400 nm (0.52);
HR-FAB-MS (NBA, positive): m/z calcd for C46H56N2

+ 636.4443,
found 636.4442 (M+).

Preparation of 5. A mixture of 22 (0.20 g, 0.69 mmol) and K2CO3
(0.24 g, 1.72 mmol) in MeOH (10 mL) and THF (10 mL) was stirred
at room temperature for 5 h. After the solvent was removed in vacuo,
the residue was extracted with CH2Cl2 (50 mL). The resulting mixture
was washed with water (100 mL × 2), dried over anhydrous MgSO4,
and evaporated in vacuo to give crude 23 (0.19 g) as yellow oil, which
was used in the next reaction without further purification due to the
instability. We observed the decomposition of 23 by passing through
silica gel column chromatography.

A mixture of bromide 17 (0.201 g, 0.73 mmol), LiI (0.970 g, 7.25
mmol), and CuI (1.39 g, 7.30 mmol) in DMSO (40 mL) was stirred at
150 °C for 24 h. The reaction was quenched by addition of aqueous
NaHSO3 (50 mL, 5% w/v). The organic phase was separated, and the
aqueous phase was extracted with CH2Cl2 (50 mL × 3). The
combined organic phase was washed with brine (100 mL × 2), dried
over anhydrous MgSO4, and evaporated in vacuo. The residue was
purified by column chromatography (SiO2; hexane/toluene 9:1) to
give crude 24 (0.210 g) as white solids, which contains ca. 10% of
unreacted 17 as an inseparable material. The crude 24 was used in the
next reaction without further purification. 1H NMR (300 MHz,
CDCl3): δ = 1.43 (t, J = 7.2 Hz, 3H), 4.31 (q, J = 7.2 Hz, 2H), 7.23−
7.28 (m, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.47−7.56 (m, 2H), 7.77 (d, J
= 1.2 Hz, 1H), 7.83 (d, J = 8.1 Hz, 1H), 8.07 (d, J = 7.8 Hz, 1H).

A solution of crude iodide 24 (0.210 g) in Et3N (15 mL) and THF
(15 mL) was bubbled with argon with stirring for 15 min. Pd(PPh3)4
(0.15 g, 0.13 mmol) and crude ethynylcarbazole 23 (0.19 g) were
added and the resulting mixture was bubbled for further 15 min. After
the mixture was refluxed for 30 h under argon atmosphere, the
solvents were removed in vacuo. After the residue was dissolved in
CH2Cl2 (50 mL), the resulting solution was washed with water (50
mL × 2), dried over anhydrous MgSO4, and evaporated in vacuo. The
residue was purified by column chromatography (SiO2; hexane/
toluene 3:1), recycling GPC, and recrystallization from CH2Cl2/
hexane to give 5 (80 mg, 30% based on 22) as white solids. Mp 233−
236 °C; 1H NMR (300 MHz, CDCl3): δ = 1.48 (t, J = 7.2 Hz, 6H),
4.41 (q, J = 7.2 Hz, 4H), 7.22−7.28 (m, 2H), 7.43 (d, J = 8.1 Hz, 2H),
7.45−7.52 (m, 4H), 7.67 (s, 2H), 8.08 (dd, J = 0.6, 8.1 Hz, 2H), 8.10
(d, J = 7.8 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ = 14.0, 37.7,
90.5, 108.7, 111.8, 119.2, 120.3, 120.5, 120.7, 122.69, 122.79, 123.0,
126.2, 139.7, 140.7; UV−vis (CH2Cl2): λmax (relative intensity) = 265
(1.00), 280 (sh, 0.38), 320 (sh, 0.63), 343 (0.95), 369 nm (0.91); HR-
FAB-MS (NBA, positive): m/z calcd for C30H24N2

+ 412.1939, found
412.1934 (M+).

Preparation of 6. Iodide 25 (0.26 g, 0.81 mmol) was allowed to
react with ethynylcarbazole 27 (0.12 g, 0.55 mmol) at 80 °C for 16 h
according to the general Sonogashira cross-coupling procedure. The
crude material was purified by column chromatography (SiO2;
hexane/toluene 3:1) and recycling GPC to give 6 (80 mg, 35%) as
white solids. Mp 226−230 °C; 1H NMR (500 MHz, CDCl3): δ = 1.46
(t, J = 7.2 Hz, 6H), 4.38 (q, J = 7.2 Hz, 4H), 7.26−7.29 (m, 2H), 7.39
(d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.49−7.52 (m, 2H), 7.70
(dd, J = 1.5, 8.4 Hz, 2H), 8.13 (dd, J = 0.9, 7.8 Hz, 2H), 8.36 (d, J =
1.5 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ = 13.9, 37.7, 88.8,
108.6, 108.7, 113.9, 119.3, 120.7, 122.7, 123.0, 124.0, 126.1, 129.3,
139.4, 140.4; UV−vis (CH2Cl2): λmax (relative intensity) = 276 (0.51),
305 (1.00), 323 (0.77), 340 (sh, 0.53), 350 (sh, 0.38), 365 nm (sh,
0.15); HR-FAB-MS (NBA, positive): m/z calcd for C30H24N2

+

412.1939, found 412.1937 (M+).
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Preparation of 7. Ethynylcarbazole 21 (100 mg, 0.302 mmol) was
allowed to react at 50 °C for 24 h according to the general Hay
coupling procedure. The crude material was purified by column
chromatography (SiO2; hexane/toluene 1:1) and recycling GPC to
give 7 (74 mg, 74%) as yellow solids. Mp >250 °C; 1H NMR (300
MHz, CDCl3): δ = 1.46 (s, 36H), 1.55 (t, J = 7.2 Hz, 6H), 4.83 (q, J =
7.2 Hz, 4H), 7.37 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.71 (s,
2H), 8.09 (s, 2H), 8.14 (s, 2H); 13C NMR (125 MHz, CDCl3): δ =
15.5, 32.0, 32.1, 34.7, 34.8, 38.8, 81.2, 102.5, 108.3, 116.3, 118.6, 122.4,
124.21, 124.31, 130.0, 138.4, 139.1, 141.6, 142.4 (1 peek was missing);
UV−vis (CH2Cl2): λmax (relative intensity) = 290 (sh, 0.79), 303
(1.00), 330 (sh, 0.34), 394 (0.69), 412 nm (0.70); MALDI-TOF-MS
(Dith, positive): m/z 661.39 ([M + H]+); Elemental analysis calcd (%)
for C48H56N2·0.14CHCl3: C 85.32, H 8.35, N 4.13, found: C 85.36, H
8.39, N 4.14.
Preparation of 8. A mixture of 22 (0.27 g, 0.92 mmol) and K2CO3

(0.32 g, 2.31 mmol) in MeOH (10 mL) and THF (10 mL) was stirred
at room temperature for 5 h. After the solvent was removed in vacuo,
the residue was extracted with CH2Cl2 (50 mL). The resulting mixture
was washed with water (100 mL × 2), dried over anhydrous MgSO4,
and evaporated in vacuo to give crude 23 (0.20 g) as yellow oil, which
was used in the next reaction without further purification due to the
instability.
The crude ethynylcarbazole 23 (0.20 g) was allowed to react at 50

°C for 24 h according to the general Hay coupling procedure. The
crude material was purified by column chromatography (SiO2;
hexane/toluene 1:1) and recycling GPC to give 8 (74 mg, 37%
based on 22) as yellow solids. Mp 194−196 °C; 1H NMR (300 MHz,
CDCl3): δ = 1.45 (t, J = 7.2 Hz, 6H), 4.37 (q, J = 7.2 Hz, 4H), 7.26 (t,
J = 7.2 Hz, 2H), 7.43 (d, J = 8.1 Hz, 4H), 7.51 (t, J = 8.1 Hz, 2H), 7.64
(s, 2H), 8.06 (d, J = 9.0 Hz, 2H), 8.09 (d, J = 7.8 Hz, 2H); 13C NMR
(125 MHz, CDCl3): δ = 13.9, 37.6, 73.9, 83.3, 108.7, 112.8, 118.4,
119.4, 120.5, 120.9, 122.5, 123.3, 123.8, 126.6, 139.3, 140.8; UV−vis
(CH2Cl2): λmax (relative intensity) = 264 (1.00), 305 (sh, 0.23), 340
(sh, 0.74), 354 (0.84), 382 nm (0.73); MALDI-TOF-MS (Dith,
positive): m/z 437.09 ([M + H]+); Elemental analysis calcd (%) for
C32H24N2·0.06CHCl3: C 86.78, H 5.47, N 6.31, found: C 86.70, H
5.28, N 6.12.
Preparation of 9. Ethynylcarbazole 27 (41 mg, 0.186 mmol) was

allowed to react at 70 °C for 24 h according to the general Hay
coupling procedure. The crude material was purified by column
chromatography (SiO2; hexane/toluene 1:1) and recycling GPC to
give 9 (28 mg, 68%) as yellow solids. Mp 221−224 °C; 1H NMR (300
MHz, CDCl3): δ = 1.45 (t, J = 7.2 Hz, 6H), 4.38 (q, J = 7.2 Hz, 4H),
7.27−7.30 (m, 2H), 7.36 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H),
7.48−7.51 (m, 2H), 7.65 (dd, J = 1.5, 8.4 Hz, 2H), 8.10 (d, J = 7.8 Hz,
2H), 8.32 (s, 2H); 13C NMR (125 MHz, CDCl3): δ = 13.9, 37.8, 72.8,
82.7, 108.7, 108.8, 119.6, 111.9, 120.7, 122.5, 123.0, 125.3, 126.4,
130.1, 140.01, 140.05; UV−vis (CH2Cl2): λmax (relative intensity) =
280 (sh, 0.70), 299 (1.00), 342 (0.92), 360 (0.67), 372 nm (0.73);
MALDI-TOF-MS (Dith, positive): m/z 437.01 ([M + H]+);
Elemental analysis calcd (%) for C32H24N2·0.03CHCl3: C 87.40, H
5.50, N 6.36, found: C 87.34, H 5.58, N 6.27.
Preparation of 10. To a solution of aldehyde 28 (0.102 g, 0.304

mmol) in THF (20 mL), zinc powder (0.066 g, 1.00 mmol) was
added. Titanium(IV) chloride (0.050 mL, 0.456 mmol) was added
dropwise to the mixture at 0 °C. After the mixture was refluxed for 4 h
under argon atmosphere, the solution was added to ice water and
extracted with CH2Cl2 (100 mL × 2). The combined organic phase
was washed with brine (100 mL × 2), dried over anhydrous MgSO4,
and evaporated in vacuo. The residue was purified by column
chromatography (SiO2; hexane/CH2Cl2 9:1) to give 10 (76 mg, 78%)
as yellow solids. Mp >250 °C; 1H NMR (500 MHz, CDCl3): δ = 1.52
(s, 18H), 1.57 (s, 18H), 1.61 (t, J = 7.2 Hz, 6H), 4.65 (q, J = 7.2 Hz,
4H). 7.38 (d, J = 8.7 Hz, 2H), 7.59 (dd, J = 1.8, 8.7 Hz, 2H), 7.73 (d, J
= 1.8 Hz, 2H), 7.81 (s, 2H), 8.14 (d, J = 1.8 Hz, 2H), 8.16 (d, J = 1.8
Hz, 2H); 13C NMR (125 MHz, CDCl3): δ = 15.5, 32.19, 32.21, 34.79,
34.82, 40.2, 108.2, 116.1, 116.3, 122.1, 122.9, 123.0, 123.7, 124.3,
128.8, 136.4, 139.6, 141.9, 142.1; UV−vis (CH2Cl2): λmax (relative
intensity) = 270 (sh, 0.61), 303 (1.00), 378 nm (0.33); MALDI-TOF-

MS (Dith, positive): m/z 639.29 ([M + H]+); Elemental analysis calcd
(%) for C46H58N2·0.06CHCl3: C 85.62, H 9.06 N 4.33; found C 85.44,
H 9.22, N 4.37.

Preparation of 11. Zinc powder (0.110 g, 1.56 mmol) was
suspended in THF (30 mL) under argon atmosphere. A solution of
titanium(IV) chloride (0.30 mL, 2.60 mmol) in CH2Cl2 (5 mL) was
added to the suspension, and then the resulting suspension was heated
to reflux at 80 °C for 1 h. A solution of 29 (0.122 g, 0.52 mmol) in
pyridine (2 mL) and THF (10 mL) was added dropwise to the
reaction mixture. After the mixture was refluxed for 18 h, the mixture
was poured into saturated aqueous NaHCO3 (50 mL) and the
resulting mixture was extracted with CH2Cl2 (100 mL × 2). The
combined organic phase was washed with water (100 mL × 2), dried
over anhydrous MgSO4, and evaporated in vacuo. The residue was
purified by column chromatography (SiO2; hexane/CH2Cl2 4:1) and
washed with EtOH to give 11 (12 mg, 10%) as yellow solids. Mp 198
°C (decomp.); 1H NMR (400 MHz, CDCl3): δ = 1.50 (t, J = 7.2 Hz,
6H), 4.43 (q, J = 7.2 Hz, 4H). 7.23 (t, J = 6.9 Hz, 2H), 7.40−7.48 (m,
4H), 7.46 (s, 2H), 7.51 (d, J = 8.0 Hz, 2H), 7.58 (s, 2H), 8.09 (d, J =
8.0 Hz, 4H); 13C NMR (150 MHz, CDCl3): δ = 14.1, 37.7, 106.6,
108.6, 117.9, 119.1, 120.5, 120.7, 122.7, 123.0, 125.7, 129.3, 135.5,
140.6, 140.7; UV−vis (CH2Cl2): λmax (relative intensity) = 267 (0.68),
285 (sh, 0.28), 368 (1.00), 385 nm (sh, 0.79). HR-FAB-MS (NBA,
positive): m/z calcd for C30H26N2

+ 414.2096, found 414.2095 (M+).
Preparation of 15. To a solution of 14 (3.08 g, 0.010 mol) in

DMF (100 mL), N-bromosuccinimide (1.78 g, 0.010 mol) was added
and the mixture was stirred at room temperature for 3 h under light
protection. Water (100 mL) was added and the resulting mixture was
extracted with CH2Cl2 (50 mL × 3). The combined organic phase was
washed with water (150 mL × 2), dried over anhydrous MgSO4, and
evaporated in vacuo. The residue was purified by column
chromatography (SiO2; hexane) to give 15 (3.45 g, 90%) as white
solids. Mp 112−115 °C; 1H NMR (300 MHz, CDCl3): δ = 1.43 (t, J =
7.2 Hz, 3H) 1.43−1.45 (m, 18H), 4.76 (q, J = 7.2 Hz, 2H), 7.34 (d, J =
8.7 Hz, 1H), 7.55 (dd, J = 1.8, 8.7 Hz, 1H), 7.60 (d, J = 1.8 Hz, 1H),
8.02 (d, J = 1.8 Hz, 1H), 8.05 (d, J = 1.8 Hz, 1H); 13C NMR (125
MHz, CDCl3): δ = 15.7, 32.0, 32.1, 34.6, 34.8, 38.7, 102.4, 108.5,
115.6, 116.1, 122.3, 124.3, 126.3, 128.7, 135.0, 139.6, 142.4, 143.2;
UV−vis (CH2Cl2): λmax (relative intensity) = 255 (1.00), 270 (0.74),
290 (sh, 0.40), 298 (0.63), 325 (sh, 0.07), 341 (0.14), 355 nm (0.15);
HR-FAB-MS (NBA, positive): m/z calcd for C22H28BrN

+ 385.1405,
found 385.1403 (M+).

Preparation of 16. To a solution of bromide 15 (1.56 g, 4.04
mmol) in Et2O (80 mL), a hexane solution of n-BuLi (3.00 mL, 4.95
mmol, 1.65 mol/L) was added dropwise at −78 °C under argon
atmosphere. After the mixture was stirred at room temperature for 1 h,
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.00 mL, 9.89
mmol) was added dropwise to the mixture at −78 °C. The mixture
was stirred at room temperature for 3 h and the resulting mixture was
poured into aqueous NH4Cl (100 mL, 5% w/v). The organic phase
was separated, and the aqueous phase was extracted with EtOAc (50
mL × 3). The combined organic phase was washed with brine (100
mL × 2), dried over anhydrous MgSO4, and evaporated in vacuo. The
residue was purified by column chromatography (SiO2; hexane/
toluene 1:1) to give 16 (1.00 g, 57%) as white solids. Mp 198−201 °C;
1H NMR (300 MHz, CDCl3): δ = 1.38 (t, J = 7.2 Hz, 3H), 1.44 (s,
12H), 1.46 (s, 18H), 4.65 (q, J = 7.2 Hz, 2H), 7.34 (d, J = 8.7 Hz, 1H),
7.51 (dd, J = 1.5, 8.7 Hz, 1H), 7.90 (d, J = 2.1 Hz, 1H), 8.09 (d, J = 1.5
Hz, 1H), 8.21 (d, J = 2.1 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ =
14.4, 24.9, 32.14, 32.22, 34.6, 34.7, 39.0, 84.0, 108.3, 115.9, 119.6,
122.9, 123.3, 131.6, 139.3, 140.4, 141.6, 142.0 (two peaks were
missing); UV−vis (CH2Cl2): λmax (relative intensity) = 282 (1.00),
303 (0.61), 348 (0.19), 360 nm (0.21); MALDI-TOF-MS (Dith,
positive): m/z 434.21 ([M + H]+); Elemental analysis calcd (%) for
C28H40BNO2: C 77.59, H 9.30 N 3.23; found C 77.29, H 9.42, N 3.24.

Preparation of 19. To a solution of 14 (2.00 g, 6.50 mmol) in
EtOH (20 mL) was added dropwise a solution of ICl (0.65 mL, 13.0
mmol) in EtOH at 78 °C. After the mixture was refluxed for 10 h, the
solvent was removed in vacuo, and the residue was dissolved in
CH2Cl2 (50 mL). The resulting solution was washed with aqueous
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NaHSO3 (200 mL), dried over anhydrous MgSO4, and evaporated in
vacuo. The residue was purified by column chromatography (SiO2;
hexane/toluene 9:1) to give 19 (1.07 g, 38%) as white solids. Mp
115−118 °C; 1H NMR (300 MHz, CDCl3): δ = 1.42 (t, J = 7.2 Hz,
3H), 1.42 (s, 9H), 1.45 (s, 9H), 4.76 (q, J = 7.2 Hz, 2H), 7.35 (d, J =
8.7 Hz, 1H), 7.54 (dd, J = 2.1, 8.7 Hz, 1H), 7.91 (d, J = 1.8 Hz, 1H),
8.05 (d, J = 2.1 Hz, 1H), 8.06 (d, J = 1.8 Hz, 1H); 13C NMR (125
MHz, CDCl3): δ = 15.7, 32.0, 32.1, 34.4, 34.8, 38.0, 72.0, 108.6, 115.9,
116.5, 122.0, 124.3, 125.8, 136.1, 137.6, 139.8, 142.5, 143.6; UV−vis
(CH2Cl2): λmax (relative intensity) = 255 (1.00), 270 (0.89), 290 (sh,
0.44), 299 (0.65), 325 (sh, 0.08), 343 (0.15), 357 nm (0.17); HR-
FAB-MS (NBA, positive): m/z calcd for C22H28IN

+ 433.1266, found
433.1259 (M+).
Preparation of 20. Iodide 19 (0.52 g, 1.20 mmol) was allowed to

react with 2-methyl-3-butyn-2-ol (0.50 mL, 5.11 mmol) at 60 °C for 8
h according to the general Sonogashira cross-coupling procedure. The
crude material was purified by column chromatography (SiO2;
hexane/toluene 3:1) to give 20 (0.323 g, 69%) as yellow solids. Mp
202−205 °C; 1H NMR (300 MHz, CDCl3): δ = 1.44 (s, 9H), 1.46 (s,
9H), 1.48 (t, J = 7.2 Hz, 3H), 1.71 (s, 6H), 2.08 (s, 1H), 4.79 (q, J =
7.2 Hz, 2H), 7.34 (d, J = 8.7 Hz, 1H), 7.54 (dd, J = 2.1, 8.7 Hz, 1H),
7.54 (d, J = 2.1 Hz, 1H), 8.07 (d, J = 2.1 Hz, 2H); 13C NMR (125
MHz, CDCl3): δ = 15.7, 31.5, 32.0, 32.1, 34.5, 34.7, 38.4, 65.9, 81.0,
95.8, 103.4, 108.1, 116.2, 117.5, 122.3, 123.9, 124.0, 129.0, 137.4,
139.0, 141.3, 142.1; UV−vis (CH2Cl2): λmax (relative intensity) = 260
(0.72), 287 (1.00), 308 (0.42), 355 (0.20), 369 nm (0.28); HR-FAB-
MS (NBA, positive): m/z calcd for C27H35NO

+ 389.2719, found
389.2718 (M+).
Preparation of 21. A mixture of 20 (0.49 g, 1.26 mmol) and KOH

(0.55 g, 9.80 mmol) in 2-propanol (55 mL) was refluxed for 17 h.
After the solvent was removed in vacuo, the residue was extracted with
CH2Cl2 (50 mL). The resulting mixture was successively washed with
water (100 mL × 2) and brine (100 mL × 2), dried over anhydrous
MgSO4, and evaporated in vacuo. The residue was purified by GPC to
give 21 (238 mg, 57%) as pale yellow solids. Because of the instability,
21 was used in the next reaction immediately without characterization
by mass spectroscopy and elemental analysis. Mp 142−146 °C; 1H
NMR (300 MHz, CDCl3): δ = 1.44−1.46 (m, 21H), 3.36 (s, 1H), 4.80
(q, J = 7.2 Hz, 2H), 7.34 (d, J = 8.7 Hz, 1H), 7.55 (dd, J = 1.8, 8.7 Hz,
1H), 7.64 (d, J = 1.8 Hz, 1H), 8.08 (d, J = 1.8 Hz, 1H), 8.11 (d, J = 1.8
Hz, 1H); 13C NMR (125 MHz, CDCl3): δ = 15.6, 32.0, 32.1, 34.6,
34.8, 38.4, 79.9, 82.6, 102.9, 108.2, 116.2, 118.0, 122.4, 124.0, 124.2,
129.8, 137.7, 139.1, 141.3, 142.2; UV−vis (CH2Cl2): λmax (relative
intensity) = 259 (0.78), 286 (1.00), 308 (0.45), 354 (0.20), 369 nm
(0.27).
Preparation of 22. Bromide 17 (0.740 g, 2.70 mmol) was allowed

to react with trimethylsilylacetylene (1.20 mL, 8.67 mmol) at 100 °C
for 24 h according to the slightly modified general Sonogashira cross-
coupling procedure; piperidine was used as a solvent. The crude
material was purified by column chromatography (SiO2; hexane/
toluene 9:1) to give 22 (243 mg, 31%) as white solids. Mp 127−130
°C; 1H NMR (300 MHz, CDCl3): δ = 0.31 (s, 12H), 1.44 (t, J = 7.2
Hz, 3H), 4.36 (q, J = 7.2 Hz, 2H), 7.21−7.26 (m, 1H), 7.35 (d, J = 7.8
Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 7.45−7.51 (m, 1H), 7.55 (s, 1H),
8.01 (d, J = 8.1 Hz, 1H), 8.07 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz,
CDCl3): δ = 14.5, 31.8, 32.0, 34.5, 34.7, 41.4, 109.0, 116.0, 121.0,
122.4, 123.2, 124.4, 126.1, 130.0, 136.8, 139.7, 141.0, 142.9, 191.0;
UV−vis (CH2Cl2): λmax (relative intensity) = 261 (0.78), 271 (1.00),
315 (0.38), 351 (0.18) 367 nm (0.20); MALDI-TOF-MS (Dith,
positive): m/z 291.01 (M+); Elemental analysis calcd (%) for
C19H21NSi·0.08CHCl3: C 76.13, H 7.06 N 4.65; found C 75.95, H
7.40, N 4.62.
Preparation of 26. Iodide 25 (0.85 g, 2.65 mmol) was allowed to

react with 2-methyl-3-butyn-2-ol (1.00 mL, 10.2 mmol) at 60 °C for
18 h according to the slightly modified general Sonogashira cross-
coupling procedure; PPh3 was not used. The crude material was
purified by column chromatography (SiO2; hexane/toluene 3:1) to
give 26 (0.71 g, 96%) as pale yellow oil. 1H NMR (300 MHz, CDCl3):
δ = 1.44 (t, J = 7.2 Hz, 3H), 1.68 (s, 6 H), 2.07 (s, 1H), 4.36 (q, J = 7.2
Hz, 2H), 7.22−7.27 (m, 1H), 7.33 (d, J = 8.4 Hz, 1H), 7.41 (d, J = 7.8

Hz, 1H), 7.46−7.54 (m, 2H), 8.07 (dd, J = 0.6, 7.8 Hz, 1H), 8.19 (d, J
= 0.6 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ = 13.8, 31.7, 37.6,
65.8, 83.4, 91.9, 108.4, 108.7, 112.6, 119.3, 120.5, 122.5, 122.8, 124.1,
126.1, 129.3, 139.5, 140.3; UV−vis (CH2Cl2): λmax (relative intensity)
= 280 (1.00), 293 (sh, 0.43), 325 (sh, 0.04), 340 (0.06), 356 nm
(0.06); HR-FAB-MS (NBA, positive): m/z calcd for C19H19NO

+

277.1467, found 277.1473 (M+). Compound 26 was allowed to
react with KOH in 2-propanol to give 27, the 1H NMR data of which
were in agreement with those reported in the literature.38

Preparation of 28. To a solution of bromide 15 (0.399 g, 1.03
mmol) in THF (50 mL), a hexane solution of n-BuLi (1.40 mL, 2.31
mmol, 1.65 mol/L) was added dropwise at −78 °C under argon
atmosphere. After the mixture was stirred for 1 h, piperidine-1-
carbaldehyde (0.50 mL, 4.51 mmol) was added dropwise to the
mixture at −78 °C. The mixture was stirred at room temperature for 3
h, and the resulting mixture was poured into aqueous NH4Cl (100 mL,
5% w/v). The organic phase was separated, and the aqueous phase was
extracted with EtOAc (50 mL × 3). The combined organic phase was
washed with brine (100 mL × 2), dried over anhydrous MgSO4, and
evaporated in vacuo. The residue was purified by column
chromatography (SiO2; hexane/CH2Cl2 7:3) to give 28 (0.244 g,
70%) as yellow solids. Mp 138−141 °C; 1H NMR (500 MHz,
CDCl3): δ = 1.49 (t, J = 7.2 Hz, 3H), 1.60 (s, 9H), 1.62 (s, 9H), 4.80
(q, J = 7.2 Hz, 2H). 7.43 (d, J = 8.7 Hz, 1H), 7.66 (d, J = 8.7 Hz, 1H),
8.10 (s, 1H), 8.28 (s, 1H), 8.53 (s, 1H), 10.4 (s, 1H); 13C NMR (125
MHz, CDCl3): δ = 14.5, 31.8, 32.0, 34.5, 34.7, 41.4, 109.0, 116.0,
121.0, 122.4, 123.2, 124.4, 126.1, 130.0, 136.8, 139.7, 141.0, 142.9,
191.0; UV−vis (CH2Cl2): λmax (relative intensity) = 260 (sh, 0.59),
271 (0.54), 303 (1.00), 335 (sh, 0.17) 392 nm (0.40); MALDI-TOF-
MS (Dith, positive): m/z 336.01 ([M + H]+); Elemental analysis calcd
(%) for C23H29NO: C 82.34, H 8.71 N 4.18; found C 82.07, H 8.81, N
4.20.
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