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Graphical abstract

The new donor-n-acceptor / acceptor-n-acceptor compounds exhibit strong
up-converted fluorescence, obvious solvatochromic effects, and the largest o value in
various solvents, which provide a promising alternative as a polarity-sensitive
two-photon fluorescent probe.
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Abstract

The new donof-acceptor / acceptar-acceptor compound$-QQ, KZQ, JYQ,
and LVQ) were facilely synthesized and characterized byarad, proton nuclear
magnetic resonance, mass spectrometry, and elenmardlysis. Their UV-visible
absorption, one-photon excited fluorescence, twatgoh absorption, and two-photon
excited fluorescence were systematically investigain different solvents. The
experiment results indicate that all these compsumedhibit relatively strong
up-converted fluorescence and obvious solvatochooeifects. KZQ shows the
largesto value of 707 GM in THF upon 830 nm excitation. &scellent optical
properties provide a promising alternative as aafiytsensitive two-photon
fluorescent probe. Aided with the quantum chemidehsity functional theory

calculations, the relationships between the strastand the properties were studied.
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1. Introduction

Two-photon absorption (TPA) is a third-order noear optical process involving
simultaneous absorption of two photons to reactentuited state. TPA materials are
of interest in current research due to their paaérgpplications in photodynamic
therapy, scanning excitation microscopyip-converted lasing and three-dimensional
optical data storadeetc. Especially, bioimaging techniques based BA Tethods
are superior to those based on one-photon absofptizing to their in-depth
penetration, less cell damage, and higher spasalutiori. Therefore, to fully realize
these applications, great effort has been focusedhe design and synthesis of
organic materials with high TPA cross-sectian)®( Generally, there are several
factors on increasing values: (1) the efficiency of intramolecular chargansfer
(ICT)"; (2) the strength of the donor and accépt®) the character of the conjugated
bridgeg; (4) the coplanarity of the molecule strucfﬁ;re(S) the alternation of the
conjugation length; (6) the dimensionality of the charge transfemmek™. Up till
now, many organic materials have been synthesizéid igh ¢ as the following
structure types: dipolar B-A (A = acceptor, D = donor, and= conjugated bridgé}
quadrupolar De-D / A-n-A and Da-A-n-D / A-n-D-n-A'*, octupole®’, and TPA
oligomers / polymerS. Among them, organic molecules with7DA system are the
most extensively studied because their spectraes@lgy gaps can be tuned by
controlling the ICT from the conjugated electromndrs to the electron acceptors,
which plays an important role in the determinatainthe photophysical properties.
However, as far as the practical applications becemed, it is still a challenge by
now that how to design and facilely synthesize Bipanolecules with the low
molecular weight, the small molecular volume, amellarges.

It is well-accepted that 9-ethylBcarbazole and 10-ethyl-Hophenothiazine, as a
class of large electron-rich heterocyclic structuhave strong electron-donating
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ability'’, and methoxy is also a kind of effective electdmmating grouff. Though
formyl has a relatively strong electron-withdrawimdility, a few examples that
formyl was studied as a type of electron acceptdiRA materials have been reported.
We had previously synthesized a series of A-D-Aauoles with a formyl moiety,
and it is proved that formyl can act as a goodtmacacceptdr. Herein, based on the
above considerations, we strategically designeeketimew Dr-A compounds FQQ,
KZQ, andJYQ) and one new A=A (LVQ) counterpart, whose chemical structures
were illustrated in Scheme 1. Four new target camge were facilely synthesized
by the following three-step reactions: (1) Arbuzegaction; (2) solvent-free
Horner-Wadsworth-Emmons (HWE) reaction; (3) Mizarbleck reaction. They
were characterized by IRH NMR, MS, and elemental analysis. Their linear
photophysical characteristics were performed irdied#int organic solvents and the
TPA properties were investigated by means of the-ghoton fluorescence
spectroscopy. To well understand the underlyingharisms of TPA properties, the
theoretical calculations were employed to investigahe structure-property
relationships of the target molecules by densitycfional theory (DFT) calculation
approachéd. Furthermore, four target compounds showed obvinlgatochromic
effect$’ and large Stokes shifts upon increasing the figlafisolvents mainly due to
ICT. The optical characterization and investigatadnTPA properties show that the
target compounds could provide promising altermstivas polarity-sensitive

two-photon fluorescent probes.

S
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Scheme 1. Molecular structures of the target compounB®Q, KZQ, JYQ, and
LVQ).

2. Results and discussion

2.1. Synthesis and characterization

The synthesis of the target compoure®@Q, KZQ, JYQ, andLVQ) is relatively
straightforward as outlined in Scheme 2. The 1@4etbH-phenothiazine-3-carboxal-
dehydé® (1a) and 9-ethyl-8i-carbazole-3-carboxaldehyde(lb) were synthesized
efficiently by Vilsmeier reaction according to tmeferences. Meanwhileye used
[(4-ethenylphenyl)methyl]phosphonic acid diethytegsas the starting material to
realize the synthesis of the phosphonate compdug#)(according to the literatufe
which was then reacted with the aromatic aldehytiedd) by the solvent-free HWE
reaction to form the trans-alkenéa{2d). Among these important intermediatéa,
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was synthesized and reported for the first timeulnyresearch group. The solvent-free
HWE reaction is simple, safe, and environmentally flign And its additional
advantage of higk-selectivity make this method a candidate for ndy daboratory
use but also widespread industrial applicationsfdpwing Mizoroki-Heck reaction,
the target compounds were accomplished in 61%-7B%lsy In'H NMR spectra,
one can see the chemical shift§ ¢f 2a-2d at 6.73-6.75J; = 17.6-17.7 HzJ, =
10.9-11.0 Hz, 1H) , 5.84-5.89 € 17.6-17.7Hz, 1H), and 5.26-5.28% 11.0-11.1 Hz,
1H) show the existence of the terminal carbon-carbdouble bond. The
E-configurations of the carbon-carbon double bonds eertified by the coupling
constants]) = 16.3-16.5 Hz for the olefinic AB spin systems.avehile, they values

at 9.99-10.0 (s, 1H) indicate the existence offtieyl group. In the FT-IR spectra of
the target compounds, the characteristic absorgieeks appearing at 1693-1700
cm™are the stretch vibration absorption of the carbgngup, and the characteristic
absorption peaks appearing at 1589-1597 amil 957-968 ch illustrate the stretch
and bending vibration of th&-configurations of the carbon-carbon double bonds,

respectively.
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Scheme 1. Synthesis of the target compounBQ, KZQ, JYQ, andLVQ).

2.2. One-photon absor ption and fluor escence properties

The one-photon absorption and fluorescence piiepasf the target compounds in

four solvents of different polarity are listed iraflle 1. To further investigate the

spectra relationships of the compounds, the cooretipg one-photon absorption and

fluorescence spectra of the target compounds gmietdd in Fig. 1, Fig. 2, and Fig. 3.

Table 1. Linear and nonlinear optical properties of thegéd compoundsHQQ,

KZQ, JYQ, andLVQ).

T 10t U "o ot
Compound Solvent (nm)  (mol*Lcm®) (nm)  (cm) (nm) (GM)
FQQ TOL 405 2.15 510 5083  0.28 561 118
THF 407 4.80 520 5339 0.18 572 145
CH,Cl, 401 3.58 527 5962  0.12




CH:CN
KZQ TOL
THF
CH,Cl,
CHsCN
JYQ TOL
THF
CH,Cl;
CH:CN
LVQ TOL
THF
CH.Cl;

CH:CN

399

402

399

400

394

384

379

381

376

374

372

372

373

3.38

4.53

4.76

4.89

4.58

10.67

6.22

10.58

9.49

7.53

13.59

11.73

9.37

542

475

528

548

563

467

487

508

530

446

448

454

464

6612

3823

6123

6752

7619

4628

5851

6562

7728

4245

4560

4855

5257

0.09

0.88

0.48

0.29

0.08

0.97

0.51

0.43

0.33

0.68

0.63

0.65

0.60

520

563

505

525

489

493

448

707

138

286

55

85

2 Maximum linear absorption wavelength, ¢ = 1R1fol L™.

® Maximum molar absorption coefficient.

®Maximum one-photon excited fluorescence wavelength1x10° mol L™

d Stokes shift.

® Fluorescence quantum yield, measured by using mpiisulfate in 0.5 mol L
sulfuric acid as the standareP( = 0.546°).

"Maximum two-photon excited fluorescence wavelength,1x10° mol L.

9Two-photon absorption cross-section, 1 GM = I¥1¢m's photort.
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Fig. 1. One-photon absorption spectra of the target comimQQ, KZQ, JYQ,

andLVQ) in different solvents with a concentration 6£ 10° mol L™
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Fig. 2. One-photon absorption spectra of the target comi®QQ, KZQ, JYQ,
andLVQ) in THF with a concentration 0f110° mol L™
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Fig. 3. One-photon fluorescence spectra of the target camgs FQQ, KZQ, JYQ,

andLVQ) in different solvents with a concentration 0£10° mol L™.

As shown in Fig. 1, all of the compounds show atsorption bands in the range
of 290-360 nm and 372-407 nm. The low-energy bandimates from the ICT
transition, while the high-energy band is assignedthe n-n* transition of the
phenothiazine ringHQQ), the carbazole ringk(ZQ), and the benzene ringYQ,
LVQ). With increasing solvent polarity from TOL to @EN, the absorption peak

positions ¢2) of FQQ, KZQ, JYQ, andLVQ only have a little variation (< 8 nm).

It can be seen from Fig. 2 that thé> exhibits an obvious red shift fromVQ to

FQQ (LVQ < JYQ < KZQ < FQQ). The reason for this characteristic is that
phenothiazine is a kind of nitrogen and sulfur-aimihg heterocyclic unit, and
carbazole is a kind of nitrogen-containing heteoticy unit, which extend the
conjugation length of the system and lead to loelerctronic transition energy
between the ground state and the excited statee Mwtt the maximum molar
absorptivities §nay) of LVQ andJYQ are much larger than thoseEQ andKZQ,
which implies that the light absorbing ability dfet compounds with heterocyclic

donors is relatively weak.
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As shown in Fig. 3 and listed in table 1, all tber compounds emit one-photon
excited fluorescence (OPEF) between 380 and 68@maer the excitation at their
maximum absorption wavelengths. The compounds é&xavatochromic behavior

in different polar solvents. Upon increasing sotvg@olarity, the OPEF maxima

(ASPFF) of FQQ, KZQ, JYQ, and LVQ show obvious bathochromic shifts. For

‘max

example, the 1> of KZQ shows a red-shift by 88 nm that exhibits a greater

sensitivity to each solvent than the other compsuff@Q, JYQ, andLVQ). The
Stokes shiftsAv) also show a tendency to monotonically increash imcreasing the
polarity of solvents from TOL to C4N. These observations can be due to the
following reasons: the molecular polarity of thecikad state is larger than that of the
ground state, as the enhanced dipole-dipole irtierec caused by increasing the
polarity of the solutes and / or solvents will lelada more significant energy level
decrease for the excited state. The fluoresceneamtgm yields ¢) of the four
compounds in different solvents were determinedising quinine sulfate in 0.5 mol
L* sulfuric acid as the standard. In low-polarity T®he® show a sequence 3¥ Q
(0.97) >KZQ (0.88) >LVQ (0.68) >FQQ (0.28) Upon increasing solvent polarity,
the @ of LVQ changes slightly, while th@ of FQQ, KZQ, andJYQ decrease
consistently and significantly. Especially, tl#e of FQQ and KZQ are almost
quenched in highly polar GEN. The above results indicate tHaQQ, KZQ, and
JYQ have much stronger ICT tharvVQ.

The large values ofv are observed for the target compounds in all fmivents
due to the strong solvent-solute dipole-dipoleratéons, a manifestation of the large
dipole moments and orientation polarizability. Assdribed above, the fluorescence
spectra show the larg&y which depend on the solvent polarity. The sigaific
solvatochromism is observed, suggesting a largengshan the dipole moment
between the ground and the excited state. The Hipataga equation is the most
widely used equation to evaluate the dipole monuainges of the materials with

photoexcitatiorf’
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Av= — T (ue-ug) >+ const 1
47, he® (ue- 1g) (1)
—-— 2_
Nf :.fi__%_.._fla_jl_ (2)
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in which Av = vaps- vem Stands for the Stokes shift,sandven, are the wave numbers
of the absorption and the emission, respectively.Planck’s constang is the speed
of light in vacuum,a is the Onsager radiuge and gy are the permanent dipole
moments of the excited state and the ground gstgpectivelysyis the permittivity
of the vacuumg is the static dielectric constant of the solvamigin is the refractive

index,Af is the orientation polarizability.
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Fig. 4. Lippert-Mataga plots of the target compoundZ Q, FQQ, JYQ, andLVQ).

The plots ofAv as a function ofAf are shown in Fig. 4. According to the
Lippert-Mataga equation, the slope of the bediHt is related to the dipole moment
change between the ground state and the excite(gfag). The slopes of the four
lines are different; 4696, 13012, 9982, and 3201 dar FQQ, KZQ, JYQ, and
LVQ, respectivelyKZQ andJYQ have much larger slopes the&QQ andLVQ,

which implies larger dipole moment changes f&ZQ and JYQ with
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photoexcitatiorf® The largese - ug values are beneficial to improving their TPA

properties.

2.3. Two-photon properties

The two-photon excited fluorescence (TPEF) spectrthe target compounds in
THF and TOL were recorded at different excitaticavelengths (690-950 nm) with a
pulse duration of 140 fs at 500 mW. The correspogdivo-photon properties are

listed in Table 1. The representative TPEF spaiftiaZQ in THF are shown in Fig.

5 and Fig. 6.
690 nm
560 -~ — 710 nm
— 730 nm
480 L KZQ —— 750 nm|
— 770 nm|
—_ —— 790 nm|
S 400 —— 810 nm|
N —— 830 nm|
2 ——— 850 nm
o
g 0r 870 nm
L 890 nm|
E 240 910 nm
5 —— 930 nm
=5 950 nm|
= 160
80

450 480 510 540 570 600 630 660

Wavelength (nm)

Fig. 5. Two-photon excited fluorescence spectrekKafQ in THF (c = 12X 102 mol
L") pumped by femtosecond laser pulses at 500 mW rudifierent excitation

wavelengths.
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Fig. 6. (a) Two-photon excited fluorescence spectr&@Q in THF (c = 1X 10°
mol L) at 830 nm under different input powers. (b) Ldijenic plot of the output

fluorescence integrald,) of KZQ versus the input laser powelg)(.

The TPEF spectra &€ZQ in THF pumped by femtosecond laser pulses at 500
mW under different excitation wavelengths are pné=et in Fig. 5. One can see that
the TPEF intensity is the largest under 830 nmtation. The optimal excitation
wavelengths of the other compoun@#QQ, JYQ, andLVQ) are 830 nm, 790 nm,
and 790 nm, respectively. Fig. 6a and Fig. 6b shimevfluorescence intensities of
KZQ under different pump powers and the logarithmiot pbf the output
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fluorescence integral versus the input powers. d$inear absorption is observed in
the range from 500 nm to 1000 nm, the emissionteat@t 830 nm laser wavelength
should be attributed to the TPEF mechanism. Theritignic plot has a slope of 2.01
as the input laser power is increased, confirmibga@aphoton excitation mechanism.
The other compoundd=QQ, JYQ, andLVQ) are also proved to have the same

excitation mechanism.

One can see from Table 1 that the TPEF maximyjii() of KZQ in THF is 563

nm, which is evidently red-shifted by 35 nm by caripg with its 1°°5F (528 nm).

max

The other compound§QQ, JYQ, andLVQ) also show 38-51 nm and 35-52 nm red
shifts in TOL and THF, respectively. This is attried to the reabsorption effétt
which can lead to the energy loss and the red-shétmission wavelength.

Theo of the target compound&QQ, KZQ, JYQ, andLVQ) were calculated and
presented in Fig. 7 and listed in Table 1. Theyalle largew in THF than in TOL.
Obviously, the polarity of solvents has signifidgnhfluence on thes. It is also can
be explained by the stronger solute-solvent intesadn THF. The largest values
in THF (TOL) are 145 GM (118 GM) foFQQ, 707 GM (448 GM) folK ZQ, 286
GM (138 GM) fordYQ, and 85 GM (55 GM) fot.VQ, respectively, which follow
the order:KZQ > JYQ > FQQ > LVQ. To better understand the relationship
between the of the target compounds and the distribution ettbn densities over
the molecules, the density functional theory (DFEB)culations were carried out
using the Gaussian 09 progrdmThe nonlocal density function of B3LYP with
6-31G basis sets was used for the calculations.fibméier molecular orbitals of the
target compounds were shown in Fig. 8. The HOMO-1Qkhergy gapsAE) were
calculated and listed in Table 2. Upon excitatitire electron transition from the
HOMO to the LUMO is accompanied by the charge tiem$rom the terminal
phenothiazine ring, carbazole ring, and benzerg torthe formyl acceptor. ThekE
of FQQ, KZQ, JYQ, andLVQ are 2.65, 2.89, 3.00 and 3.16 eV, respectivelgdlh
value shows positive correlation with thg ug, but negative correlation with theE.

One can see thatVQ with A-n-A molecule structure has the smallgst uy (3201
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cm?) and the largestE (3.16 eV). Thus, the charge transfer degree ismiakest,
resulting in the smallest Although theAE of FQQ is 2.65 eV, which is the smallest
among the target compounds, the ug of FQQ is much smaller than those KZQ
and JYQ. FurthermoreFQQ has a non-planar molecule structure (Fig. 9), tvhic
may weaken the conjugation extension of the wholdeoule and reduce the
intramolecular charge transfer. Based on the alfas®rs, thes value of FQQ is
smaller than those &€ZQ andJYQ. Thes of KZQ is nearly 2.5 times as large as
that of JYQ. This can be explained by the fact that not ohlg AE of KZQ is
smaller than that odYQ, but theue- ug of KZQ is larger than that adYQ. The
intramolecule charges are almost completely traresfiefrom the carbazole donor to

the formyl acceptor. Therefor&,ZQ shows the largestvalue.
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Fig. 7. Two-photon absorption cross-sections of the tacgetpoundsKZQ, FQQ,
JYQ, andLVQ) in THF (a) and TOL (b) in the 690-950 nm regions.
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Fig. 8. Frontier molecular orbitals of the target compafEQQ, KZQ, JYQ, and

LVQ).

Table 2. Calculated HOMO, LOMO energy and HOMO-LOMO enegaps of the

target compound$-QQ, KZQ, JYQ, andLVQ).

Compound HOMO LOMO HOMO-LOMO energy gaps
(eV) (eV) (eV)
FQQ -4.86 -2.21 2.65
KZQ -5.03 -2.14 2.89
JYQ -5.19 -2.18 3.00
LVQ -5.52 -2.36 3.16
Compound Top view Front view
G PLIEDE pL VARG,
FQQ PRSP 0N %3,
9 J-‘*J
o bd B2NE Y W | N
KZQ PITIIINIL. wasoscwdw,
J“‘J
2 J,JJ'JJJ‘ » s 2DV &)‘))044
Q o‘ ‘: :‘ 7‘; a‘ ‘a ‘f ‘::“r WD =3 9
\]Y 9 J— !, 9 ] 9 3 %
.; ;‘,“:j‘;aa“ L A e
LVQ PR 2N T

Fig. 9. Optimized geometries of the target compounB®Q@, KZQ, JYQ, and

LVQ).
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3. Conclusion

In summary, the new donaracceptor / acceptar-acceptor compounds-QQ,
KZQ, JYQ, andLVQ) were facilely synthesized by Mizoroki-Heck reaati The
important intermediate2é-2d) were synthesized by the solvent-free HWE reaction
that is simple, safe, and environmentally friendifeir linear and nonlinear optical
properties were systematically investigated inaasisolvents. The results show that
all of the target compounds exhibit obvious soledtomism and large Stokes shifts.
KZQ exhibits the excellent optical properties anddlean be as large as 707 GM in
THF, which provide a promising alternative as aapty}-sensitive two-photon

fluorescent probe.

4. Experimental section

4.1. General experimental methods

1%, 1a*® 1b** L Sz*®were synthesized according to the literature prosi DMF
and EtN were pre-dried over anhydrous magnesium sulfate20 h and distilled
before use. Other materials were commercially abédl and were used without
further purification. Unless otherwise specifiedl, the reactions were performed
under nitrogen atmosphere using standard SchiefkiguesH NMR spectra were
recorded at room temperature on a Bruker AVANCEQOO spectrometer in CDEor
DMSO-ds solvent with tetramethylsilane (TMS) as intern@nslard. Chemical shifts
were reported i@ scale and the standard abbreviations s, d, t, amfleqto singlet,
doublet, triplet, and quartet, respectively. CouglconstantJ) values are reported in
Hertz. FT-IR spectra were measured on KBr pelleith \@ Thermo Nicolet 6700
spectrometer. Mass spectra were taken on a Ther@ TK Deca XP plus ion trap
mass spectrometry instrument. Elemental analyse® wenducted on a Thermo
Finnigan Flash EA 1112 apparatus. Melting pointsreveneasured on an X-4
micromelting point apparatus without correction. I@@on chromatography was
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carried out by using silica gel (200-300 mesh)hasstationary phase.
4.2. Optical measurements

The one-photon absorption (OPA) spectra wererdecbby a Shimadzu UV-2550
UV-visible spectrometer. The OPEF spectra measureamgere performed using a
RF-5301PC fluorescence spectrofluorometer with theaximum absorption
wavelengths as the excitation wavelengths. The @RAOPEF spectra of the target
compoundsKQQ, KZQ, JYQ, andLVQ) were measured in four organic solvents of
different polarities. The OPA data were gotten abacentration of 1xIdmol L7,
while the OPEF were measured at a concentratiohxd0® mol L. The quartz
cuvettes used had a 1 cm path. #Thwas determined by using quinine sulfate (in 0.5
mol L H,SOs, @ = 0.546) as the reference according to the liteeatethod® The

@ wascorrected as follows:

2
Aum® F g

where the ref subscript stands for the referendecnte, A is the absorbance &, n
is the refractive index of the solution, aRds the integrated area under the corrected
emission spectrum.

Theo of the target compoundsQQ, KZQ, JYQ, andLVQ) were obtained by the
TPEF method with a femtosecond laser pulse and :asapphire system (680-1080
nm, 80 MHz, 140 fs) as the light source. The samplere dissolved in THF and
TOL at a concentration of 1xE@nol L. The intensities of the TPEF spectra of the
reference and the samples were determined atekeitation wavelengths. Thus, the
o of the samples were determined by the followingatign:

O = Oref q)ref Met ﬁ F (4)
® n c kg

where the ref subscript stands for the referenckeente, s is the TPA cross-section
(here fluorescein in 0.1 mol™Lsodium hydroxide solution at a concentration of
1x10°mol L'is used as reference,= 36 GMY™. n is the refractive index of the
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solution, ¢ is the concentration of the solutioR, is the integrated area under the

corrected emission spectrum, afds the fluorescence quantum yield.

4.3. General procedurefor the preparation of 2a-2d

4.3.1 3-[(1E)-2-(4-ethenylphenyl)ethenyl] -10-ethyl-10H-phencthiazine (2a). LSZ
(2.54 g, 10 mmol), t-BuOK (2.24 g, 20 mmol) atal(3.83 g, 15 mmol) were placed
in a grinding jar and mixed. Then the grinding\jas placed in a planetary ball-mill
and stirred with a 7 mm stainless steel balls trohs per minute during 2 h at room
temperature. Then 60 mL GEl, was added in the jar and the mixture was first
washed twice with 200 mL water, then saturatedeband dried over anhydrous
magnesium sulfate. The solvent was removed undieicezl pressure and the residue
was purified by silica-gel column chromatographige Vea= 10 : 1) to afforc?a as
bright yellow needle crystals. Yield: 71.2% (2.52 on.p. 134-13%; 'H NMR
(DMSO-d5, 500 MHZ) g: 7.55 (d,J = 8.3 Hz, 2H), 7.47 (d] = 8.3 Hz, 2H), 7.41 (dd,
J1 =7.8Hz,J; = 1.9 Hz, 1H), 7.40 (s, 1H), 7.21 §t= 7.8 Hz, 1H), 7.17 (d) = 16.5
Hz, 1H), 7.15 (ddJy = 7.6 Hz,J; = 1.4 Hz, 1H), 7.13 (d] = 16.5 Hz, 1H), 7.03 (d]

= 7.8 Hz, 1H), 7.01 (d) = 7.8 Hz, 1H), 6.95 ( = 7.5 Hz, 1H), 6.73 (dd}; = 17.6
Hz, J, = 11.0 Hz, 1H), 5.85 (dl = 17.7 Hz, 1H), 5.26 (d] = 11.1 Hz, 1H), 3.93 (q,
2H), 1.31 (t,J = 6.8 Hz, 3H); FT-IR (KBr): 3048, 2964, 2854, 1598, 1571, 1463,
1324, 1237, 1134, 964, 828, 745 tnESI-MSm/z: 356.1 [M+H]; Anal. calcd for
Co4H2iNS: C 81.09, H 5.95, N 3.94; found C 81.36, H 6108.13.

4.3.2 3-[(1E)-2-(4-ethenylphenyl)ethenyl] -9-ethyl-9H-carbazole (2b). The synthesis
of this compound was similar tBa. Off-white crystalline powder. Yield: 74.4%
(2.40 g). m.p. 140-141C; *H NMR (DMSO-¢;, 500MHz): 8.41 (s, 1H), 8.19 (d}

= 7.7 Hz, 1H), 7.76 (d] = 8.5 Hz, 1H), 7.62 (d] = 8.2 Hz, 2H), 7.61 (d] = 8.5 Hz,
2H), 7.50 (dJ = 8.2 Hz, 2H), 7.48 () = 7.5 Hz, 1H), 7.45 (d] = 16.4 Hz, 1H), 7.28
(d, J = 16.4 Hz, 1H), 7.23 (1) = 7.4 Hz, 1H), 6.75 (ddl = 17.6 Hz,J, = 10.9 Hz,
1H), 5.86 (d,J = 17.7 Hz, 1H), 5.26 (d] = 11.0 Hz, 1H), 4.46 (q, 2H), 1.33 &=
7.1 Hz, 3H); FT-IR (KBr)v: 3019, 2931, 2886, 1624, 1594, 1475, 1336, 123851
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968, 826, 748, 608 cf ESI-MS m/z. 324.3 [M+HJ; Anal. calcd for GsHx:N: C
89.12, H 6.54, N 4.33; found C 89.25, H 6.58, N24.4

4.3.3 1-ethenyl-4-[ (1E)-2-(4-methoxyphenyl)ethenyl] benzene (2c). The synthesis of
this compound was similar @a. Light yellow flaky crystal. Yield: 80.6% (1.91 g).
m.p. 149-151°C; *H NMR (DMSO-d;, 500MHz) §: 7.54 (d,J = 8.7 Hz, 4H), 7.46 (d,
J=8.3 Hz, 2H), 7.21 (d] = 16.5 Hz, 1H), 7.09 (dl = 16.5 Hz, 1H), 6.95 (dl = 8.7
Hz, 2H), 6.73 (ddJ, = 17.7 Hz,J,= 11.0 Hz, 1H), 5.84 (dd}; = 17.7 Hz,J, = 0.6
Hz, 1H), 5.26 (ddJ; = 11.0 Hz,J, = 0.6 Hz, 1H), 3.78 (s, 3H); FT-IR (KBr) 3000,
2954, 2835, 1601, 1512, 1249, 1176, 1034, 968, B3%,cm'; ESI-MSm/z: 237.3
[M+H]"; Anal. calcd for G;H160: C 86.40, H 6.82; found C 86.69, H 6.97.

4.3.4 1-chloro-4-[ (1E)-2-(4-ethenyl phenyl)ethenyl] benzene (2d). The synthesis of
this compound was similar @a. Light yellow flaky crystal. Yield: 74.8% (1.11 g).
m.p. 164-165°C; 'H NMR (DMSO-d 500MHz)d: 7.64 (d,J = 8.5 Hz, 2H), 7.60 (d,
J = 8.3 Hz, 2H), 7.50 (d] = 8.3 Hz, 2H), 7.44 (d] = 8.5 Hz, 2H), 7.29 (s, 2H), 6.75
(dd, J; = 17.6 Hz,J, = 11.0 Hz, 1H), 5.87 (dd; = 17.6 Hz,J, = 0.7 Hz, 1H), 5.28
(dd, J; = 11.0 Hz,J, = 0.7 Hz, 1H); FT-IR (KBr: 3017, 1626, 1509, 1488, 1408,
1094, 971, 839, 523 cMESI-MS m/z 241.2 [M+HT; Anal. calcd for GgH1:Cl: C
79.83, H 5.44; found C 80.06, H 5.62.

4.4. General procedure for the preparation of the target compounds (FQQ, KZQ,
JYQ, and LVQ)

441

3-[ (1E)-2-[ 4-[ (1E)-2-(4-for myl phenyl)ethenyl] phenyl] ethenyl] - 10-ethyl-10H-phenoth
iazine (FQQ). A mixture of 2a (0.36 g, 1 mmol), 4-bromobenzaldehyde (0.18 g, 1
mmol), Pd(OAc) (0.007 g, 0.03 mmol), and tortolylphosphine (0.04 g, 0.13 mmol)
in DMF / EgN was stirred under Mt 120 ‘C for 20 h. After cooling, the mixture
was poured into the ice water and filtered. Thédtes was purified by silica-gel
column chromatographyfe: Vea= 15 : 1) to afford=QQ as orange-red crystalline
powder. Yield: 60.5% (0.28 g). m.p. 204-208; *H NMR (DMSO-¢;, 500MHz)o:
9.99 (s, 1H), 7.92 (d] = 8.3 Hz, 2H), 7.84 (d] = 8.3 Hz, 2H), 7.67 (d] = 8.3 Hz,
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2H), 7.61 (dJ = 8.3 Hz, 2H), 7.50 (dJ = 16.5 Hz, 1H), 7.43 (dd, = 7.8 Hz,J, =
2.0 Hz, 1H), 7.42 (s, 1H), 7.40 @= 16.5 Hz, 1H), 7.23 (dl = 16.4 Hz, 1H), 7.21 (t,
J=7.8 Hz, 1H), 7.17 (d] = 16.4 Hz, 1H), 7.15 (dd}, = 7.6 Hz,J, = 1.4 Hz, 1H),
7.03 (d,J = 7.8 Hz, 1H), 7.02 (d) = 7.8 Hz, 1H), 6.95 (t) = 7.4 Hz, 1H), 3.94 (q,
2H), 1.32 (t,J = 6.9 Hz, 3H); FT-IR (KBr): 3022, 2924, 2853, 1693, 1594, 1570,
1466, 1331, 1248, 1165, 964, 827, 751 cESI-MSm/z: 460.4 [M+H]; Anal. calcd
for C31H2sNOS: C 81.01, H 5.48, N 3.05; found C 81.19, H 5183.32.

442

3-[ (1E)-2-[ 4-[ (1E)-2-(4-for myl phenyl)ethenyl] phenyl] ethenyl] -9-ethyl -9H-carbazole
(KZQ). The synthesis of this compound was similarFHQQ. Yellow crystalline
powder. Yield : 67.2% (0.29 g). m.p. 222-224; *H NMR (DMSO-¢;, 500MHz)5:
10.00 (s, 1H), 8.43 (s, 1H), 8.20 @ 7.7 Hz, 1H), 7.93 (d] = 8.3 Hz, 2H), 7.85 (d,
J =8.3 Hz, 2H), 7.78 (d] = 8.6 Hz, 1H), 7.70 (d] = 8.5 Hz, 2H), 7.67 (d] = 8.5
Hz, 2H), 7.64 (dJ = 8.5 Hz, 1H), 7.63 (d] = 8.2 Hz, 1H), 7.52 (d] = 16.4 Hz, 1H),
7.51 (d,J = 16.3 Hz, 1H), 7.48 (1] = 7.5 Hz, 1H), 7.41 (d] = 16.4 Hz, 1H), 7.31 (d,
J = 16.3 Hz, 1H), 7.24 () = 7.4 Hz, 1H), 4.47 (q, 2H), 1.34 @,= 7.1 Hz, 3H);
FT-IR (KBr) v: 3023, 2930, 2889, 1696, 1623, 1588, 1473, 1338411166, 966,
824, 748, 611 city ESI-MSm/z 428.3 [M+HT; Anal. calcd for GiHsNO: C 87.09,
H 5.89, N 3.28; found C 87.24, H 5.92, N 3.47.

44.3 4-[(1E)-2-[4-[(1E)-2-(4-methoxyphenyl)ethenyl] phenyl] ethenyl] benzal dehyde
(JYQ). The synthesis of this compound was similarFQQ. Yellow crystalline
powder. Yield: 72.8% (0.25 g). m.p. 254-258; 'H NMR (DMSO-d;, 500MHz)6:
9.99 (s, 1H), 7.92 (d] = 8.2 Hz, 2H), 7.84 (d] = 8.2 Hz, 2H), 7.67 (d] = 8.4 Hz,
2H), 7.62 (d,J = 8.4 Hz, 2H), 7.57 (d) = 8.7 Hz, 2H), 7.50 (dJ = 16.5 Hz, 1H),
7.40 (d,J = 16.5 Hz, 1H), 7.28 (dl = 16.4 Hz, 1H), 7.13 (d] = 16.4 Hz, 1H), 6.97
(d,J = 8.7 Hz, 2H), 3.79 (s, 3H); FT-IR (KBr) 3021, 2919, 2848, 1698, 1589, 1512,
1254, 1171, 1030, 967, 834, 548 tnESI-MS m/z: 341.2 [M+H]; Anal. calcd for
Ca4H200,: C 84.68, H 5.92; found C 84.75, H 6.02.

444  A-[(1E)-2-[4-[ (1E)-2-(4-chlorophenyl)ethenyl] phenyl] ethenyl] benzal dehyde
(LVQ). The synthesis of this compound was similarFHQQ. Yellow crystalline
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powder. Yield: 70.6% (0.24 g). m.p. 248-250; *H NMR (DMSO-d¢;, 500MHz):
10.00 (s, 1H), 7.93 (d = 8.3 Hz, 2H), 7.85 (d] = 8.3 Hz, 2H), 7.70 (d] = 8.4 Hz,
2H), 7.66 (d,J = 8.4 Hz, 2H), 7.65 (d) = 8.5 Hz, 2H), 7.51 (d) = 16.5 Hz, 1H),
7.46 (d,J = 8.5 Hz, 2H), 7.42 (d] = 16.5 Hz, 1H), 7.33 (s, 2H); FT-IR (KBr) 3021,
1700, 1597, 1488, 1419, 1166, 1091, 968, 832, 545 ESI-MSn/z 345.3 [M+HT;
Anal. calcd for GsH,7ClO: C 80.11, H 4.97; found C 80.36, H 5.08.
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