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Abstract

Efficient synthetic routes that combine differeatladium-catalyzed cross-coupling reactions
have been developed for the preparation of a nemiyfeof push-pull derivatives in which
pyridine was used as the acceptor group and diffgara-substituted diphenylamines as the
donor groups. All compounds showed absorption & ti/-Vis region and blue-green
emission with high quantum yields. Significant s#fts were observed in the absorption and

fluorescence emission maxima on increasing thdreleclonating ability of the substituents
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or on incorporating arconjugated linker. This finding can be explainad the basis of
enhanced intramolecular charge transfer (ICT).rtremission solvatochromism confirmed
the formation of an intramolecular charge-separaadtting state. The HOMO-LUMO
energy gaps have been estimated by experimentatiradbemical measurements and the
results were interpreted with the aid of DFT cadtiohs. The thermal behavior of all
materials has also been studied by differentiahisicey calorimetry.

Keywords: Luminescence; Nitrogen heterocycles; Charge teansTriphenylamine;

Solvatochromism

1. Introduction

During the past two decades there has been gitea¢$hin the design of push-pull structures
based on a-conjugated core substituted with electron-donatiby and electron-attracting
(A) groups due to their applications in emissiveterials for sensorfsand organic light-
emitting diodes (OLEDS)bulk heterojunctiohand dye-sensitized solar cells (DSStE)d
effect transistors,and nonlinear optics (NLO)The photophysical and electronic properties
of push-pull chromophores, which are closely linkedntramolecular charge transfer (ICT)
occurring in the molecule, can be easily tunedailpring the D/A couplé;® then-conjugated
linker,”® or by designing advanced quadrupolar or tripodargements’

The diphenylamino group has been extensively useahnaelectron-donating group in push-
pull structures used as emissive matefa$NLO chromophore$®*2and dyes for DSSCS.
The electron-donating strength of the diphenylangreaup is lower than that of dialkylamino
analogs? but the diphenylamino derivatives generally hawghér fluorescence quantum
yields 1% 3thus making them more interesting for applications edato emission. A

significant branching effect that enhances the phloton absorption (TPA) has been

observed on the triphenylamine cdfdut the polysubstitution of the triphenylamine ety

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry 10.1002/ejoc.201900026

two of three electron-withdrawing arms generallgds to a blue shift of the emissitf?’
Reinforcing the electron-donating strength of thphdnylamino group would allow red-
shifted emission to be obtained while maintainingigh fluorescence quantum vyield. The 4-
[bis(4-methoxyphenyl)amino]phenyl group has beescdbed by Marder and co-workers as
a promising combination of a reasonably higfdonor strength with the high stability
previously reported for 4-(diarylamino)phenyl dombt Some examples of methox3Z,
diphenylamino?® and carbazolyt®® ?° substituted diphenylamino emissive materials have
been described in the literature. Neverthelessthéo best of our knowledge, systematic
comparisons have not been performed with regartteiounsubstituted analogs.

The pyridine fragment is a moderately strong etecivithdrawing group that can be used in
push-pull structure' The presence of a nitrogen atom with a lone @actair enables the
photophysical properties of pyridine derivativesbi tuned upon protonation, complexation
and hydrogen-bond formation. In this context, theorporation of this heterocycle as an
electron-withdrawing fragment in push-pull struetsiappears to be interesting for the design
of fluorescent sensofé.We recently described acid-responsive triphenyt@mierivatives
bearing pyridine fragment&® White photoluminescence was obtained in solutiogn b
controlled protonation of the blue-emitting pyridimerivatives, which resulted in yellow-
orange emissive acidified forms.

In the work described here we designed a serisgletted methoxy-,H3-carbazol-9-yl- and
5-methoxythiophen-2-yl-substituted triphenylamirks linked to pyridine fragments and
assessed the structure-property relationships. pPphetophysical and electrochemical
properties were compared to those of the recergcribed® unsubstituted triphenylamine

analogsA—C (Figure 1).
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Figure 1. Structures of target compoud6 and their unsubstituted analogsC.

2. Results and Discussion

Synthesis. The methoxy-substituted triphenylamine derivatiie8 were obtained from
commercially available 4-bromid;N-bis(4-methoxyphenyl)aniline (Scheme 1). The Suzuki
Miyaura cross-coupling reaction with pyridin-4-yhooic acid gave chromophofein good
yield, whereas compour@lwas synthesized in moderate yield by Heck crosgpiong with
4-vinylpyridine according to a reported procedtft&he synthesis of the acetylenic derivative
3 required a four-step route: a halogen-metal expbasith iodine as electrophile to give
iodo-derivative 7, a Sonogoshira cross-coupling reaction with triph&lylacetylene
followed by deprotection of the trimethylsilyl gnouo obtain alkyné® and, finally, a second
Sonogashira cross-coupling reaction with 4-iodapige to afford the target chromophore in

good vyield.
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Scheme 1. (i) pyridin-4-ylboronic acid, PdEPh),, NaCO;, dioxane/HO 4:1,A, 18 h (ii)
4-vinylpyridine, Pd(OAcy, P(0-tol)s, diethylamine, DMF, 90 °C, 24 h (iip-Buli, I,, THF, —
78 °C, 3.5 h (iv) trimethylsilylacetylene, Pd@Ph),, Cul, iPrpNH, 60 °C, 1 h (v) KCO;,
MeOH, rt, 18 h (vi) 4-iodopyridine, Pd&PPh),, Cul, dioxane/EN 4:1, 90 °C, 18 h.

The grafting of two carbazole fragments onto thgh&nylamine core by a copper-catalyzed
reaction with either 4-bromo-4',4"-diiodotriphealine or 4,4',4"-triiodotriphenylamine led
to the bromo- and iodo-derivativd® and 11, respectively. These compounds were readily

converted into chromophorésand5 in moderate yield by Suzuki—Miyaura cross-coupling
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with pyridin-4-ylboronic acid or Heck cross-cougirwith 4-vinylpyridine, respectively

(Scheme 2).
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Scheme 2. (i) carbazole, 1,10-phenanthroline, CgiCOs, DMF, 18 h, 200 °C (ii) pyridin-4-
ylboronic acid, PdG(PPh),, Na&CQO;, dioxane/HO 4:1, A, 18 h (iii) 4-vinylpyridine,
Pd(OAc), P(o-tol)s, diethylamine, DMF, 90 °C, 24 h.

Finally, compound was prepared in two steps from 4-bromo-4',4"editophenylamine. An
initial double Suzuki—-Miyaura cross-coupling reanti with 2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-5-methoxythiophene gave interratzll2, which after a second Suzuki—
Miyaura reaction with pyridin-4-ylboronic acid led the desired compour&lin good yield

(Scheme 3).
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Scheme 3. (i) 2-(4,4,5,5-tetramethyl-1,3,2-dioxaltem-2-yl)-5-methoxythiophene,
PdCL(PPh),, NaCOs; 1,4-dioxane/kHO 4:1, A, 18 h (i) pyridin-4-ylboronic acid,
PdCL(PPh),, N&CO;s, dioxane/HO 4:1,A, 18 h.

Photophysical properties. The UV/Vis and photoluminescence (PL) spectroscajaita for
compoundsl-6 measured in CH@lat room temperature are presented in Table 1. The
analyses were carried out using low concentratirnzhromophores (0.5-1.5 x £aM). To
facilitate comparison of the photophysical promesti the results for unsubstituted
triphenylamine analogé—C are also included in Table 1. As representativarg®es, the
spectra of compounds 4 and6 are provided in Figure 2. Compourds exhibit blue-green
emission with quantum yields between 0.31 and Qr8@ll cases, a significant red shift in the
emission maximum was observed in comparison taittseibstituted analogs—C. It can be
seen from Figure 2 that the absorption maximé, @f and6 depend on the electron-donating
substituent and the value increases in the follgwirder: $H-carbazol-9-yl 4) < methoxy 1)

< 5-methoxythiophen-2-yl€). As far as the emission is concerned, th&c@rbazol-9-yl
derivative 4 is also the most strongly blue-shifted whereas thethoxy- and 5-
methoxythiophen-2-yl- derivativelsand6 exhibit similar emission maxima &fax = 511 nm.
As observed for compounds—C and other families of chromophor®<? absorption and
emission increase when an acetylenic linker isqulagetween the triphenylamine fragment
and the pyridine moiety and an even more remarkiolease is observed when a vinylic

linker is incorporated [in the methoxy seribsx(1) < Amax(3) < Amax(2) and in the carbazole

seriesAmax(4) < Amax(5)]. Compoundsl—6 exhibit red-shifted absorption in the presence of
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camphorsulbnic acid due t protonation of the pyridine ring, whichnhances the ICT.
Nevertheless, in contrasv unsubstituted triphenylamine derivativA—C, the protonated

forms of1-6 are not emissive.

Table 1.UV/Vis and PL data in CH(.

UVNVIS A, NT UVIVIS A, NP PL . Stokes shift

Compd 1 1 25 _q
(& mM~cm™) (& mM~cm™) Arex, NM cm

1 352 (26.6) 430 (39.0) 511 0.60 8840
2 399 (38.1) 485 (41.5) 533 0.48 6301
3 371 (36.5) 460 (37.9) 521 0.52 7760
4 341 (50.1) 429 (32.4) 473 0.44 8184
5 387 (36.9) 468 (41.9) 510 0.80 6231
6 368 (68.5) 445 (35.9) 511 0.31 7604
A% 349 (25.6) 416 (28.9) 444 0.50 6130
B# 386 (28.0) 467 (27.5) 485 0.45 5288
c* 370 ((31.0) 449 (31.0) 456 0.78 5097

2 All spectra were recorded at room temperatuic = 0.5x 10° to 1.5x 10° M. ° Data
in the presence of DM camphorsifonic acid.® Fluorescence quantum yiel+10%)
determined relative to 9,1fis-phenylethynyanthracene in cyclohexar @ = 1.00)*

100 -

Normalized Intensity
o N w ey (4] (¢)] ~l Q [{e]
o o o o o o o o o

o

300 400 500 600 700

Figure 2. Normalized absorption (dashed lines) and emissipactsa (solid lines) ¢
compoundd, 4 and6 in CHCI; solution.
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Emission solvatochromic studies were performed nne#ort to gain an insight into the
photophysical processes of these new push-pull culds. Thus, the emission spectra of
compoundsl-6 were recorded in a series of aprotic solvents fiémint polarity (Table 2,
Figure 3). As expected for emissive push-pull daiires?™ 2’ strong positive
solvatochromism was observed on increasing theripglas estimated by the Dimroth—
Reichardt scalé® For each compound the emission maximum was ploteeus the
Dimroth—Reichardt polarity parameter (Figure S4€e Supporting Information) and in all
cases good linearity was obtained. The slope ottineesponding regression line (SP) allows
an evaluation of the ICT into the chromophores.eXpected, the highest SP values were
obtained for compound® and3, which exhibit the most red-shifted absorption anussion

in CHCkL. Compoundsl-3, 5 and6 have higher SP values than their unsubstitutetbgsa
Surprisingly, compound has a lower SP value th#@y thus confirming that the carbazole

fragments on the triphenylamino core have a siganiily weaker influence on the ICT than

the two other substituents evaluated (methoxy anethoxythiophen-2-yl).

Table 2. Emission solvatochromism in various aprstilvents.

Heptane Toluene 1,4-Dioxane THF  CH.Cl, Acetone MeCN
Compd 309 33.¢9 36.0° 37.4 407 422 456 @ SP

Amax, MM Amay, M Amay, MM Amay, MM Amay, M Amay, MM Amay, NM

1 451 475 477 508 523 536 554 7.22
2 468 500 511 556 574 590 607 9.94
3 460 480 484 522 540 560 605 9.91
4 426 443 444 466 476 487 504 5.37
5 455 471 478 509 524 536 555 7.19
6 454 469 473 496 519 532 552 7.08
A% 389 412 - 433 451 458 472 5.60
B% 424 448 - 475 498 500 515 6.38
c* 398 421 - 450 473 481 497 7.11

2 E+(30), Dimroth—Reichardt polarity parameter in ko@bl™. ® Slope of the regression line
Amax (NM) versus Er(30) in nm mol kcat"
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Figure 3.Fluorescence color changes tom various solvents (from left to right-heptane,
toluene, 1,4-dioxane, CHEICH,Cl, and MeCN). Photographs were taken in the dark upon
irradiation with a hand-held UV lampd, = 366 nm).

Electrochemical properties. The redox properties of the push-pull molecule$ were
studied by cyclic voltammetry (CV) in DMF, using NPF (0.1M) as the supporting
electrolyte in a three-electrode cell (working élede: glassy carbon; counter electrode: Pt;
reference: Ag wire). All measurements were obtainsing F¢/Fc as the internal reference.
The potential values are given vs. saturated cdl@eetrode (SCEY for comparison with
unsubstituted triphenylamine moleculésC?® (Table 3). The cyclic voltammograms are
presented in Figure 4.

Table 3. Electrochemical dadt&omo andE, umo values’

Ccom pd EOX (V) Erec (V) AE (eV) EHOMO (eV) ELUMO (eV)

1 0.79 —2.26 3.04 —-5.14 —-2.09

2 0.75 -2.02 2.76 -5.10 -2.33

3 0.79 -2.08 2.88 -5.14 -2.27

4 0.99' —2.34 3.33 -5.34 —2.00

5 0.94 -1.92 2.87 -5.29 -2.42

6 0.7F —2.3f 3.08 -5.12 —2.04
A% 1.07 -2.15 3.22 -5.42 -2.20
B 1.06 -1.82 2.87 -5.41 —2.54
c*= 1.09 -1.96 3.05 —5.44 -2.40

& Potentials are given vs. SCE, glassy carbon wgr&lactrode, Pt counter electrode, 20 °C in
DMF, 0.1M NBWPFs as supporting electrolyte, 100 mV* scan rate. Ferrocene was used as
internal referencel; = +0.44 V vs. SCE)® Enomo, ELumo Were determined empirically
from the oxidation and reduction potentials acaogdo the empirical relationshiyomo = —
(E™+ 4.35) eV:ELumo = —E™+ 4.35) eV.° Eyp. ¢ Quasi-reversiblée Irreversible.
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Figure 4. Cyclic voltammograms of compountis6 with NBwPFR as the supporting
electrolyte, measured in DMF (working electrodeasgly carbon; counter electrode: Pt;

reference: Ag wire), 100 mVscan rate.

Compoundsl—6 all exhibited one or several oxidation procesdédeculesl-3, which bear
4-methoxy substituents on two phenyl groups ofttighenylamine moiety, showed a first
reversible redox proces&;(; = +0.75/+0.79 V) that became quasi-reversiblecdarbazole
derivatives4-5 and irreversible for compour&j which contains methoxythiophene branches,
at a scan rate of 100 mVV*sThe potential values for the first oxidation wave4 (E1.>* = +
0.99 V) and5 (E,™ = +0.94 V), which bear carbazole substituents,hégber than those for
compound<—3 and6 but approach the values obtained4gB andC.?® The lower oxidation
potentials obtained fal—3 can be explained by the increase in the electomating effect of

the triphenylamine containing methoxy groups. Ipooation of a thienyl ring in compouréd
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did not affect the potential value (when comparedl). Finally, the incorporation of
carbazole units only has a weak influence on theten-donating character of the substituted
triphenylamine.

Compoundsl and 6 exhibited a first reversible reduction processsoanning from 0 to —2.5
V, whereas the process was quasi-reversible fopoomds2, 3 and5. A loss of reversibility

red

was observed fot. Potential valuesH,"* or E,*% were in the range from —1.92 V to —2.34
V vs. SCE. As reported previously for molecufesC, compounds bearing an acetylenic or
vinylic Telinker are reduced at more positive potentialse $ame trend was observed for the
carbazole derivative$ and5. These results show that the reduction of thedpyei moiety is
easier after the incorporation of either an aceigler vinylic Telinker.

The values of the fowo, E.lumo and the energy band gapH) were estimated for all
molecules from the experiment&l* andE™“potentials by the empirical relationshipdsio =
—(E™ + 4.35) eV; Eumo = —E™*+ 4.35) eV (Table 3). The results indicate that the
methoxytriphenylamine derivativds-3 have a lower energy gap in comparison to molecules
A-C. Furthermore, the energy gap remained almost unggthon incorporating a thienyl
group (in6) between the methoxy substituent and the phermypy of the triphenylamine.
Also, the HOMO-LUMO overlap values obtained for @mophores4 and5 in comparison
with moleculesA and C confirm the weak effect of donor modification byafiing a
carbazole moiety. The trends outlined above areistant with the variations iNpax Of the
charge transfer bands observed in the electromictspof compound$-6. Contrary to most
cases, the estimated electrochemical ga# (.33 eV) is greater than that fAr(3.22 eV).
However, this is also consistent with thg.x measurements obtained from the electronic
spectra: the maximum wavelength fois lower (341 nm) than that fér (349 nm).

Thermal properties. The thermal behavior of compounds6 was studied by differential

scanning calorimetry (DSC). The thermographs arewshin Figures S33-S38 of the
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Supporting Information,while the melting points Tm) and thermal decomposition
temperaturesId) are listed in Table 4.

Table 4. Thermal properties of compourids.

Compd 1 2 3 4 5 6
Tm (°C) | 155 - - - 249
T4(°C) | 330 | 285| 285/ 300 26( 200

Only chromophored and5 exhibited an endothermic peak due to melting.cklthe other
compounds decomposed directly without melting. @aoke derivatives, with an embedded
ethenylene spacer, was not stable in the liqui $t@ = 249 °C). This compound gradually
decomposed upon continued heating above its mghng. Loss of residual water was also
observed fob up to 120 °C. This finding is in contrast with thiethoxy derivativel, which
contains an unextendadlinker, which was stable in the liquid phase fofuagher 175 °C
above its melting point. Structural analdyand3, which differ only in therespacer (double
or triple bond), exhibited almost identical therrbahavior, with a decomposition temperature
estimated aly = 285 °C. Similar DSC curves were also recordedrfolecules4 and6, for
which a broad endothermic peak due to the enaofimtisolid-solid transition was detected at
150 °C and 90 °C, respectively. This transition wasnediately followed by a second
undefined endothermic phenomenon and subsequerthezroc decomposition for both

chromophores.

The gradual elongation of tlrespacer in the methoxy analofy®/3 led to a reduction in the
thermal stability (none/ethenylene/acetylene spaeefy = 330/285/285 °C). An analogous
effect was also observed for the carbazole devieatt/5 (none/ethenylene spaces Ty =
300/260 °C). The lowesty value was determined for compoursd which contained
methoxythiophene donors. In general, the enlargéwiethe r-linker seemed to decrease the

thermal robustness of the compounds under invegtigaRegarding the variation of the
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donors, this structural modification increased ttheermal stability in the order 5-

methoxythien-2-yl- N-carbazole—~ methoxy group.

DFT calculations. The Gaussian W09 pack&fevas employed to investigate the spatial and
electronic properties of chromophorgés6 at the DFT level. The initial geometries of the
molecules1-6 were estimated and optimized using the DFT B3LY®I&(d) and DFT
B3LYP/6-311G(d,p) methods. The HOMO and LUMO enesgitheir differences, and the
ground state dipole moments were calculated aD#ig B3LYP/6-311++G(d,f,p) level and

the results are summarized in Table 5.

Table 5. DFT calculated properties of chromophores

Compd| Symmetry group| Eyomo (€V) | Erumo (V) | AE (eV) | u (D)
1 C2 -5.13 -1.47F 3.72 4.1
2 C1l —5.07 -1.97 3.16 5.3
3 C2 -5.16 -1.80 3.36 5.5
4 C2 —5.54 -1.83 3.71 1.6
5 C1l —5.46 —2.2% 3.21 2.1
6 C2 -5.03 -1.60 3.43 2.8
A% C2 —5.44 -1.57 3.88 3.8
B~ Cc1 -5.36 -2.08 3.30 4.8
c* C2 —5.48 -1.94 3.51 5.0

2 Calculated at the DFT B3LYP/6-311++G(d,f,p) leVeCalculated at the DFT
B3LYP/6-311++G(2d,p) level.

The calculated energies of the HOMO and LUMO oigige derivativesl-6 ranged from —
5.54 to -5.03 and from -2.25 to —1.41 eV, respebtivit is clear that the calculated
Enomorumo values reflect structural differences between itttevidual chromophores and
show a close correlation with the electrochemicallad(Figure 5). The electron-donating
ability of methoxy, carbazole and methoxythiophemz@eties, the nature of thelinker, and
the electron-withdrawing character of the pyridigg all have a significant effect on the
calculated HOMO-LUMO gapsAE). The calculated gaps, which are within the rafBe=

3.72-3.16 eV, correlate well with the electrocheahidata, with differences not exceeding
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0.68 eV. The calculated HOMO-LUMO gaps for the éinehromophore$-3 resemble those
obtained for unsubstituted triphenylamine derivesi—C.?® The largestE values (3.72 and
3.88 eV) were calculated for compourdandA (without a spacer), whereas the narrowest
gaps of 3.16 and 3.30 eV were computed for comp®@nand B, which contain a vinyl
spacer. It can also be seen that the introductiotwo electron donors on the central
triphenylamine core reduced the HOMO-LUMO gaps whmmpared to the parent
derivativesA—C (Figure 5). The calculateflE values are almost identical for the methoxy
and carbazole derivatives. On the other hand, fethoxythienyl derivativé the AE value is
significantly lower. The HOMO/LUMO localizationsearepresented in Figure 6. The HOMO
is located either on the central amino donor atdwb)( the carbazole4(and5) or the
phenylene units bearing the methoxythiophene dulestis 6). On the other hand, the LUMO
occupies the pyridine acceptor and the adjaaesystem. Hence, all moleculds6 can be
considered as charge-transfer chromophores. Tloweilatdd ground state dipole moments
reflect the molecular structures and symmetry. @luphores4—6 bear bulky carbazole and
methoxythiophene groups and these showed low dipwenents of 1.6-2.8 D, whereas

methoxy derivatived—3 have dipole moments in the range 4.1 to 5.5 D.
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3. Conclusions

A series of push-pull derivatives has been designgld a pyridine electron-withdrawing
fragment and methoxy-, HBcarbazol-9-yl- and 5-methoxythiophen-2-yl-subsétu
diphenylamino groups as electron-donating unitse finforcement of the electron-donating
character of the diphenylamino group leads to ecd@nCT into the push-pull structure with
respect to their unsubstituted diphenylamino dékrea, as demonstrated by spectroscopic
and electrochemical measurements as well as by d#culations. This enhanced ICT also
explains the emission quenching observed for comg®1+6 upon protonation in contrast to

the results observed fé—C.%3

4. Experimental section

General: All reactions were carried out in vacuum-dried 8ok flasks under Ar. All
compounds and solvents were purchased from AldnchCl and were used without further
purification, except for tetrahydrofuran, which wiasshly distilled from Na/benzophenone
ketyl. 4-lodopyridiné' and 4-broma\N,N-bis(4-iodophenyl)anilin€® were obtained according
to reported procedures. Column chromatography \@ased out using silica gel 60 (particle
size 0.040-0.063 mm, 230-400 mesh; Merck) and cooially available solvents. Thin-
layer chromatography (TLC) was conducted on aluammsheets coated with silica gel 60
F254 and compounds were visualized with a UV lagf#(or 360 nm)*H and**C NMR
spectra were recorded in CRGE 500 MHz and 125 MHz, respectively, at 25 °CadBruker
Ascend™ instrument, using the appropriate solvent sig@DCl; 7.25 and 77.23 ppm) as
internal reference. The apparent resonance magiltips are described as s (singlet), d
(doublet), t (triplet) and m (multiplet). High-rdeation MALDI mass spectra were measured
on an LTQ Orbitrap XL MALDI mass spectrometer (Tiner Fisher Scientific, Bremen,

Germany) equipped with a nitrogen UV laser (337 6Hz). The LTQ Orbitrap instrument
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was operated in positive-ion mode over a normalsmasge vz 50-2000) with a resolution
of 100,000 atm/z = 400. 2,5-Dihydroxybenzoic acid (DHB) was usedaasatrix. Thermal
properties were measured by differential scannialpronetry DSC on a Mettler-Toledo
STARe System DSC 2/700 equipped with an FRS 6 deraemsor and HUBER TC100-MT
RC 23 cooling system in open aluminum cruciblesenrash N atmosphere. DSC curves were
obtained at a scanning rate of 3 °C thin

DFT calculations: HOMO/LUMO localizations in1-6 were derived from the calculations
using the Gaussian W09 package at the DFT levetnte&ies for visualizations were
optimized using the DFT B3LYP/311G method and asealized as red-HOMO localization

and blue-LUMO localization. The visualizations weenerated in the program OPch&m.

4-lodo-N,N-bis(4-methoxyphenyl)aniline (7):In a Schlenk tube under an inert atmosphere
of argon, 4'-bromadN,N-bis(4-methoxyphenylaniline (1.31 g, 3.42 mmol)swdissolved in
anhydrous THF (30 mL). The resulting solution wasled to —78 °C and-BuLi (1.51 mL,

2.5 M solution in hexanes, 3.764 mmol) was addempwise. The reaction mixture was
stirred at —78 °C for 30 min and iodine (0.869 g23mmol) in anhydrous THF (5 mL) was
added dropwise. The resulting mixture was slowlymed and stirred for 3 h. Solvents were
removed under reduced pressure and the mixturediaied with CHCIl, (50 mL) and
saturated aqueous solution of M} (70 mL). The aqueous layer was washed with@Cl(2

x 30 mL). The combined organic layers were washét twine (50 mL) and dried with
NaSO,. After removal of the solvent under reduced pressthe residue was purified by
flash chromatography (SO CH.Cl,/hexane 1:2) and subsequent recrystallization from
boiling ethanol to give compourtias a colorless solid (0.864 g, 2.00 mmol, 59%)NMR
(400 MHz, CDC}): 6 = 3.79 (s, 6H), 6.66—6.83 (m, 2H), 6.80-6.84 (id),47.01-7.03 (m,
4H), 7.39-7.41 (m, 2H). HRMS (MALDI)z calcd. for GH1gINO: 595.0131 [M], found

595.0144. The spectroscopic data are consistehttidse reported in the literatute.
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4-Methoxy-N-(4-methoxyphenyl)N-{4-[(trimethylsilyl)ethynyl]phenyl}aniline (8): In a
Schlenk tube under an inert atmosphere of ar§pN;bis(4-methoxyphenyl)-4'-iodoaniline
(394 mg, 0.914 mmol), trimethylsilylacetylene (142 1.10 mmol), Cul (4 mg, 0.021 mmol)
and PdCI(PPh), (32 mg, 0.046 mmol) were dissolved in anhydrousog@ropylamine (25
mL). The resulting solution was stirred at 60 °CG fio h. The mixture was cooled and
diisopropylamine was removed under reduced pres3itme mixture was diluted with diethyl
ether (50 mL) and water (70 mL). The aqueous |layes washed with diethyl ether (2 x 30
mL). The combined organic layers were washed witheb(50 mL) and dried with N&QO,.
After removal of the solvent under reduced presstire residue was purified by column
chromatography (Si§) CH.Cl,/hexane 1:2) to give compour@ias a yellow oil (350 mg,
0.872 mmol, 95% yield*H NMR (400 MHz, CDCY): § = 0.24 (s, 9H), 3.78 (s, 6H), 6.77—
6.84 (m, 6H), 7.05-7.08 (m, 4H), 7.25-7.23 (m, ZEH}MS (70 eV)m/z (rel. int.): 401 (M,
100), 386 (40), 193 (10). The spectroscopic dagacansistent with those reported in the

literature®

4-Ethynyl-N,N-bis(4-methoxyphenyl)aniline (9): In a round-bottomed flaskN,N-bis(4-
methoxyphenyl)-4'-(trimethylsilylethynyl)aniline $8 mg, 0.872 mol) and &0; (311 mg,
1.31 mol) were dissolved in methanol (50 mL). Thaation mixture was stirred for 18 h at
room temperature. The methanol was removed undeeiceel pressure and the mixture was
diluted with CHCI, (50 mL) and water (100 mL). The aqueous layer washed with
CH.Cl, (2 x 30 mL), brine (50 mL) and dried with pEO,. After removal of the solvent
under reduced pressure, the residue was purifiedcddymn chromatography (SO
CH.Cl,/hexane 1:2) to give compoudas a yellow oil (232 g, 0.704 mmol, 60%) NMR
(400 MHz, CDC}): § = 3.01 (s, 1H), 3.76 (s, 6H), 6.77—6.84 (m, 6HP1#7.05 (M, 4H),
7.23-7.25 (m, 2H). EI-MS (70 ez (rel. int.): 329 (M, 100), 314 (70). The spectroscopic

data are consistent with those reported in theslitee>"
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N,N-Bis[4-(9H-carbazol-9-yl)phenyl]-4-bromoaniline (10: In a glass autoclave 4'-bromo-
N,N-bis(4-iodophenyl)aniline (210 mg, 0.365 mmol),=ole (152 mg, 0.909 mmol), 1,10-
phenanthroline (120 mg, 0.666 mmol), Cul (60 m&16.mmol) and G£0O; (490 mg, 1.50
mmol) were dissolved in dry DMF and argon was beablthrough for 5 min. The reaction
mixture was stirred at 200 °C for 18 h. The resgltmixture was cooled and the DMF was
removed under reduced pressure. Saturated aquestd€@ (70 mL) was added and the
mixture was extracted with GBI, (3 x 50 mL). The organic layer was washed witméi{70
mL) and dried with Nzg5O,. After removal of the solvent under reduced pressiine residue
was purified by column chromatography (SiGQGH,Cl,/hexane 1:2) to give compoud@ as a
colorless solid (86 mg, 0.131 mmol, 36%)L NMR (400 MHz, CDC}): 6 = 7.18-7.20 (m,
2H), 7.28-7.31 (m, 4H), 7.36-7.38 (m, 4H), 7.4187(&, 14H), 8.15 (dJ = 7.5 Hz, 4H).
HRMS (MALDI) m/z calcd. for GyH2eBrNs: 653.1461 [M], found 653.1473. The
spectroscopic data are consistent with those regamtthe literaturé®
N,N-Bis[4-(9H-carbazol-9-yl)phenyl]-4-iodoaniline (11) This compound was obtained
from tris(4-iodophenyl)amine (623 mg, 1 mmol) ardb@azole (335 mg, 2 mmol) by the same
procedure as described fb®. The crude product was purified by column chromgedphy
(SiOy; petroleum ether:Ci€l,, 4:1). Colorless solid (217 mg, 31%H NMR (300 MHz,
CDCL): d= 7.07-7.10 (m, 2H), 7.28-7.53 (m, 20H), 7.67—AmM) 2H), 8.15-8.18 (m, 4H)
ppm.l3C NMR (75 MHz, CDCJ): 0= 86.8, 109.9, 120.1, 120.5, 123.5, 125.3, 12626,6,
128.3, 132.9, 138.8, 141.1, 146.3, 147.3 ppm. HRMBLDI) m/z calcd. for G;HzgINs3:

701.1322 [M], found 701.1319.

4-Bromo-N,N-bis[4-(5-methoxythiophen-2-yl)phenyl]aniline (12):In a Schlenk tube under
an inert atmosphere of argon, 4'-brodd-bis(4-iodophenyl)aniline (218 mg, 0.379 mmol),
2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-®#moxythiophene (200 mg, 0.833 mmol),

and NaCO; (80 mg, 0.755 mmol) were dissolved in dioxane/wdtd (25 mL) and argon
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was bubbled through for 5 min, followed by the a&ddi of PAC}(PPh), (11 mg, 0.016
mmol). The reaction mixture was stirred at 90 °€18 h. The mixture was then cooled and
the solvents were removed under reduced pressheereBidue was diluted with G&l, (50
mL) and water (70 mL). The aqueous layer was etdcagvith CHCI, (2 x 30 mL). The
combined organic layers were washed with brine 80 and dried with Ng5O,. After
removal of the solvent under reduced pressure, rédsdue was purified by column
chromatography (Si§) CH.,Cl,/hexane 1:2) to give compoud@ as an orange solid (148 mg,
0.270 mmol, 71%)*H NMR (500 MHz, CDCJ): § = 3.90 (s, 6H), 6.16 (d = 3.9 Hz, 2H),
6.86 (d,J = 3.9 Hz, 2H), 6.96-6.98 (m, 2H), 7.02—7.04 (m),4H32-7.36 (m, 6H) ppnt°C
NMR (100 MHz, CDCJ): 6 = 60.4, 104.9, 115.3, 120.2, 124.7, 125.4, 12630.0, 130.1,
132.5, 145.8, 146.7, 165.8 ppm. HRMS (MALD#z calcd. for GgH2:BrNO,S,: 547.0270
[M™], found 547.0278.

General Procedure for the Suzuki—Miyaura cross-coulng: In a Schlenk tube under an
inert atmosphere of argon, the appropriate TPA er{ll.0 equiv.), pyridine-4-boronic acid
(1.2 equiv.) and N&£O; (1.0 equiv.) were dissolved in dioxane/water 28 L) and argon
was bubbled through for 5 min, followed by the a&iddi of PAC}(PPh), (0.05 equiv.). The
resulting solution was stirred at 90 °C for 18 heTmixture was then cooled and the solvents
were removed under reduced pressure. The resideedivded with CHCI, (50 mL) and
water (70 mL). The aqueous layer was washed withGGH?2 x 30 mL). The combined
organic layers were washed with brine (50 mL) andddwith NaSQ,. After removal of the
solvent under reduced pressure, the residue wafseduiny column chromatography (SiO
CHCly/ethyl acetate 1:1).

General Procedure for the Heck cross-coupling:Palladium acetate (10%) and tris-o-
tolylphosphine (20%) were introduced into a dry aledjassed NEZDMF (9 mL, 2:1, v/v)

mixture, which was stirred for 15 min. The mixtuvas degassed again by gentle bubbling of
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nitrogen. The appropriate halogen derivative (1g0ie) and vinylpyridine (1.3 eq.) were
added. The mixture was then stirred at 85-90 °Gaundrogen for 3 h. After cooling, the
NEt; was removed under vacuum. The crude mixture wagedi with CHCl, and washed
with water and saturated NaHGQAfter removal of the solvent under reduced pressthe
residue was purified by column chromatography 65iO
4-Methoxy-N-(4-methoxyphenyl)-N-[4-(pyridin-4-yl)phenyl]aniline (1): This compound
was prepared according to the general proceduregh®rSuzuki—Miyaura cross-coupling
starting from 4-bromaN,N-bis(4-methoxyphenyl)aniline (200 mg, 0.521 mm#élyrification
by column chromatography afforded the pure chromopli as a yellow solid (156 mg,
0.406 mmol, 78%)*H NMR (500 MHz, CDCJ): 6 = 3.80 (s, 6H), 6.82—6.86 (m, 4H), 6.96—
6.97 (m, 2H), 7.08-7.10 (m, 4H), 7.43-7.46 (m, 4456—8.57 (m, 2H) ppnt’C NMR (125
MHz, CDCk): ¢ = 55.7, 115.0, 119. 9, 120.8, 127.3, 127.6, 12940).4, 147.94, 150.0,
150.3, 156.5 ppm. HRMS (MALDIWz calcd. for GsH»oN.O,: 382.1676 [M], found
382.1681. The spectroscopic data are consistehttidse reported in the literatute.
(E)-4-Methoxy-N-(4-methoxyphenyl)N-{4-[2-(pyridin-4-yl)vinyl]phenyl}aniline (2): This
compound was prepared according to general proedduthe Heck cross-coupling starting
from 4-bromoN,N-bis(4-methoxyphenyl)aniline (300 mg, 0.78 mmol,etjuiv.) and 4-
vinylpyridine (107 mg, 1.02 mmol, 1.3 equiv). Theude product was purified by column
chromatography (Si© ethyl acetate/petroleum ether 1:1). Yellow sqi#8 mg, 59%)H
NMR (300 MHz, CDCY): d= 3.80 (s, 6H), 6.79-7.90 (m, 7H), 7.08 Jc 6.9 Hz, 4H), 7.22
(d, J = 16.5 Hz, 1H), 7.34-7.30 (m, 4H) 8.52 (= 6.0 Hz, 2H) ppm**C NMR (75 MHz,
CDCl): 0=55.5, 114.8, 119.7, 120.5, 122.8, 127.0, 127(®),(232.9, 140.3, 145.2, 149.4,
150.1, 156.3 ppm. HRMS (MALDIz calcd. for G/H2sN,O,: 409.1910 [M + H], found

409.1910.
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4-Methoxy-N-(4-methoxyphenyl)N-[4-(pyridin-4-ylethynyl)phenyl]aniline  (3): In a
Schlenk tube wunder an inert atmosphere of argbhiN-bis(4-methoxyphenyl)-4'-
(ethynyl)aniline (232 mg, 0.704 mmol), 4-iodopyndi(159 mg, 0.776 mmol) and Cul (3 mg,
0.016 mmol) were dissolved in anhydrous dioxamaéthylamine 4:1 (25 mL) and argon was
bubbled through for 5 min, followed by the additiohPd(PPh), (16 mg, 0.014 mmol). The
resulting mixture was stirred at 90 °C for 18 htekfcooling, the solvents were removed
under vacuum. The residue was diluted with,Chl (50 mL) and saturated aqueous JOH
(70 mL). The aqueous layer was washed with,ClH(2 x 30 mL). The combined organic
layers were washed with brine (50 mL) and driechwig,SO,. After removal of the solvent
under reduced pressure, the residue was purifiedcddymn chromatography (SO
CHCls/ethyl acetate 1:1) to give the chromoph@8ras a yellow oil (252 mg, 0.620 mmol,
88%).'H NMR (500 MHz, CDCY): = 3.79 (s, 6H), 6.82-6.86 (m, 6H), 7.06—7.08 (i),4
7.30-7.32 (m, 4H), 8.53-8.55 (m, 2H) ppffC NMR (125 MHz, CDGJ): 6 = 55.7, 85.9,
95.5, 112.4, 115.1, 118.8, 125.5, 127.6, 132.2,013B39.9, 149.77, 149.82, 156.7 ppm.
HRMS (MALDI) m/z calcd. for G/H.N,O.: 406.1676 [M], found 406.1680. The
spectroscopic data are consistent with those regamtthe literaturé®
N,N-Bis[4-(9H-carbazol-9-yl)phenyl]-4-(pyridin-4-yDaniline (4): This compound was
prepared according to the general procedure foul8dliyaura cross-coupling starting from
compound10 (200 mg, 0.306 mmol). Purification by column chadography afforded the
pure chromophord as a yellow solid (112 mg, 0.171 mmol, 56%). NMR (500 MHz,
CDCl): § = 7.30-7.33 (m, 4H), 7.39-7.41 (m, 2H), 7.44—77 8H), 7.50—7.56 (m, 10H),
7.66—7.68 (m, 2H), 8.16-8.18 (m, 4H), 8.66-8.67 @) ppm.**C NMR (125 MHz,
CDCl3): 0 = 110.0, 120.2, 120.6, 121.2, 123.5, 124.5, 1257K.1, 128.4, 128.4, 132.74,
133.14, 141.1, 146.3, 147.6, 148.5, 150.5 ppm. HRMBLDI) m/z calcd. for G/HzoNy:

652.2621 [M], found 652.2638.
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(E)-N,N-Bis[4-(9H-carbazol-9-yl)phenyl]-4-[2-(pyridin-4-yl)vinyl]aniline (5): This
compound was prepared according to the generakguoe for Heck cross-coupling starting
from compoundll (200 mg, 0.29 mmol, 1 equiv.) and 4-vinylpyridi(89 mg, 0.37 mmol,
1.3 equiv). The crude product was purified by catluchromatography (SK)ethyl acetate).
Yellow solid (80 mg, 41%)R; = 0.6 (SiQ; ethyl acetate)'H NMR (300 MHz, CDG}): J=
6.98 (d,%J = 16.5 Hz, 1H), 7.29-7.58 (m, 27H), 8.16-8.18 4id), 8.57—8.59 (m, 2H) ppm.
¥C NMR (75 MHz, CDCJ): 0 = 109.9, 120.1, 120.5, 120.9, 123.5, 124.3, 1252%.6,
126.1, 128.3, 128.5, 131.4, 132.5, 133.0, 141.4.94146.3, 147.9, 150.3 ppm. HRMS

(MALDI) mvz calcd. for GoHa4N4: 678.2778 [M], found 678.2774.

4-(5-Methoxythiophen-2-yl)-N-[4-(5-methoxythiophen2-yl)phenyl]-N-[4-(pyridin-4-
yl)phenyl]aniline (6): This compound was prepared according to the gepeoakedure for
the Suzuki—-Miyaura cross-coupling starting from eoond 12 (200 mg, 0.365 mmol).
Purification by column chromatography afforded thee chromophoré as a yellow-orange
solid (166 mg, 0.303 mmol, 83%H NMR (500 MHz, CDCJ): 6 = 3.90 (s, 6H), 6.16 (d,=
4.0 Hz, 2H), 6.88 (dJ = 4.0 Hz, 2H), 7.09-7.10 (m, 4H), 7.16-7.17 (m),2H37-7.39 (m,
4H), 7.46-7.47 (m, 2H), 7.51-7.53 (m, 2H), 8.6018(, 2H) ppm.**C NMR (125 MHz,
CDCl3): 0 = 60.4, 104.9, 120.3, 121.1, 123.4, 125.2, 12K2@,9, 130.0, 130.3, 131.5, 145. 7,
147.7, 148.6, 150.4, 165.8 ppm. HRMS (MALDi)z calcd. for GsH26N20.S,: 546.1430

[M*], found 546.1444.
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