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3-Acceptor-substituted and 3,7-bisacceptor-substituted phe-
nothiazines can be synthesized in moderate to excellent
yields through Suzuki cross-coupling reactions between phe-
nothiazin-3-yl pinacolyl boronates or phenothiazin-3,7-diyl
bis(pinacolyl boronates) and electron-deficient (hetero)aryl
halides. The electronic properties of (hetero)aryl-substituted
N-methyl phenothiazines (UV/Vis absorption, fluorescence,
redox potentials) can be correlated with the computed ener-
gies of the frontier molecular orbitals. Nitro-substituted de-

Introduction
Donor–acceptor (Do–Acc) or push-pull substitution is a

fundamental heuristic concept in the design of functional
π-electron systems[1] that has been well studied theoreti-
cally[2] and now allows reliable prediction of functional
chromophores for basic research in future molecular elec-
tronics and for technical applications as high-performance
dyes.[3] Additionally, functional π-electron systems with
Acc–Do and Acc–Do–Acc topologies based upon reversible
heterocyclic redox units displaying electronic bi- or multi-
stability (e.g., neutral-radical ion, or even several stable oxi-
dation states) are highly intriguing as electrochemically ad-
dressable switches (native-doped; ON-OFF),[4] low bandgap
polymers,[5] and as functional units and building blocks in
single-molecule-based molecular electronics.[6] In particular,
phenothiazines,[7] a pharmaceutically important class of
heterocycles (known as pharmacophores in sedatives, tran-
quilizers, antiepilectics, antituberculotics, antipyretics, anti-
tumor agents, bactericides, and parasiticides)[8] possess low
and highly reversible first oxidation potentials[7,9] with a
pronounced propensity to form stable radical cations. Inter-
estingly, this peculiar property is also responsible for their
physiological activities[10] and phenothiazines have more-
over also been found to be able to cleave DNA upon UV
irradiation.[11] As a consequence the favorable electronic
properties of phenothiazines have given rise to applications
as electrophore probes in supramolecular assemblies[12] for
PET (photo-induced electron transfer) and sensor studies,
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rivatives reveal electronically amphoteric behavior, dis-
playing both reversible oxidations and reversible reductions.
X-ray structure analysis of the phenothiazinyl p-(2,5-dinitro)-
phenylene-bridged dyad 13 revealed donor–acceptor inter-
actions between the molecules. Pyridyl and pyrimidyl deriva-
tives fluoresce with quantum yields (Φf) of up to 49% and
can be regarded as redox-active fluorophores.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and as electron donor components – in electrically conduct-
ing charge-transfer composites,[13] polymers,[14] and donor–
acceptor arrangements,[15] for example – in materials sci-
ence investigations. We therefore became interested in elec-
tronic effects on phenothiazine oxidation potentials, and
also in absorption and emission behavior upon remote 3-
mono- and 3,7-bisacceptor substitution. We have recently
reported on the syntheses and electronic properties of 3-
mono- and 3,7-dialkynylated phenothiazines 1 and 2
(Scheme 1),[16] and on initial approaches to directly linked
biphenothiazinyls 3 and terphenothiazinyls 4 as part of our
program to establish a bottom-up approach to redox-active
nanometer-scale molecular wires.[17] Most remarkably, these
di- and trimers display intense intramolecular electronic
communication, as shown by cyclic voltammetry. Here we
wish to report the syntheses and electronic properties (cyclic
voltammetry, absorption and emission spectroscopy, to-
gether with DFT calculations) of 3-mono- (Acc–phenothi-
azine) and 3,7-bisacceptor-substituted phenothiazines
(Acc–phenothiazine–Acc).

Syntheses and Structures of 3-(Hetero)aryl and 3,7-Di-
(hetero)aryl Phenothiazines

We have recently established a facile and general route
to 3-mono- and 3,7-diarylated phenothiazines, symmetrical
and unsymmetrical diphenothiazines, and symmetrical ter-
phenothiazines, based upon Suzuki arylations with 3-
mono- and 3,7-diborylated phenothiazines as organometal-
lic building blocks.[17] This straightforward strategy is well
suited as a route to a wide selection of C-arylated phenothi-
azines for explaining remote electronic substituent effects
on the phenothiazine cores’ oxidation potentials. The 3-
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Scheme 1.

(hetero)arylated phenothiazines 7 were thus isolated in
good to excellent yields – either as a red-violet solid (7a) or
as yellow to orange-red oils (7b–7g) – upon subjection of
pinacolyl 10-hexyl-10H-phenothiazin-3-yl boronate (5) and
(hetero)aryl halides 6 to the presence of catalytic amounts
of Pd(PPh3)4 and excess potassium carbonate in boiling
mixtures of dimethoxyethane (DME) and water (Scheme 2).

Furthermore, bis(pinacolyl) 10-hexyl-10H-phenothi-
azine-3,7-diyl bisboronate (8) and a range of electronically
diverse (hetero)aryl halides 6 (2.5 equiv. each) were heated
in boiling mixtures of DME and water in the presence of
catalytic amounts of Pd(PPh3)4 and excess potassium car-
bonate to furnish 3,7-di(hetero)aryl phenothiazines 9 in
good to excellent yields, either as yellow to orange-red sol-
ids (9a–f, 9i–k) or as resins (9g, 9h) (Scheme 3).

The dumbbell-shaped diphenothiazines 12 and 13, ex-
panded by nitro-substituted electron-deficient phenylene
bridges, were likewise obtained in moderate yields as red to
dark red solids upon Suzuki coupling of 5 (2 equiv.) and
1,4-dibromo-2-nitrobenzene (10) or 1,4-dibromo-2,5-dini-
trobenzene (11) (Scheme 4).

Scheme 2. 3-Monoacceptor-substituted phenothiazines (Acc–phenothiazine) 7 obtained by Suzuki coupling.

www.eurjoc.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2006, 423–435424

The spectroscopic/spectrometric (1H and 13C NMR, IR,
MS) and combustion analytical data unambiguously sup-
port the structural assignments of the Acc–phenothiazine
(7), Acc–phenothiazine–Acc/Do–phenothiazine–Do (9),
and phenothiazine–Acc–phenothiazine (12 and 13) systems.
As a consequence of the CS symmetry of the 3,7-disubsti-
tuted phenothiazines 9 and the bridged system 13 the ap-
pearance of a single set of resonances for the magnetically
and chemically equivalent inner phenothiazinyl cores (9)
and the terminal phenothiazinyl fragments (13) in the pro-
ton and the carbon NMR spectra confirms the highly sym-
metric solution structures of these dumbbell-shaped entities.
Most characteristically for all N-hexyl-substituted pheno-
thiazines the amino methylene protons appear as triplets
between δ = 3.9 and δ = 4.1 ppm with vicinal coupling con-
stants of 7.0–7.4 Hz. For the aromatic phenothiazinyl pro-
ton resonances, well resolved coupling patterns of the sig-
nals are found in some cases between δ = 6.9 and δ =
8.3 ppm. Another typical spectroscopic characteristic of the
(hetero)aryl-substituted and bridged phenothiazines is
found in the mass spectra. Not only is the molecular peak,
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Scheme 3. 3,7-Di(hetero)aryl-substituted phenothiazines (Acc–phenothiazine–Acc and Do–phenothiazine–Do) 9 obtained by Suzuki
coupling.

Scheme 4. Dumbbell-shaped nitrophenylene-bridged diphenothi-
azines (phenothiazine–Acc–phenothiazine) 12 and 13.

Figure 1. ORTEP plots of the dumbbell-shaped diphenothiazine 13 (side-on view, hydrogen atoms and second disorder positions have
been omitted for clarity). Selected bond lengths [Å] and angles [°]: C2–C15: 1.478(4), C16–N2: 1.480(4), N2–O1: 1.215(3), N2–O2:
1.206(3), N1–C12: 1.404(4), C11–S1: 1.760(3), N1–C21: 1.472(4), � plane C17A–C15–C16/plane C1–C2–C3: 49.3(3)°, � plane O2–N2–
O1/plane C17–C16–C15: 59.8(4)°, C12–N1–C14–C5: 151.3(3)°, C14–N1–C12–C4: –154.7(3)°, C11–S1–C13–C8: –151.3(2)°, C13–S1–C11–
C1: 148.6(2)°, C21–N1–C12–C4: 6.1(4)°, C21–N1–C14–C5: –9.4(4)°.

Eur. J. Org. Chem. 2006, 423–435 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 425

representing a radical cation, present for all compounds,
but in most cases it is also accompanied by the basis peak.
The fragmentation occurs through the expected α-cleavage
of the n-hexyl substituent. In addition, an X-ray crystal
structure analysis of the dumbbell-shaped diphenothiazine
13[18] (Figure 1) clearly shows the characteristic butterfly
conformation[7] of the phenothiazine moieties, with torsion
angles of 151.3(3)° (C12–N1–C14–C5), –154.7(3)° (C14–
N1–C12–C4), –151.3(2)° (C11–S1–C13–C8), and 148.6(2)°
(C13–S1–C11–C1), and the torsion with respect to the 2,5-
dinitrophenylene bridge, with an interplanar angle of
49.3(3)° (plane C17A–C15–C16 vs. plane C1–C2–C3). The
bond lengths of the phenothiazinyl moieties and the aryl
bridge also lie within the expected margins. Furthermore,
the N-hexyl substituents adopt a pseudoequatorial arrange-
ment with only a slight deviation from coplanarity, of
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Figure 2. Crystal packing of the dumbbell-shaped diphenothiazine 13 (hydrogen atoms and hexyl groups have been omitted for clarity;
perspective view along the a-axis).

6.1(4)° (C21–N1–C12–C4) and –9.4(4)° (C21–N1–C14–C5).
In the crystal packing the phenothiazine–Acc–phenothi-
azine entities are arranged through donor–acceptor interac-
tions between the stacks (i.e., phenothiazine donor frag-
ments are positioned with the sulfur atoms in edge-on prox-
imity of 3.9 Å over and under the centroid of the dinitroph-
enylene acceptor moiety; Figure 2).

Electronic Structures and Properties of (Hetero)aryl-
Substituted and Bridged Phenothiazines

The electronic structures and properties of (hetero)aryl-
substituted and bridged phenothiazines have been investi-
gated by experimental (absorption and emission spectra, cy-
clic voltammetry) and computational (DFT calculations on
the ethyl-substituted derivatives)[19] methods (Table 1).

Optical spectroscopy (UV/Vis and fluorescence spectra)
reveals that only systems without nitro substitution display
considerable fluorescence, with emission of blue to blue-
green light and remarkable Stokes shifts (∆ν̃ = 6800–
11400 cm–1). The longest-wavelength absorption maxima
correlate reasonably well (with the exception of 2-ni-
trophenyl-substituted derivatives 7c and 9c) with the calcu-
lated HOMO–LUMO gaps ∆HOMO–LUMO (λmax,abs. [cm–1] –
∆HOMO–LUMO [eV]; r2 = 0.954), indicating that the major
contribution of this transition arises from the charge-trans-
fer character, from the phenothiazine-centered HOMOs to
the acceptor-centered LUMOs (Figure 3). Interestingly,
among the fluorescent pyridyl and pyrimidyl derivatives in
the 3-monosubstituted systems 7e–g the emission maxima

www.eurjoc.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2006, 423–435426

correlate only with the LUMO energies (λmax,em. [cm–1] –
LUMO [eV]; r2 = 0.981), but not with the HOMO–LUMO
gap (excitation energy; r2 = 0.414) nor with the HOMO
(oxidation potential; r2 = 0.003). On the other hand the
emission maxima of the corresponding 3,7-disubstituted
systems 9e–g correlate only poorly with the LUMO energies
(λmax,em. [cm–1] – LUMO [eV]; r2 = 0.768). This can be in-
terpreted as meaning that for the less symmetrical mono-
substituted systems 7e–g the structure of the excited S1 state
responsible for fluorescence behavior is largely charac-
terized by an increase in dipole moment with respect to the
ground state.[20] Hence, the emission behavior can be very
sensitive to solvent polarity. Another issue of fluorescence
efficiency, as reflected in the determined fluorescence quan-
tum yields (Φf),[21] represents the conformational coplanar-
ity of the substituents. 2-Pyridyl- (7g and 9g) and 2-pyrim-
idyl-substituted (7e and 9e) phenothiazines fluoresce with
significant higher quantum yields (Φf = 21–49%) than the
4- or 3-substituted representatives 7f, 9f, and 9h (Φf = 3–
6%). As a consequence of the coplanar arrangement of the
2-pyrimidyl substituents with the phenothiazine cores (7e
and 9e) the longest-wavelength electronic transitions from
HOMO to LUMO possess significant charge-transfer char-
acter (Figure 4) and become more efficient both for absorp-
tion and spontaneous emission.

Electrochemical data for the (hetero)aryl monosubsti-
tuted (7), disubstituted (9), and bridged (12 and 13) pheno-
thiazines were obtained by cyclic voltammetry in the anodic
(up to +1.5 V) and cathodic regions (up to –2.0 V). The
measurements reveal that for the monoacceptor-substituted
(7) and bisacceptor-substituted phenothiazines (9a–h, 9k),
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Table 1. Absorption and emission spectra, cyclic voltammetry, and DFT calculations for the ethyl-substituted derivatives.

Compound Absorption[a] Emission[b] Stokes shift E1/2
[c] [mV] HOMO[d] LUMO[d] ∆HOMO–

λmax,abs. [nm] (ε) λmax,em. [nm] (Φf) ∆ν̄ [cm–1] [eV] [eV] LUMO [eV]

258 (24400), 308 – – 790; –1100 –5.380 –2.604 2.7767a (14200), 442 (9900)
257 (23900), 295 – – 770; –1110 –5.357 –2.366 2.9917b[e]
(15100), 409 (8000)
262 (32700), 280 – – 746; –1290 –5.166 –2.187 2.9797c (12200), 304 (7700)
238 (22500), 268 – – 750; –1210 –5.293 –2.352 2.9417d (25500), 312 (8700)
246 (20100), 274 509 (38%) 8000 734 –5.047 –1.299 3.748

7e (25600), 290
(19500), 362 (6900)
244 (19800), 272 499 (6%) 11400 766 –5.226 –1.159 4.067

7f (25900), 292
(15700), 318 (7200)
240 (16600), 270 490 (21%) 10100 700 –5.030 –1.079 3.951

7 g (25200), 288
(13900), 328 (7100)
256 (31000), 312 – – 870; –1121 –5.566 –2.831 2.735

9a (30900), 454
(23900), 576 (1800)
256 (23900), 296 – – 810; –1160[f] –5.509 –2.540 2.9699b (26700), 418 (14600)
266 (31000), 354 – – 790; –1300[f] –5.140 –2.256 2.8849c (4400), 370 (3600)
282 (45900), 332 – – 800; –1200[f] –5.386 –2.462 2.9249d (9800)
242 (24900), 292 511(49%) 7800 760 –4.956 –1.453 3.503

9e (48100), 360
(28400), 366 (28400)
236 (26700), 286 497 (3%) 7200 810 –5.279 –1.427 3.8529f (35800), 366 (9500)
250 (20500), 288 492 (24%) 6800 700; 1410 –4.927 –1.238 3.6899g (39500), 368 (10800)
280 (37000), 336 477 (5%) 8800 760 –5.148 –1.203 3.9459h (10000)
250 (27800), 280 – – 600; 1230 –4.748 –0.673 4.0759i (64700), 334 (14600)
250 (23400), 302 – – 560; 830 –4.470 –0.469 4.0019j (52300), 342 (24900)
257 (45900), 296 – – 900; –980[f] – – –9k (15600), 444 (10400)
243 (13900), 267 – – 750; –1280 – – –12 (17900), 365 (5700)
242 (46000), 266 – – 800 – – –

13 (6400), 316 (20900),
428 (5000)

10-hexylpheno- 256 (33000), 311 – – 728 –4.702 –1.723 2.979
thiazine (5100)
nitrobenzene 258 (qual.)[26] – – –1147 –7.102 –3.822 3.280

[a] Recorded in CH2Cl2. [b] Recorded in CHCl3 with 7-(diethylamino)-4-methylchromen-2-one (coumarin 1; Φf = 0.73)[21] as a standard.
[c] Recorded in CH2Cl2. [d] Calculated for the ethyl-substituted derivative. [e] Recorded in CHCl3. [f] Reversible two-electron reduction.

and also for the acceptor-bridged diphenothiazines (12 and
13), the first reversible phenothiazine-centered oxidation
potential can be fine-tuned with a suitable acceptor substit-
uent in an E0

0/+1 range between 700 and 900 mV. Both
bisdonor-substituted derivatives 9i and 9j display consider-
ably lower oxidation potentials and are found at E0

0/+1 =
600 and 560 mV. In addition, in the nitro-substituted deriv-
atives, reversible reductions in the nitro(hetero)aryl frag-
ment occur at potentials between E0

0/–1 = –980 to –1111 mV

Eur. J. Org. Chem. 2006, 423–435 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 427

(3a, 3b) and E0
0/–2 = –980 to –1300 mV (9a–d, 9k, 12),

respectively.
Closer inspection of the electrochemical behavior of the

nitrophenyl-substituted phenothiazines 7b–d and 9b–d
shows that the reversible one-electron oxidations at E0

0/+1 =
746–810 mV are anodically shifted relative to that of N-
hexyl phenothiazine (E0

0/+1 = 728 mV) as a consequence of
the electron-withdrawing substituents (Figure 5, Figure 6,
and Figure 7). Similarly, the reductions of the nitrophenyl
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Figure 3. LUMOs (top) and HOMOs (bottom) of 7b (left) and 9b (right).

Figure 4. LUMOs (top) and HOMOs (bottom) of 7e (left) and 9e (right).

moieties experience the electron-releasing nature of the phe-
nothiazinyl core and the reversible reduction waves are
shifted cathodically. In comparison to nitrobenzene (E0

0/–1

= –1147 mV) this radical anion formation is impeded by
the donor character of phenothiazine. These systems can
therefore be identified as electrochemically amphoteric
push-pull chromophores that can reversibly accept or do-
nate electrons at relatively low voltages. For applications in
OLEDs (organic light-emitting diodes),[22] OFETs (organic
field-effect transistors),[23] or molecular rectifiers[6] as func-
tional hole and electron transport molecules this is a rather
favorable property. In addition, however, the fluorescent
representatives (7e, 7g, 9e, and 9g) could serve as redox-
switchable emitters in OLED devices.

For establishing semiquantitative structure–electronic
property relationships it became apparent that the oxi-
dation potentials E0

0/+1 of 3-(hetero)aryl-substituted (7) and

www.eurjoc.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2006, 423–435428

3,7-di(hetero)aryl-substituted N-hexyl phenothiazines (9)
correlate reasonably well with the corresponding HOMO
energies calculated at the DFT level of theory[19] (r2 =
0.869). With the exception of the ortho-nitrophenyl-substi-
tuted systems 7b and 9b the calculated LUMO energies also
correlate excellently with the reversible one-electron re-
duction potentials (E0

0/–1) of 3-substituted derivatives 7 (r2

= 0.999) and the reversible two-electron reduction poten-
tials (E0

0/–2) of 3,7-disubstituted systems 9 (r2 = 0.948). As
already shown for alkynyl-substituted phenothiazines,[16c]

the best correlation (r2 = 0.940) of the electrochemical data
and the Hammett substitution parameters can be estab-
lished between E0

0/+1and σP, indicating that the electronic
communication between the remote substituent and the
phenothiazine electrophore is transmitted through reso-
nance and field effects. Rational design of tailor-made (het-
ero)aryl-substituted phenothiazine electrophores with fine-
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Figure 5. Cyclic voltammograms of 7a (top) and 9a (bottom) in
CH2Cl2: T = 293 K, electrolyte = NBu4PF6 (0.1 m in CH2Cl2), v =
100 mVs–1, Pt as a working electrode, Ag/AgCl as a reference elec-
trode, and Pt as a counter-electrode (determined vs. ferrocene,
E0

0/+1= +450 mV).

Figure 6. Cyclic voltammograms of 7b (top) and 9b (bottom) in
CH2Cl2: T = 293 K, electrolyte = NBu4PF6 (0.1 m in CH2Cl2), v =
100 mVs–1, Pt as a working electrode, Ag/AgCl as a reference elec-
trode, and Pt as a counter-electrode (determined vs. ferrocene,
E0

0/+1= +450 mV).

Eur. J. Org. Chem. 2006, 423–435 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 429

Figure 7. Cyclic voltammogram of 9k in CH2Cl2: T = 293 K, elec-
trolyte = NBu4PF6 (0.1 m in CH2Cl2), v = 100 mVs–1, Pt as a work-
ing electrode, Ag/AgCl as a reference electrode, and Pt as a
counter-electrode (determined vs. ferrocene, E0

0/+1= +450 mV).

tunable oxidation potentials can therefore now predictably
be founded on this correlation of experimentally measured
and computationally calculated electronic properties.

Conclusions

In conclusion, we have been able to show that phenothi-
azines with broad patterns of electronically diverse conju-
gated substituents can be readily synthesized by application
of Suzuki arylation to borylated phenothiazinyl derivatives
and halo (hetero)arenes. Both electronic spectra (UV/Vis
and fluorescene) and cyclic voltammetry reveal a strong in-
fluence of the remote substituents on the oxidation poten-
tial of the phenothiazinyl moiety. These data can be reason-
ably well interpreted by correlation with computationally
determined energies of the frontier orbitals. These novel
functionalized oligomers are therefore excellent candidates
as redox-addressable functional chromophores and fluoro-
phores. Further studies directed towards higher oligomer
and polymer syntheses, as well as investigation of their elec-
tronic structures and photophysical behavior, are currently
underway.

Experimental Section
All reactions were carried out in flame-dried Schlenk flasks under
argon. Reagents, catalysts, and ligands were purchased as reagent
grade and were used without further purification. Solvents were
dried and distilled by standard procedures.[24] Pinacolyl 10-hexyl-
10H-phenothiazin-3-yl boronate (5) and bis(pinacolyl) 10-hexyl-
10H-phenothiazin-3,7-diyl bisboronate (8) were prepared by our
previously published procedure.[17c] Column chromatography: silica
gel 60, mesh 70–230. TLC: silica gel plates. Melting points: uncor-
rected values. 1H and 13C NMR spectra: [D6]acetone or CD2Cl2
(locked to Me4Si). The assignments of quaternary C, CH, CH2 and
CH3 were made with the aid of DEPT spectra. Elemental analyses
were carried out in the Microanalytical Laboratories of the Or-
ganisch-Chemisches Institut, Ruprecht-Karls-Universität, Heidel-
berg, Germany.

Electrochemistry: Cyclic voltammetry experiments (EG & G po-
tentiostatic instrumentation) were performed under argon in dry
and degassed CH2Cl2 at room temperature and at scan rates of
100, 250, 500, and 1000 mVs–1. The electrolyte was Bu4NPF6
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(0.025 m). The working electrode was a 1 mm platinum disk, the
counter-electrode was a platinum wire, and the reference electrode
was a Ag/AgCl electrode. The potentials were corrected to the in-
ternal standard of Fc/Fc+ in CH2Cl2 (E0

0/+1= 450 mV).[25]

X-ray Structure Determination of Compound 13: Suitable crystals
were mounted on a Hampton Research Cryo Loop and transferred
to a Bruker Smart CCD 1 K diffractometer. The structure was
solved by direct methods and refined anisotropically on F2

(SHELXTL V5.10, and SADABS V2.03 for absorption correction,
G. M. Sheldrick, University of Göttingen (Germany), and Bruker
Analytical X-ray Division, Madison, Wisconsin (USA), 1997 and
2001). Hydrogen atoms were calculated according to stereochemi-
cal aspects and refined constrained. The molecule lies upon a crys-
tallographic center of inversion and the outer two carbon atoms
were found to be disordered (54%:46%). The data from the X-ray
structure analysis of 13 are summarized in Table 2.

Table 2. Crystal data and structure refinements for 13.

Compound 13

Empirical formula C42H42N4O4S2

Formula weight 730.92
Temperature [K] 200(2) K
Wavelength [Å] 0.71073 Å
Crystal system triclinic
Space group P1̄
Z 1
Unit cell dimensions a = 8.2259(6) Å, α = 102.287(2)°

b = 8.5093(7) Å, β = 92.685(2)°
c = 14.060(1) Å, γ = 106.805(2)°

Volume [Å3] 914.4(1)
Density (calculated) [g cm–3] 1.33
Absorption coefficient [mm–1] 0.19
Crystal size (mm3) 0.34 × 0.26 × 0.08
Theta range for data collection [°] 1.5 to 22.8
Index ranges –8 � h � 8

–9 � k � 9
–15 � l � 15

Reflections collected 6503
Independent reflections 2455 [R(int.) = 0.050]
Observed reflections 1653 [I � 2σ(I)]
Absorption correction semiempirical from equivalents
Max. and min. transmission 0.98 and 0.94
Refinement method full-matrix least-squares on F2

Data/restraints/parameters 2455/10/254
Goodness-of-fit on F2 1.02
Final R indices [I � 2σ(I)] R1 = 0.048, wR2 = 0.110
Largest diff. peak/hole [e·Å–3] 0.23/–0.26

Suzuki Coupling between Pinacolyl 10-Hexylphenothiazin-3-yl Bo-
ronate (5) and (Hetero)aryl Halides 6 (General Procedure): A mix-
ture of 5 (1.0 equiv.), the (hetero)aryl halide 6 (1.2–1.5 equiv.), po-
tassium carbonate (4–5 equiv.), and a palladium tetrakis(triphenyl-

Table 3. Experimental details for the syntheses of 3-(hetero)arylated phenothiazines 7.

Entry Phenothiazine-3-mono- (Hetero)aryl halide 6 3-(Hetero)aryl-N-hexylphenothi-
boron esters 5 azines 7 (yield)

1 409 mg (1.00 mmol) 244 mg (1.20 mmol) of 2-bromo-3-nitropyridine (6a) 364 mg (90%) of 7a
2[a,b] 205 mg (0.50 mmol) 298 mg (0.82 mmol) of 1-iodo-4-nitrobenzene (6b) 170 mg (84%) of 7b
3 740 mg (1.80 mmol) 505 mg (2.50 mmol) of 1-bromo-2-nitrobenzene (6c) 689 mg (95%) of 7c
4 819 mg (2.00 mmol) 697 mg (2.80 mmol) of 1-iodo-3-nitrobenzene (6d) 758 mg (94%) of 7d
5[c] 141 mg (0.34 mmol) 68 mg (0.43 mmol) of 2-bromopyrimidine (6e) 80 mg (65%) of 7e
6 819 mg (2.00 mmol) 544 mg (2.80 mmol) of 4-bromopyridinium hydrochloride (6f) 690 mg (96%) of 7f
7 819 mg (2.00 mmol) 442 mg (2.80 mmol) of 2-bromopyridine (6g) 710 mg (99%) of 7g

[a] In 1,4-dioxane/water, 2.5:1. [b] Reaction time of 48 h. [c] Reaction time of 72 h.
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phosphane) catalyst (0.05 equiv.) was dissolved in a mixture of de-
gassed 1,2-dimethoxyethane and water (2:1, 0.05 m) and the reac-
tion mixture was then stirred at 90 °C (oil bath) for 18 h (see
Table 3 for experimental details). After cooling to room temp. the
reaction mixture was diluted with ethyl acetate (80 mL). The or-
ganic phase was washed with water and brine, the aqueous layer
was extracted with ethyl acetate, and the combined organic phases
were finally dried with magnesium sulfate. The solvents were evapo-
rated in vacuo and the residue was chromatographed on silica gel
to furnish the pure 3-(hetero)arylated phenothiazine 7, either as a
red-violet solid (7a) or as a yellow to orange-red oil (7b–g).

10-Hexyl-3-(5-nitropyridin-2-yl)-10H-phenothiazine (7a): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:3), 7a (364 mg, 90%) was isolated
as a violet solid. Rf (acetone/hexane, 1:5) = 0.39. 1H NMR ([D6]-
acetone, 300 MHz): δ = 0.86 (m, 3 H), 1.32 (m, 4 H), 1.49 (m, 2
H), 1.83 (m, 2 H), 4.03 (t, J = 7.0 Hz, 2 H), 6.96–7.25 (m, 5 H),
8.01–8.18 (m, 3 H), 8.57 (dd, J = 2.9, 9.2 Hz, 1 H), 9.38 (m, 1
H) ppm. 13C NMR ([D6]acetone, 75 MHz): δ = 14.2 (CH3), 23.2
(CH2), 27.1 (CH2), 27.5 (CH2), 32.1 (CH2), 48.1 (CH2), 116.6 (CH),
117.0 (CH), 120.0 (CH), 123.9 (CH), 124.6 (Cquat.), 125.8 (Cquat.),
127.0 (CH), 128.1 (CH), 128.1 (CH), 128.5 (CH), 132.0 (Cquat.),
133.0 (CH), 143.7 (Cquat.), 145.2 (Cquat.), 145.2 (Cquat.), 145.8 (CH),
148.6 (Cquat.), 161.5 (Cquat.) ppm. IR (KBr): ν̃ = 2930, 2855, 1638,
1595, 1569, 1515, 1457, 1410, 1344, 1271, 1252, 1117, 822, 768,
743 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 258 nm (24400), 308
(14200), 442 (9900). MS (70 eV, CI): m/z (%) = 406.2 (100) [M]+.
C23H23N3O2S (405.5): calcd. C 68.12, H 5.72, N 10.36, S 7.91;
found C 68.13, H 5.78, N 10.13, S 7.89.

10-Hexyl-3-(4-nitrophenyl)-10H-phenothiazine (7b): This compound
was prepared as described in the GP; after chromatography on sil-
ica gel (pentane/diethyl ether, 4:1) 7b (170 mg, 84%) was isolated
as a red, viscous oil. Rf (diethyl ether/pentane, 1:4) = 0.64. 1H
NMR ([D6]acetone, 300 MHz): δ = 0.84 (m, 3 H), 1.27–1.32 (m, 4
H), 1.46 (m, 2 H), 1.80 (m, 2 H), 3.97 (t, J = 7.1 Hz, 2 H), 6.95 (t,
J = 6.6 Hz, 1 H), 7.03–7.23 (m, 4 H), 7.52 (d, J = 2.0 Hz, 1 H),
7.59 (dd, J = 2.2, 8.5 Hz, 1 H), 7.88 (d, J = 8.7 Hz, 2 H), 8.25 (d,
J = 8.8 Hz, 2 H) ppm. 13C NMR ([D6]acetone, 75 MHz): δ = 14.2
(CH3), 23.2 (CH2), 27.1 (CH2), 27.4 (CH2), 32.1 (CH2), 47.9 (CH2),
116.8 (CH), 116.9 (CH), 123.6 (CH), 124.7 (Cquat.), 124.8 (CH),
126.2 (Cquat.), 126.5 (CH), 127.4 (CH), 127.8 (CH), 128.0 (CH),
128.5 (CH), 133.2 (Cquat.), 145.5 (Cquat.), 146.9 (Cquat.), 147.0
(Cquat.), 147.6 (Cquat.) ppm. IR (KBr): ν̃ = 3066, 2956, 2927, 2854,
1678, 1595, 1576, 1514, 1485, 1464, 1339, 1288, 1253, 1187, 1121,
1082, 1048, 888, 874, 854, 816, 755 cm–1. UV/Vis (CH2Cl2): λmax (ε)
= 257 nm (23900), 295 (15100), 409 (8000). MS (70 eV, EI): m/z (%)
= 384 (25), 383 [M]+ (95), 312 (31), 299 (31), 298 (100), 280 (12).
HRMS (C24H24N2O2S): calcd. 404.1558; found 404.1580.

10-Hexyl-3-(2-nitrophenyl)-10H-phenothiazine (7c): This compound
was prepared as described in the GP; after chromatography on sil-
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ica gel (acetone/hexane, 1:10), 7c (689 mg, 95%) was isolated as a
red oil. Rf (acetone/hexane, 1:5) = 0.34. 1H NMR ([D6]acetone,
300 MHz): δ = 0.86 (m, 3 H), 1.32 (m, 4 H), 1.49 (m, 2 H), 1.82
(tt, J = 6.6, 6.6 Hz, 2 H), 3.98 (t, J = 7.0 Hz, 2 H), 6.96 (dt, J =
1.1, 7.4 Hz, 1 H), 7.05–7.25 (m, 6 H), 7.59 (m, 2 H), 7.73 (dt, J =
1.5, 7.7 Hz, 1 H), 7.90 (dd, J = 1.1, 8.09 Hz, 1 H) ppm. 13C NMR
([D6]acetone, 75 MHz): δ = 14.2 (CH3), 23.3 (CH2), 27.2 (CH2),
27.5 (CH2), 32.2 (CH2), 47.9 (CH2), 116.6 (1C, CH), 116.8 (CH),
123.6 (CH), 124.8 (CH), 124.8 (Cquat.), 125.8 (Cquat.), 127.3 (CH),
128.0 (CH), 128.1 (CH), 128.5 (CH), 129.3 (CH), 132.4 (Cquat.),
132.6 (CH), 133.3 (CH), 135.5 (Cquat.), 145.8 (Cquat.), 146.5
(Cquat.) ppm. IR (KBr): ν̃ = 3062, 2955, 2927, 2855, 1605, 1575,
1525, 1458, 1397, 1356, 1250, 1194, 1163, 1136, 1106, 889, 854,
819, 781, 751, 709 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 262 nm
(32700), 280 (12200), 304 (7700). MS (70 eV, FAB): m/z (%) = 404.1
(100) [M]+, 319.0 [M – C6H13]+ (9). C24H24N2O2S (404.5): calcd. C
71.26, H 5.98, N 6.92, S 7.93; found C 70.87, H 5.95, N 6.68, S
7.68.

10-Hexyl-3-(3-nitrophenyl)-10H-phenothiazine (7d): This compound
was prepared as described in the GP; after chromatography on sil-
ica gel (acetone/hexane, 1:15), 7d (758 mg, 94%) was isolated as a
red oil. Rf (acetone/hexane, 1:5) = 0.63. 1H NMR ([D6]acetone,
300 MHz): δ = 0.86 (m, 3 H), 1.32 (m, 4 H), 1.49 (m, 2 H), 1.82
(tt, J = 6.9, 6.9 Hz, 2 H), 4.00 (t, J = 7.1 Hz, 2 H), 6.97 (dt, J =
1.1, 7.5 Hz, 1 H), 7.06 (d, J = 7.4 Hz, 1 H), 7.13–7.22 (m, 3 H),
7.55 (d, J = 2.2 Hz, 1 H), 7.61 (dd, J = 2.2, 8.5 Hz, 1 H), 7.72 (t,
J = 8.0 Hz, 1 H), 8.08 (dt, J = 1.1, 8.0 Hz, 1 H), 8.17 (dt, J = 1.4,
6.8 Hz, 1 H), 8.44 (t, J = 2.0 Hz, 1 H) ppm. 13C NMR ([D6]acetone,
75 MHz): δ = 14.1 (CH3), 23.1 (CH2), 26.0 (CH2), 27.4 (CH2), 32.0
(CH2), 47.8 (CH2), 116.7 (CH), 116.9 (CH), 121.4 (CH), 122.2
(CH), 123.5 (CH), 124.8 (Cquat.), 126.2 (Cquat.), 126.3 (CH), 127.0
(CH), 128.0 (CH), 128.3 (CH), 130.9 (CH), 133.1 (CH), 133.3
(Cquat.), 142.2 (Cquat.), 145.6 (Cquat.), 146.5 (Cquat.), 149.7
(Cquat.) ppm. IR (KBr): ν̃ = 2954, 2928, 2855, 1601, 1577, 1527,
1505, 1458, 1444, 1393, 1347, 1251, 878, 803, 742, 704, 685 cm–1.
UV/Vis (CH2Cl2): λmax (ε) = 238 nm (22500), 268 (25500), 312
(8700). MS (70 eV, FAB): m/z (%) = 404.1 (100) [M]+, 319.0 [M –
C6H13]+ (11). C24H24N2O2S×0.3H2O (404.5 + 6.0): calcd. C 70.22,
H 6.06, N 6.82; found C 70.11, H 5.85, N 6.91.

10-Hexyl-3-(pyrimidin-2-yl)-10H-phenothiazine (7e): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:3), 7e (80 mg, 65%) was isolated as
a greenish oil. Rf (acetone/hexane, 1:5) = 0.58. 1H NMR ([D6]ace-
tone, 300 MHz): δ = 0.85 (m, 3 H), 1.31 (m, 4 H), 1.48 (m, 2 H),
1.82 (tt, J = 6.6, 6.6 Hz, 2 H), 4.01 (t, J = 7.0 Hz, 2 H), 6.96 (dt,
J = 1.1, 7.7 Hz, 1 H), 7.04–7.24 (m, 3 H), 7.24–7.31 (m, 2 H), 8.22
(d, J = 1.8 Hz, 1 H), 8.31 (dd, J = 2.2, 8.5 Hz, 1 H), 8.80 (m, 2
H) ppm. 13C NMR ([D6]acetone, 75 MHz): δ = 14.2 (CH3), 23.3
(CH2), 27.1 (CH2), 27.5 (CH2), 32.2 (CH2), 48.0 (CH2), 116.3 (CH),
116.9 (CH), 119.9 (CH), 123.7 (CH), 125.0 (Cquat.), 125.2 (Cquat.),
127.4 (CH), 128.1 (CH), 128.4 (CH), 128.4 (CH), 133.0 (Cquat.),
145.5 (Cquat.), 148.5 (Cquat.), 158.2 (CH), 164.2 (Cquat.) ppm. IR
(KBr): ν̃ = 3060, 2954, 2928, 2855, 1600, 1567, 1546, 1470, 1444,
1416, 1397, 1332, 1280, 1249, 1149, 799, 747, 701 cm–1. UV/Vis
(CH2Cl2): λmax (ε) = 246 nm (20100), 274 (25600), 290 (19500), 362
(6900). MS (70 eV, FAB): m/z (%) = 361.1 (100) [M]+, 276.0 [M –
C6H13]+ (20). C22H23N3S (361.5): calcd. C 73.09, H 6.41, N 11.62;
found C 73.41, H 6.41, N 11.43.

10-Hexyl-3-(pyridin-4-yl)-10H-phenothiazine (7f): This compound
was prepared as described in the GP; after chromatography on sil-
ica gel (acetone/hexane, 1:3), 7f (690 mg, 96%) was isolated as an
orange oil. Rf (acetone/hexane, 1:5) = 0.27. 1H NMR ([D6]acetone,
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300 MHz): δ = 0.85 (m, 3 H), 1.30 (m, 4 H), 1.47 (m, 2 H), 1.81
(tt, J = 7.0, 7.0 Hz, 2 H), 3.98 (t, J = 7.4 Hz, 2 H), 6.96 (dt, J =
1.1, 7.4 Hz, 1 H), 7.05 (dd, J = 1.1, 8.5 Hz, 1 H), 7.11–7.24 (m, 3
H), 7.55 (d, J = 1.8 Hz, 1 H), 7.59–7.64 (m, 3 H), 8.58 (dd, J =
1.8, 4.8 Hz, 2 H) ppm. 13C NMR ([D6]acetone, 75 MHz): δ = 14.1
(CH3), 23.1 (CH2), 27.0 (CH2), 27.3 (CH2), 32.0 (CH2), 47.8 (CH2),
116.7 (CH), 116.8 (CH), 121.2 (CH), 123.5 (CH), 124.7 (Cquat.),
126.0 (Cquat.), 126.2 (CH), 126.8 (CH), 128.0 (CH), 128.3 (CH),
132.6 (Cquat.), 145.5 (Cquat.), 147.0 (Cquat.), 147.1 (Cquat.), 151.1
(CH) ppm. IR (KBr): ν̃ = 3062, 3028, 2954, 2928, 2855, 1596, 1576,
1509, 1486, 1463, 1444, 1418, 1395, 1365, 1336, 1294, 1270, 1252,
1221, 1137, 707, 749 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 244 nm
(19800), 272 (25900), 292 (15700), 318 (7200). MS (70 eV, FAB):
m/z (%) = 360.1 (100) [M]+, 289.0 [M – C5H11]+ (14), 276.0 [M –
C6H13]+ (24). C23H24N2S (360.5): calcd. C 76.63, H 6.71, N 7.77,
S 8.89; found C 76.36, H 6.70, N 7.72, S 8.76.

10-Hexyl-3-(pyridin-2-yl)-10H-phenothiazine (7g): This compound
was prepared as described in the GP; after chromatography on sil-
ica gel (acetone/hexane, 1:3), 7g (710 mg, 99%) was isolated as a
brown oil. Rf (acetone/hexane, 1:5) = 0.30. 1H NMR ([D6]acetone,
300 MHz): δ = 0.85 (m, 3 H), 1.30 (m, 4 H), 1.47 (m, 2 H), 1.81
(tt, J = 7.4, 7.4 Hz, 2 H), 3.98 (t, J = 7.0 Hz, 2 H), 6.95 (dt, J =
1.5, 7.4 Hz, 1 H), 7.02–7.27 (m, 5 H), 7.76–7.87 (m, 2 H), 7.92–
7.97 (m, 2 H), 8.60–8.62 (m, 1 H) ppm. 13C NMR ([D6]acetone,
75 MHz): δ = 14.2 (CH3), 23.2 (CH2), 27.1 (CH2), 27.5 (CH2), 32.1
(CH2), 47.9 (CH2), 116.5 (CH), 116.7 (CH), 120.0 (CH), 122.6
(CH), 123.4 (CH), 125.0 (Cquat.), 125.6 (Cquat.), 126.0 (CH), 126.7
(CH), 128.0 (CH), 128.3 (CH), 134.4 (Cquat.), 137.6 (CH), 145.7
(Cquat.), 146.9 (Cquat.), 150.4 (CH), 156.5 (Cquat.) ppm. IR (KBr): ν̃
= 3092, 3059, 2954, 2928, 2855, 1600, 1585, 1560, 1458, 1432, 1361,
1333, 1301, 1288, 1251, 1106, 779, 747 cm–1. UV/Vis (CH2Cl2):
λmax (ε) = 240 nm (16600), 270 (25200), 288 (13900), 328 (7100).
MS (70 eV, FAB): m/z (%) = 360.1 (100) [M]+, 289.0 [M – C5H11]+

(20), 276.0 [M – C6H13]+ (31). C23H24N2S×0.3H2O (360.5 + 6.0):
calcd. C 75.37, H 6.78, N 7.64; found C 75.78, H 6.65, N 7.65.

Suzuki Coupling of Bis(pinacolyl) 10-Hexylphenothiazin-3,7-diyl
Bis(boronate) (8) with (Hetero)aryl Halides 6. General Procedure:
A mixture of 8 (1.0 equiv.), the (hetero)aryl halide 6 (2.5 equiv.),
potassium carbonate (4–5 equiv.), and a palladium tetrakis(tri-
phenylphosphane) catalyst (0.05 equiv.) was dissolved in a mixture
of degassed 1,2-dimethoxyethane and water (2:1, 0.05 m) and the
reaction mixture was then stirred at 90 °C (oil bath) for 18 h (see
Table 4 for experimental details). After cooling to room temp. the
reaction mixture was diluted with ethyl acetate (80 mL). The or-
ganic phase was washed with water and brine, the aqueous layer
was extracted with ethyl acetate, and the combined organic phases
were finally dried with magnesium sulfate. The solvents were evapo-
rated in vacuo and the residue was chromatographed on silica gel
to furnish the pure 3,7-di(hetero)arylated phenothiazines 9 as yel-
low to orange-red solids or resins. Further purification could be
achieved in some cases by recrystallization.

10-Hexyl-3,7-bis(5-nitropyridin-2-yl)-10H-phenothiazine (9a): This
compound was prepared as described in the GP; after chromatog-
raphy on silica gel (acetone/hexane, 1:5), 9a (118 mg, 22%) was
isolated as a dark red powder. Rf (acetone/hexane, 1:5) = 0.18. 1H
NMR ([D6]DMSO, 300 MHz): δ = 0.82 (m, 3 H), 1.27 (m, 4 H),
1.42 (m, 2 H), 1.73 (m, 2 H), 3.98 (t, J = 6.2 Hz, 2 H), 7.20 (d, J
= 8.8 Hz, 2 H), 8.01 (d, J = 2.0 Hz, 2 H), 8.08 (d, J = 8.6 Hz, 2
H), 8.22 (d, J = 8.9 Hz, 2 H), 8.58 (dd, J = 2.6, 8.8 Hz, 2 H), 9.37
(d, J = 2.5 Hz, 2 H) ppm. 13C NMR ([D6]DMSO, 75 MHz): δ =
13.8 (CH3), 23.1 (CH2), 22.1 (CH2), 25.7 (CH2), 26.1 (CH2), 46.9
(CH2), 116.3 (CH), 119.9 (CH), 123.2 (Cquat.), 126.0 (CH), 127.5
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Table 4. Experimental details of the syntheses of 3,7-di(hetero)arylated phenothiazines 9.

Entry Phenothiazine-3,7- (Hetero)aryl halide 6 3,7-Di(hetero)aryl-N-hexylpheno-
bis(boron ester) 8 thiazines 9 (yield)

1 535 mg (1.00 mmol) 508 mg (2.50 mmol) of 6a 118 mg (22%) of 9a
2 1.07 g (2.00 mmol) 1.25 g (5.00 mmol) of 6b 1.06 g (100%) of 9b
3 1.07 g (2.00 mmol) 1.01 g (5.00 mmol) of 6c 1.06 g (100%) of 9c
4 1.07 g (2.00 mmol) 1.25 g (5.00 mmol) of 6d 741 mg (70%) of 9d
5 482 mg (0.90 mmol) 346 mg (2.18 mmol) of 6e 302 mg (76%) of 9e
6 1.07 g (2.00 mmol) 0.97 g (5.00 mmol) of 6f 668 mg (76%) of 9f
7 1.07 g (2.00 mmol) 0.79 g (5.00 mmol) of 6g 763 mg (87%) of 9g
8 1.07 g (2.00 mmol) 0.79 g (5.00 mmol) of 3-bromopyridine (6h) 861 mg (98%) of 9h
9 1.07 g (2.00 mmol) 440 mg (5.00 mmol) of 4-bromoanisole (6i) 715 mg (72%) of 9i
10 535 mg (1.00 mmol) 618 mg (2.50 mmol) of 4-iodo-N,N-dimethylaniline (6j) 114 mg (22%) of 9j
11 1.07 g (2.00 mmol) 1.47 g (5.0 mmol) of 1-iodo-2,4-dinitrobenzene (6k) 1.23 mg (100%) of 9k

(CH), 131.1 (Cquat.), 132.5 (CH), 142.6 (Cquat.), 144.9 (CH), 145.9
(Cquat.), 159.7 (Cquat.) ppm. IR (KBr): ν̃ = 2927, 2855, 1595, 1570,
1516, 1489, 1455, 1409, 1342, 1270, 1190, 1149, 1117, 1013, 854,
817, 768 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 256 nm (31000), 312
(30900), 454 (23900), 576 (1800). MS (70 eV, FAB): m/z = 527.0
(100) [M]+, 442.0 [M – C6H13]+ (13). C28H25N5O4S×0.5acetone
(527.6 + 29.1): calcd. C 63.65, H 5.07, N 12.58; found C 63.86, H
5.01, N 12.77.

10-Hexyl-3,7-bis(4-nitrophenyl)-10H-phenothiazine (9b): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:10), 9b (1.06 g, 100%) was isolated
as a red powder. Rf (acetone/hexane, 1:5) = 0.24. 1H NMR (CDCl3,
200 MHz): δ = 0.90 (m, 3 H), 1.35 (m, 4 H), 1.47 (m, 2 H), 1.86
(m, 2 H), 3.92 (t, J = 7.2 Hz, 2 H), 6.96 (d, J = 8.4 Hz, 2 H), 7.39–
7.47 (m, 4 H), 7.97 (m, 8 H) ppm. 13C NMR (CDCl3, 75 MHz): δ
= 14.4 (CH3), 23.0 (CH2), 27.0 (CH2), 27.1 (CH2), 31.8 (CH2), 48.2
(CH2), 116.2 (CH), 124.6 (CH), 125.2 (Cquat.), 126.4 (CH), 126.9
(CH), 127.2 (CH), 133.5 (Cquat.), 145.6 (Cquat.), 146.5 (Cquat.), 147.2
(Cquat.) ppm. IR (KBr): ν̃ = 3077, 2954, 2929, 2855, 1710, 1595,
1583, 1513, 1529, 1467, 1492, 1422, 1391, 1338, 1285, 1266, 1188,
1110, 853, 815, 754, 696 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 256 nm
(23900), 296 (26700), 418 (14600). MS (70 eV, FAB): m/z (%) =
525.4 (100) [M]+, 440.3 [M – C6H13]+ (11). C30H27N3O4S (525.6):
calcd. C 68.55, H 5.18, N 7.99, S 6.10; found C 68.27, H 5.26, N
7.80, S 6.08.

10-Hexyl-3,7-bis(2-nitrophenyl)-10H-phenothiazine (9c): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:10), 9c (1.06 g, 100%) was isolated
as red flakes. Rf (acetone/hexane, 1:5) = 0.19. 1H NMR ([D6]ace-
tone, 300 MHz): δ = 0.88 (m, 3 H), 1.34 (m, 4 H), 1.52 (m, 2 H),
1.86 (tt, J = 7.4, 7.4 Hz, 2 H), 4.03 (t, J = 6.99 Hz, 2 H), 7.12–7.21
(m, 6 H), 7.56–7.64 (m, 4 H), 7.75 (dt, J = 1.5, 7.7 Hz, 2 H), 7.91
(dd, J = 0.7, 8.1 Hz, 2 H) ppm. 13C NMR ([D6]acetone, 75 MHz):
δ = 14.3 (CH3), 23.3 (CH2), 27.2 (CH2), 27.5 (CH2), 32.2 (CH2),
48.1 (CH2), 116.8 (CH), 124.8 (CH), 125.2 (Cquat.), 127.4 (CH),
128.2 (CH), 129.4 (CH), 132.7 (CH), 132.7 (Cquat.), 133.4 (CH),
135.4 (Cquat.), 145.9 (Cquat.), 150.3 (Cquat.) ppm. IR (KBr): ν̃ =
2954, 2928, 2855, 1607, 1525, 1491, 1462, 1398, 1358, 1249, 1160,
1110, 855, 819, 780, 752, 703 cm–1. UV/Vis (CH2Cl2): λmax (ε) =
266 nm (31000), 354 (4400), 370 (3600). MS (70 eV, FAB):
m/z (%) = 525.1 (100) [M]+, 440.0 [M – C6H13]+ (11). C30H27N3O4S
(525.6): calcd. C 68.55, H 5.18, N 7.99, S 6.10; found C 68.42, H
5.42, N 7.68, S 5.99.

10-Hexyl-3,7-bis(3-nitrophenyl)-10H-phenothiazine (9d): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:10), 9d (741 mg, 70%) was isolated
as fine orange needles. Rf (acetone/hexane, 1:5) = 0.27. 1H NMR
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([D6]acetone, 300 MHz): δ = 0.88 (m, 3 H), 1.33 (m, 4 H), 1.53 (m,
2 H), 1.86 (m, 2 H), 4.07 (t, J = 7.0 Hz, 2 H), 7.2 (d, J = 8.5 Hz,
2 H), 7.59–7.76 (m, 6 H), 8.15 (dd, J = 4.3, 8.5 Hz, 4 H), 8.46 (d,
J = 1.8 Hz, 2 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 14.2
(CH3), 23.3 (CH2), 27.0 (CH2), 27.1 (CH2), 32.2 (CH2), 48.1 (CH2),
117.1 (CH), 121.6 (CH), 122.4 (CH), 125.8 (Cquat.), 126.4 (CH),
127.3 (CH), 131.1 (CH), 133.3 (CH), 133.8 (Cquat.), 142.3 (Cquat.),
146.0 (Cquat.), 149.9 (Cquat.) ppm. IR (KBr): ν̃ = 3028, 2952, 2927,
2855, 1606, 1588, 1490, 1464, 1424, 1388, 1359, 1248, 1190, 1116,
1018, 800, 711 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 282 nm (45900),
352 (9800). MS (70 eV, CI): m/z = 526.2 (100) [M]+. C30H27N3O4S
(525.6): calcd. C 68.55, H 5.18, N 7.99, S 6.10; found C 68.42, H
5.26, N 8.02, S 6.11.

10-Hexyl-3,7-bis(pyrimidin-2-yl)-10H-phenothiazine (9e): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:5), 9e (302 mg, 76%) was isolated
as greenish flakes. Rf (acetone/hexane, 1:5) = 0.30. 1H NMR ([D6]-
acetone, 300 MHz): δ = 0.85 (m, 3 H), 1.32 (m, 4 H),1.50 (m, 2 H),
1.86 (m, 2 H), 4.06 (t, J = 7.0 Hz, 2 H), 7.15 (d, J = 8.8 Hz, 2 H),
7.31 (t, J = 4.8 Hz, 2 H), 8.24–8.33 (m, 4 H), 8.81 (d, J = 4.8 Hz,
4 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 14.1 (CH3), 23.1
(CH2), 26.9 (CH2), 27.3 (CH2), 32.0 (CH2), 48.2 (CH2), 116.4 (CH),
119.8 (CH), 124.6 (Cquat.), 127.3 (CH), 128.4 (CH), 133.2 (Cquat.),
147.4 (Cquat.), 158.1 (CH), 163.9 (Cquat.) ppm. IR (KBr): ν̃ = 2955,
2928, 1637, 1607, 1566, 1550, 1480, 1413, 1396, 1356, 1330, 1289,
1248, 1193, 1147, 1221, 798, 643 cm–1. UV/Vis (CH2Cl2): λmax (ε)
= 242 nm (24900), 292 (48100), 360 (28400), 366 (28400). MS
(70 eV, FAB): m/z = 439.1 (100) [M]+, 354.0 [M – C6H13]+ (22).
C26H25N5S (439.6): calcd. C 71.04, H 5.73, N 15.93, S 7.26; found
C 70.93, H 5.77, N 15.56, S 7.39.

10-Hexyl-3,7-bis(pyridin-4-yl)-10H-phenothiazine (9f): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:10), 9f (668 mg, 76%) was isolated
as a yellow green, fluffy solid. Rf (acetone/hexane, 1:5) = 0.11. 1H
NMR ([D6]acetone, 300 MHz): δ = 0.87 (m, 3 H), 1.33 (m, 4 H),
1.52 (m, 2 H), 1.86 (m, 2 H), 4.06 (t, J = 7.0 Hz, 2 H), 7.19 (d, J
= 8.5 Hz, 2 H), 7.59–7.68 (m, 8 H), 8.60 (dd, J = 1.5, 4.4 Hz, 4
H) ppm. 13C NMR ([D6]acetone, 75 MHz): δ = 14.2 (CH3), 23.3
(CH2), 27.1 (CH2), 27.4 (CH2), 32.1 (CH2), 48.1 (CH2), 117.1 (CH),
121.4 (CH), 125.6 (Cquat.), 126.2 (CH), 127.1 (CH), 133.1 (Cquat.),
146.4 (Cquat.), 147.1 (Cquat.), 151.2 (CH) ppm. IR (KBr): ν̃ = 2954,
2926, 2854, 1596, 1467, 1419, 1397, 1360, 1340, 1291, 1250, 1221,
1191, 808, 691 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 236 nm (26700),
286 (35800), 366 (9500). MS (70 eV, FAB): m/z (%) = 438.1 (100)
[M]+, 353.0 [M – C6H13]+ (33). C28H27N3S (437.6): calcd. C 76.85,
H 6.22, N 9.60; found C 76.42, H 6.34, N 9.22.
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10-Hexyl-3,7-bis(pyridin-2-yl)-10H-phenothiazine (9g): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:10), 9g (763 mg, 87%) was isolated
as an amorphous yellow foam. Rf (acetone/hexane, 1:5) = 0.17. 1H
NMR ([D6]acetone, 300 MHz): δ = 0.89 (m, 3 H), 1.32 (m, 4 H),
1.47 (m, 2 H), 1.86 (m, 2 H), 3.91 (t, J = 7.4 Hz, 2 H), 6.94 (d, J
= 8.5 Hz, 2 H), 7.18 (m, 2 H), 7.64–7.74 (m, 4 H), 7.79–7.84 (m, 4
H), 8.65 (m, 2 H) ppm. 13C NMR ([D6]acetone, 75 MHz): δ = 14.0
(CH3), 22.6 (CH2), 26.5 (CH2), 26.7 (CH2), 31.4 (CH2), 47.7 (CH2),
115.3 (CH), 119.6 (CH), 121.6 (CH), 124.7 (Cquat.), 125.6 (CH),
125.9 (CH), 133.7 (Cquat.), 145.4 (Cquat.), 149.5 (CH), 156.2
(Cquat.) ppm. IR (KBr): ν̃ = 3092, 3059, 3002, 2953, 2927, 2922,
2851, 1652, 1638, 1606, 1586, 1458, 1430, 1395, 1288, 1249, 777,
738 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 250 nm (20500), 288
(39500), 368 (10800). MS (70 eV, CI): m/z (%) = 437.1 (100) [M]+,
352.1 [M – C6H13]+ (22). C28H27N3S (437.6): calcd. C 76.85, H
6.22, N 9.60, S 7.33; found C 76.49, H 6.25, N 9.60, S 7.35.

10-Hexyl-3,7-bis(pyridin-3-yl)-10H-phenothiazine (9h): This com-
pound was prepared as described in the GP; after chromatography
on silica gel (acetone/hexane, 1:10), 9h (861 mg, 98%) was isolated
as an amorphous, yellow foam. Rf (acetone/hexane, 1:5) = 0.05. 1H
NMR ([D6]acetone, 300 MHz): δ = 0.87 (m, 3 H), 1.33 (m, 4 H),
1.51 (m, 2 H), 1.86 (tt, J = 7.7, 7.7 Hz, 2 H), 4.04 (t, J = 7.0 Hz, 2
H), 7.17 (d, J = 8.5 Hz, 2 H), 7.42 (m, 2 H), 7.50 (d, J = 2.2 Hz, 2
H), 7.56 (dd, J = 2.2, 8.5 Hz, 2 H), 8.00 (m, 2 H), 8.53 (dd, J =
1.5, 4.8 Hz, 2 H), 8.86 (dd, J = 1.1, 2.2 Hz, 2 H) ppm. 13C NMR
([D6]acetone, 75 MHz): δ = 14.3 (CH3), 23.3 (CH2), 27.2 (CH2),
27.5 (CH2), 32.2 (CH2), 48.0 (CH2), 117.1 (CH), 124.5 (CH), 125.8
(Cquat.), 126.3 (CH), 127.1 (CH), 133.1 (Cquat.), 134.2 (CH), 135.9
(Cquat.), 145.8 (Cquat.), 148.4 (CH), 149.1 (CH) ppm. IR (KBr): ν̃
= 2954, 2928, 2855, 1638, 1586, 1562, 1529, 1510, 1492, 1463, 1396,
1350, 1249, 1105, 878, 802, 741, 706, 680 cm–1. UV/Vis (CH2Cl2):
λmax (ε) = 280 nm (37000), 336 (10000). MS (70 eV, FAB): m/z (%)
= 437.1 (100) [M]+, 352.0 [M – C6H13]+ (22). C28H27N3S (437.6):
calcd. C 76.85, H 6.22, N 9.60; found C 76.60, H 6.30, N 8.75.

10-Hexyl-3,7-bis(4-methoxyphenyl)-10H-phenothiazine (9i): This
compound was prepared as described in the GP; after chromatog-
raphy on silica gel (acetone/hexane, 1:10), 9i (715 mg, 72%) was
isolated as a light yellow, fluffy solid. Rf (acetone/hexane, 1:5) =
0.51. 1H NMR ([D6]acetone, 300 MHz): δ = 0.87 (m, 3 H), 1.32
(m, 4 H), 1.49 (m, 2 H), 1.83 (tt, J = 7.4, 7.4 Hz, 2 H), 3.98 (t, J
= 7.0 Hz, 2 H), 6.97–7.02 (m, 4 H), 7.07 (d, J = 8.5 Hz, 2 H), 7.38–
7.45 (m, 4 H), 7.54–7.57 (m, 4 H) ppm. 13C NMR ([D6]acetone,
75 MHz): δ = 14.1 (CH3), 23.2 (CH2), 27.0 (CH2), 27.4 (CH2), 32.1
(CH2), 47.8 (CH2), 55.5 (CH3), 115.0 (CH), 116.6 (CH), 125.4
(Cquat.), 125.5 (CH), 126.1 (CH), 128.0 (CH), 132.9 (Cquat.), 135.8
(Cquat.), 144.6 (Cquat.), 160.0 (Cquat.) ppm. IR (KBr): ν̃ = 2952,
2929, 1609, 1562, 1543, 1517, 1494, 1468, 1392, 1340, 1241, 1180,
1111, 1047, 1027, 812, 670 cm–1. UV/Vis (CH2Cl2): λmax (ε) =
250 nm (27800), 280 (64700), 334 (14600). MS (70 eV, FAB):
m/z (%) = 495.2 (100) [M]+, 424.1 [M – C5H11]+ (7), 410.1 [M –
C6H13]+ (20). C32H33NO2S (437.6): calcd. C 77.54, H 6.71, N 2.83,
S 6.47; found C 77.43, H 6.73, N 2.90, S 6.54.

3,7-Bis[4-(dimethylamino)phenyl]-10-hexyl-10H-phenothiazine (9j):
This compound was prepared as described in the GP; after
chromatography on silica gel (acetone/hexane, 1:12), 9j (114 mg,
22%) was isolated as a pale green, fluffy solid. Rf (acetone/hexane,
1:5) = 0.48. 1H NMR (300 MHz, CDCl3): δ = 0.90 (t, J = 7.0 Hz,
3 H), 1.31–1.37 (m, 4 H), 1.47 (tt, J = 7.1, 7.1 Hz, 2 H), 1.86 (tt, J
= 7.0, 7.0 Hz, 2 H), 2.99 (s, 12 H), 3.87 (t, J = 7.3 Hz, 2 H), 6.79
(d, J = 8.8 Hz, 4 H), 6.88 (d, J = 8.5 Hz, 2 H), 7.31–7.34 (m, 4 H),
7.44 (d, J = 8.8 Hz, 4 H) ppm. 13C NMR (75 MHz, CDCl3): δ =
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14.0 (CH3), 22.6 (CH2), 26.7 (CH2), 27.0 (CH2), 31.5 (CH2), 40.6
(CH3), 47.5 (CH2), 112.9 (CH), 115.3 (CH), 124,7 (Cquat.), 124.9
(CH), 125.0 (CH), 127.1 (CH), 128.3 (Cquat.), 135.5 (Cquat.), 143.4
(Cquat.), 149.8 (Cquat.) ppm. IR (KBr): ν̃ = 2954, 2927, 2853, 1611,
1526, 1469, 1444, 1392, 1354, 1242, 1200, 1168, 1060, 947, 879,
808 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 250 nm (23400), 302
(52300), 342 (24900). MS (70 eV, FAB): m/z (%) = 521.2 (100)
[M]+, 436.1 [M – C6H13]+ (22). C34H39N3S (521.8): calcd. C 78.27,
H 7.53, N 8.05; found C 77.92, H 7.63, N 7.77.

3,7-Bis(2,4-dinitrophenyl)-10-hexyl-10H-phenothiazine (9k): This
compound was prepared as described in the GP; after chromatog-
raphy on silica gel (acetone/hexane, 1:12), 9k (1.23 g, 100 %) was
isolated as a deep red solid. Rf (acetone/hexane, 1:5) = 0.13. 1H
NMR (CDCl3, 200 MHz): δ = 0.90 (m, 3 H), 1.35 (m, 4 H), 1.47
(m, 2 H), 1.85 (m, 2 H), 3.89 (t, J = 7.2 Hz, 2 H), 6.92 (d, J =
7.8 Hz, 2 H), 7.09–7.26 (m, 4 H), 7.64 (d, J = 8.6 Hz, 2 H), 8.44
(dd, J = 2.2, 8.6 Hz, 2 H), 8.67 (d, J = 2.2 Hz, 2 H) ppm. 13C NMR
(CDCl3, 75 MHz): δ = 14.4 (CH3), 23.0 (CH2), 27.0 (CH2), 27.0
(CH2), 31.8 (CH2), 48.3 (CH2), 116.1 (CH), 120.3 (CH), 125.2
(Cquat.), 126.9 (CH), 127.0 (CH), 127.6 (CH), 129.9 (Cquat.), 133.2
(CH), 141.2 (Cquat.), 146.1 (Cquat.), 147.0 (Cquat.), 149.1
(Cquat.) ppm. IR (KBr): ν̃ = 3080, 2952, 2928, 2857, 1602, 1585,
1538, 1526, 1491, 1463, 1416, 1391, 1345, 1274, 1252, 1149, 1080,
833, 820, 748, 726 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 257 nm
(45900), 296 (15600), 444 (10400). MS (70 eV, FAB): m/z (%) =
615.3 (100) [M]+. C30H25N5O8S (615.6): calcd. C 58.53, H 4.09, N
11.38, S 5.21; found C 58.66, H 4.23, N 11.10, S 5.11.

2,5-Bis(10-hexyl-10H-phenothiazin-3-yl)nitrobenzene (12): A mix-
ture of 5 (614 mg, 1.50 mmol), 1,4-dibromo-2-nitrobenzene (10,
211 mg, 0.75 mmol), Pd(PPh3)4 (87 mg, 0.08 mmol), and potassium
carbonate (0.67 g, 4.84 mmol) in a degassed mixture of DME
(18 mL) and water (8 mL) was heated to 90 °C (oil bath) for 42 h.
After cooling to room temp. the reaction mixture was diluted with
ethyl acetate (80 mL). The organic phase was washed with water
and brine, the aqueous layer was extracted with ethyl acetate, and
the combined organic phases were finally dried with magnesium
sulfate. The solvents were evaporated in vacuo and the residue was
chromatographed on silica gel (acetone/hexane, 1:5) to furnish 12
(245 mg, 24%) as a red powder. Rf (acetone/hexane, 1:5) = 0.32.
1H NMR ([D6]acetone, 300 MHz): δ = 0.85 (t, J = 7.1 Hz, 3 H),
0.85 (t, J = 7.1 Hz, 3 H), 1.25–1.33 (m, 8 H), 1.47 (tt, J = 7.1,
7.1 Hz, 4 H), 1.80 (tt, J = 7.1, 7.1 Hz, 4 H), 3.95 (t, J = 7.0 Hz, 2
H), 3.97 (t, J = 7.0 Hz, 2 H), 6.95 (m, 2 H), 7.02–7.09 (m, 3 H),
7.12–7.24 (m, 7 H), 7.52–7.55 (m, 2 H), 7.60 (dd, J = 2.2, 8.4 Hz,
1 H), 7.92 (dd, J = 2.1, 8.3 Hz, 1 H), 8.09 (d, J = 1.8 Hz, 1 H) ppm.
13C NMR ([D6]acetone, 75 MHz): δ = 15.2 (CH3), 24.3 (CH2), 28.1
(CH2), 28.2 (CH2), 28.5 (CH2), 33.2 (CH2), 48.9 (CH2), 117.6 (CH),
117.8 (CH), 117,8 (CH), 118.0 (CH), 123.1 (CH), 124.6 (CH), 125.9
(Cquat.), 125.9 (Cquat.), 126.8 (Cquat.), 127.2 (CH), 127.3 (Cquat.),
127.9 (CH), 128.2 (CH), 129.0 (CH), 129.1 (CH), 131.4 (CH), 133.0
(Cquat.), 134.0 (CH), 134.0 (CH), 134.5 (Cquat.), 141.8 (Cquat.), 146,7
(Cquat.), 146.7 (Cquat.), 147.4 (Cquat.), 147.6 (Cquat.), 151.8
(Cquat.) ppm. IR (KBr): ν̃ = 2954, 2927, 2855, 1932, 1629, 1602,
1577, 1529, 1514, 1460, 1361, 1340, 1250, 1194, 1136, 1107, 1041,
881, 814, 749 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 243 nm (13900),
267 (17900), 365 (5700). MS (70 eV, FAB): m/z = 685.1 (100)
[M]+, 601.0 [M – C6H13]+ (18). C42H43N3O2S2 (686.0): calcd. C
73.54, H 6.32, N 6.13, S 9.35; found C 73.39, H 6.34, N 6.26, S
9.15.

2,5-Bis(10-hexyl-10H-phenothiazin-3-yl)-1,4-dinitrobenzene (13): A
mixture of 5 (818 mg, 2.00 mmol), 1,4-dibromo-2,5-dinitrobenzene
(11, 326 mg, 1.00 mmol), Pd(PPh3)4 (120 mg, 0.10 mmol), and po-
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tassium carbonate (0.90 g, 6.50 mmol) in a degassed mixture of
DME (25 mL) and water (12 mL) was heated to 90 °C (oil bath)
for 25 h. After cooling to room temp. the reaction mixture was
diluted with dichloromethane (200 mL). The organic phase was
washed with water and brine, the aqueous layer was extracted with
dichloromethane, and the combined organic phases were finally
dried with magnesium sulfate. The solvents were evaporated in
vacuo and the residue was chromatographed on silica gel (acetone/
hexane, 1:10 to 1:1, and dichloromethane) to furnish 13 (315 mg,
43%) as a dark red solid. Rf (acetone/hexane, 1:5) = 0.25. 1H NMR
(CDCl3, 300 MHz): δ = 0.90 (m, 6 H), 1.34 (m, 8 H), 1.45 (m, 4
H), 1.84 (m, 4 H), 3.87 (t, J = 7.4 Hz, 4 H), 6.86–6.98 (m, 6 H),
7.10–7.21 (m, 8 H), 7.81 (s, 2 H) ppm. 13C NMR (CDCl3, 75 MHz):
δ = 14.0 (CH3), 22.6 (CH2), 26.6 (CH2), 26.8 (CH2), 31.4 (CH2),
47.7 (CH2), 115.4 (CH), 115.6 (CH), 122.9 (CH), 123.9 (Cquat.),
125.9 (Cquat.), 126.5 (CH), 126.9 (CH), 127.0 (CH), 127.5 (CH),
127.6 (CH), 128.3 (Cquat.), 134.8 (Cquat.), 144.4 (Cquat.), 146,5
(Cquat.), 150.0 (Cquat.) ppm. IR (KBr): ν̃ = 2955, 2928, 2856, 1627,
1603, 1577, 1542, 1510, 1459, 1354, 1251, 1194, 1137, 1107, 885,
850, 818, 750 cm–1. UV/Vis (CH2Cl2): λmax (ε) = 242 nm (46000),
266 (6400), 316 (20900), 428 (5000). MS (70 eV, FAB): m/z = 730.1
(100) [M]+. C42H42N4O4S2 ×0.5H2O (731.0 + 9.0): calcd. C 68.17,
H 5.86, N 7.57; found C 67.96, H 5.76, N 7.45.
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