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Abstract

A series of unsymmetrical 3,7-(N,N-disubstituted-amino)-phenothiazin-5-ium iodides have been prepared by stepwise reaction
of secondary amines with phenothiazin-5-ium tetraiodide hydrate. The singlet oxygen generating efficiencies and polarity

characteristics of the dyes are compared with those of Methylene Blue, and the factors influencing the potential value of these
compounds as photosensitisers for photodynamic therapy are discussed. Preliminary data for the in vivo anti-tumour efficacy of the
compounds suggest that high lipophilicity is an important requirement for high activity.

� 2005 Elsevier Ltd. All rights reserved.

Keywords: Photodynamic therapy; Phenothiazinium sensitisers; In vivo anti-tumour efficacy
1. Introduction

Photodynamic therapy (PDT) involves administra-
tion of a photosensitiser (or a metabolic precursor of
the photosensitiser in the case of aminolevulinic acid
treatment) to the patient, followed by activation of the
photosensitiser by light once it has localised preferen-
tially in the tumour tissue. Destruction of the diseased
cells is thus brought about in a highly targeted manner.
It is generally accepted that the dominant mechanism
leading to cell destruction is a Type II (singlet oxygen
mediated) process, and consequently good PDT photo-
sensitisers must be efficient singlet oxygen sensitisers.

* Corresponding author. Tel.: C44 113 343 2930; fax: C44 113 343

2947.

E-mail address: ccdsag@leeds.ac.uk (S.A. Gorman).
0143-7208/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.dyepig.2005.06.011
In addition, they must have low general toxicity, and
should show some degree of selectivity for malignant
tissue over normal tissue. For maximum efficacy, the
photosensitiser should also be capable of excitation by
light of relatively long wavelengths (Oca. 600 nm, the
‘therapeutic window’) in order to maximise penetration
of the light through tissue. Currently, much research
effort is being directed towards the development of
improved photosensitisers, the prime objectives being
to achieve greater tumour selectivity, increased singlet
oxygen generating efficiency, and decreased skin photo-
sensitisation.

The potential of PDT for the treatment of many types
of disease was recognised more than 25 years ago, yet it
is only relatively recently that PDT has started to gain
acceptance in the clinic. In recent years, PDT photo-
sensitisers and their metabolic precursors have been
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investigated for many types of cancers [1e3] and pre-
cancerous conditions, e.g. Barrett’s oesophagus [4,5].
PDT has also been investigated for the palliation of
several types of advanced cancers [6e11], and for the
treatment of certain non-malignant conditions, such as
psoriasis [12], age-related macular degeneration [13] and
microbial infections [14,15].

At present there are four photosensitising drugs
clinically approved for the PDT of cancer [1]: Porfimer
sodium, the generic name for haematoporphyrin
derivative; Temoporfin, the generic name for methyl-
tetrahydroxyphenyl chlorin; and two metabolic pre-
cursor drugs based on the aminolevulinic moiety. All
these drugs suffer from certain specific drawbacks,
namely prolonged skin photosensitisation following
administration, and poor light absorption above
600 nm (thus limiting the treatment of deep tumours).
Another drawback specific to Porfimer sodium is
chemical heterogeneity. We have therefore investigated
the suitability of certain cationic phenothiazinium dyes
as alternative PDT sensitisers, as these do not suffer
from any of these disadvantages.

The 3,7-diaminophenothiazin-5-ium cations in
general exhibit an intense absorption band (3 ca.
100,000 dm3mol�1 cm�1) in the 600e660 nm region,
appropriate to the ‘therapeutic window’ for PDT,
allowing efficient tissue penetration by the irradiating
light. They also compare favourably with porphyrins
and phthalocyanines with respect to their ability to
generate singlet molecular oxygen, O2(

1Dg). Methylene
Blue has long been used as a standard for singlet
molecular oxygen rate determination experiments, and
has a quantum yield for the formation of O2(

1Dg) of
fDZ 0.50 in methanol, which is virtually unchanged in
water [16]. This can be contrasted with hematoporphyrin,
with a value of fDZ 0.74 in methanol which decreases to
0.42 in water [16,17]. This decrease in quantum yield is
attributed to aggregation in aqueous media [17], and is
a general feature of most porphyrins and phthalocya-
nines, with obvious implications for their application as
PDT photosensitisers. The phenothiazinium dyes are
also readily synthetically available in pure form, and do
not form isomeric mixtures.

The best-known example of this class isMethylene Blue
(MB) (Fig. 1, 1). MB was originally developed as a textile
dye, and its first biological use was as a vital stain [18].
Interestingly, it was used in the treatment of inoperable
human cancers at the turn of the 20th century [19] though
not as part of a concerted PDT regimen. Since then, MB
and a very small number of its derivatives have also been
investigated for applications in the PDT treatment of
superficial bladder cancer [20,21], as photoactivated anti-
microbial agents [22,23] and more recently as a photo-
activated viral disinfectant for blood [24,25]. It is well
established thatMB induces a phototoxic effect in vitro but
the clinical application of this effect has been limited by
a number of associated problems. Thus it shows a low or
zero PDT effect in vivo following intravesical or in-
travenous administration, which has been attributed to the
hydrophilic nature of the dye limiting tumour localisation.
Consequently there is only a small difference between its
light and dark toxicities. In addition, a redistribution of the
dye from the lysosomes to the nucleus following illumina-
tion raises concerns regarding possible mutagenicity.
Several authors have investigated the photobiological
properties of other phenothiazinium compounds [26e30].
Cincotta et al. have conducted extensive studies on
benzophenothiazinium photosensitisers and their photo-
therapeutic properties [31,32]. Wagner et al. have in-
vestigated photoinactivation of viruses using MB and
a series of unsymmetrical analogues [25,33]. In all the
cases, the range of structures investigated has been very
small, often restricted to commercially available materials
of the old textile dye type.

The present paper reports our continuing research
into novel photosensitisers based on the phenothiazi-
nium system. Earlier work has already shown that small
changes to the structure of the phenothiazinium chro-
mophore could have a marked effect on anti-microbial
photoactivity [21,22] and anti-cancer photoactivity [34].
Recently we investigated structureePDT activity rela-
tionships for a series of symmetrical phenothiazinium
analogues (Fig. 1, 2) and found that their in vitro
activities towards murine fibrosarcoma (RIF-1) cells
were critically dependent on alkyl chain length [35]. As
an extension of that work, the corresponding in vitro
PDT activities of a range of unsymmetrical phenothia-
zinium analogues, 3ael, have been measured and
reported [36]. We now describe the synthesis and
characterisation of the photosensitisers, 3ael, and report
their physical properties, including a preliminary study
of their in vivo PDT activity in a subcutaneously
transplanted CaNT tumour mouse model.

2. Results and discussion

2.1. Synthesis

Fig. 2 illustrates the structures of the unsymmetrical
phenothiazinium photosensitisers under investigation.
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1: R = methyl
2: R = C2-C6 alkyl

Fig. 1. A general structure for symmetrical phenothiazinium dyes.
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They differ from 1 and 2 in that they exhibit varying
degrees of polar and spatial asymmetry. Three distinct
series of structures with different hydrophobic/hydro-
philic characteristics can be recognised. Thus 3aec have
a polar, aprotic morpholino group on one side of the
molecule, and an increasingly hydrophobic dialkylamino
group on the other, the alkyl chains ranging in size from
n-propyl to n-pentyl. Dyes 3def have a similar range of
dialkylamino groups on one side of the molecule, with
a common polar, protic diethanolamino group on the
other. Dyes 3gel contain only hydrophobic dialkylamino
substituents, and have a common dipropylamino group
on one side of the molecule, and a dialkylamino group on
the other side, the alkyl groups ranging in size from
methyl to n-hexyl. With such a wide range of polarity
characteristics and overall molecular sizes, it was
expected that these would help provide useful structuree
activity relationships for designing optimised PDT
photosensitisers.

Although there are several routes available for the
preparation of simple phenothiazinium dyes, few are
suitable for the preparation of unsymmetrical com-
pounds as they givemixed products; the phenothiazinium
dyes are notoriously difficult to separate and purify. It
was decided therefore to use the synthetic route developed
by Strekowski et al. [37], which allows stepwise addition
of two different amino groups to the phenothiazinium
nucleus. The reaction involves initial oxidation of
phenothiazine with iodine to give phenothiazin-5-ium
tetraiodide hydrate, which is isolated before further use.
Precise, controlled addition of two molar equivalents of
the first secondary amine gives the mono-substituted salt,
which can be isolated and recrystallised before continuing

S

N

R2R1

3

R1 R2

a: morpholino N(n-Pr)2

b: morpholino N(n-Bu)2

c: morpholino  
d: diethanolamino
e: diethanolamino
f: diethanolamino

N(n-C5H11)2
N(n-Pr)2
N(n-Bu)2
N(n-C5H11)2

g: N(n-Pr)2 NMe2
h: N(n-Pr)2
i: N(n-Pr)2
j: N(n-Pr)2
k: N(n-Pr)2
l: N(n-Pr)2

NEt2
N(n-Pr)2
N(n-Bu)2
N(n-C5H11)2
N(n-C6H13)2

Fig. 2. The unsymmetrical phenothiazinium dyes under investigation.
with the second stage of the procedure. Addition of two
molar equivalents of the second amine to this intermediate
then gives the requisite 3,7-disubstituted phenothiazin-
5-ium iodide. In the original paper by Strekowski et al.,
the unsymmetrical 3,7-disubstituted derivatives prepared
were precipitated from the reaction solvent (methanol)
in a reasonable state of purity, and required only one
recrystallisation to give microanalytically pure products.
However, for the analogues (3ael), we found that
invariably a more involved purification was required.
Typically, this involved precipitation from a suitable
two solvent system followed by recrystallisation until a
product of constant molar absorptivity was obtained.
Capillary electrophoresis was used to confirm purity. The
purified dyes were characterised by electrospray mass
spectrometry.

2.2. Singlet oxygen generating efficiency and
partition coefficients

The photosensitisers, 3ael, dissolve in methanol to
give blue solutions with lmax values in the range 660e
665 nm (Table 1). Molar absorption coefficients for this
type of dye are of the order of 104 dm3mol�1 cm�1 when
completely deaggregated in solution, aggregation causes
lower values.

The singlet oxygen [O2(
1Dg)] generating efficiencies of

the dyes 1 and 3ael are summarised in Table 1. The
quantum yield for singlet oxygen generation by a dye is
dependent on the rate of intersystem crossing from its S1
excited state to the T1 state, and also on the lifetime
of the T1 state, and efficient formation of a long-lived
triplet state is essential for efficient production of singlet
oxygen by energy transfer. Competing processes include

Table 1

Relative singlet oxygen generating efficiencies, lmax and log P values

for 3,7-diaminophenothiazin-5-ium dyes (1) and (3ael)

R1 R2 Relative 1O2

generating

efficiencya

lmax

(methanol)

(nm)

LogPb

1 NMe2 NMe2 1.0 665 �0.9

3a Morpholino N(n-Pr)2 0.5 663 0.5

3b Morpholino N(n-Bu)2 0.5 661 1.0

3c Morpholino N(n-C5H11)2 0.4 663 1.1

3d Ethanolamino N(n-Pr)2 0.4 663 �0.1

3e Ethanolamino N(n-Bu)2 0.6 660 1.3

3f Ethanolamino N(n-C5H11)2 0.6 663 1.1

3g N(n-Pr)2 NMe2 0.8 661 �0.7

3h N(n-Pr)2 NEt2 0.9 661 1.0

3i N(n-Pr)2 N(n-Pr)2 0.9c 661 1.2c

3j N(n-Pr)2 N(n-Bu)2 0.9 660 1.7

3k N(n-Pr)2 N(n-C5H11)2 0.7 663 2.0

3l N(n-Pr)2 N(n-C6H13)2 0.9 662 O2

a Measured in 90% dimethyl formamide/10% water, using 1,3-

diphenylisobenzofuran as singlet oxygen detector.
b In n-octanol/water.
c Reported in Ref. [36].
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fluorescence and internal conversion. One of the reasons
for the effectiveness of the MB system is the presence of
sulphur in the chromophore, as the heavy atom effect of
sulphur increases the rate of the S1/T1 intersystem
crossing process relative to these competing pathways.
As the dyes 1, 2 and 3ael have the same underlying
chromophore, one might expect them to have similar
singlet oxygen generating efficiencies. In fact the values
for 3ael range from 40 to 90% relative to MB itself.
These efficiencies are comparable to those of the
symmetrical dialkylamino derivatives 2 reported pre-
viously [35]. Although the experimental errors in
determining the values shown in Table 1 are relatively
high, nevertheless certain definite trends can be dis-
cerned. Thus the more amphiphilic dyes 3aef, i.e. those
with morpholino or ethanolamino substituents on one
side of the molecule, have singlet oxygen efficiency
values in the range 40e60%, which are significantly
lower than those of the more generally hydrophobic
dyes 3gel (70e90%). This may be related to a greater
tendency of the former to take part in hydrogen
bonding with the water in the solvent system used;
a process that could lead to a reduction in the triplet
state lifetime.

Despite the range of efficiencies found for 3ael,
all should be perfectly adequate singlet oxygen photo-
sensitisers for PDT purposes, and any failings that
individual dyes might have as PDT photosensitisers are
more likely to be due to other causes, such as poor
cell uptake, inappropriate cellular localisation sites, or
aggregation within cells.

One factor that has an important influence on the
ability of dyes to be taken up by cells is the overall
hydrophilic/hydrophobic character of the molecule.
This may be quantified in a relative manner by
measuring the partition coefficient (P) in a suitable
water/immiscible non-polar solvent system. We have
shown previously [35,36] that log P values of pheno-
thiazinium photosensitisers are important in determining
the site of subcellular localisation, and thus the site of
photo-oxidative damage. Phenothiazinium sensitisers
were shown by fluorescence microscopy to localise
initially in the lysosomes of RIF-1 murine fibrosarcoma
cells, and following illumination there was a relocalisa-
tion to other sites in the cell, which could be broadly
correlated to the log P value of the photosensitiser. The
specific target following relocalisation throughout the
cytoplasm will be greatly influenced by the lipophilicity
of the photosensitiser (membrane surfaces) and its
charge distribution (mitochondrial membranes). It has
been shown that apoptosis is more rapid following
photodamage resulting from mitochondrial localisation
compared with lysosomal localisation [38].

The log P values for dyes 1 and 3ael have been
determined for the water/n-octanol system, and are
listed in Table 1. It can be seen that the dyes exhibit
a wide range of hydrophobic/hydrophilic character.
Interestingly, the dimethylamino group appears to exert
the greatest effect on hydrophilicity, and this is most
clearly demonstrated by comparing the dipropylamino
series of dyes 3g, 3a and 3d. In addition to the eN(n-Pr)2
group, these contain, respectively, a morpholino, dieth-
anolamino and dimethylamino group. The most hydro-
philic of these dyes is the dimethylamino derivative 3g,
with a log P value of �0.7, comparable to that of MB
itself (�0.9). Surprisingly the diethanolamino derivative
3d is much less water soluble, with a log P value of �0.1.
However, it still has significantly higher hydrophilic
character than the morpholino derivative 3a

(log PZ 0.5).
This difference between morpholino and diethanola-

mino groups becomes less well correlated with log P
for higher homologues in the series, and for example
the morpholino/dipentylamino and diethanolamino/
dipentylamino dyes, 3c and 3f, respectively, have
identical log P values.

The hydrophobicities of the dyes containing only
dialkylamino groups show a predictable increase in
log P with increasing overall alkyl chain length. Thus the
most hydrophobic photosensitiser is the dipropylamino/
dihexylamino derivative 3l, with no measurable solubility
in water and with a log P value greater than 2.

2.3. A preliminary investigation of the in vivo PDT
activity of the photosensitisers, 3ael

Previously we have reported the in vitro PDT activity
of dyes 3ael towards murine fibrosarcoma (RIF-1) cells
[36]. We now report some preliminary findings for the
effectiveness of these photosensitisers in vivo, using
a mouse model with subcutaneously transplanted CaNT
tumour. Following optimisation of dose and the time
interval between administering photosensitiser and
treating the tumour with light, the levels of macroscopic
tumour necrosis were compared to levels measured in
control tumours and tumours treated with MB-mediated
PDT. The results are summarised in Table 2.

It is clear that the in vivo PDT activity is very sensitive
to structural changes in the series of photosensitisers
3ael, and that this has little to do with singlet oxygen
generating efficiency, and more to do with the polarity of
the molecule. The most striking feature of these results is
the virtually zero PDT activity of the most polar
photosensitisers, namely MB itself and, with the excep-
tion of 3f, all the compounds containing morpholino and
diethanolamino groups. These virtually inactive com-
pounds have log P values ranging from �0.9 to C1.3,
suggesting that hydrophilicity is closely associated with
low PDT activity. Conversely, the efficacy of 3f

(log PZ 1.1) is most likely due to the high hydrophobic-
ity of the n-pentyl groups, which compensate more than
for the hydrophilicity of the ethanolamino groups.
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However, it is clearly over-simplistic to relate log P values
directly to PDT activity, as there are several significant
anomalies. For example, whereas 3f (log PZ 1.1) has
high activity, the morpholino analogue 3c, with an
identical log P value, shows little activity. Furthermore,
compounds 3g and 3h (log P values �0.7 and C1.0,
respectively) are significantly more hydrophilic than 3f

and yet exhibit good PDT activity, although admittedly
at a somewhat lower level than observed with the more
hydrophobic photosensitisers, 3jel. Nevertheless, it is
clear that high PDTactivity in this class of photosensitiser
is related to high hydrophobicity.

Several other factors need to be considered when
examining structureeactivity relationships in a series
of closely related PDT photosensitisers, such as the
influence of structure on the optimum dose, the
optimum drug-to-light time interval, the optimum light
dose, tumour selectivity, and the persistence of highly
undesirable skin photosensitisation. The results of such
investigations for the series of compounds 3ael will be
the subject of a further paper.

3. Experimental

3.1. Determination of partition coefficients

A solution of the dye (150 mL; 100 mg/mL in DMSO)
was added to a mixture of 1425 mL 1-octanol-saturated
0.1 M potassium phosphate buffer (pH 7) and 1425 mL
buffer-saturated 1-octanol and vortexed. Samples were
centrifuged (3500 rpm! 10 min.), 1 mL removed from
each phase and the dye concentration determined by
measuring the absorbance at the lmax compared to
standards. The log partition coefficient was calculated as
log10 (concentration in octanol/concentration in buffer).

Table 2

Maximum observed induced tumour necrosis at 72 h post-PDT

Photosensitiser R1 R2 % Area of

tumour necrosis

G sem

Control (no sensitiser) 7G 4

1 NMe2 NMe2 17G 9a

3a Morpholino N(n-Pr)2 14G 7a

3b Morpholino N(n-Bu)2 11G 7a

3c Morpholino N(n-C5H11)2 16G 5a

3d Ethanolamino N(n-Pr)2 17G 10a

3e Ethanolamino N(n-Bu)2 3G 2a

3f Ethanolamino N(n-C5H11)2 75G 4b

3g N(n-Pr)2 NMe2 34G 2a

3h N(n-Pr)2 NEt2 49G 11a

3i N(n-Pr)2 N(n-Pr)2 56G 7a

3j N(n-Pr)2 N(n-Bu)2 79G 7b

3k N(n-Pr)2 N(n-C5H11)2 72G 9b

3l N(n-Pr)2 N(n-C6H13)2 85G 2b

a 16.7 mmol/kg dose.
b 8.35 mmol/kg dose.
3.2. Singlet oxygen sensitising efficiencies

A solution containing 1,3-diphenylisobenzofuran
(20 mg/dm3) and the sensitiser (100 mg/dm3) in 90%
dimethylformamide/10% water was illuminated at 0 �C
with filtered light from a parallel focused 500 W quartz
halogen projector lamp. The light beam was passed
through three filter solutions: aqueous copper sulphate
solution, aqueous Congo Red solution and a dichloro-
methane solution of an infrared dye with an absorption
maximum at 800 nm. The concentration of each solution
was adjusted to give a transmission window with
approximately 30% transmittance between 600 and
700 nm and !0.5% transmittance below 600 nm and
above 700 nm.The solutionswere sealed under air in 1 cm
pathlength cells and exposed to the light source in
a rotating carousel to ensure uniform light exposure of
each solution. Photo-oxidation of diphenylisobenzofuran
was monitored by observing the decrease in absorbance
at 410 nm. In all runs, a corresponding solution contain-
ing Methylene Blue was used as reference.

3.3. In vivo PDT assay

In a method developed in our Centre [39], PDT-
induced tumour necrosis was investigated in CBA/Gy
mice bearing a subcutaneous CaNT tumour. Tumours
were illuminated superficially 60 J/cm2 (50 mW/cm2,
660 nmG 15 nm (FWHM)) of light from a Paterson
xenon arc lamp following intravenous administration
of the photosensitiser. After 72 h post-illumination the
percentage area of induced tumour necrosis was de-
termined by processing images of tumour sections.

3.4. Synthesis of photosensitisers

The following compounds were obtained from
commercial sources and were used without further
purification: 10H-phenothiazine, iodine, morpholine,
N,N-diethanolamine, N,N-dimethylamine hydrochlo-
ride, N,N-dipropylamine, N,N-dibutylamine, N,N-
dipentylamine, N,N-dihexylamine, N,N-diethylamine,
triethylamine.

3.4.1. Preparation of phenothiazin-5-ium tetraiodide
hydrate

A solution of iodine (33 mmol) in chloroform
(400 cm3) was added over a period of 1.5 h to a stirred
solution of phenothiazine (10 mmol) in chloroform
(100 cm3), cooled to below 5 �C in an ice bath. The
mixture was stirred for 30 min and the resultant
precipitate of phenothiazin-5-ium tetraiodide hydrate
was collected by filtration, washed with chloroform until
free of iodine and then dried at room temperature under
vacuum.
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3.4.2. General procedure for synthesis of
unsymmetrical phenothiazin-5-ium iodide salts 3

A solution of the appropriate first amine (3.6 mmol)
in methanol (50 cm3) was added dropwise at room
temperature to a stirred solution of phenothiazin-5-ium
tetraiodide hydrate (1.4 mmol) in methanol (300 cm3)
over a period of 60 min, and the mixture was then
stirred for a further 14 h. The volume of the reaction
mixture was then reduced by evaporation and the hot
concentrated solution left to cool. The deposited solid
was collected by filtration, washed with diethyl ether
and dried. To a solution of this salt (0.34 mmol) in
dichloromethane (100 cm3) was added a solution of
triethylamine (0.40 mmol) in dichloromethane (5 cm3)
followed by a solution of the appropriate second amine
(1.4 mmol) in dichloromethane (50 cm3) over a period of
60 min, and the reaction mixture was stirred at room
temperature for a further 14 h. The reaction mixture was
then washed successively with dilute hydrochloric acid
(4! 25 cm3) and water (2! 25 cm3). The organic layer
was then dried over anhydrous MgSO4. The majority of
the solvent was removed by rotary evaporation and an
excess of diethyl ether added to precipitate the solid. The
solid was collected by filtration, washed with diethyl
ether and dried. Further purification of the salt, if
necessary, was carried out by flash column chromatog-
raphy and recrystallisation from a suitable solvent. The
purity of the product was confirmed by thin layer
chromatography, which showed a single blue spot.

3.4.3. 3-N,N-Dipropylamino-7-morpholinophenothiazin-
5-ium iodide, 3a

This was obtained following isolation of 3-N,N-
dipropylaminophenothiazin-5-ium triiodide and subse-
quent treatment with morpholine. Precipitation from
dichloromethane by the addition of diethyl ether yielded
3a as purple lustrous crystals with 23% yield. Mass
spectrometry (ESI): C22H28N3OS requires m/zZ 382;
found m/zZ 382.

3.4.4. 3-N,N-Dibutylamino-7-morpholinophenothiazin-
5-ium iodide, 3b

This was obtained following isolation of 3-N,N-
dibutylaminophenothiazin-5-ium triiodide and subse-
quent treatment with morpholine. Precipitation from
dichloromethane by the addition of diethyl ether yielded
3b as purple lustrous crystals with 22% yield. Mass
spectrometry (ESI): C24H32N3OS requires m/zZ 410;
found m/zZ 410.

3.4.5. 3-N,N-Dipentylamino-7-morpholinophenothiazin-
5-ium iodide, 3c

This was obtained following isolation of 3-N,N-
dipentylaminophenothiazin-5-ium triiodide and subse-
quent treatment with morpholine. Precipitation from
dichloromethane by the addition of diethyl ether yielded
3c a purple powder (18%). Mass spectrometry (ESI):
C26H36N3OS requires m/zZ 438; found m/zZ 438.

3.4.6. 3-N,N-Diethanolamino-7-N,N-dipropylamino-
phenothiazin-5-ium iodide, 3d

This compound was obtained following isolation of
3-N,N-dipropylaminophenothiazin-5-ium triiodide and
subsequent treatment with diethanolamine. Precipita-
tion from dichloromethane by the addition of diethyl
ether yielded 3d as purple lustrous crystals with 21%
yield. Mass spectrometry (ESI): C22H30N3O2S requires
m/zZ 400; found m/zZ 400.

3.4.7. 3-N,N-Dibutylamino-7-N,N-diethanolamino-
phenothiazin-5-ium iodide, 3e

This compound was obtained following isolation of
3-N,N-dibutylamino-phenothiazin-5-ium triiodide and
subsequent treatment with diethanolamine. The crude
product was purified by gravity column chromatography
over aluminium oxide (activated, basic, Brockmann I,
std. Grade, 150 mesh, Aldrich) employing sequentially
mobile phases such as ethyl acetate, 70/30 ethyl acetate/
methanol and finally methanol. This gave 3e as a purple
powder (19%). Mass spectrometry (ESI): C24H34N3O2S
requires m/zZ 428; found m/zZ 428.

3.4.8. 3-N,N-Diethanolamino-7-N,N-dipentylamino-
phenothiazin-5-ium iodide, 3f

This compound was prepared following isolation of
3-N,N-dipentylaminophenothiazin-5-ium triiodide and
subsequent treatment with diethanolamine. Precipita-
tion from dichloromethane by the addition of diethyl
ether yielded 3f as purple lustrous crystals (23%). Mass
spectrometry (ESI): C26H38N3O2S requires m/zZ 456;
found m/zZ 456.

3.4.9. 3-N,N-Dimethylamino-7-N,N-dipropylamino-
phenothiazin-5-ium iodide, 3g

This compound was prepared by isolation of 3-N,N-
dipropylaminophenothiazin-5-ium triiodide and subse-
quent treatment with dimethylamine hydrochloride.
Precipitation from dichloromethane by the addition of
diethyl ether yielded 3g as purple lustrous crystals with
20% yield. Mass spectrometry (ESI): C20H26N3S
requires m/zZ 340; found m/zZ 340.

3.4.10. 3-N,N-Diethylamino-7-N,N-dipropylaminophe-
nothiazin-5-ium iodide, 3h

This was prepared following isolation of 3-N,N-
dipropylaminophenothiazin-5-ium triiodide and subse-
quent treatment with diethylamine. Precipitation from
dichloromethane by the addition of diethyl ether yielded
purple lustrous crystals of 3h (15%). Mass spectrometry
(ESI): C22H30N3S requires m/zZ 368; found m/zZ 368.
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3.4.11. 3-N,N-Dibutylamino-7-N,N-dipropylamino-
phenothiazin-5-ium iodide, 3i

This was prepared following isolation of 3-N,N-
dipropylaminophenothiazin-5-ium triiodide and subse-
quent treatment with dibutylamine. Precipitation from
dichloromethane by the addition of diethyl ether yielded
3i as purple lustrous crystals (19%). Mass spectrometry
(ESI): C26H38N3S requires m/zZ 424; found m/zZ 424.

3.4.12. 3-N,N-Dipentylamino-7-N,N-dipropylamino-
phenothiazin-5-ium iodide, 3j

This compound was obtained following isolation of
3-N,N-dipropylaminophenothiazin-5-ium triiodide and
subsequent treatment with dipentylamine. Precipitation
from dichloromethane by the addition of diethyl ether
yielded purple lustrous crystals of 3j (20%). Mass
spectrometry (ESI): C28H42N3S requires m/zZ 452;
found m/zZ 452.

3.4.13. 3-N,N-Dihexylamino-7-N,N-dipropylamino-
phenothiazin-5-ium iodide, 3k

This was obtained following isolation of 3-N,N-
dipropylaminophenothiazin-5-ium triiodide and subse-
quent treatment with dihexylamine. Precipitation from
dichloromethane by the addition of diethyl ether yielded
3k as purple lustrous crystals (22%). Mass spectrometry
(ESI): C30H46N3S requires m/zZ 480; found m/zZ 480.
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