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ABSTRACT: A series of carbazole—pyrimidine conjugates 1—17 were synthesized by Carbazole-Pyrimidine Conjugates
Pd-catalyzed cross-coupling, oxidation, and nucleophilic aromatic substitution reactions. R
In 117, the carbazole moieties are connected at the 4,6-positions of the pyrimidine ring N ;74N
either directly or via ethynylene or vinylene spacers, and various electron-donating or &
electron-withdrawing substituents are introduced at the 2-position of the pyrimidine
ring. The effects of structural variations on the electronic, photophysical, and Et'N N-Et
electrochemical properties of 1—17 were comprehensively investigated. Compounds
1-17 exhibit intramolecular charge-transfer (ICT) states, which essentially lead to
moderate-to-strong fluorescence emission with large Stokes shifts depending on the
solvent polarity. These compounds tend to show significant changes in optical and ~ ™" "°"® —=— TN
fluorescence properties upon addition of trifluoroacetic acid. The electron-accepting  R: H, SMe, OMe, N ), SO,Me, CN
ability of these compounds can be tuned by both substituents on the pyrimidine moiety -

and spacers. The ethynylene spacer lowers both the HOMO and LUMO levels, while the vinylene spacer elevates the HOMO
level and lowers the LUMO level. The X-ray crystal structures of 3, 6, 11, and 14 are also disclosed.

B INTRODUCTION easily functionalized, which makes it an appropriate electron-
withdrawing heteroaromatic for the construction of push—pull
architectures. Thus, a variety of donor-substituted pyrimidine
derivatives, in which the electron-donating unit is linked either
directly or via a z-spacer, have been recently synthesized by
several research groups,''~'” and now it is well-established that
pyrimidine derivatives incorporating N,N-dialkylaniline or N,N-
diarylaniline moiety at the 4,6-positions generally exhibit
intense, solvatochromic fluorescence and NLO properties.
The replacement of the aniline units with the electron-donating
heteroaromatics would alter not only photophysical properties
but also electrochemical properties reflecting the structural and
electronic features of heteroaromatics. However, the exploita-
tion of pyrimidine-based push—pull systems incorporating
electron-donating heteroaromatics except for thiophene has
been limited.'”"> Additionally, the substituent effects at the 2-
position of the pyrimidine ring on the properties have been
hardly examined.'** Therefore, there is still a demand for the
development of novel pyrimidine-based push—pull fluoro-
phores.

As a part of our ongoing work toward the study on carbazole-
based 7-conjugated systems,'® we envisaged that mixed z-
conjugated systems consisting of carbazole and pyrimidine
units would be a new class of push—pull fluorophores featuring
amphoteric redox behavior. Thus, we were motivated to
synthesize carbazole—pyrimidine conjugates 1—17 (Chart 1), in

m-Conjugated compounds bearing both electron-donating and
electron-accepting moieties, so-called push—pull chromo-
phores, are an important class of materials for optical and
optoelectronic applications.”” In particular, push—pull chro-
mophores exhibiting intramolecular charge-transfer (ICT)
emission have attracted tremendous research interest because
of their promising applications in nonlinear optics (NLO),
organic light-emitting diodes (OLEDs), and luminescence
sensors.” The combination of electron-donating and electron-
withdrawing heteroaromatics is one of the most efficient
strategies to construct such push—pull fluorophores, because a
judicious choice of heteroaromatics as a building block could
facilitate simultaneous manipulation of the HOMO and LUMO
levels and the emission color of the resulting molecules.
Carbazole is one of the most important fluorescent and
electron-donating heteroaromatics with rich structural diversity.
Hence, oligo/polycarbazoles and related compounds are now
representative benchmark materials in organic electronics.”
Recently, the carbazole fragment has been widely used as a
building block of push—pull fluorophores for various
applications.” Particularly, after the seminal work by Adachi
and co-workers,”” nonplanar carbazole-based push—pull
fluorophores have been extensively prepared and investigated
as promising materials for OLEDs utilizing thermally activated
delayed fluorescence.”

During the past decade, there has been strong interest in the
synthesis of pyrimidine-based chromophores.”'’ Pyrimidine Received: June 21, 2015
has a highly 7-deficient character, and its 2,4,6-positions can be Published: August 24, 2015
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Chart 1. Carbazole—Pyrimidine Conjugates 1—17
R

N/gN
¢ > ®
Et—N N-Et

2: R=SMe
3: R=0Me
aRrR=—\_)
5: R=S8S0,Me
6: R=CN

R

17: R = SMe

which the carbazole groups are connected at the 4,6-positions
of the pyrimidine ring either directly or via ethynylene or
vinylene spacers and various electron-donating or electron-
withdrawing substituents are introduced at the 2-position of
pyrimidine. Although some carbazole—pyrimidine-based con-
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jugates have been synthesized," there is no report on 4,6-
bis(carbazol-3-yl)pyrimidine derivatives so far. The compre-
hensive study on physicochemical properties of a large series of
1-17 should permit researchers to establish the general and
useful structure—property relationships of carbazole—pyrimi-
dine conjugates and potentially lead to customization of
photophysical and electrochemical properties for specialized
materials design. We describe herein the synthesis, the
structural features, and the electronic, photophysical, and
electrochemical properties of 1-17 on the basis of X-ray
crystallographic analyses, UV—vis and fluorescence spectral
measurements, fluorescence lifetime measurements, differential
pulse voltammetry, and quantum chemical calculations. The
fluorescence solvatochromism and acid-responsive optical
properties are also evaluated.

B RESULTS AND DISCUSSION

Synthesis. The procedures used to synthesize carbazole—
pyrimidine conjugates 1—17 are summarized in Schemes 1-6.

Scheme 1. Synthesis of 1 and 2
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Scheme 2. Synthesis of 3—6
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With the use of commercially available 4,6-dichloropyrimidine
or 4,6-dichloro-2-(methylsulfanyl)pyrimidine as a starting
material, 1—17 were synthesized within four steps via the Pd-
catalyzed cross-coupling, oxidation, and nucleophilic aromatic
substitution (SyAr) reactions. As shown in Scheme 1,
compounds 1 and 2 were prepared by the Suzuki—Miyaura
coupling'” with boronic acid pinacol ester 18 and the
corresponding dichloropyrimidines in 88% and 95% yields,
respectively.

As shown in Scheme 2, compound 2 was oxidized to
methylsulfonylpyrimidine 5 in 97% yield using mCPBA as an
oxidant. Compound § was subjected to the SyAr reactions with
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Scheme 3. Synthesis of 7—9
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Scheme 4. Synthesis of 10 and 11
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Scheme S. Synthesis of 12—15
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NaOMe, piperidine, and KCN to afford 3, 4, and 6,
respectively, in high yields."®

Compounds 7—9 were prepared by the Liebeskind—Srogl
coupling reaction of 2 with the corresponding phenylboronic
acids 19—21 (Scheme 3), where [Pd(PPh;),] catalyst and
copper(I) thiophene-2-carboxylate (CuTc) cocatalyst were
used."” The reactions of 2 with 19—21 were so slow that 2
was not entirely consumed even though 2 was allowed to react
with an excess amount of 19—21 for more than 18 h.*

The synthesis of 10 and 11 was outlined in Scheme 4. The
Sonogashira reaction of 3-ethynyl-9-ethyl-9H-carbazole (22)

1,4-dioxane
RT

e 15 (55%)

CH,Cl,
0°CtoRT
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Scheme 6. Synthesis of 16 and 17
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and 4,6-dichloro-2-(methylsulfanyl)pyrimidine with
[PACL,(PPh;),] catalyst and Cul cocatalyst produced no
desired 11, and homocoupling product of 22 was exclusively
obtained (Scheme S1 in the Supporting Information). There-
fore, we applied the Suzuki—Miyaura coupling for sp—sp’
carbon bond formation by using an organoboron acetylide.
The “ate-complex” 23 was generated in situ by lithiation of 22
with n-BuLi and subsequent reaction with triisopropoxybor-
ane,”" and then subjected to the Pd-catalyzed cross-coupling
reaction with 4,6-dichloro-2-(methylsulfanyl)pyrimidine to
afford 11 in 76% yield. By the similar cross-coupling procedure,
10 was synthesized in 68% yield.

The mCPBA oxidation of 11 gave 14 quantitatively, and the
following SyAr reactions of 14 with the corresponding
nucleophiles afforded 12, 13, and 15 in moderate-to-high
yields (Scheme 5). We found that the SyAr reactions of 14
proceeded at a lower temperature than those of 5. The higher
electrophilicity of 14 than S should stem from electron-
withdrawing ability of the ethynylene segments in 14.

The Heck reaction of 3-ethenyl-9-ethyl-9H-carbazole (24)
with 4,6-dichloro-2-(methylsulfanyl)pyrimidine by using a
catalyst/base system of [Pd(OAc),] and (o-tolyl);P/Et;N
afforded no desired 17 and resulted in a quantitative recovery
of starting materials (Scheme S2 in the Supporting
Information). As shown in Scheme 6, we applied in situ
preparation of 25 by hydroboration of 22 using catecholborane
and the subsequent Suzuki—Miyaura coupling of 25 with 4,6-
dichloro-2-(methylsulfanyl)pyrimidine in a catalyst/base system
of [Pd(PPh,),]/Na,CO; to afford E,E-17 in 76% yield.”’ In a
similar manner, E,E-16 was obtained in 16% yield.23 The low
yield of E,E-16 is apparently due to the repeated column
chromatography to remove E,Z- and/or Z,Z-stereoisomers. The
mCPBA oxidation of E,E-17 gave not only the E,E-
methylsulfonylpyrimidine derivative as a major product but
the configurational isomers as minor products, and isolation of
the former was unsuccessful even after numerous attempts
(Scheme S3). Therefore, we abandoned further transformation
of E,E-17.

All the compounds 1—17 were fully characterized by various
spectroscopic methods. The stereochemistry of the vinylene
moieties in 16 and 17 was established on the basis of the
coupling constant for vinylic protons in the "H NMR spectra (J
16 Hz). We found very slow isomerization of 16 in

~
~
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chloroform or dichloromethane upon irradiation of room
light:** the solution samples of 16 and 17 for spectroscopic
measurements were prepared under the careful protection of
room light.

Structural Properties. The single crystals of 3, 6, 11, and
14 suitable for X-ray crystallographic analyses were successfully
obtained (Figure 1). The solid-state structures of 3, 6, 11, and

(a)

4

Figure 1. X-ray crystal structures of (a) 3, (b) 6, (c) 11, and (d) 14.
Displacement ellipsoids are shown at the 50% probability level.
Hydrogen atoms and solvent molecules are omitted for clarity.

14 are quasiplanar with torsion angles between the pyrimidine
and carbazole moieties of 3.6°—18.8°, suggesting the effective
m-conjugation between the two heteroaromatic components.
The molecules of 3 and 6 accept the two-cisoid conformation
between the pyrimidine ring and the carbazole 7-system. The
molecules of 11 adopt the two-transoid conformation, while
those of 14 adopt the cisoid and transoid conformations. In all
the crystal structures, no noticeable bond-length alternation is
observed.”

As shown in Figure 2, the 1D column structures through
effective 7—7 stacking interactions are formed in the crystal
structures of 3, 6, and 14.°° The molecules of 3 are packed in a
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Figure 2. Molecular packing of crystals of (a) 3, (b) 6, and (c) 14.
Solvent molecules are omitted for clarity. The packing structures
including solvent molecules are shown in Figure S1 of the Supporting
Information.

head-to-head manner (Figure 2a), while the molecules of 6 and
14 are packed in a head-to-tail manner (Figure 2b,c).
Interestingly, in any of these cases, the electron-donating
carbazole moieties overlap with the electron-withdrawing
pyrimidine moieties with distances 3.37—3.47 A, implying
that the intermolecular D—A interactions between the
carbazole and pyrimidine moieties are a major driving force
to form the observed 1D column structures. In the crystal
packing for 11, almost no effective 7—7 stacking interaction is
observable (Figure S1 in the Supporting Information)

Electronic Properties. The electronic absorption spectra of
1-17 in THF are shown in Figure 3, and their longest
wavelength absorption maxima (4,,*™) are summarized in
Table 1. In the series of 1—6, the compounds except for 4
exhibit similar absorption bands in the region 320—420 nm
with molar extinction coefficients & of 32 000—39 800 mol™ L
cm™" (Figure 3a). Compound 4 displays the broadened
absorption band in the longer wavelength region and the
decreased ¢ value (22300 mol™' L em™) at the longest A,
(367 nm) when compared to 1-3, 5, and 6. This implies that
the piperidyl substituent in 4 contributes to the large electronic
perturbation of the pyrimidine moiety. The longest A,
values of 2—6 are red-shifted relative to that of 1 (360 nm)
by 6—21 nm, and the introduction of electron-withdrawing
SO,Me and CN groups brings about more pronounced red-
shifts than electron-donating SMe and OMe groups. The
longest A values of 7—9 are almost the same as those of the
corresponding 1, 3, and 6, indicating that the benzene ring at
the 2-position has almost no effect on extension of 7-
conjugation (Figure 3b).

The longest A, value of 10 is red-shifted relative to that
of 1 by 22 nm (Figure 3c). The decrease in the optical
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Figure 3. Electronic absorption spectra of (a) 1—6, (b) 7—9, (c) 10—15, and (d) 16 and 17 in THF at RT.
Table 1. Photophysical Properties of 1-17 in THF”
A /nm Aac/nm Avg_y,/cm™ o 7</ns k4/107 57! ky$/107 57!
1 360 395 2460 0.44 1.86 24 30
2 371 394 1570 0.23 1.03 22 74
3 366 388 1550 0.48 1.62 30 32
4 367 408 2740 0.15 1.35 11 63
S 381 426 2770 0.61 2.31 26 17
6 381 427 2830 0.63 2.57 24 14
7 364 391 1900 0.38 1.77 21 35
8 365 385 1420 0.45 1.63 27 34
9 367 408 2740 0.08 5.14 1.5 18
10 382 451 4010 0.74 2.32 32 11
11 396 449 2980 0.61 1.82 34 21
12 388 445 3300 0.63 2.04 31 18
13 393 445 2970 0.21 2.90 7.2 27
14 408 496 4350 0.74 422 18 6.1
15 410 495 4190 0.66 4.26 15 7.9
16 397 463 3590 025 f f f
17 406 464 3080 025 f f f

“The complete data of 1—17 in various solvents are summarized in Tables S1—S3 in the Supporting Information. bAbsolute fluorescence quantum
yields determined by an integrating sphere system. “Fluorescence lifetime. “Radiative decay constant. “Nonradiative decay constant. *The emission

decay profiles were not fitted by single exponential kinetics.

HOMO-LUMO gap in 10 as compared to 1 is attributed to
the effective extension of 7-conjugation.”” The substituent
effects on the longest A values in the series of 10—15 are
almost the same as those in 1—6. Thus, when compared to 10,
the longest A, values of 11—15 are exclusively red-shifted,
and the extent of red-shifts in 14 and 15 having electron-
withdrawing substituents are noticeable (382 nm (10), 408 nm
(14), 410 nm (15)). The ¢ values in the longer wavelength
region of 10—1S are larger than those of the corresponding 1—
6 due to the hyperchromic effect of the alkynyl moieties. As
shown in Figure 3d, the longest Ao values of 16 (397 nm)
and 17 (406 nm) are further red-shifted compared to 10 and
11, respectively, demonstrating that the vinylene spacer
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decreases the optical HOMO—-LUMO gap more efliciently
than the ethynylene spacer in carbazole—pyrimidine con-
jugates.28 The ¢ values of 16 and 17 around the longest A,
are similar to those of 10 and 11, respectively.

Fluorescence Properties. All the compounds in this study
are fluorescent. Figure 4 shows the fluorescence spectra of 1—
17 in THF, and their relevant photophysical data are
summarized in Table 1. The color of the fluorescence of 1—
17 ranges from violet to yellow-green.

Interestingly, the trend for the fluorescence maxima (A,)
in 1—6 was found to be different from that for their longest
absorption maxima (A,,,*). Thus, the 4.,/ values of 4—6 are
red-shifted relative to that of 1, whereas the values of 2 and 3

DOI: 10.1021/acs.joc.5b01409
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Figure 4. Fluorescence spectra of (a) 1-6, (b) 7—9, (c) 10—15, and (d) 16 and 17 in THF at RT. The excitation wavelengths 4., = 320 nm for 1-3,
7, and 8; 330 nm for 6, 9, and 13; 340 nm for 17; 360 nm for 4, S, and 10—12; 370 nm for 14 and 15; and 380 nm for 16. The spectra of § and 6 are
highly overlapped accidentally. The peaks attributed to Raman scattering are labeled with an asterisk.

are not (Figure 4a). This stands in contrast to the finding that
the longest A, values of 2—6 are red-shifted relative to that
of 1 regardless of the substituents at the 2-position of the
pyrimidine moiety. Accordingly, as compared to the Stokes
shift (Avg_p,) for 1, compounds 2 and 3 display the small
Avg_,, values, and 4—6 show the large values. Under the
assumption that the structural changes of the molecule between
the ground and excited states in 1—6 are similar to each other,
these results suggest that their polarity difference between the
ground and excited states depends on the substituent on the
pyrimidine moiety, and thereby 1—6 differ in the extent of
stabilization from the Frank—Condon states caused by solvent
relaxation. Thus, it seems that in general the polarity difference
between the ground and excited states decreases with regard to
the electron-donating substituents, while it increases with
regard to the electron-withdrawing substituents. We note that
the Avg_,,, value for the strongly electron-donating piperidyl-
substituted 4 is larger than that for 1, the reason for which may
be that the electronic structure of 4 is largely different from
those of 1-3, S, and 6 (vide supra).

The shape of the fluorescence spectra of 7 and 8 is nearly
identical to that of 1 and 3, respectively, and both 4, and
Avg_,, values of 7 and 8 are similar to those of 1 and 3,
respectively (Figure 4b). This observation clearly confirms that
the electronic structures in the excited state as well as the
ground state of 7 and 8 resemble those of the corresponding 1
and 3. Compound 9 features the highly broadened fluorescence
spectrum as compared to 6, and the tail of the spectrum of 9
reaches into about 600 nm, indicating that 6 and 9 differ in the
electronic structures in the excited state.

Similar to the change of the longest A, values of 1—6 and
10—15 as described above, the A, values of 10—15 are red-
shifted compared to those of the corresponding 1—6 by 37—70
nm (Figure 4c). Compounds 10—15 feature larger Avg_,
values than the corresponding 1—6, suggesting that the
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ethynylene spacers enhance the polarity difference between
the ground and excited states (vide infra). In the series of 10—
15, as is the case with 1-6, the -electron-withdrawing
substituents on the pyrimidine moiety result in the pronounced
red-shifts of the A, values and thus increase the Avg_,,
values, while the electron-donating substituents decrease the
Avg_y, values. As shown in Figure 4d, the A, values of 16
and 17 having vinylene spacers are further red-shifted relative
to those of 10 by 12 nm and 11 by 15 nm, respectively, which is
consistent with the finding that 16 and 17 display the red-
shifted 1,,,,™ values compared to 10 and 11, respectively.

We determined the absolute fluorescence quantum yields
(®f) of 1—17 in THF (Table 1). The ®; values of 1—17 vary
from 0.08 to 0.74. The important effects of substituents and
spacers on the @; values are summarized as follows: (1) The
electron-withdrawing substituents tend to ensure higher @
values than the electron-donating substituents (0.44 (1), 0.23
(2), 0.61 (5)). (2) The introduction of the ethynylene spacer
increases the @; values, whereas that of the vinylene spacer
decreases the values (0.74 (10), 0.25 (16)). (3) The
attachment of the benzene ring at the 2-position of the
pyrimidine ring is ineffective in increasing the ®; values. Rather,
9 displays the extremely low ®; value of 0.08. (4) The piperidyl
substituent markedly decreases the @; values (0.15 (4), 0.21
(13)), which may be attributed to the lone pair on piperidyl
nitrogen atoms.

To obtain further insight into the relationship between the
structure and photophysical properties of 1—17, we determined
the fluorescence lifetimes (7;) with the time-correlated single-
photon counting method and calculated the radiative (k,) and
nonradiative (k,,) decay constants from the singlet excited
state, based on the equations k, = ®/7; and k,, = (1 — @;)/7;
(Table 1). The emission decay profiles of 1—15 were
numerically fitted by single exponential kinetics, whereas
those of 16 and 17 were not: reliable k, and k,, values for 16
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and 17 were not obtained. This implies that the photo-
isomerization in 16 and 17 occurs during the fluorescence
lifetime measurements. In the series 1—6, the substituents affect
the values of k,, more than k,. For example, the k,, value for 2 is
almost twice as large as that for 1, whereas the k, value for 2 is
comparable to that for 1. This confirms that the lower ®; value
for 2 as compared to that for 1 is attributed to the faster
nonradiative process from the singlet excited state in 2.
Exceptionally, the k, value for 4 is almost one-half the values for
1-3, 5, and 6. Thus, the reason for the significantly low ®;
value of 4 relative to 1-3, S, and 6 is that the piperidyl
substituent in 4 not only accelerates the nonradiative process
but also decelerates the radiative process. The values of both k,
and k. for 7 and 8 are comparable to those for 1 and 2,
respectively. Compounds 6 and 9 show similar k. values;
however, 9 displays the extremely low k, value of 1.5 X 107 s™*
compared to that for 6 (24 X 107 s™*). The k, value for 9 is the
lowest value in the present study. This demonstrates that the
fluorescence quenching in 9 results from its significantly slow
radiative process. The k,, values for 10—15 are exclusively
lower than those for the corresponding 1—6. This clearly
indicates that the ethynylene spacers effectively suppress the
nonradiative process, leading to the enhancement of the
fluorescence efficiency in 10—1S. It is worth stating that the
remarkably higher ®; values of 10—12 as compared to the
corresponding 1—3 also derive from the promotion of the
radiative process together with the suppression of the
nonradiative process in the former.

To investigate the solvent effects on the photophysical
properties, we measured the UV—vis and fluorescence spectra
in various media from nonpolar to polar solvents, namely,
toluene, EtOAc, CH,Cl,, and DMF. Notably, pronounced
positive fluorescence solvatochromism depending on the
solvent polarity is observed for 1—17 (Figure S and Figures

Tm_

toluene

— THF

8 1 EtOAc
——— CH,Cl,

61 —— DMF

Normalized int. (a.u.)
E>

400

450

500 550 600

Alnm ——»

650 700

Figure S. Fluorescence spectra of 14 in various solvents at RT. 4., =
370 nm. The peak attributed to Raman scattering is labeled with an
asterisk.

S4—S9), whereas their UV—vis spectra exhibit almost no
solvatochromism (A, ™™ < 8 nm). As a typical example,
Figure S shows the fluorescence spectra of 14 in various
solvents. Upon increasing the solvent polarity from toluene to
DMEF,” the longest A, values of 14 are markedly red-shifted
(447 nm in toluene, 550 nm in DMF), and the spectra are
broadened. This clearly indicates that 1—17 have a more polar
electronic structure in the excited state, namely, an intra-
molecular CT state, than in the ground state. We measured the
@; values of 1—17 in various solvents (Tables S1—S4) but
could not find any general relationship between the solvent
polarity and their ®; values. It is noteworthy that a number of
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carbazole—pyrimidine conjugates in the present study display
the @; values more than 0.5 even in polar DMF; the
fluorescence quenching in polar solvents is observed in many
push—pull fluorophores.

The Reichardt equation allows a quantitative treatment of
the observed fluorescence solvatochromism for 1—17.° The
solvent-dependent Stokes shifts (Avy_,,,) were plotted against
the normalized solvent polarity (E;") of Reichardt according to

Avg_ g = mETN + constant (Reichardt equation)

where m represents the slope of the linear relationship
corresponding to the above equation. Consequently, the
spectral shifts of the emission were found to follow a linear
trend in general (Figures S10 and S11), thus confirming the
ICT emission.”’ The change in dipole moment (Aﬂe_g) from
the ground to the excited state can be calculated with the
following equation

Ay _, = (81m/(11307.6(6.2/a)"))*

where a represents the Onsager radius of the solute. Therefore,
assuming that the cavity radii of molecules is similar, the steep
slope in the Reichardt plot, that is, a high m value, provides high
Ap,_, values, namely, the large difference of the dipole moment
of molecules from the ground to the excited state. Interestingly,
the slope in the Reichardt plot for 10 is apparently steeper than
that for 1 and 16 (Figure 6), and thereby the Ay,_, value for 10

7000 -

6000 -

5000

4000 A

3000 -

Stokes shift (vq_aps)/cm!

2000 -

1000 T T T T

0.5

Figure 6. Reichardt plots for 1, 10, and 16. The goodness of fit
parameter * = 0.91 (1), 0.96 (10), and 0.96 (16).

should be larger than that for 1 and 16. This indicates that the
ethynylene spacers bring about the large difference of the
dipole moment of molecules relative to the vinylene spacers.
Photophysical Properties upon Addition of TFA. Some
pyrimidine derivatives are known to function as colorimetric
and/or fluorescent pH sensors due to the basic character of the
nitrogen atoms of the pyrimidine ring,lzc_e and hence we
subjected 1 to titration-based analysis. Here, UV—vis and
fluorescence spectral changes of 1 upon addition of trifluoro-
acetic acid (TFA) in CH,Cl, were monitored (Figure 7). Upon
addition of TFA, the absorption maxima at 286, 349, and 360
nm were seen to decrease, and a new absorption around 450
nm was found to increase (Figure 7a). The fluorescence
emission at 417 nm of 1 was found to decrease upon addition
of TFA, and a new fluorescence around 530 nm was seen to
increase (Figure 7b). The observed spectral chan§es indicated
the formation of the protonated species of 1. Almost no
spectral change was observed by addition of more than 6300
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Figure 7. (a) Electronic absorption and (b) fluorescence spectral
change of 1 in CH,Cl, (1 X 107> mol L™") upon addition of TFA at
RT. 4., = 350 nm. The inset shows the color changes upon addition of
10 000 equiv of TFA.

equiv of TFA: the absorbance hardly changed in the UV—vis
spectra, and the original emission at 417 nm was completely
quenched in the fluorescence spectra.”® The red-shift of the
absorption is explained by the effective lowering of the LUMO
level compared to the HOMO level,”* namely, the decrease in
the HOMO—-LUMO gap by protonation of the pyrimidine
ring. Accordingly, the CH,Cl, solution of 1 underwent a
significant color change from colorless to yellow upon addition
of an excess amount of TFA, and the fluorescence color of the
solution was also seen to change from sky blue to yellow.
Neutralization with Et;N almost regenerated the original UV—
vis and fluorescence spectra (Figure S12).

We investigated the changes of the UV—vis and fluorescence
spectra and the ®; values of 2—9 together with 1 upon addition
of 10 000 equiv of TFA in CH,Cl, at 1 X 107> mol L™" (Table
2). As is the case with 1, the CH,Cl, solutions of 2—4 and 7—9
underwent significant spectral changes in the presence of TFA,
clearly indicating the formation of protonated species (Figures
S13—S15).”> In the UV—vis spectra, the original absorptions
around 350 nm decrease, and new absorptions around 450 nm
appear. Moreover, in the fluorescence spectra, the original
fluorescence emission bands around 410 nm disappear, and
new emission bands around 510—570 nm appear. The clear
relationship between the change of the ®; values and the
substituents on the pyrimidine moiety was not observable.
Thus, the ®; values of 1 and 7 decreased after protonation, and
surprisingly those of 2 and 4 increased. The values of 3, 8, and
9 varied only slightly.

In contrast, S and 6 afforded almost no UV—vis spectral
changes upon addition of an excess amount of TFA (Figure
S14); the new absorptions for § and 6 around 530 nm are
extremely weak as compared to those of 1—4 and 7—9 (Figure
S14). This indicated the ineffective protonation of S and 6 as
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Table 2. Photophysical Properties of 1—9 in
Dichloromethane (1 X 10> mol L™") in the Presence and
Absence of TFA (10 000 equiv)“

A /nm Anec/nm oY%
1 463 (360) 546° (414°) 0.28 (0.75)
2 471 (370) 549 (411°) 0.53 (0.31)
3 473 (366) 543° (408°) 0.63 (0.69)
4 445 (371) 5139 (4147) 0.46 (0.15)
5 533 (384) 4377 (4377 0.15 (0.72)
6 523 (381) 4357 (4357 0.16 (0.29)
7 484 (363) 552 (405°) 0.43 (0.65)
8 477 (364) 548° (405°) 0.48 (0.42)
9 477 (365) 574° (420°) 0.08 (0.11)

“The values in the absence of TFA are in the parentheses. “Absolute
fluorescence quantum yields determined by an integrating sphere
system. “Ae = 350 nm. @ e = 360 nm. °A,, = 340 nm.

compared to 1—4 and 7—9: the electron-withdrawing SO,Me
and CN groups in § and 6, respectively, should decrease the
basicity of the pyrimidine nitrogen atoms.”® The fluorescence
emission spectra of § and 6 were suppressed monotonically and
thus the @; values of S and 6 decreased by addition of TFA
(Table 2): a red-shifted emission band was not observed for §
and 6. This finding suggests the nonfluorescent nature of the
protonated species of § and 6.

Electrochemical Properties. We first performed cyclic
voltammetry (CV) experiments on 1—17 in 0-DCB (0.1 mol
L™ n-Bu,NPF,, standard Fc'/Fc) to investigate their electro-
chemical properties. Compounds 1—13, 16, and 17 underwent
carbazole-centered two le™ oxidation steps, while 14 and 15
exhibited one 2e” oxidation step (Figures S16 and S17).
Compounds 2, §, 6, and 9—17 experienced a pyrimidine-
centered one le” reduction step; however, the reduction
behavior for 1, 3, 4, 7, and 8 was not clear: the substantial peak
amplitude was observed around —2.6 V. This suggests that the
anionic species for 1, 3, 4, 7, and 8 rapidly decomposed upon
electrochemical reduction due to the instability and/or their
reduction potentials are outside the potential window.

The redox behaviors of 1—17 were further investigated by
differential pulse voltammetry (DPV) in 0-DCB (Table 3),
because DPV offers better sensitivity than CV and leads to
steeper peak onsets due to the sharper current response. All the
compounds underwent the oxidation processes, and the
compounds except for 4 experienced the reduction processes
(Figures S18 and S19). The fact that the reduction process was
not observed for 4 is attributable to the strongly electron-
donating piperidyl group, which should decrease the electron-
withdrawing ability of the pyrimidine ring substantially. It is
likely that the functional groups on the pyrimidine ring in 1—6
affect the reduction potentials (E,.q) relative to the oxidation
potentials (E,). Interestingly, the reductions are apparently
facilitated for 2 and 3 compared to 1 (—2.73 V (1), —2.55 V
(2), —2.68 V (3)), indicating that both SMe and OMe groups
in 2 and 3, respectively, function as an electron-withdrawing
group. When compared to the E, 4 values of 2 and 3, those of §
and 6 are anodically shifted due to the strongly electron-
withdrawing ability of SO,Me and CN groups. Noticeably, the
substituent effects on the E,.4 values observed in 1—6 hold true
for 10-15.

Compounds 7, 8, and 9 are oxidized at almost the same
potential as those of the corresponding 1, 3, and 6.
Additionally, the E, .4 values of 8 and 9 are similar to those of
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Table 3. Oxidation and Reductlon Potentials of 1—17 by DPV (0.1 mol L™! n- Bu4NPF6) in 0-DCB,” Theoretically Calculated
HOMO and LUMO Levels,” and Electrochemical (AE,.4,,)," Theoretical (AE_,,),” and Optical Gaps (AE,,)*

E./V E,a/V HOMO"/eV
1 0.75, 0.96 -2.73 —-5.58
2 0.73, 0.93 -2.55 -5.57
3 0.72, 0.92 —2.68 —5.53
4 0.63, 0.88 f —5.34
5 0.78, 0.94 —228 —-5.79
6 0.79, 0.94 -2.30 —-5.79
7 0.73, 0.92 —2.60 —-5.58
8 0.72, 0.92 -2.72 —-5.51
9 0.73, 0.92 —2.30 —5.74
10 0.80, 0.93 -221 —5.60
11 0.77, 0.88 -2.11 -5.59
12 0.77, 0.87 -2.16 —5.56
13 0.72, 0.87 -2.36 -5.37
14 0.82, 0.90 —1.84 —5.78
15 0.84, 0.88 —1.86 —5.78
16 0.55, 0.78 -2.26 —5.38
17 0.55, 0.82 —2.18 —5.38

LUMO"/eV AE, 4, /V AE_;q/eV AE,,/eV
—1.54 3.48 4.04 3.44
—1.59 328 3.98 334
-1.51 3.40 4.02 339
-1.28 g 4.06 338
—2.01 3.06 378 325
-1.96 3.09 3.83 325
—1.52 333 4.06 341
—1.45 344 4.06 3.40
-2.08 3.03 3.66 338
—2.00 3.01 3.60 325
—2.04 2.88 3.55 313
-1.96 293 3.60 320
-1.78 3.08 3.59 3.16
—2.45 2.66 333 3.04
-2.39 270 3.39 3.02
—2.00 2.81 338 3.12
—2.04 273 334 3.05

“All potentials are given versus the Fc*/Fc couple used as external standard. Pulse width of 100 ms in a period of 200 ms. Y"B3LYP/6-311G(d,p)//
B3LYP/6- 31G(d) “Electrochemical gap, AE, 4, is defined as the potential difference between the first oxidation potential and the first reduction
potential. “Theoretical gap, AE_.4 is defined as the energy difference between the HOMO and the LUMO calculated by the DFT method. “Optical

gap, AE

opt

is defined as the energy corresponding to the A, in THF. /Not observed. éNot determined.
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Figure 8. FMO plots (B3LYP/6-311G(d,p)//B3LYP/6-31G(d)) of (a) 1, (b) 2, (c) 3, (d) 4, (e) S, (f) 6, (g) 7, (h) 8, (i) 9, (j) 10, and (k) 16. The
lower plots represent the HOMOs, and the upper plots represent the LUMOs. FMO plots of 11—-15 and 17 are shown in Figure S25 in the

Supporting Information.

3 and 6, respectively. These findings support the negligible
effect of the benzene ring at the 2-position of the pyrimidine
moiety on both the HOMO and LUMO levels; however, the
reason for the positive shift of the E, .4 value of 7 relative to 1 by
130 mV is unclear at present.

Compounds 10—17 with 7z-spacers displayed remarkable
anodic shifts of the E,.4 values (—2.36 to —1.84 V) relative to
those (—2.73 to —2.28 V) of the corresponding 1-6,
demonstrating that both the ethynylene and vinylene spacers
substantially lower the LUMO levels. The E, values of 10—15
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are positively shifted compared to those of the corresponding
1—6 by 40—90 mV, while the values of 16 and 17 are negatively
shifted relative to those of 1 by 200 mV and 2 by 180 mV,
respectively. Hence, the ethynylene spacer lowers the HOMO
levels together with the LUMO levels, whereas the vinylene
spacer elevates the HOMO levels.””

We calculated the differences between the E_, and E, 4 values
determined by DPV analyses, namely, the electrochemical
HOMO-LUMO gaps (AE, ) of the compounds except for 4
(Table 3). A plot of the optical gaps (AEopt), calculated from
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the longest A values in THF, against the AE 4, values
shows substantial deviation of 9 and 13 from a linear
correlation (Figure S20a in the Supporting Information).
This suggests that the frontier molecular orbitals (FMOs)
responsible for the optical gaps of 9 and 13 are different from
those for the electrochemical gaps and/or the distribution of
FMOs involved with the electronic transition in the longer
wavelength region of 9 and 13 is distinctively different from
that of other compounds (vide infra).

Quantum Chemical Calculations. To obtain further
insight into the electronic properties of 1—17, we performed
their geometrical optimization and FMO calculations.”® We
used the molecular structures of 1—17 with the two-cisoid
conformation as the initial structures for the geometrical
optimization due to the following reasons: (1) As determined
by X-ray diffraction analyses, 3 and 6 adopt the two-cisoid
conformation in the solid state. (2) The dipole moments of the
molecules with the two-cisoid conformation are smaller than
those with the two-transoid or the cisoid—transoid conformation
regardless of the substituent at the 2-position of the pyrimidine
ring (Figures S21—S23 in the Supporting Information). The
FMO plots and the HOMO and LUMO levels were obtained
by the single-point calculations at the B3LYP/6-311G(d,p)//
B3LYP/6-31G(d) level of theory. The results are summarized
in Table 3, and the HOMOs and LUMOs of 1—17 are shown
in Figure 8 and Figure S25. The geometrical optimization
suggests that the conjugated backbone of 1—9 presents a minor
deviation from planarity, and thus the dihedral angles of the
pyrimidine and carbazole moieties in 1—9 are calculated to be
ca. 13° due to the steric repulsion of the hydrogen atoms at the
S-position of pyrimidine and the 4-position of carbazole. In
contrast, 10—17 have an almost completely planar structure
owing to the release of the above-mentioned steric repulsion by
-spacers.”” Except for 4, 9, and 13, the HOMOs and LUMOs
of the molecules are mainly localized in the carbazole and
pyrimidine moieties, respectively. The HOMOs of 4 and 13 are
delocalized over almost the whole molecular framework: they
have large contribution from the pyrimidine and piperidine
moieties as well as the carbazole moieties. This apparently
visualizes the pronounced electronic perturbation of the
piperidyl group in 4 and 13. The LUMO density of 9 is fully
localized in the pyrimidine and cyanophenyl moieties: the
LUMO of 9 has almost no contribution from the carbazole
moiety. In 10—17, the ethynylene and vinylene spacers
contribute to both the HOMOs and LUMOs, clearly indicating
the efficient extension of #z-conjugation as a result of the
introduction of spacers. A plot of HOMO-LUMO gaps
(AEeq) by DFT calculations against the AE, .4, values shows
a linear correlation (Figure S20b). The AE_,4 values are larger
than the AE 4, values by 0.5—-0.7 eV, probably reflecting that
the calculations were performed under the gas-phase
conditions.

It is interesting to note that the electron density distributions
in the LUMOs of the compounds except for 9 are similar to
each other, and the 2-position of the pyrimidine moiety lies in
the nodal plane of the LUMOs. This finding suggests that the
inductive effect of the substituents at the 2-position of
pyrimidine on the LUMOs exceeds the resonance effect,
which rationalizes the fact that the E, 4 values of 2, 3, and 7
with SMe, OMe, and phenyl groups, respectively, are positively
shifted relative to that of 1.*

We carried out the time-dependent (TD) DFT calculations
for 1—17 at the TD-B3LYP/6-31G(d)//B3LYP/6-31G(d)
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level to study their electronic transitions (Table S6 in the
Supporting Information). Except for 9, the absorption maxima
in the low-energy region are mainly attributed to the HOMO—
LUMO transitions from the carbazole donor to the pyrimidine
acceptor moieties with ICT character. On the other hand, the
absorption maximum of 9 is related to the HOMO—-LUMO +
1 transition, and the HOMO—LUMO transition is forbidden in
9,*! which may be one of the reasons for its broad emission
bands (vide supra) and low @; values (0.07—0.34). The
electronic distribution of the LUMO + 1 of 9 resembles that of
the LUMOs of 1-8 (Figure S24), and hence the HOMO—
LUMO + 1 transition of 9 can also be recognized as the ICT
transition.”” In general, the longest 4, values estimated by
the calculations are in good agreement with those obtained by
the experiments. Thus, the calculations reproduced well the
experimentally observed findings that the substituents at the 2-
position of pyrimidine and the 7-spacers between the carbazole
and Eyrimidine moieties lead to the red-shifts of the longest
A values.

B CONCLUSION

We have synthesized a series of carbazole—pyrimidine
conjugates 1—17 by means of the Pd-catalyzed cross-coupling,
oxidation, and nucleophilic aromatic substitution (SyAr)
reactions. The X-ray crystal structures of 3, 6, 11, and 14
revealed that the carbazole and pyrimidine moieties are
effectively conjugated, and the electron-donating carbazole
moiety tends to overlap with the electron-accepting pyrimidine
moiety in the solid state. The properties of 1—17 were
approached by electronic absorption and fluorescence spectral
measurements, DPV, and DFT calculations, and the effects of
substituents at the 2-position of the pyrimidine ring and 7-
spacers between the carbazole and pyrimidine moieties on their
properties were revealed. Their electronic absorption spectra
were dominated by ICT absorptions in the UV—vis region of
320—420 nm. The electron-withdrawing substituents and the
vinylene spacer relative to the electron-donating substituents
and the ethynylene spacer, respectively, lead to distinctive red-
shifts of the longest 4,,,,,* values. Compounds 1—17 essentially
exhibit strong fluorescence in violet, blue, green, or yellow-
green color with large Stokes shifts depending on the solvent
polarity characteristic of ICT fluorophores. Most of 1—9
display pronounced change in optical and fluorescence
properties upon addition of TFA, and some of the compounds
show remarkable fluorescence even when they are protonated.
The compounds presented herein displayed electrochemical
amphoterism in 0-DCB except for 4. Their electron-accepting
ability can be altered by the inductive effects of substituents on
the pyrimidine ring. The ethynylene spacer lowers both the
HOMO and LUMO levels, whereas the vinylene spacer
elevates the HOMO level and lowers the LUMO level. We
expect that the adjustable electronic absorption, fluorescence,
and electrochemical properties and the established and efficient
methodologies for derivatization, together, make carbazole—
pyrimidine conjugates promising candidates as photophysically
and electrochemically active functional materials. Further
structural functionalization of mixed z-systems comprising
carbazole and pyrimidine is currently underway in our group.

B EXPERIMENTAL SECTION

Preparation of 9-Ethyl-3-[6-(9-ethyl-9H-carbazol-3-yl)-
pyrimidin-4-yl]-9H-carbazole (1). A mixture of 4,6-dichloropy-
rimidine (39 mg, 0.26 mmol) and 18 (0.21 g, 0.65 mmol) in DME (10

DOI: 10.1021/acs.joc.5b01409
J. Org. Chem. 2015, 80, 9076—9090


http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01409/suppl_file/jo5b01409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01409/suppl_file/jo5b01409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01409/suppl_file/jo5b01409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01409/suppl_file/jo5b01409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01409/suppl_file/jo5b01409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01409/suppl_file/jo5b01409_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.5b01409

The Journal of Organic Chemistry

mL) and aqueous NaHCO; (2 mol L™, 3 mL) was bubbled with
argon for 0.5 h. [Pd(PPh;),] (18 mg, 1S pmol) was added to the
mixture, and the resulting mixture was refluxed for 15 h under argon
atmosphere. After addition of water (10 mL), the organic phase was
separated, and the aqueous phase was extracted with toluene (10 mL X
3). The combined organic phase was washed with water (10 mL X 2),
dried over anhydrous MgSO,, and concentrated under reduced
pressure. The residue was purified by column chromatography (silica
gel, toluene/EtOAc) to give 1 (0.10 g, 88%) as white solids. Mp 176—
177 °C. 'H NMR (500 MHz, CDCL): & 9.36 (1H, s), 8.93 (2H, s),
8.27-8.24 (4H, m), 8.17 (1H, s), 7.50 (2H, t, ] = 7.2 Hz), 7.41 (2H, d,
] =8.6Hz), 737 (2H, d, ] = 82 Hz), 7.32 (2H, t, ] = 7.2 Hz), 427
(4H, q, ] = 7.2 Hz), 141 (6H, t, ] = 7.2 Hz). ®C NMR (125 MHz,
CDCL,): 5 164.7, 158.9, 141.6, 140.5, 127.8, 126.2, 124.8, 123.4, 1232,
120.8, 119.7, 119.5, 111.4, 108.8, 108.6, 37.6, 13.8. UV—vis (CH,CL):
Ao (€) 360 (35400), 348 (38 600), 286 nm (42 400). HR-ESI-
TOEF-MS: m/z calcd for C;,H,,N,* 467.2236, found 467.2226 [(M +
H)*].

Preparation of 9-Ethyl-3-[6-(9-ethyl-9H-carbazol-3-yl)-2-
(methylsulfanyl)pyrimidin-4-yl]-9H-carbazole (2). A mixture of
4,6-dichloro-2-(methylsulfanyl)pyrimidine (0.29 g, 1.5 mmol) and 18
(12 g 3.7 mmol) in DME (20 mL) and aqueous NaHCO; (2 mol
L™, 5 mL) was bubbled with argon for 0.5 h. [Pd(PPh;),] (0.10 g, 90
umol) was added to the mixture, and the resulting mixture was
refluxed for 15 h under argon atmosphere. After addition of water (10
mL), the organic phase was separated, and the aqueous phase was
extracted with toluene (10 mL X 3). The combined organic phase was
washed with water (10 mL X 2), dried over anhydrous MgSO,, and
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, toluene/hexane = 6:1) to give 2
(0.72 g, 95%) as white solids. Mp 208—211 °C. '"H NMR (500 MHg,
CDCly): 6 897 (2H, d, ] = 1.8 Hz), 8.38 (2H, dd, ] = 8.6, 1.8 Hz),
826 (2H, d, ] = 7.5 Hz), 8.01 (1H, s), 7.54—7.51 (4H, m), 7.46 (2H,
d,J=8.1Hz),7.32 (2H, t, ] = 7.5 Hz), 443 (4H, q, ] = 7.5 Hz), 2.83
(3H, s), 1.49 (6H, t, ] = 7.5 Hz). 3C NMR (125 MHz, CDCL): §
172.0, 164.9, 141.6, 140.5, 127.9, 126.1, 125.1, 123.34, 123.20, 120.7,
119.8, 119.4, 108.8, 108.5, 106.9, 37.7, 14.4, 13.8. UV—vis (CH,CL,):
Ao (€) 370 (37300), 350 (33900), 294 nm (48 000). HR-ESI-
TOF-MS: m/z caled for C33H,0N,S* 513.2107, found 513.2117 [(M +
H)'].

Preparation of 9-Ethyl-3-[6-(9-ethyl-9H-carbazol-3-yl)-2-me-
thoxypyrimidin-4-yl]-9H-carbazole (3). To a suspension of NaH
(60%, 10 mg, 0.25 mmol) in DMF was added methanol (0.10 mL, 2.5
mmol) at room temperature under argon atmosphere. Then, 5 (30
mg, 55 pmol) was added to the mixture, and the resulting mixture was
stirred at 60 °C for 1.5 h. After addition of water (10 mL), the aqueous
phase was extracted with CH,Cl, (10 mL X 3). The organic phase was
washed with water (10 mL X 3), dried over anhydrous MgSO,, and
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, toluene) to give 3 (28 mg, 85%) as
white solids. Mp 190—192 °C. '"H NMR (500 MHz, CDCL): § 9.00
(2H, 5), 837 (2H, d, ] = 8.6 Hz), 826 (2H, d, ] = 7.7 Hz), 7.99 (1H,
s), 7.54—7.48 (4H, m), 744 (2H, d, J = 82 Hz), 7.32 QH, t, J = 7.7
Hz), 439 (4H, q, ] = 7.4 Hz), 427 (3H, s), 1.47 (6H, t, ] = 7.4 Hz).
3C NMR (125 MHz, CDCL): § 167.3, 166.2, 141.7, 140.6, 128.0,
1262, 1252, 123.43, 123.37, 120.9, 120.0, 119.6, 108.9, 108.6, 105.5,
54.8, 37.8, 13.9. UV—vis (CH,CL): 4, (¢) 369 (36800), 351
(31900), 282 nm (43300). HR-ESI-TOF-MS: m/z caled for
C33H,0N, 0" 497.2341, found 497.2328 [(M + H)*].

Preparation of 9-Ethyl-3-[6-(9-ethyl-9H-carbazol-3-yl)-2-(pi-
peridin-1-yl)pyrimidin-4-yl]-9H-carbazole (4). A mixture of § (32
mg, 59 pmol) and piperidine (34 yL, 0.34 mmol) in 1,4-dioxane (S
mL) was heated at 50 °C for 20 h under argon atmosphere. After
addition of water, the organic phase was separated, and the aqueous
phase was extracted with EtOAc (10 mL X 3). The combined organic
phase was washed with water (10 mL X 3), dried over anhydrous
MgSO,, and concentrated under reduced pressure. The residue was
purified by column chromatography (silica gel, toluene) to give 4 (30
mg, 93%) as white solids. Mp 129—131 °C. '"H NMR (500 MHz,
CDCly): 6 8.96 (2H, s), 8.40 (2H, d, J = 8.4 Hz), 8.29 (2H, d, ] = 7.6
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Hz), 7.66 (1H, s), 7.54—7.50 (4H, m), 7.46 (2H, d, ] = 8.4 Hz), 7.32
(2H, t, ] = 7.6 Hz), 442 (4H, q, ] = 7.2 Hz), 4.15 (4H, brs), 1.79 (6H,
brs), 1.48 (6H, t, ] = 7.2 Hz). *C NMR (125 MHz, CDCL): 6 165.5,
162.6, 1414, 140.5, 129.7, 126.0, 125.2, 123.46, 123.29, 120.8, 119.6,
119.3, 108.8, 108.4, 100.8, 45.1, 37.8, 26.1, 253, 13.9. UV—vis
(CH,CL,): A,.™ (£) 371 (21 600), 349 (19 600), 328 (24 800), 295
nm (54 600). HR-ESI-TOF-MS: m/z caled for C;;HyN" 550.2971,
found 5502961 [(M + H)*].

Preparation of 9-Ethyl-3-[6-(9-ethyl-9H-carbazol-3-yl)-2-
methanesulfonylpyrimidin-4-yl]-9H-carbazole (5). To a solution
of 2 (0.10 g 020 mmol) in CH,Cl, (15 mL) was added m-
chloroperoxybenzoic acid (77%, 0.22 g, 0.98 mmol) at 0 °C. The
resulting mixture was warmed to room temperature and stirred for 2 h.
After addition of aqueous Na,$,05 (10%, 20 mL), the organic phase
was separated, and the aqueous phase was extracted with CH,Cl, (10
mL X 3). The combined organic phase was washed successively with
aqueous Na,$,0; (10%, 10 mL X 3) and aqueous NaHCO; (1 mol
L7, 10 mL X 3), dried over anhydrous MgSO,, and concentrated
under reduced pressure. The residue was purified by column
chromatography (silica gel, CH,Cl,) to give S (0.10 g 97%) as
yellow solids. Mp 241—243 °C. 'H NMR (500 MHz, CDCL,): & 8.87
(2H, s), 827 (2H, d, ] = 8.6 Hz), 8.23 (1H, s), 822 (2H, t, ] = 7.6
Hz), 7.50 (2H, t, ] = 7.6 Hz), 7.38—7.43 (4H, m), 7.31 (2H,t, ] = 7.6
Hz), 433 (4H, q, ] = 7.2 Hz), 3.51 (3H, s), 1.45 (6H, t, ] = 7.2 Hz).
BC NMR (125 MHz, CDCLy): § 166.2, 142.2, 140.6, 126.5, 126.0,
128.3, 123.5, 123.1, 121.0, 120.3, 119.9, 112.3, 109.0, 108.8, 39.2, 37.8,
13.9 (17 signals out of 18 expected). UV—vis (CH,CL): 4,,*> (&)
384 (36 500), 353 (25 800), 308 (29 800), 285 nm (30 200). HR-ESI-
TOF-MS: m/z caled for Cy3H,gN,O,S" 5452011, found 545.1993
(M +H)"].

Preparation of 4,6-Bis(9-ethyl-9H-carbazol-3-yl)pyrimidine-
2-carbonitrile (6). A mixture of § (30 mg, S5 pymol) and KCN (8.0
mg, 0.12 mmol) in DMF was heated at 140 °C for 1 h under argon
atmosphere. After addition of saturated aqueous NaHCO; (S0 mL),
the aqueous phase was extracted with CH,Cl, (10 mL X 3). The
organic phase was washed with saturated aqueous NaHCO; (S0 mL X
3), dried over anhydrous Na,SO,, and concentrated under reduced
pressure. The residue was purified by column chromatography (silica
gel, toluene) to give 6 (27 mg, quant) as yellow solids. Mp 219—221
°C. 'H NMR (500 MHz, CDCl,): § 8.99 (2H, s), 8.40 (1H, s), 8.35
(2H, d,] = 8.9 Hz), 8.27 (2H, d, ] = 7.5 Hz), 7.56—7.54 (4H, m), 7.47
(2H, d, ] = 89 Hz) 7.34 (2H, t, ] = 7.5 Hz), 444 (4H, q, ] = 7.1 Hz),
1.50 (6H, t, ] = 7.1 Hz). *C NMR (125 MHz, CDCL,): § 165.7, 142.2,
140.7, 126.6, 125.9, 125.0, 123.6, 123.1, 121.00, 120.21, 119.9, 116.9,
112.4, 109.0, 108.9, 37.9, 14.0 (17 signals out of 18 expected). UV—vis
(CH,CL,): 1,,.™ (&) 381 (38300), 310 (31800), 284 nm (29 200).
HR-ESI-TOF-MS: m/z caled for C33H,N* 492.2188, found 492.2165
(M + H)"].

Preparation of 9-Ethyl-3-[6-(9-ethyl-9H-carbazol-3-yl)-2-
phenylpyrimidin-4-yl]-9H-carbazole (7). A mixture of 2 (30 mg,
59 pmol) and 19 (20 mg, 0.16 mmol) in DME (S mL) was bubbled
with argon for 0.5 h. Copper(I) thiophene-2-carboxylate (22 mg, 0.12
mmol) and [Pd(PPh,),] (3 mg, 2.6 pmol) were added to the mixture.
The resulting mixture was refluxed for 23 h under argon atmosphere.
After addition of water (10 mL), the organic phase was separated, and
the aqueous phase was extracted with EtOAc (10 mL X 3). The
combined organic phase was washed with water (10 mL X 3), dried
over anhydrous MgSO,, and concentrated under reduced pressure.
The residue was purified by column chromatography (silica gel,
toluene/hexane = 2:1) to give 7 (13 mg, 43%) as white solids. Mp
238-239 °C. 'H NMR (500 MHz, CDCL,): § 9.10 (2H, s), 8.85 (2H,
d,J=72Hz),852 (2H, d, ] = 8.4 Hz), 8.31 (2H, d, ] = 7.6 Hz), 8.25
(1H, s), 7.61 (2H, t, ] = 7.2 Hz), 7.53—7.57 (SH, m), 747 (2H, d, ] =
8.4 Hz),7.32 (2H, t, ] = 7.2 Hz), 444 (4H, q, ] = 7.2 Hz), 1.50 (6H, t,
J = 7.2 Hz). C NMR (125 MHz, CDCL,): § 165.1, 164.3, 141.7,
140.6, 1389, 1304, 128.78, 128.65, 128.55, 1262, 125.3, 123.54,
123.42, 120.9, 119.9, 119.5, 109.4, 108.95, 108.79, 37.9, 14.0. UV—vis
(CH,CL,): 4,.™ (&) 363 (33 900), 349 (38000), 298 nm (49 000).
HR-ESI-TOE-MS: m/z caled for CygHy N, 5432549, found 5432579
(M + H)'].
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Preparation of 9-Ethyl-3-[6-(9-ethyl-9H-carbazol-3-yl)-2-(4-
methoxyphenyl)pyrimidin-4-yll-9H-carbazole (8). A mixture of 2
(30 mg, 59 pmol) and 20 (18 mg, 0.12 mmol) in methoxycyclo-
pentane (10 mL) was bubbled with argon for 0.5 h. Copper(I)
thiophene-2-carboxylate (22 mg, 0.12 mmol) and [Pd(PPh,),] (3 mg,
2.6 pmol) were added to the mixture. The resulting mixture was
refluxed for 23 h under argon atmosphere. After addition of water (10
mL), the organic phase was separated, and the aqueous phase was
extracted with EtOAc (10 mL X 3). The combined organic phase was
washed with water (10 mL X 3), dried over anhydrous MgSO,, and
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, toluene) to give 8 (12 mg, 36%) as
white solids. Mp 231-233 °C. 'H NMR (300 MHz, CDCL): 5 9.09
(2H, d,] = 1.6 Hz), 8.81 (2H, d, ] = 8.9 Hz), 8.51 (2H, dd, ] = 8.6, 1.6
Hz), 8.31 (2H, d, ] = 7.6 Hz), 8.20 (1H, s), 7.51-7.57 (4H, m), 7.47
(2H, d,J =79 Hz), 7.33 2H, t, ] = 7.6 Hz), 7.12 (2H, d, ] = 8.9 Hz),
4.45 (4H, q, ] = 7.2 Hz), 3.95 (3H, s) 1.51 (6H, t, ] = 7.2 Hz). *C
NMR (75 MHz, CDCl,): § 165.0, 164.1, 161.7, 141.6, 140.6, 131.71,
130.2, 1289, 126.2, 125.3, 123.51, 123.44, 1209, 119.8, 119.5, 113.8,
108.93, 108.84, 108.73, 55.5, 37.9, 14.0. UV—vis (CH,CL): A, (&)
364 (31 000), 349 (34 400), 298 nm (62 500). HR-ESL.TOF-MS: m/z
caled for C4yH13N,O" 573.2654, found 5732653 [(M + H)'].

Preparation of 4-[4,6-Bis(9-ethyl-9H-carbazol-3-yl)-
pyrimidin-2-yllbenzonitrile (9). A mixture of 2 (0.23 g 045
mmol) and 21 (0.13 g, 0.89 mmol) in methoxycyclopentane (40 mL)
was bubbled with argon for 0.5 h. Copper(I) thiophene-2-carboxylate
(0.17 g, 0.89 mmol) and [Pd(PPh;),] (23 mg, 20 pmol) were added
to the mixture. The resulting mixture was refluxed for 18 h under
argon atmosphere. After addition of water (30 mL), the organic phase
was separated, and the aqueous phase was extracted with EtOAc (10
mL X 3). The combined organic phase was washed with water (10 mL
X 3), dried over anhydrous MgSO,, and concentrated under reduced
pressure. The residue was purified by column chromatography (silica
gel, toluene) to give 9 (35 mg, 14%) as white solids. Mp 250—252 °C.
'"H NMR (400 MHz, CDCL;): § 9.04 (2H, d, ] = 1.3 Hz), 8.91 (2H, d,
J = 8.6 Hz), 848 (2H, dd, ] = 8.6, 1.7 Hz), 8.30 (2H, d, ] = 7.6 Hz),
8.26 (1H, s), 7.85 (2H, d, J = 8.6 Hz), 7.53—7.57 (4H, m), 7.48 (2H,
d,J=82Hz),7.34 (2H, t, ] = 7.6 Hz), 444 (4H, q, ] = 7.2 Hz), 1.51
(6H, t, ] = 7.2 Hz). *C NMR (75 MHz, CDCL,): § 164.9, 162.1,
142.9, 141.7, 140.6, 132.1, 128.8, 127.9, 126.3, 125.1, 123.47, 123.29,
120.8, 119.71, 119.64, 119.34, 113.2, 109.7, 108.9, 108.6, 37.8, 14.0.
UV—vis (CH,CL): 4., (£) 365 (39100), 349 (42000), 302
(48800), 279 nm (52600). HR-ESI-TOF-MS: m/z caled for
C3oH;N" 568.2501, found 568.2468 [(M + H)*].

Preparation of 9-Ethyl-3-(2-{6-[2-(9-ethyl-9H-carbazol-3-yl)-
ethynyl]pyrimidin-4-yl}ethynyl)-9H-carbazole (10). To a solu-
tion of 22 (0.36 g, 1.6 mmol) in Et,0 (S mL) was added dropwise n-
BuLi hexane solution (2.69 mol L™}, 0.95 mL, 2.6 mmol) at —78 °C
under argon atmosphere. After the mixture was stirred at =78 °C for 1
h, triisopropoxyborane (0.38 mL, 1.6 mmol) was added dropwise to
the mixture at —78 °C. After the mixture was stirred at —78 °C for 2 h,
a solution of 4,6-dichrolopyrimidine (81 mg, 0.54 mmol) and
[Pd(PPh;),] (40 mg, 35 pmol) in DME (10 mL) was added to the
mixture. The resulting mixture was refluxed for 2.5 h. After addition of
water (10 mL), the organic phase was separated, and the aqueous
phase was extracted with toluene (10 mL X 3). The combined organic
phase was washed with water (10 mL X 3), dried over anhydrous
MgSO,, and concentrated ender reduced pressure. The residue was
purified by column chromatography (silica gel, toluene/EtOAc) to
give 10 (0.19 g, 68%) as yellow solids. Mp 231-233 °C. '"H NMR
(400 MHz, CDClLy): 6 9.17 (1H, d, J = 1.4 Hz), 841 (2H, d, J = 1.4
Hz),8.11 (2H, d, ] = 7.8 Hz), 7.73 (2H, dd, ] = 8.5, 7.8 Hz), 7.64 (1H,
d,J=14Hz),7.52 (2H,ddd, ] = 8.2,7.1, 1.1 Hz), 7.42 (2H, d, ] = 8.2
Hz),7.39 (2H, d, ] = 8.5 Hz), 7.30 (2H, ddd, J = 7.8, 7.1, 0.8 Hz), 4.35
(4H, q, ] = 7.2 Hz), 145 (6H, t, ] = 7.2 Hz). 3C NMR (75 MHz,
CDCly): § 159.1, 151.2, 140.60, 140.45, 130.1, 126.5, 125.6, 124.9,
123.1, 122.4, 120.7, 119.8, 110.8, 108.96, 108.82, 97.3, 85.9, 37.8, 13.9.
UV—vis (CH,CL): 4, () 386 (55800), 355 (40400), 283 nm
(53500). HR-ESI-TOF-MS: m/z caled for CyH,,N,* 515.2236,
found 5152188 [(M + H)*].
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Preparation of 9-Ethyl-3-(2-{6-[2-(9-ethyl-9H-carbazol-3-yl)-
ethynyl]-2-(methylsulfanyl)pyrimidin-4-yl}ethynyl)-9H-carba-
zole (11). To a solution of 22 (0.53 g, 2.4 mmol) in Et,0 (1S mL)
was added dropwise n-BuLi hexane solution (2.69 mol L™, 1.2 mL, 3.2
mmol) at —78 °C under argon atmosphere. After the mixture was
stirred at —78 °C for 1 h, triisopropoxyborane (0.56 mL, 2.4 mmol)
was added dropwise to the mixture at —78 °C. After the mixture was
stirred at —78 °C for 1 h, a solution of 4,6-dichloro-2-
(methylsulfanyl)pyrimidine (95 mg, 0.49 mmol) and [Pd(PPh,),]
(33 mg, 28 umol) in DME (30 mL) was added to the mixture. The
resulting mixture was refluxed for 17 h. After addition of water (10
mL), the organic phase was separated, and the aqueous phase was
extracted with toluene (10 mL X 3). The combined organic phase was
washed with water (10 mL X 3), dried over anhydrous MgSO,, and
concentrated ender reduced pressure. The residue was purified by
column chromatography (silica gel, toluene) to give 11 (0.21 g, 76%)
as yellow solids. Mp 210-211 °C. 'H NMR (300 MHz, CDCL): §
842 (2H,s), 8.12 (2H, d, ] = 7.6 Hz), 7.74 (2H, d, ] = 8.4 Hz), 7.53
(2H, t, J = 7.6 Hz), 744 (2H, d, ] = 7.6 Hz), 7.41 (2H, d, ] = 8.4 Hz),
7.34 (1H, s), 7.30 (2H, t, ] = 7.6 Hz), 440 (4H, q, ] = 7.2 Hz), 2.68
(3H, s), 147 (6H, t, ] = 7.2 Hz). 3C NMR (125 MHz, CDCL,): §
173.2, 151.2, 140.60, 140.49, 130.1, 126.5, 125.6, 123.1, 122.5, 120.8,
120.5, 119.9, 111.0, 108.99, 108.82, 96.9, 86.0, 37.8, 14.4, 13.9. UV—vis
(CH,CL,): 1,..™ (&) 396 (49 700), 355 (31400), 307 nm (28 600),
284 (52200). HR-ESI-TOF-MS: m/z caled for C;,H,oN,S*561.2113,
found 561.2096 [(M + H)*].

Preparation of 9-Ethyl-3-(2-{6-[2-(9-ethyl-9H-carbazol-3-yl)-
ethynyl]-2-methoxypyrimidin-4-yl}ethynyl)-9H-carbazole (12).
To a suspension of NaH (60%, 27 mg, 0.67 mmol) in THF was added
methanol (0.27 mL, 6.7 mmol) at 0 °C under argon atmosphere.
Then, 14 (30 mg, S1 pumol) was added to the mixture. The resulting
mixture was stirred at 0 °C for 1.5 h. After addition of water (10 mL),
the organic phase was separated, and the aqueous phase was extracted
with CH,Cl, (10 mL X 3). The combined organic phase was washed
with water (10 mL X 3), dried over anhydrous MgSO,, and
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, CH,CL,) to give 12 (23 mg, 85%)
as yellow solids. Mp 244—245 °C. 'TH NMR (400 MHz, CDCL,): §
841 (2H, d,J = 1.3 Hz), 8.12 (2H, d, ] = 7.8 Hz), 7.74 (2H, dd, ] =
8.5, 1.3 Hz), 7.52 (2H, ddd, J = 8.2, 7.1, 1.1 Hz), 7.45 (2H, d, ] = 8.2
Hz),7.42, (2H, d, ] = 8.5 Hz), 7.34 (1H, s), 7.30 (2H, ddd, ] = 7.8, 7.1,
1.0 Hz), 440 (4H, q, J = 7.2 Hz), 4.11 (3H, s), 147 (6H, t, ] = 7.2
Hz). ®C NMR (75 MHz, CDCL,): § 165.9, 153.2, 140.62, 140.52,
130.1, 126.5, 125.6, 1232, 122.5, 120.8, 119.9, 119.4, 111.1, 108.99,
108.83, 96.5, 86.1, 55.3, 37.9, 14.0. UV—vis (CH,CL,): 1, (¢) 390
(58500), 355 (39800), 281 nm (62 800). HR-ESI-TOE-MS: m/z
caled for CyH,oN,OF 545.2341, found $45.2321 [(M + H)].

Preparation of 9-Ethyl-3-(2-{6-[2-(9-ethyl-9H-carbazol-3-yl)-
ethynyll-2-(piperidin-1-yl)pyrimidin-4-yl}ethynyl)-9H-carba-
zole (13). A mixture of 14 (40 mg, 67 umol) and piperidine (40 uL,
0.40 mmol) in 1,4-dioxane (5 mL) was stirred at room temperature for
4 h under argon atmosphere. After addition of water, the organic phase
was separated, and the aqueous phase was extracted with toluene (10
mL X 3). The combined organic phase was washed with water (10 mL
X 3), dried over anhydrous MgSO,, and concentrated under reduced
pressure. The residue was purified by column chromatography (silica
gel, toluene) to give 13 (31 mg, 77%) as yellow solids. Mp 185—186
°C. 'H NMR (300 MHz, CDCL,): § 8.40 (2H, d, J = 1.4 Hz), 8.11
(2H, d,J = 7.7 Hz), 7.72 (2H, dd, ] = 8.5, 1.4 Hz), 7.51 (2H, ddd, ] =
8.1, 7.2, 0.8 Hz), 743 (2H, d, J = 8.1 Hz), 7.40 (2H, d, ] = 8.5 Hz),
7.31-7.26 (2H, m), 6.90 (1H, s), 4.38 (4H, q, ] = 7.2 Hz), 3.92—3.90
(4H, m), 1.69 (6H, brs), 1.46 (6H, t, J = 7.2 Hz). '*C NMR (75 MHz,
CDCL,): & 161.8, 151.7, 14047, 140.34, 130.0, 1264, 125.3, 123.0,
122.6, 1207, 119.7, 1142, 111.7, 108.9, 108.6, 93.8, 86.8, 44.9, 37.8,
26.1, 25.0, 14.0. UV—vis (CH,CL): A,.. (¢) 397 (29700), 353
(45200), 305 (39700). HR-ESI-TOF-MS: m/z calcd for C,;H;eN*
598.2971, found 598.2963 [(M + H)*].

Preparation of 9-Ethyl-3-(2-{6-[2-(9-ethyl-9H-carbazol-3-yl)-
ethynyl]-2-methanesulfonylpyrimidin-4-yl}ethynyl)-9H-carba-
zole (14). To a solution of 11 (30 mg, 54 pmol) in CH,Cl, (10 mL)
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was added m-chloroperoxybenzoic acid (66 mg, 0.29 mmol, 77%) at 0
°C. The resulting mixture was warmed to room temperature and
stirred for 2.5 h. After addition of aqueous Na,$,0; (10%, 10 mL), the
organic phase was separated, and the aqueous phase was extracted with
CH,Cl, (S mL X 3). The combined organic phase was successively
washed with aqueous Na,$,0; (10%, S mL X 3) and aqueous
NaHCO; (1 mol L™, § mL X 3), dried over anhydrous MgSO,, and
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, CH,Cl,) to give 14 (32 mg,
quant) as yellow solids. Mp 236—238 °C. 'H NMR (400 MHz,
CDCly): 6 842 (2H, d,J = 1.2 Hz), 8.12 (2H, d, ] = 7.4 Hz), 7.75 (2H,
dd, J = 8.0, 1.2 Hz), 7.70 (1H, s), 7.53 (2H, t, J = 7.2 Hz), 7.45 (2H, d,
] =7.4Hz), 743 (2H, d, ] = 8.0 Hz), 7.31 (2H, t, ] = 8.0 Hz), 440
(4H, q, ] = 7.2 Hz), 3.45 (3H, s), 1.47 (6H, t, ] = 7.2 Hz). *C NMR
(75 MHz, CDCl,): & 1662, 152.4, 140.9, 140.5, 130.3, 126.86, 126.75,
125.9, 12322, 122.4, 120.8, 120.1, 110.2, 109.0, 108.9, 101.0, 85.7, 39.4,
37.9, 13.9. UV—vis (CH,CL,): 4, (&) 417 (50 800), 355 (17 100),
321 (24 400), 293 (42 500), 273 nm (40 400). HR-ESI-TOF-MS: m/z
caled for Cy,H,N,0,S* 593.2011, found 593.1987 [(M + H)*].

Preparation of 4,6-Bis[2-(9-ethyl-9H-carbazol-3-yl)ethynyl]-
pyrimidine-2-carbonitrile (15). A mixture of 14 (30 mg, 51 ymol)
and KCN (4 mg, 61 pmol) in DMF (10 mL) was stirred at —5 °C for
2 h under argon atmosphere. After addition of saturated aqueous
NaHCOj; (10 mL), the organic phase was separated, and the aqueous
phase was extracted with CH,Cl, (10 mL X 3). The combined organic
phase was washed with saturated aqueous NaHCO; (50 mL X 3),
dried over anhydrous Na,SO, and concentrated under reduced
pressure. The residue was purified by column chromatography (silica
gel, toluene) to give 15 (1S mg, 55%) as yellow solids. Mp 275 °C
(decomp). 'H NMR (400 MHz, CDCL): § 8.44 (2H, d, ] = 1.4 Hz),
8.12 (2H, d, J = 7.6 Hz), 7.75 (2H, dd, ] = 8.5, 1.4 Hz), 7.73 (1H, s),
7.54 (2H,t, J = 7.7 Hz), 7.46 (2H, d, ] = 7.7 Hz) 7.45 (2H, d, ] = 8.5
Hz),7.31 (2H, d, ] = 7.7 Hz) 441 (4H, q,] = 7.2 Hz), 1.48 (6H, t, ] =
7.2 Hz). C NMR (75 MHz, CDCL,): § 152.3, 141.0, 140.5, 130.3,
126.8, 126.6, 126.1, 123.3, 122.4, 120.8, 120.1, 110.1, 109.12, 109.03,
100.7, 85.2, 38.0, 14.0 (18 signals out of 20 expected). UV—vis
(CH,CL): 4, (£) 415 (54 100), 355 (19 100), 322 (24 900), 293
(39800), 274 nm (26300). HR-ESI-TOF-MS: m/z calcd for
C3,H, 6N, 540.2188, found 540.2202 [(M + H)*].

Preparation of 9-Ethyl-3-[(E)-2-{6-[(E)-2-(9-ethyl-9H-carba-
zol-3-yl)ethenyl]lpyrimidin-4-yl}ethenyl]-9H-carbazole (16). To
a solution of 22 (0.34 g, 1.5 mmol) in THF (20 mL) was added
catecholborane THF solution (1 mol L™, 3.2 mL, 3.2 mmol) at room
temperature under argon atmosphere. The mixture was refluxed for 8
h under the light protection. After 4,6-dichrolopyrimidine (0.75 g, 0.50
mmol), aqueous NaHCO; (2 mol L™, 3 mL) and [Pd(PPh,),] (35
mg, 30 umol) were successively added to the mixture at room
temperature, and the resulting mixture was refluxed for 12 h under the
light protection. After addition of water (20 mL), the aqueous phase
was extracted with toluene (S0 mL X 3). The organic phase was
washed with water (30 mL X 2), dried over anhydrous Na,SO,, and
concentrated under reduced pressure. The residue was purified by
repeated column chromatography (silica gel, toluene) to give 16 (44
mg, 16%) as yellow solids. Mp 242—243 °C. 'H NMR (300 MHz,
CDCL,): 5 9.11 (1H, s), 8.34 (2H, d, ] = 1.5 Hz), 8.15 (2H, d, J = 6.7
Hz), 8.11 (2H, d, ] = 15.6 Hz), 7.77 (2H, dd, ] = 8.6, 1.5 Hz), 7.51
(2H, ddd, J = 8.1, 7.0, 1.1 Hz), 742 (2H, d, ] = 8.1 Hz), 7.41 (2H, d, ]
= 8.6 Hz), 7.31-7.26 (3H, m), 7.11 (2H, d, ] = 15.6 Hz), 4.37 (4H, q,
J=72Hz), 146 (6H, t, ] = 7.2 Hz); *C NMR (75 MHz, CDCL,): §
163.1, 158.7, 140.8, 140.5, 138.0, 127.0, 126.2, 125.6, 123.5, 123.12,
123.03, 120.68, 120.49, 119.5, 115.8, 108.96, 108.93, 37.8, 14.0. UV—
vis (CH,CL,): 4, () 405 (55200), 294 nm (49 600). HR-ESI-
TOE-MS: m/z calcd for C3Hy N+ 519.2549, found 519.2557 [(M +
H)*].

Preparation of 9-Ethyl-3-[(E)-2-{6-[(E)-2-(9-ethyl-9H-carba-
zol-3-yl)ethenyl]-2-(methylsulfanyl)pyrimidin-4-yl}ethenyl]-
9H-carbazole (17). To a solution of 22 (0.71 g, 3.3 mmol) in THF
(30 mL) was added catecholborane THEF solution (1 mol L™, 7.0 mL,
7.0 mmol) at room temperature under argon atmosphere. The mixture
was refluxed for 8 h under the light protection. After 4,6-dichloro-2-
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(methylsulfanyl)pyrimidine (0.21 g, 1.1 mmol), aqueous NaHCO; (2
mol L™', $ mL), and [Pd(PPh,),] (75 mg, 65 umol) were successively
added to the mixture at room temperature, the resulting mixture was
refluxed for 11 h under the light protection. After addition of water (20
mL), the aqueous phase was extracted with toluene (50 mL X 3). The
organic phase was washed with water (30 mL X 2), dried over
anhydrous Na,SO,, and concentrated under reduced pressure. The
residue was purified by column chromatography (silica gel, toluene)
and washed with toluene (2 mL X S) to give 17 (0.46 g, 76%) as
yellow solids. Mp 209—210 °C. 'H NMR (300 MHz, CDCL,):  8.34
(2H, d, ] = 1.4 Hz), 8.14 (2H, d, ] = 7.4 Hz), 8.11 (2H, d, J = 15.7
Hz), 7.77 (2H, dd, ] = 8.5, 1.4 Hz), 7.51 (2H, ddd, J = 8.1, 7.1, 1.0
Hz), 743 (2H, d, ] = 8.1 Hz), 742 (2H, d, ] = 8.5 Hz), 7.31-7.26
(2H, m), 7.07 (2H, d, J = 15.7 Hz), 7.01 (2H, s), 4.38 (4H, q,J =72
Hz), 2.75 (3H, s), 147 (6H, t, ] = 7.2 Hz). *C NMR (75 MHz,
CDCLy): § 163.2, 140.79, 140.55, 138.1, 127.1, 1262, 125.6, 123.5,
123.20, 123.08, 120.70, 120.59, 119.5, 111.4, 108.9, 37.8, 14.4, 14.0 (18
signals out of 20 expected). UV—vis (CH,CL): Ao (£) 409
(53200), 294 nm (52700). HR-ESI-TOF-MS: m/z calcd for
CyHysN,S* 565.2426, found 5652440 [(M + H)*].
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energy difference between the HOMO and the LUMO levels. This
should bring about the large deviation of 9 from the linear correlation
in Figure S20a in the Supporting Information.
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