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3-(10-Alkyl-10H-phenothiazin-3-yl)-2-propenals and their corresponding 3,3’-bispropenals that repre-
sent a previously unexplored class of functionalised phenothiazine derivatives were prepared upon re-
acting N-alkylated 3-bromo- and 3,7-dibromo-10H-phenothiazines with acrolein diethyl acetal under Pd
catalysis. The obtained heterocyclic 2,3-unsaturated aldehydes were condensed with N-methyl-N-phe-

nylhydrazine and N,N-diphenylhydrazine resulting in mono- and dihydrazones that act as effective hole
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transporting materials. Thermal, optical, electrochemical and photophysical properties of the synthesised
new organic electroactive derivatives have been investigated.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

2,3-Unsaturated aromatic aldehydes are very important pre-
cursors in synthetic organic chemistry. For example, cinnamalde-
hyde and substituted derivatives were used as starting materials for
the synthesis of various carbocyclic! and heterocyclic> compounds,
including synthetic analogues of biomolecules.> The reaction of
cinnamaldehydes with heterocycles bearing the CH-acidic methyl
group, afforded butadienyl dyes,* while their condensation with
aromatic and heteroaromatic hydrazines gave the corresponding
hydrazones that were used as charge transporting materials for
photoreceptors.’

In recent years, efficient protocols have been developed for the
preparation of 2,3-unsaturated aromatic aldehydes using the Heck
reaction® of arylhalides with propenal’ or its derivatives; the cor-
responding diethyl acetal,® or 3,3-diacetoxypropene.’ These Pd-
catalysed coupling reactions were also applied to the synthesis of
several heterocyclic analogues of cinnamaldehyde.’#820910.12b
Djakovitch and co-workers’" carried out the Heck arylation of
acrolein diethyl acetal with 3-bromoquinoline using conditions
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based on Jeffery’s'! phase-transfer reaction conditions [Pd(OAc),,
n-BusNOACc, K,CO3, KCl, DMF] and obtained (2E)-3-(quinolin-3-yl)-
2-propenal with a yield of 79% However, when 4-
bromoisoquinoline and 3-bromobenzothiophene were used in
similar coupling reactions, the yields of the target aldehydes were
significantly reduced because of substantial dehalogenation of the
starting substrates. The reaction of heteroaryl bromides with
acrolein acetals in the presence of catalyst systems, such as
[PACI(C3Hs)]y/cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)
cyclopentane or [Pd(NH3)4]/NaY zeolite afforded the corresponding
2,3-unsaturated heteroaryl aldehydes as the minor product in
a mixture with 3-(heteroaryl)propionic esters.!?

In the present work, we report on the synthesis of 2,3-
unsaturated phenothiazinyl aldehydes by the Heck coupling
methodology and their further application for the preparation of
organic electronic materials. The phenothiazine ring system is
present in numerous examples of electroactive organic com-
pounds.’®> However, few studies were devoted solely to the syn-
thesis and characterisation of phenothiazine-based, electroactive
hydrazones until now." Heteroaromatic hydrazones are effective
functional materials for the preparation of organic photoreceptors,
which are widely used on copying machine and laser printer
drums.”® The advantages of hydrazones against other classes of
charge transporting materials include efficient charge transporting
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properties, a simple synthesis and a low cost of starting materi-
als.®® Therefore, the condensation of 3-(phenothiazin-3-yl)-2-
propenals with N,N-disubstituted arylhydrazines could provide
easy access to new heterocyclic hydrazones bearing an extended
and fully conjugated m-electron system for use as an efficient
charge transporting material for organic photoreceptors.

2. Results and discussion
2.1. Synthesis

It is known that N-alkylated 3-bromo- and 3,7-dibromoph-
enothiazines and their corresponding iodo derivatives represent ex-
cellent substrates in various Pd-catalysed coupling reactions.!3¢416ab
The most common methods used for the preparation of mono-
brominated scaffolds involved the direct bromination of N-alkylphe-
nothiazines.®®"” The alternative approach was based on the
bromination of N-unsubstituted phenothiazine followed by N-alkyl-
ation of the obtained brominated derivatives.>5'%® Treatment of N-
alkylphenothiazines with two equimolar amounts of bromine in acetic
acid,3¢16¢18 or dichloromethane! resulted in the corresponding 3,7-
dibromo compounds.

In this work, the required 10-alkyl-3-bromophenothiazines 2a—c
were synthesised from 10-alkylphenothiazines 1a—c according to
literature procedures.'”>¢ 10-(2-Ethylhexyl)-3-bromophenothiazine,
2d, was obtained by bromination of 1d with NBS. This reaction was
carried out in the presence of a catalytic amount of benzoyl peroxide
in CCly, which allowed the target product to be obtained with a yield
of 60%. In contrast, the yield provided by the previously known syn-
thesis protocol,’¢ based on bromination of 1d with bromine in pyr-
idine, did not exceed 40%. The heating of 1a and 1b in CCl4 with two
equimolar amounts of NBS gave 10-alkyl-3,7-dibromophenothiazines
32" and 3b" with good yields of 85% and 81%, respectively
(Scheme 1).
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Scheme 1. Reagents and conditions: (i) NBS, CCls, benzoyl peroxide, reflux, 2 h; (ii)
acrolein diethyl acetal, Pd(OAc),, n-BusNOAc, K,COs, KCl, DMF, 90 °C, 1.5 h.

Having successfully prepared the brominated scaffolds, we ex-
amined their ability to participate in Pd-catalysed couplings with
acrolein diethyl acetal. Thus, the Heck reaction of 3-bromo-10-
alkyl-10H-phenothiazines 2a—d with acrolein diethyl acetal, car-
ried out under conditions optimised by Cacchi and co-workers for
the synthesis of 2,3-unsaturated aromatic aldehydes®® and fol-
lowing work-up of the formed adducts with hydrochloric acid,
afforded 3-(10-alkyl)-10H-3-phenothiazinyl-2-propenals 4a—d.
These derivatives were isolated by column chromatography with
yields of 50—63%. The reaction also produced small amounts of by-
products including the corresponding ethyl  3-(10-
alkylphenothiazin-3-yl)propanoates that were formed due to hy-
drogen shifts in the carbopalladated intermediate of the catalytic

cycle,®? and a 10-alkylphenothiazine derivative due to dehaloge-
nation of the starting substrate.”” However, their presence in the
reaction mixture was only detected by methods, such as HPLC/MS
spectrometry and 'H NMR spectroscopy, and they were not isolated
in a pure state.

The structures of the synthesised propenals, 4a—d, were
confirmed by analysis of their spectroscopic data (H NMR, 13C
NMR, >N NMR, IR, MS). For example, the IR spectrum of 4b
showed a strong band at 1674 cm~! that was attributable to its
aldehydic C=0 group. The 'H NMR spectrum contained a set of
signals that was characteristic of the propenal moiety: a doublet
of the aldehyde proton at 9.63 (]CHO H2)=7.8 Hz), a doublet of
doublets of H-2 at 6.57 ( ](CHO H2)=7.8 Hz, ](HZ H3)=15.8 Hz), and
a doublet of H-3 at 7.31 ppm (3](H2,H3) 15.8 Hz). E-Configuration
at the C=C double bond unequivocally follows from the mag-
nitude of the vicinal coupling between the alkene protons H-2
and H-3. NOE experiments (NOESY and NOE-difference) of
compound 4b revealed a strong through-space interaction be-
tween the aldehyde proton and proton H-3, but no interaction
between the aldehyde proton and H-2. This corresponds to the s-
trans conformation of the o,B-unsaturated aldehyde moiety. The
detailed assignments presented in Fig. 1 were based on the
combined application of standard NMR techniques including
COSY, TOCSY, HSQC, HMBC, NOE-difference and long-range INEPT
spectra with selective excitation.?®
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Fig. 1. (a) "H NMR (italics), *C NMR (plain) and >N NMR (bold) chemical shifts [ppm;
ref. TMS ('H and '3C) and CH3NO, (*°N)] for 4b in CDCls. (b) Relevant NOE correlations.

The coupling reactions of 3,7-dibrominated phenothiazines 3a
and 3b with acrolein diethyl acetal, followed by hydrolysis, afforded
bispropenals 5a and 5b in satisfactory yields of 65% and 60%, re-
spectively. The 'H and '>C NMR spectra of bispropenal 5a displayed
only nine proton signals and twelve carbon signals, indicating that
the compound was a highly symmetrical molecule. The NOE ex-
periments of 5a revealed an s-trans conformation for the both a,B-
unsaturated aldehyde moieties.

Condensation of propenals 4c¢, d with 1-methyl-1-phenylhydrazine
and 1,1-diphenylhydrazine in toluene yielded hydrazones 6a—d, while
a similar reaction of bispropenals 5a, b afforded dihydrazones 7a—d
(Scheme 2). The '"H NMR spectra of compounds 6a—d and 7a—d
contained a characteristic doublet of one of the ethene protons in the
region of 6.36—6.64 ppm with vicinal 3j=15.3—15.9 Hz. This unique
signal pattern verified the trans configuration of the ethene moiety.
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Scheme 2. Synthesis of hydrazones 6a—d and 7a—d.

2.2. Thermal analysis

The favourable state for hydrazones that are used as charge
transporters is a glassy state. The formation of the glassy state of
synthesised monohydrazones 6a—d and dihydrazones 7a—d was
confirmed by differential scanning calorimetry (DSC) analysis. The
melting points (Ty,) and glass transition temperatures (Tg) of in-
vestigated compounds are presented in Table 1.

Table 1

Data of thermal analysis and ionisation potentials (I;,) of hydrazones 6a—d and 7a—d
Compound Tm, °C Ty, °C I, eV
6a 173 41 5.25
6b no 55 5.28
6¢ no 46 5.35
6d no no 5.30
7a 226 no 5.15
7b no 106 5.12
7c 154 72 5.18
7d no 56 5.22

no — not observed.

These investigations revealed that some of the hydrazones can
exist both in crystalline and amorphous states, while others were
found only in an amorphous phase in our experiments. Thus, dur-
ing the first heating of dihydrazone 7c, the melting point was ob-
served at 154 °C (Fig. 2a). No crystallisation was observed during
the second heating, and the only detected glass transition occurred
at 72 °C. Glass transition occurs at 56 °C for 7d, but no melting was
observed (Fig. 2b). This indicates that the original state of sample
7d was amorphous.

Comparison of the DSC analysis results for 6a—d and 7a—d
revealed a significant influence of the molecular mass (weight) on the
thermal transition data. In general, glass transition temperatures were
higher for the dihydrazones, compared with the monohydrazone
analogues. These data suggest that introduction of branched aliphatic
chains potentially leads to a decreased in Ty in dihydrazone case.

2.3. Optical, electrochemical and photophysical properties

The UV—vis absorption spectra of hydrazones 6a—d and 7a—d
were recorded at room temperature in THF (Fig. 3a). The lowest
energy absorption bands of monohydrazones 6a—d give maxima in
the region of 380—450 nm and a shoulder around 350 nm. The
lowest energy absorption band of dihydrazones 7a—d is shifted
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Fig. 2. (a) DSC curves for 7c, (b) DSC curves for 7d (heating rate 10 °C/min).

bathochromically for approximately 20 nm, and the maxima are in
the region of 400—420 nm. The shoulders in the absorption spectra
of dihydrazones are transformed into the absorption bands with
maxima at 350 nm and 400—420 nm of equal intensity.
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Fig. 3. (a) UV—vis absorption spectra of hydrazones 6a—d and 7a—d, (b) Fluorescence
spectra of hydrazones 6a—d and 7a—d.
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The fluorescence spectra of hydrazones 6a—d and 7a—d are
provided in Fig. 3b. Emission maxima of monohydrazones 6a—d are
in the region of 495—500 nm, and dihydrazones 7a—d emit at
520—525 nm. The small differences between the maxima of ab-
sorption and fluorescence spectra (~20 nm) of monohydrazones
and dihydrazones are attributable to the ‘butterfly’ shape of the
phenothiazine heterocycle?! and comparing weak conjugation
between two branches of hydrazone moieties in these molecules.

The Egomo and Erymo energies of the representative hydrazones
6a, d, 7a, d and the reference compound 1c¢ were measured
employing the cyclic voltammetry (CV) technique (Table 2). These
values do not represent any absolute solid-state or gas-phase ion-
ization energies, but can be used to compare different compounds
relative to one another. The cyclic voltammograms of all synthe-
sized compounds show quasi-reversible oxidation couples. Cyclic
voltammograms of investigated compounds are shown in the
(Fig. 4). Compared with phenothiazine 1c¢, addition of one hydra-
zone fragment increases Eyomo by 0.1 eV in the case of N-methyl-N-
phenyl hydrazone 6a, while substitution of the methyl group by
a phenyl ring in 6d diminishes this effect, and Eyonmo increases only
by 0.04 eV. Addition of a second hydrazone fragment in 7a, d in-
creases Eyomo by another 0.06 eV. Addition of hydrazone fragments
also narrows the energy bandgap and reduces Ejypo. Compared
with 1c addition of two hydrazone fragments lowers Ejymo by
~0.8 eV.

3555

The new phenothiazine-based hydrazones were used for charge
carrier mobility studies. The xerographic time-of-flight (XTOF)
technique®? was used to characterise the magnitude of the hole-
drift mobility for the neat materials. In cases when measurements
were impossible due to crystallisation or other irregular layer for-
mations (6a, ¢ and 7a), these materials were dispersed in bisphenol
Z polycarbonate as a polymer host (PC-Z).

In all the cases investigated, the mobility (u) is approximated by
the formula

po= poe™t (1)

where g is the zero field mobility, « is Pool—Frenkel parameter and
E is electric field strength.

The mobility defining parameters ug and « values as well as the
mobility values at the 10® V/cm field strength are given in Table 3.
Room temperature hole-drift mobilities were found to exceed
10~* cm?/V s in strong electric fields for neat materials, and for
compounds with polymeric binder this parameter was found to be
two orders of magnitude lower. The examples of the dU/dt tran-
sients for the corresponding PC-Z blends are shown in Fig. 5.

XTOF measurements reveal that small charge transport tran-
sients are within a well-defined transit time on linear plots in the
case of 7a composition with PC-Z (Fig. 6a). The XTOF transients for
all the other samples were of disperse character, but the transit
time was well observed on Ig—Ig plots (Fig. 6b).

Table 2
Electrochemical properties of 1c, 6a, d and 7a, d*
Compound Enomo, eVP° Erumos €V© EgP, evd ES¥ vs Fc, Ve E9% vs Fe, V Eqja vs Fc, V@ Eonset VS Fc, V
1c —5.06 -1.52 3.54 0.33 0.18 0.26 0.18
6a —4.96 -2.09 2.87 0.22 0.09 0.16 0.08
6d -5.02 -2.20 2.82 0.27 0.16 0.22 0.15
7a —-4.90 —2.26 2.64 0.13 0.05 0.09 0.03
7d -4.96 -2.31 2.65 0.20 0.12 0.16 0.09

¢ The CV measurements were carried out at a glassy carbon electrode in dichloromethane solutions containing 0.1 M tetrabutylammonium hexafluorophosphate as
electrolyte and Ag/AgNOs as the reference electrode. Each measurement was calibrated with ferrocene (Fc).

> Enomo = —4.8 + (E}) 2 75572).

C
. Erumo = Enomo — Eg

The optical band gaps Egpt estimated from the edges of electronic absorption spectra.

€ E1j2=(Epa+Epc)[2; Epa and Epc are peak anodic and peak cathodic potentials, respectively.

-02 01 00 01 02 03 04 05 06

E vs Fc/Fc', V

Fig. 4. The cyclic voltammograms of compounds 1c, 6a, d and 7a, d.

The photoelectron emission in the air spectra were recorded for
the investigated hydrazones and I, values are presented in Table 1.
Namely due to the ‘butterfly’ effect, the ionisation potentials of
mono- and dihydrazones are similar and they are slightly lower for
dihydrazones 7a—d (5.12—5.22 eV) compared to monohydrazones
6a—d (5.25—5.35 eV).

3. Conclusion

In conclusion, the coupling of 3-bromo- and 3,7-dibromo-10-
alkyl-10H-phenothiazines with acrolein diethyl acetal under Heck
reaction conditions afforded functionalised phenothiazine de-
rivatives possessing 2-propenal moieties as side chains with ac-
ceptable yields. Condensation of the latter with N,N-disubstituted
hydrazines gave the corresponding mono- and dihydrazones as
new effective organic electroactive materials. Additionally, their
ionisation potentials were measured by an electron photoemission
technique and were determined to be 5.12—5.35 eV, and their room
temperature hole-drift mobilities exceeded 10~4 cm?/V s in strong
electric fields for neat materials.

4. Experimental
4.1. General

The melting points were determined in open capillary tubes
with a Melt-Temp (Electrothermal) melting point apparatus and are
uncorrected. The DSC measurements were carried out on a Mettler
DSC 30 calorimeter at a scan rate of 10 °C/min. Infrared spectra
were recorded on a Perkin ElImer Spectrum One spectrometer using
potassium bromide pellets. 'TH NMR spectra were recorded at
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Table 3 10" E T T T T 3
Hole-drift mobility data for pure compounds and mixtures with PC-Z MC+[8b+PC-Z, 1:3], d=6um
Transport d(pm) po(cm®V'sT'E p(em? Vs a(em!?v1?) 10° ¢ T=25°C U;| —esov| 3
material, 744V
1 576V
host polymer 10 e TTTCTOWNy T as2v| 2
6ac 7 ~2.0x10°° 55x1074 ~0.0056 . = gfgg
6a+PC-Z, 1:1 10 9.5x10°8 1.6x107> 0.0051 g 107 | 4
6b 3.6 0.6x1076 54x107* 0.0068 = dabis
6c+PC-Z,1:1 55 5.0x1078 1.3x107° 0.0056 S 100 [3 | 1
6d 32 1.7x10°° 46x10* 0.0056 = =
7a+PC-Z,1:3 6 27x10°8 24x10°° 0.0045 - FSoomost| \ T 1
7b 3.8 0.8x10°° 1.3x1073 0.0073 '
7c 3.7 4.4x10°° 9x10°* 0.0053 <F ooooold
7d 5.1 1.9x1076 8x1074 0.0061 107 F 700 zoxac® 4010 60x10°
t (s)
3 Mobility value at zero field strength. L - e = = (a)
b Mobility value at 10° V cm ! field strength. 10 10 10 10 10
¢ Crystallisation at the perimeter of film started. t(s)
T T T T
10' E B
- '
& Al+8c, d=3.7um
-2
10 T=25°C| e 6a (neat) 100 £ 3
& 6a ((PC-Z: neat) 1:1)
. Dl —= =
10 - ea (neat) W 3 0.3
w 7a((PC-Z: neat) 1:3) 3 10_1 L ]
» 7b (neat) —
1 0,4 * 7c (neat) =z g : 02
= 7d (neat) g/ﬁ / =1 %
—_ ;) k=]
R B S
Z 10° %V‘/:;/ /M/ 102 L3 01 .
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= 00 P —— 0.0 2060 40xi0° :
= ) 10° k... Lo s . %&a (b)
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- Fig. 6. (a) XTOF transients for 7a dispersed in PC-Z with a mass ratio of 1:3. The insert
10 0 200 400 600 800 1000 1200 shows one transient curve in a linear scale, where the transit time is marked by an
i " arrow. (b) XTOF transients in a double logarithmic scale for 7c. The arrow indicates the
E™ (Vicm) hole transient time at the highest potential and the insert shows a typical transient

Fig. 5. Electric field dependencies of the hole-drift mobilities of hydrazones 6 and 7.

300 MHz on a Varian Unity Inova and at 500 MHz on a Bruker
Avance 500 spectrometers; 13C NMR spectra were registered at 75
and 125 MHz, respectively. Chemical shifts, expressed in parts per
million, were relative to tetramethylsilane (TMS). >N NMR spectra
(50.69 MHz) were obtained on a Bruker Avance 500 spectrometer
using a ‘directly’ detecting broadband observe probe and were
referenced against neat, external nitromethane (coaxial capillary).
UV—vis spectra were recorded on Perkin Elmer Lambda 35 UV/vis
spectrometer. Fluorescence spectra were recorded on Hitachi MPF-
4 spectrometer. Mass spectra were recorded on a Waters Micro-
mass ZQ instrument. Elemental analyses were measured with a CE-
440 elemental analyzer, Model 440 CHN/O/S. For thin layer chro-
matographic (TLC) analyses, Merck precoated TLC plates (silica gel
60 F,54) were used. Starting 10-alkyl-10H-phenothiazines were
synthesized by alkylation of 10H-phenothiazine with correspond-
ing alkylhalides in DMF applying sodium hydroxide as a base
according to a procedure outlined in the literature.’34

4.1.1. Cyclic-voltammetry  measurements. The electrochemical
studies were carried out by a three-electrode assembly cell from
Bio-Logic SAS and a micro-AUTOLAB Type III potentios-
tat—galvanostat. The measurements were carried out with a glassy
carbon electrode in dichloromethane solutions containing 0.1 M
tetrabutylammonium hexafluorophosphate as electrolyte, Ag/
AgNOs as the reference electrode and a Pt wire counter electrode.

4.1.2. lonization energy measurements. The ionization potentials
(Ip) of the sample films were estimated by performing electron
photoemission spectroscopy in air, as described in Ref. 18.

curve in a linear scale.

4.1.3. Hole mobility measurements. The sample films for mobility
measurements were prepared by dissolving the compounds and
polycarbonate PC-Z (Iupilon Z-200 from Mitsubishi Gas Chemical
Co.) using mass ratio of 1:1 or 1:3 or neat in tetrahydrofuran and
thoroughly stirring the solution before casting the films. The
compounds dispersed in PC-Z were casted on polyester film with
conductive Al layer serving as the sample substrate. Smooth,
transparent and highly uniform films obtained indicated homoge-
neous dispersion of hydrazone molecules in the polymer host.

The hole-drift mobility was measured by XTOF technique.?®
Electric field was created by positive corona charging. The charge
carriers were generated at the layer surface by illumination with
pulses of nitrogen laser (pulse duration was 1 ns, wavelength
337 nm). The layer surface potential decrease as a result of pulse
illumination was up to 1-5% of initial potential before illumination.
The capacitance probe that was connected to the wide frequency
band electrometer measured the speed of the surface potential
decrease dU/dt. The transit time t; was determined by the kink on
the curve of the dU/dt transient in linear or double logarithmic
scale. The drift mobility was calculated by the formula u=d?/Upt;,
where d is the layer thickness, Uy — the surface potential at the
moment of illumination.

4.1.4. Reagents. General chemicals were of the best grade available,
supplied by Aldrich Chemical Co. and were used without further
purification. Starting 10-alkyl-10H-phenothiazines were synthesized
by alkylation of 10H-phenothiazine with corresponding alkylhalides
in DMF applying sodium hydroxide as a base according to a procedure
outlined in the literature.® 10-Alkyl-3-bromophenothiazines 2a—c
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were prepared from the corresponding 10-alkyl-10H-phenothiazines
according to the reported procedures.!”P<

4.2. Synthetic procedures

4.2.1. General procedure for the bromination of 10-alkyl-10H-phe-
nothiazines (compounds 2d, 3a, b). A double-necked round bot-
tomed flask was charged with the appropriate 10-alkyl-10H-
phenothiazine (5 mmol) dissolved in boiling CCly (20 mL). Then
NBS (0.89 g, 5 mmol, for monobromination or 1.78 g, 10 mmol, for
dibromination) and benzoyl peroxide (48 mg, 0.2 mmol, for mon-
obromination or 96 mg, 0.4 mmol, for dibromination) were added
to the solution in 10 portions to the refluxing solution during 1 h
and the mixture was refluxed additionally for 1 h after the last
portion was added. Then the reaction mixture was washed with hot
water (3x20 mL, 50 °C), organic layer was dried over sodium sul-
fate and concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel with hexane as
eluent.

4.2.1.1. 3-Bromo-10-(2-ethylhexyl)-10H-phenothiazine
(2d). Yield 1.17 g (60%), resinous substance. The 'H NMR spectrum
of 2d was in good agreement with that described in literature.'*®

4.2.1.2. 3,7-Dibromo-10-propyl-10H-phenothiazine (3a). Yield
1.69 g (85%), resinous substance; IR (KBr, cm~1): » 3060, 2963, 2930,
2872. 'H NMR (300 MHz, CDCl3): 6 0.98 (3H, t, J=7.5 Hz), 1.76 (2H,
sex, J=7.5 Hz), 3.71 (2H, t, J=7.5 Hz), 6.65 (2H, d, J=8.4 Hz),
719-723 (4H, m). The ®C NMR spectrum of 3a was in good
agreement with that described in literature.??

4.2.1.3. 3,7-Dibromo-10-(2-ethylhexyl)-10H-phenothiazine
(3b). Yield 1.89 g (81%), resinous substance. The 'H and >C spec-
trum of 3b was in good agreement with that described in
literature.'®

4.3. General procedure for the preparation of 3-(10-alkyl-
10H-phenothiazin-3-yl)-2-propenals 4 and 5

To a stirred solution of 10-alkyl-3-bromo-10H-phenothiazine
(1.0 mmol) 2 in dry DMF (4 mL) under argon atmosphere acrolein
diethyl acetal (0.458 mL, 3.0 mmol), tetrabutylammonium acetate
(0.604 g, 2.0 mmol), potassium carbonate (0.208 g, 1.5 mmol), po-
tassium chloride (0.074 g, 1.0 mmol) and palladium (II) acetate
(0.006 g, 0.03 mmol) were added and the mixture was stirred for
1.5 h at 90 °C. After cooling, 2 M hydrochloric acid was added slowly
(to pH 4-5) and the reaction mixture was stirred at room tem-
perature for 10 min. Then, it was extracted with dichloromethane
(3x8 mL), combined dichloromethane solution was washed with
water, dried over sodium sulfate and concentrated under reduced
pressure. The residue was purified by column chromatography on
silica gel with hexane/ethyl acetate (2/1 for 5a or 4/1 for 4a—d, 5b).

Similar procedure was used to prepare bispropenals 5a and 5b
from 10-alkyl-3,7-dibromo-10H-phenothiazines 3a and 3b. The
only difference in the procedure is that the molar ratio of the re-
agents with 3a and 3b was increased twice.

4.3.1. (E)-3-(10-Methyl-10H-phenothiazin-3-yl)-2-propenal
(4a). Yield 50%, orange crystals, mp 129—131 °C (from ethanol); 'H
NMR (300 MHz, CDCl3): 6 3.40 (3H, s), 6.55 (1H, dd, J=15.9, 7.8 Hz),
6.79(1H, d,J=8.4 Hz), 6.83 (1H, dd,J=8.4,1.2 Hz), 6.97 (1H, dt, J=7.5,
1.2 Hz), 711-7.22 (2H, m), 7.30—-7.36 (3H, m), 9.63 (1H, d, J=7.8 Hz);
13C NMR (75 MHz, CDCl3): ¢ 35.6, 114.1, 114.5, 122.4, 123.2, 1241,
126.5, 126.7, 127.2, 127.7, 128.3, 128.6, 144.5, 148.4, 151.7, 193.5; IR
(KBr, cm~1): » 3047, 2965, 2899, 2819, 1667, 1616, 1592, 1570; MS m/

Z (%): 268 (M+H™). Anal. Calcd for C;gH13NOS: C, 71.88; H, 4.90; N,
5.24. Found: C, 71.49; H, 5.00; N, 5.33.

4.3.2. (E)-3-(10-Ethyl-10H-phenothiazin-3-yl)-2-propenal
(4b). Yield 63%, yellow crystals, mp 104—106 °C (from ethanol); 'H
NMR (500 MHz, CDCl3): 6 143 (3H, t, J=7.0 Hz), 3.94 (2H, q,
J=7.0 Hz), 6.57 (1H, dd, J=15.8, 7.8 Hz), 6.84 (1H, d, J=8.5 Hz), 6.88
(1H, dd, J=8.2,1.0 Hz), 6.94 (1H, dt, J=7.5, 1.0 Hz), 7.10 (1H, dd, J=7.5,
1.5 Hz), 7.16 (1H, ddd, J=8.2, 7.5, 1.5 Hz), 7.27 (1H, d, J=2.1 Hz), 7.31
(1H, d, J=15.8 Hz), 7.32 (1H, dt, J=8.5, 2.1 Hz), 9.63 (1H, d, J=7.8 Hz);
13Cc NMR (125 MHz, CDCl3): 6 12.8, 42.2,114.8,115.3,123.08, 123.11,
124.6, 126.4, 126.9, 1274, 127.5, 128.2, 128.4, 143.5, 147.5, 151.7,
193.5; >N NMR (50 MHz, CDCl3): 6 296.4 (-85.4); IR (KBr, cm™): »
3056, 2978, 2936, 2869, 1674; MS m/z (%): 282 (M+H™, 100). Anal.
Calcd for C17H15NOS: C, 72.57; H, 5.37; N, 4.98. Found: C, 72.93; H,
5.36; N, 4.90.

4.3.3. (2E)-3-(10-Propyl-10H-phenothiazin-3-yl)-2-propenal
(4c). Yield 60%, yellow resinous substance; 'H NMR (500 MHz,
CDCl3): 6 1.01 (3H, t, J=7.4 Hz, CH3), 1.80—1.84 (2H, m), 3.81 (2H, t,
J=7.2 Hz), 6.55 (1H, dd, J=15.9, 7.8 Hz), 6.82 (1H, d, J=8.5 Hz), 6.85
(1H, d, J=8.2 Hz), 6.94 (1H, t, J=7.5 Hz), 7.10 (1H, dd, J=7.6, 1.6 Hz),
715 (1H, m, J=7.5, 8.2, 1.6 Hz), 7.26 (1H, d, J=2.0 Hz), 7.29 (1H, dd,
J=15.9 Hz), 7.31 (1H, dd, J=8.5, 2.0 Hz), 9.62 (1H, d, J=7.8 Hz); 13C
NMR (125 MHz, CDCl3): 6 11.2,19.9, 49.4, 115.2, 115.6, 123.1, 123.6,
125.1, 126.4, 127.0, 127.40, 127.42, 128.1, 128.3, 143.8, 147.8, 151.7,
193.4; >N NMR (50 MHz, CDCl3): 6 293.8 (—88.0); IR (KBr, cm™1): »
3057, 2963, 2931, 2872, 2817, 1673, 1618, 1596, 1573; MS m/z (%):
296 (M-+H", 100). Anal. Caled for C1gH7NOS: C, 73.19; H, 5.80; N,
4.74. Found: C, 73.15; H, 5.80; N, 4.77.

4.3.4. (2E)-3-[10-(2-Ethylhexyl)-10H-phenothiazin-3-yl]-2-propenal
(4d). Yield 62%, deep orange resinous substance; 'H NMR
(300 MHz, CDCl3): 6 0.83—0.90 (6H, m), 1.23—1.48 (8H, m),
1.87—1.97 (1H, m), 3.76 (2H, d, J=7.2 Hz), 6.57 (1H, dd, J=15.9,
7.8 Hz), 6.85—6.98 (3H, m), 7.13—7.20 (2H, m), 7.29—7.36 (3H, m),
9.63 (1H, d, J=7.8 Hz); 13C NMR (75 MHz, CDCl3): 6 10.4, 13.9, 23.0,
23.9, 28.5, 30.5, 35.9, 51.2, 115.8, 116.3, 123.2, 124.7, 126.3, 126.5,
127.3,127.4,127.6, 128.18, 128.24, 144.4, 148.5, 151.7, 193.4. IR (KBr,
cm™1): ¥ 3057, 2963, 2931, 2872, 2817, 2733, 1674; MS m/z (%): 367
(M+H™, 100). Anal. Calcd for Co3H»7NOS: C, 75.57; H, 7.45; N, 3.83.
Found: C, 75.73; H, 7.68; N, 4.07.

4.3.5. (E)-3-{7-[(E)-2-Formyl-1-ethenyl]-10-propyl-10H-phenothia-
zin-3-yl}-2-propenal (5a). Yield 65%, red crystals, mp 180—182 °C
(from ethanol); 'H NMR (500 MHz, CDCl3): 6 1.03 (3H, t, J=7.4 Hz),
1.84 (2H, m), 3.85 (2H, t, J=7.2 Hz), 6.57 (2H, dd, J=15.8, 7.7 Hz), 6.85
(2H, d,J=8.4 Hz), 7.34 (2H, dd, J=8.4,1.0 Hz), 7.27 (2H, d, J=1.0 Hz),
7.31 (2H, d, J=15.8 Hz), 9.64 (2H, d, J=7.7 Hz); *C NMR (125 MHz,
CDCl3): 6 11.1, 20.0, 49.7, 115.6, 124.3, 127.0, 127.03, 128.4, 129.0,
146.4, 151.0, 193.2; >N NMR (50 MHz, CDCl3): 6 305.4 (—76.4); IR
(KBr, Cm’l): v 3052, 3018, 2971, 2958, 2929, 2813, 2726, 1671; MS
m/z (%): 350 (M+H™, 100). Anal. Calcd for C1H1gNO,S: C, 72.18; H,
5.48; N, 4.01. Found: C, 72.38; H, 5.57; N, 4.11.

4.3.6. (E)-3-{10-(2-Ethylhexyl)-7-[(E)-2-formyl-1-ethenyl]-10H-phe-
nothiazin-3-yl}-2-propenal (5b). Yield 60% as a deep orange resin-
ous substance; 'H NMR (300 MHz, CDCl3): 6 0.82—0.91 (3H, m),
0.87 (3H, t, J=7.2 Hz), 1.20—1.45 (8H, m), 1.85—1.95 (1H, m), 3.78
(2H,d,J=7.2 Hz), 6.57 (2H, dd, J=15.9, 7.5 Hz), 6.90 (2H, d, J=8.4 Hz),
7.30—7.38 (6H, m), 9.63 (2H, d, J=7.5 Hz). 3C NMR (75 MHz, CDCl5):
010.4,13.9,22.9, 23.8, 28.4,30.5, 36.1, 51.4,116.3,125.5,127.0, 127.4,
128.3, 129.1, 147.2, 151.2, 193.3. IR (KBr, cm™!): » 3051, 2957, 2925,
2856, 2729, 1674. MS m|z (%): 420 (M+H™, 100). Anal. Calcd for
CoH29NO,S: C, 74.43; H, 6.97; N, 3.34. Found: C, 73.95; H, 7.46;
N, 3.28.
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4.4. General procedure for synthesis of hydrazones 6 and 7

The corresponding aldehyde 4 (or 5) (2 mmol) was dissolved in
toluene (2 mL) and the corresponding phenylhydrazine (3 mmol)
was added to the reaction mixture (6 mmol of hydrazine was used
with aldehyde 5). The reaction mixture was refluxed for 0.5-1.0 h
for preparing the 1,1-diphenylhydrazones, and it was refluxed for
2-5 h for preparing the 1-phenyl-1-methylhydrazones. All hydra-
zones were purified by column chromatography on silica gel (elu-
ent for 6a, b, 7a-b: n-hexane/ethyl acetate 4:1 (v/v), eluent for 6¢, d:
n-hexane/ethyl acetate 15:1 (v/v)). Solution was concentrated un-
der reduced pressure and the residue was vacuum dried.

4.4.1. (E)-3-[10-Propyl-10H-phenothiazin-3-yl]-2-propenal 1-
methyl-1-phenylhydrazone (6a). Propenal 4c (590 mg, 2 mmol)
and 1-methyl-1-phenylhydrazine (366 mg, 3 mmol) were used to
prepare 6a according to the general procedure after refluxing for
3 h. Product was crystallized from ethanol. Yield: 528 mg (66%),
yellow crystals, mp 171—173 °C; 'H NMR (300 MHz, CDCl3): 6 1.01
(3H,t,J=7.5Hz),1.83 (2H, m), 3.37 (3H, 5), 3.81 (2H, t,J]=7.2 Hz), 6.60
(1H, d, J=15.9 Hz), 6.79—7.32 (13H, m), 7.50 (1H, d, J=8.7 Hz). 13C
NMR (75 MHz, CDCl3): 6 11.3, 20.1, 33.6,49.2,115.4 (2x C),115.5 (2x
C), 120.8, 122.4, 124.2, 125.0, 125.1, 125.5, 125.7, 127.2, 127.4, 129.0
(2x C),131.6,132.2,135.6, 144.7, 144.8,147.5. IR (KBr, cm~!): » 3026,
2957, 2923, 2869, 1596, 1571, 1500, 1457. MS m/z (%): 400 (M+H™,
100). Anal. Calcd for C35H,5N3S: C, 75.15; H, 6.31; N, 10.52. Found: C,
75.24; H, 6.18; N, 10.49.

4.4.2. (E)-3-[10-Propyl-10H-phenothiazin-3-yl]-2-propenal 1,1-
diphenylhydrazone (6b). Propenal 4c (590 mg, 2 mmol) and 1,1-
diphenylhydrazine hydrochloride (662 mg, 3 mmol) were used to
prepare 6b according to the general procedure after refluxing for
0.5 h. Yield 738 mg (80%), yellow resinous substance; T; 55 °C; H
NMR (300 MHz, CDCls): ¢ 1.01 (3H, t, J=7.5 Hz), 1.85 (2H, m), 3.80
(2H, t, J=7.5 Hz), 6.37 (1H, d, J=15.3 Hz), 6.77—7.45 (19H, m). NMR
(75 MHz, CDCl3): 6 11.2, 20.1, 49.3, 115.3, 115.4, 122.4 (4x C), 124.2,
124.5(2x C),124.9,125.1,125.6,127.2,127.4,128.2,129.0,129.7 (4 x
(), 131.5,133.1,138.7, 143.5 (2x C), 144.68, 144.72. IR (KBr, cm~1): »
3035, 2961, 2929, 2869, 1588, 1574, 1494, 1463. MS m/z (%): 462
(M+HT, 100). Anal. Calcd for C3gH7N3S: C, 78.06; H, 5.90; N, 9.10.
Found: C, 78.25; H, 5.85; N, 8.72.

4.4.3. (E)-3-[10-(2-Ethylhexyl)-10H-phenothiazin-3-yl]-2-propenal
1-methyl-1-phenylhydrazone (6¢). Propenal 4d (731 mg, 2 mmol)
and 1-methyl-1-phenylhydrazine (366 mg, 3 mmol) were used to
prepare 6¢ according to the general procedure after refluxing for
4 h. Yield 752 mg (80%), yellow resinous substance; Ty 46 °C; H
NMR (300 MHz, CDCl3): 6 0.91 (6H, t, J=7.5 Hz), 1.26—1.55 (8H, m),
1.94-2.02 (1H, m), 3.37 (3H, s), 3.76 (2H, d, J=7.5 Hz), 6.62 (1H, d,
J=15.9 Hz), 6.84—7.16 (5H, m), 7.21—7.42 (9H, m). >C NMR (75 MHz,
CDCl3): 6 104, 14.0, 23.0, 23.9, 28.5, 30.6, 33.1, 35.7, 50.9, 115.2 (2x
C),115.8,120.5,122.4,125.2,125.3,125.88,125.94,127.1,127.5,129.0
(2x C), 131.67, 131.72, 134.8, 145.1, 145.3, 147.5. IR (KBr, cm™!): »
3058, 3034, 2955, 2923, 2854, 1597. MS m/z (%): 471 (M+H™, 100).
Anal. Calcd for C39H35N3S: C, 76.72; H, 7.51; N, 8.95. Found: C, 77.13;
H, 7.72; N, 8.76.

4.4.4. (E)-3-[10-(2-Ethylhexyl)-10H-phenothiazin-3-yl]-2-propenal
1,1-diphenylhydrazone (6d). Propenal 4d (731 mg, 2 mmol) and 1,1-
diphenylhydrazine hydrochloride (662 mg, 3 mmol) were used to
prepare 6d according to the general procedure after refluxing for
15 h. Yield 777 mg (73%), yellow resinous substance; 'H NMR
(300 MHz, CDCl3): ¢ 0.85—0.90 (6H, m), 1.23—1.49 (8H, m),
1.90-1.98 (1H, m), 3.73 (2H, d, J=6.9 Hz), 6.38 (1H, d, J=15.9 Hz),
6.79—7.05 (5H, m), 7.13—7.22 (10H, m), 7.40—7.45 (4H, m). 3C NMR
(75 MHz, CDCl3): 6 10.4, 14.0, 23.0, 23.9, 28.5, 30.6, 35.8, 51.0, 115.8,

115.9,122.4 (4% C), 1244 (2x C),125.16,125.22,125.4,125.9, 1271,
127.6, 128.4, 129.4, 129.7 (4x (), 131.5, 133.0, 138.5, 143.5 (2x C),
145.25,145.32. IR (KBr, cm! ): v3059, 3037, 2956, 2924, 2854, 1589.
MS m/z (%): 503 (M+H™, 100). Anal. Calcd for C3sH37N3S: C, 79.05;
H, 7.01; N, 7.90. Found: C, 79.42; H, 6.91; N, 8.33.

4.4.5. (E)-3-{7-[(E)-2-Formyl-1-ethenyl]-10-propyl-10H-phenothiazin-
3-yl}-2-propenal di(1-methyl-1-phenylhydrazone) (7a). Bispropenal
5a (698 mg, 2 mmol) and 1-methyl-1-phenylhydrazine (733 mg,
6 mmol) were used to prepare 7a according to the general procedure
after refluxing for 5 h. Yield 1.229 g (55%), orange crystals, mp
224226 °C (from ethanol); 'H NMR (300 MHz, CDCls): 6 1.02 (3H, t,
J=75 Hz), 1.78—1.90 (2H, m), 3.37 (6H, s), 3.80 (2H, t, J=7.2 Hz), 6.59
(2H, d, J=15.9 Hz), 6.62—7.32 (18H, m), 7.39 (2H, d, J=9.0 Hz). NMR
(75 MHz, CDCl3): ¢ 11.2, 20.1, 33.4, 49.3, 115.3, 1154 (4x C), 120.7,
124.2,124.3,125.0,125.4,126.0,129.0 (4x C),131.8,135.1,144.0, 147.5.
IR (KBr, cm™'): » 3027, 2962, 2925, 2867, 1596, 1547, 1498, 1475. MS
m|z (%): 558 (M+H™, 30). Anal. Calcd for C35H3sNsS: C, 75.37; H, 6.33;
N, 12.56. Found: C, 75.67; H, 6.33; N, 12.39.

4.4.6. (E)-3-{7-[(E)-2-Formyl-1-ethenyl]-10-propyl-10H-phenothia-
zin-3-yl}-2-propenal di(1,1-diphenylhydrazone) (7b). Bispropenal
5a (590 mg, 2 mmol) and 1,1-diphenylhydrazine hydrochloride
(1324 mg, 6 mmol) were used to prepare 7b according to the
general procedure after refluxing for 1 h. Yield 738 mg (75%),
deep yellow glassy substance; Ty 106 °C; TH NMR (300 MHz,
CDCls): 6 1.01 (3H, t, J=7.5 Hz), 1.81 (2H, sext, J=7.5 Hz), 3.78 (2H,
t, J=7.5 Hz), 6.36 (2H, d, J=14.7 Hz), 6.75 (2H, d, J=9.0 Hz), 6.92
(2H, d, J=9.3 Hz), 7.02 (4H, t, J=9.0 Hz), 7.13—7.22 (14H, m),
7.39—7.45 (8H, m). 3C NMR (75 MHz, CDCl3): 6 11.2, 20.0, 49.3,
115.2 (2x C), 122.4 (8x C), 124.2 (2x C), 124.4 (4x (), 125.0 (2x
C), 125.3 (2x C), 125.6 (2x C), 129.7 (8x (), 131.6 (2x C), 132.8
(2x C), 138.4 (2x C), 143.5 (4x C), 144.1 (2x C). IR (KBr, cm~'): »
3035, 2960, 2927, 2869, 1587. MS m/z (%): 683 (M+H™, 100). Anal.
Calcd for C45H39NsS: C, 79.26; H, 5.76; N, 10.27. Found: C, 79.63;
H, 6.02; N, 10.21.

4.4.7. (E)-3-{10-(2-Ethylhexyl)-7-[(E)-2-formyl-1-ethenyl]-10H-pheno-
thiazin-3-yl}-2-propenal di(1-methyl-1-phenylhydrazone) (7c). Bispro-
penal 5b (839 mg, 2 mmol) and 1-methyl-1-phenylhydrazine
(733 mg, 6 mmol) were used to prepare 7c according to the general
procedure after refluxing for 4 h. Yield 879 mg (70%), light brown
resinous substance; T; 72 °C; 'H NMR (300 MHz, CDCls): 6 0.9—0.95
(6H, m),1.29—1.54 (8H, m), 1.95—2.03 (1H, m), 3.40 (6H, s),3.77 (2H, d,
J=72 Hz), 6.64 (2H, d, ]=16.2 Hz), 6.86 (2H, d, J=9.0 Hz), 6.96—7.06
(4H, m), 7.26—7.44 (14H, m). NMR (75 MHz, CDCl3): 6 10.5, 14.0, 23.0,
23.9,28.5,30.6,33.2 (2x C),36.0,51.1,115.3 (4x C),115.9 (2x C),120.6
(2x C),125.2(2x (),125.3(2x (C),125.5(2x C),126.1 (2x C),129.0 (4x
(), 131.7 (2x C), 1319 (2x (), 134.9 (2x C),144.7 (2x C),147.6 (2x C).
IR (KBr, cm™1): » 3026, 2958, 2923, 2857, 1596. MS mjz (%): 629
(M+4H™, 100). Anal. Calcd for C49H4s5NsS: C, 76.52; H, 7.22; N, 11.15.
Found: C, 76.35; H, 747; N, 11.31.

4.4.8. (E)-3-{10-(2-Ethylhexyl)-7-[(E)-2-formyl-1-ethenyl]-10H-pheno-
thiazin-3-yl}-2-propenal di(1,1-diphenylhydrazone) (7d). Bispropenal
5b (839 mg, 2 mmol) and 1,1-diphenylhydrazine hydrochloride
(1324 mg, 6 mmol) were used to prepare 7d according to the general
procedure after refluxing for 2 h. Yield 1.052 g (70%), light brown
resinous substance; T; 56 °C; TH NMR (300 MHz, CDCl3): 6 0.85—0.90
(6H, m), 1.24—1.48 (8H, m), 1.86—1.99 (1H, m), 3.71 (2H, d, J=7.2 Hz),
6.37 (2H, d, J=15.3 Hz), 6.79 (2H, d, J=9.0 Hz), 6.92—7.05 (4H, m),
7.15—7.22 (16H, m), 7.40—7.45 (8H, m). NMR (75 MHz, CDCl3): 6 10.4,
14.0, 23.0, 23.9, 28.5, 30.6, 35.9, 51.1,115.8 (2x C), 1224 (8x (), 124.4
(4x (€),125.26 (2x (),125.33 (2x (),125.4 (2x C),125.5 (2x (C),129.7
(8x (), 131.7 (2x (),132.8 (2x C),138.5 (2x (C),143.5 (4x (), 144.8 (2x
Q). IR (KBr, cm™1): » 3036, 2956, 2924, 2855, 1588. MS m/z (%): 753
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(M+HT, 100). Anal. Calcd for CsgH49NsS: C, 79.86; H, 6.57; N, 9.31.
Found: C, 80.12; H, 6.91; N, 9.03.
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