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ABSTRACT: Four tetrapyridylporphyrin and four dipyridylporphyrin arene ruthenium complexes
have been synthesized and characterized. In these complexes, the porphyrin core is either metal-free
or occupied by zinc, and the arene ligand of the arene ruthenium units are either the standard methyl-
isopropyl-benzene (p-cymene) or the less common phenylpropanol (PhPrOH) derivative. The porphyrin
derivatives are coordinated to four arene ruthenium units or only two, in accordance with the number of
pyridyl substituents at the periphery of the porphyrins, 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine
(TPyP) and 5,15-diphenyl-10,20-di(pyridin-4-yl)porphyrin (DPhDPyP). All eight complexes were
evaluated as anticancer agents on synovial sarcoma cells, in the presence and absence of light, suggesting
that both the arene ligand and the porphyrin core substituent can play a crucial role in fine-tuning the
photodynamic activity of such organometallic photosensitizers.
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INTRODUCTION

Could we cure cancer with light? The answer is yes
we could, using photodynamic therapy (PDT). However,
light must go hand in hand with oxygen and a chemical
compound that acts as an intermediary between the other
two. The energy from light can be absorbed and reused
or transferred by substances that we know as photoac-
tive compounds, chromophores or photosensitizers (PS).
These substances reach a higher energy excited state as
a consequence of their interaction with photons. Dur-
ing relaxation, the PS can interact with other molecules
or substrates to transmit the absorbed energy. This is the
principle on which PDT is based (Fig. 1). In PDT, the PS is
irradiated at a certain wavelength (L), reaching an excited
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singlet state. During relaxation to ground state, the PS can
go through an intermediate excited triplet state and inter-
act with O, (Fig. 2). This interaction can produce singlet
oxygen ('O,) that in turn can give rise to radical oxygen
species (ROS) [1-4]. The key to PDT is ROS production,
since it could lead to oxidative stress and consequently to
cell death [5, 6]. Moreover, ROS are tremendously reac-
tive, so their lifetime lasts only a few nanoseconds [2, 7],
which makes the cell death process specifically located to
the irradiated area. For these reasons, PDT is considered
non-invasive, and its use is increasingly widespread in the
fight against cancer and other diseases.

Throughout recent decades, PDT has been one of the
most fast-growing treatments against skin cancer [8,
9], acne [10, 11] and other skin diseases [12, 13]. The
FDA have already approved the use of PDT in multiple
pathologies like actinic keratosis, advanced cutaneous
T-cell lymphoma, Barrett’s esophagus, basal cell skin
cancer, esophageal cancer, non-small cell lung cancer
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Fig. 1. Basic outline of the principles of PDT. The photosensi-
tizer is excited by an external light source, transfers its energy
to O,, which is transformed into singlet oxygen, giving rise to
reactive oxygen species (ROS).
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Fig. 2. Upon excitation to a singlet state, an electron can return
directly to the ground state (fluorescence) or go through an
intermediate triplet state (phosphorescence), where it can inter-
act with O,.

and squamous cell skin cancer. Furthermore, other types
of cancer and more pathologies such as synovial sarcoma
[14, 15], rheumatoid arthritis [16], bacterial infections
[17, 18], are also under PDT investigations.

Synovial sarcoma is the fourth most common type
of soft tissue cancer [19], representing approximately
10% of such cancers. It usually occurs in the surround-
ing area of large joints such as the synovial membrane,
tendons, bursae or joint capsules. It is more common in
men than women and in ages between 15 to 40 years old
[20]. However, it is usually diagnosed late due to its slow
progression, its benign appearance and the fact that it
is often mistaken with pain due to trauma. The causes
that give rise to this type of cancer are not yet fully
understood [14]. The actual treatment involves invasive
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Fig. 3. Representation of the synovial tissue that connects the
bones in the joints (only major tissues are represented).

surgery where tumoral tissues are removed [21]. Often,
this is followed by radiotherapy and/or chemotherapy
[22]. Evidently, this treatment entails a significant loss of
soft tissue that can involve loss of mobility or add rigidity
to the joint (Fig. 3). Therefore, minimizing the impact on
healthy tissue can help to preserve better mobility in the
joint and this is why PDT could play an important role,
thanks to its minimal invasiveness and high precision.

However, PDT can likewise have some limitations, as
a low solubility of PS, low concentration of oxygen in the
target tissue or photosensitivity of the skin after treatment
[23]. Many chromophores used in PDT show low solubil-
ity in biological media. This could lead to increase doses
of PS to ensure optimal concentration in the target tissue,
thus by increasing the dose of PS, side effects such as
skin photosensitivity can appear. On the other hand, skin
photosensitivity after PDT can be resolved using PS that
require very low concentrations to be effective, in addi-
tion to the fact that the PSs can be totally inactive in the
absence of light. A solution to increase solubility without
increasing the dose is encapsulation of the PS in nanopar-
ticles [24], coordination to peptides [25] or entrapment
in lysosomes [26]. Also, it is possible to increase the
solubility by designing PSs that incorporate hydrophilic
substituents like sulfonate (—SO;H) [27] or phosphonate
(—PO(OR),) [28]. One more common solution is to use
a solvent (other than water) in which the PS is soluble.
However, it is necessary to take into account the toxicity
of that solvent and the stability of the PS in this media,
since some of these solvents are potential ligands and
could degrade a drug before activation [29]. The inactiva-
tion or photoprotection of PS is another solution to limit
photosensitivity. In this approach, the PS is transported
in physiological medium and released selectively when
necessary, thus reducing side effects [30-32].

Regarding the lack of oxygen, the accelerated growth
of cancer cells generally leads to decreasing concentra-
tions of O, [33, 34], which reduces the probability of
giving rise to ROS. To resolve this inconvenience, it is
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Fig. 4. Structure of a functionalized tetrapyridylporphyrin arene
ruthenium complex.

possible to oxygenate the tumor tissue by hyperbaric
oxygen therapy (HBO,), prior to PDT [35].

Taking these aspects into account, we decided to
design new PSs that increase the efficacy of PDT in syno-
vial sarcoma based on the chromophore 5,10,15,20-tetra-
(4-pyridyl)-21H,23H-porphine (TPyP). The TPyP is
insoluble in water and poorly soluble in biological media.
However, by coordination of arene ruthenium units to the
pyridine substituents of TPyP (Fig. 4), solubility can be
increased significantly. Moreover, these ruthenium com-
plexes include arene ligands that have hydroxide groups
(OH), that can potentially contribute to the presence of
oxygen species, which can give rise to more 'O, and ulti-
mately increase ROS production [36].
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Ruthenium organometallic complexes are not new
to PDT, since they have been used for years. The major
reason behind that choice of metal is its oxidation state
stability, being almost unreactive to air, water and O,,
unlike other metal-based compounds [37—43]. In addi-
tion, ruthenium has a high coordination number (6) and
great facility to coordinate with ligands of complexed
structures [37]. The arene ruthenium complexes could
also improve the solubility in biological media [44].
Finally, ruthenium is less toxic than other metals such as
platinum, a metal extensively used in metal-based drugs
[45, 46].

In the present work, we show the synthesis and char-
acterization of eight arene ruthenium complexes with
tetrapyridylporphyrin or dipyridylporphyrin photosensi-
tizers as a central ligand. For comparison, other deriva-
tives incorporating different arene ligands, having two or
four pyridyl groups, and with or without a metal in the
core of the porphyrin have been synthesized and charac-
terized. All new complexes were evaluated in vitro, in the
presence and absence of light on synovial sarcoma cells.

RESULTS AND DISCUSSION

Synthesis and characterization of photosensitizers

The synthesis of the arene ruthenium PSs is carried out
by a one step reaction (Scheme 1). The dinuclear arene
ruthenium dimers (d1 or d2), synthesized as reported in
the literature [47, 48], are mixed and reacted with the cor-
responding porphyrin (Scheme 1). Dimer d1 is widely
used [49-52] since the publication in 1972 by Zelonka
and Baird [47], while the dimer d2 is a more recent ana-
logue and its biological activity remains unexplored [48].

~ Ru
Cl ~ 2
pipa  © @' R
/©)\°f ©—\_\
P1, P3 P2, P4 CH

Scheme 1. Reactions of dimers d1 or d2 with TPyP or Zn-TPyP to form photosensitizers P1-P4.
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As illustrated in Scheme 1, the reaction involves the
breakage of the dimer into two monomers prior to the
coordination of the porphyrin through a Ru—N(Py) bond.
The reaction is carried out at reflux in methanol for at least
8 hr with a 2:1 molar ratio. Then, the suspension is filtered
off and washed repeatedly with Et,0, to obtain the desired
tetranuclear complexes P1-P4. We had already reported
the synthesis of P1 ([Ru,(p-cymene),(TPyP)Cl]) [53].
However, new derivatives (with TPyP and Zn-TPyP)
involving the dimer d2, giving rise to the photosensitizer
P2 ([Ru,(PhPrOH),(TPyP)Cls]) and P4 ([Ru,(PhPrOH),-
(Zn-TPyP)Clg], and with dimer d1 to give P3 ([Ru,(p-
cymene),(Zn-TPyP)CL]), have been also synthesized
following the same methodology (see ‘Experimental’).
All compounds remain stable and unaltered at 4 °C for
at least six months in the solid state. These compounds
have acceptable solubility in DMSO and low solubility in
other common solvents such as water, dichloromethane,
chloroform, benzene, acetonitrile, acetone and ethanol. It
should be noted that P2 easily precipitates after minutes
in DMSO. The recommended concentration of DMSO
for in vitro tests is usually around 0.5%, although it
depends on the cell line and the experimental conditions.
According to the literature, 1% DMSO does not lead to
toxicity in human myeloid leukemia and epithelia cancer
[54]. On the other hand, in MDA-MB-231, MCF-7 and
VNBRCALI cell lines it is not recommended to use more
than 0.6% of DMSO [55]. The maximum concentration
used in our study has been 0.25% DMSO in the highest
concentration of PS tested (5 uM). We have not observed
any deleterious effect on synovial sarcoma cells that
could be attributed to the presence of DMSO.

Similarly, we have synthesized and characterized
four new derivatives, which are based on 5,15-diphenyl-
10,20-di(pyridin-4-yl)porphyrin (DPhDPyP), giving rise
to the corresponding photosensitizers PS-P8 (Scheme 2).
We have decided to explore the synthesis with this new

/RUfCI DPhDPyP
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R
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Scheme 2. Synthesis of photosensitizers P5-P8 from dimers d1 and d2.
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porphyrin to study the influence of the number of ruthe-
nium complexes coordinated to the porphyrin in terms of
its efficacy in PDT, as well as the influence of the presence
of phenyl groups in the porphyrinic unit. The experimental
conditions are the same as those mentioned for TPyP but
a 1:1 molar ratio is needed. Dimers d1 and d2 give rise to
the photosensitizers PS ([Ru,(p-cymene),(DPhDPyP)CL,])
and P6 ([Ru,(PhPrOH),(DPhDPyP)Cl,]) respectively,
while P7 ([Ru,(p-cymene),(Zn-DPhDPyP)Cl,]) and P8
([Ruy(PhPrOH),(Zn-DPhDPyP)Cl,]) are synthesized
from the Zn-porphyrin analogue, with d1 and d2 respec-
tively. The yields are a bit lower than those observed with
TPyP, between 51-67%. Like P1-P4, compounds P5-P8
are soluble in DMSO. They also remain unaltered at 4 °C
for at least 6 months in the solid state. All compounds are
stable in DMSO for at least 1 hr. After that, new signals
can be seen in the "H-NMR spectrum (< 1%), which can
be attributed to the decomposition or transformation of the
compound by ligand exchange with DMSO [29].

In vitro evaluation in synovial sarcoma cells

The photocytotoxicity (after irradiation) and cytotox-
icity in the dark of photosensitizers P1-P8 were evaluated
in vitro on SW982 synovial sarcoma cells. A red-light
lamp (A = 630 nm) was used for irradiation (dose = 40
mW/cm?for 30 min). We decided to use red light because
it is the only visible radiation that can pass through the
skin and tissues of the synovial area of the joints. Blue
radiation penetrates the skin for approximately 1 mm,
green for about 2.5 mm, yellow not more than 4 mm,
and red can penetrate as much as 5 mm before being
fully absorbed [56]. The thickness of the human skin var-
ies depending on the location between 0,5 - 4 mm, so
to adapt our study to the future least invasive conditions
possible, that is, transcutaneous PDT (without incision),
irradiation with red light was the most appropriate.

Cell viability was analyzed by MTT assays
for both, irradiated and non-irradiated cells.
The results are shown in Table 1. The irradi-
ated cells curve was fitted to the second order
polynomial and from the resulting equation
the ICs, (inhibitory concentration at 50% via-
bility) was calculated (Fig. 5). All PSs showed
good photocytotoxic activity after irradiation
and no significant toxicity in the dark. The
synthesized PSs present three structural varia-
tions. One of them is the arene ligand, which
is p-cymene or phenylpropanol. Interestingly,
the four PSs with PhPrOH groups (P2, P4, P6
and P8) improve the result when compared
to their p-cymene analogues (P1, P3, PS5
and P7) (Table 1). The higher activity might
be attributed to the presence of OH groups,
which can help to increase the production of
ROS after irradiation, either by direct inter-
action with another excited PS molecules or

OH
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Table 1. Results of MTT assays in synovial sarcoma cells after PDT. Graphic representations are
shown in the supporting information (Fig. S48-S55). Irradiation 24 hr after addition of PS,
A =630 nm, 40 mW/cm? for 30 min irradiation. ICs, was calculated fitting the curve to the sec-
ond-degree polynomial * 3 sigma deviation. The maximum concentration tested was 5 uM.

PS Arene Porphyrin ICyy (UM) light 1G5, (uM) dark
P1 p-cymene TPyP 0.170 + 0.008 >5
P2 PhPrOH TPyP 0.060 £ 0.012 >5
P3 p-cymene Zn-TPyP 0.341 £ 0.008 1.092 + 0.004
P4 PhPrOH Zn-TPyP 0.256 £ 0.010 0.729 £ 0.005
P5 p-cymene DPhDPyP 0.307 £ 0.014 >5
P6 PhPrOH DPhDPyP 0.212 £ 0.008 2.341 £ 0.005
P7 p-cymene Zn-DPhDPyP 0.387 £ 0.010 1.096 £ 0.003
P8 PhPrOH Zn-DPhDPyP 0.312 £0.010 0.689 £ 0.007
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Fig. 5. Data obtained in the MTT assays in SW982 synovial
sarcoma using P2 as PS. Irradiation 24 hr after addition of
P2 (630 nm, 40 mW/cm?, 30 min irradiation). Two-tailed
Student’s t-test significance, P < 0.05 (¥), P < 0.01 (**) and
P <0.001 (**%*),

with other reactive species. Alcohols have been reported
as an initial product in the production of ROS by metab-
olism [57]. In addition, porphyrins with phenol groups
have proven their efficacy in PDT [58], as is the case of
5,10,15,20-tetra(m-hydroxyphenyl)chlorin (FOSCAN)
[59-61]. Therefore, introduction of aliphatic alcohol at
the periphery of a photosensitizer appears to be beneficial
in our systems, increasing the PDT efficacy.

Another structural difference in P1-P8 is the presence
or absence of zinc in the center of the porphyrin. Accord-
ing to the results (Table 1), the presence of zinc worsens
PDT efficacy. In all cases, the metal-free derivative shows
a higher activity than its zinc analogue. One possible
cause could be the fluorescence quantum yield (@y). For
instance, the photosensitizer P1 shows a quantum yield
lower than P3 (3" (%) = 3.0 and @:** (%) = 4.9) and the
toxicity in the PDT of the first was higher. Fluorescence
is a consequence of the energetic decay from the excited
state of the PS to the minimum energy state. Therefore,
high @ suggests that much of the energy in the singlet
excited state of the PS returns to the ground state without

Copyright © World Scientific Publishing Company

passing through the triplet excited state, generating more
fluorescence but leaving behind less energy in the triplet
state to interact with O, and to give rise to ROS [62].
Zinc is responsible for this increased fluorescence. The
fluorescence emission of PS containing zinc as a metal
center is higher than the metal-free analogue (Fig. 6).
This can also be understood from the point of view of the
HOMO and LUMO orbitals. When the chromophore is
excited, an electron rises from the highest energy occu-
pied orbital (HOMO) to the lowest energy unoccupied
orbital (LUMO). In the case that there is no metal cen-
ter in the porphyrin, the electron vacancy that remains
in the HOMO orbital can be filled by the lone pair elec-
trons of the N in the tetrapyrrole unit. Then, the excited
electron in the LUMO orbital will have more difficulties
to return back to the HOMO orbital during relaxation,
favoring intersystem crossing (see Fig. 2). On the other
hand, if the porphyrin has a metal center coordinated to
the N atoms of the tetrapyrrole through their lone pair
electrons, the vacancy left in the HOMO orbital is not
filled and the excited electron can return from the LUMO
orbital easily, thus favoring fluorescence [63]. This may
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Fig. 6. Fluorescence spectrum of P1 and P3 (10 nM in DMSO).
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explain why all our zinc-free PSs have a better IC5, under
light than their zinc analogs.

The last structural difference in our PSs is the pres-
ence of two (DPhDPyP) or four (TPyP) pyridyl substitu-
ents on the PS and as a consequence, the presence of two
or four coordinated arene ruthenium units. All PSs with
DPhDPyP showed a reduced PDT effect than their tetra-
nuclear counterparts. The reason may be due to the fact
that PSs with DPhDPyP only have two coordinated ruthe-
nium arenes, instead of the four presented in PSs with
TPyP. Arene ruthenium complexes have been reported to
improve solubility in biological media [45], thus poten-
tially increasing uptake. Finally, it is worth noting the
absence or very low toxicity of the compounds without
metal (P1-P4) even at the highest concentration tested.
While, Zn compounds (P5-P6) show some toxicity in the
dark (Table 1). Similar results have been reported with
zinc porphyrins, pointing to the metal as the cause for the
cell growth decay [64, 65].

CONCLUSIONS

We report the synthesis and characterization of eight
arene ruthenium porphyrin photosensitizers with great
potential to treat synovial sarcoma by PDT. The photo-
sensitizer P2 showed the best light/dark photocytotoxicity
ratio (0.06 uM/5 uM), being around two orders of magni-
tude. We have demonstrated that the presence of zinc (II)
in the core of the photosensitizers have a double negative
effect, increasing toxicity and reducing PDT efficacy. On
the other hand, we have shown how alkyl alcohols on the
arene ligands can improve the PDT effect in SW982 sar-
coma cells. These results encourage us to continue study-
ing these compounds and their potential in PDT, such as
intracellular localization, PDT effect in another type of
cancers, as well as performing an in vivo study.

EXPERIMENTAL

General

Compounds d1, d2 and P1 were prepared as described
in the literature [47, 48, 42]. Methanol, ethanol, diethyl
ether and deuterated solvents (CDCI; and DMSO-d)
were acquired from Sigma-Aldrich and wused as
received. NMR spectra were recorded on a Bruker
Avance III HD 500 MHz, Avance III HD 400 MHz or
a DRX 400 MHz spectrometers. The 'H and "*C reso-
nances of the deuterated solvents were used as the
internal reference. Ruthenium(IIl) chloride hydrate,
1-isopropyl-4-methylcyclohexa-1,4-diene, 5,10,15,20-
tetra(4-pyridyl)-21H,23H-porphine and zinc 5,10,15,20-
tetra(4-pyridyl)-21H,23H-porphine were acquired from
Sigma-Aldrich, 3-(cyclohexa-1,4-dien-1-yl)propan-1-ol
from Fisher Scientific and 5,15-diphenyl-10,20-di(pyridin-
4-yl)porphyrin and zinc 5,15-diphenyl-10,20-di(pyridin-

Copyright © World Scientific Publishing Company

4-yl)porphyrin from Porphychem. We carried out all the
in vitro tests and manipulations under an aseptic atmo-
sphere and constant sterilization conditions. SW982
sarcoma synovial cells were provided by the American
Type Culture Collection (ATCC—LGC Standards).
Cells were grown in DMEM medium supplemented with
10% fetal bovine serum, 1% L-glutamine and 100 U/
ml penicillin and 100 pg/ml streptomycin (Gibco BRL,
Cergy-Pontoise, France). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and L-glu-
tamine were acquired from Sigma-Aldrich. Dimethyl
sulfoxide (DMSO) was bought in Acros Organics. The
PSs (P1-P8) were dissolved at 1 mM concentration in
DMSO just before use, then diluted in complete medium
to the needed concentration and immediately preceding
to use. The concentration of DMSO in the cell medium
was in all cases lower than 0.25%. Cell irradiation was
carried out using a red-light source, CureLight®, Photo-
Cure ASA, at 630 nm, and dose 40 mW/cm? for 30 min.
Absorbance after MTT assay was measured at 540 nm
by a Dynex Triad Multi Mode Microplate Reader, Dynex
Technologies. UV-vis spectrums were carried out in SI
Analytics model UvLine 9400 (Xenon lamp) spectropho-
tometer, 1.5 mL polystyrene cuvettes (wavelength range
280-800 nm) and diluting the PS in DMSO (10 nM).
Fluorescence spectra were measured (550-800 nm) on a
FLS980 spectrometer from Edinburgh Instruments, using
5,10,15,20-tetraphenylporphin as reference in toluene,
while the PSs were dissolved 10 nM in DMSO. IR spectra
were performed on a Frontier PerkinElmer spectrometer
(600 — 4000 cm™). Spectra are shown in the Supporting
Information (Fig. S1-S47).

Photocytotoxicity evaluation by MTT assays

First, trypsinization and counting of SW982 synovial
sarcoma cells were carried out. Homogeneous solutions
were prepared in 10 mL of culture medium with 700,000
cells. In a 96-well plate, 100 puL of the solution (7000
cells per well) were poured and the cells were incubated
for 24 hr (37 °C and 5% CO,). After that, 100 uL of PS
solution in increasing concentration were poured per row
in the plate and subsequent incubation 24 hr in the same
conditions previously described. The PSs were dissolved
in DMSO just before use and then added to culture
medium in the desired concentrations. We have decided
to use DMSO since it is the only solvent in which all
PSs showed acceptable solubility, to keep the same
experimental conditions. After incubation the medium
was removed carefully and poured 100 puL of complete
medium without red phenol per well. Then, the activation
of PS by irradiation with red light (A = 630 nm) is then
carried out, applying 40 mW/cm? for 30 min. The lamp is
put at 12 cm above of the plate in vertical position. After
the irradiation the 96-well plate was put in the incubator
during 18 hr. After this time, we added 10 uL of MTT
solution (5 g/L) and the plate was put again inside the
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incubator during 4 hr. Then, the media was removed and
added 200 puL of DMSO per well, stirring the plate gently
(to avoid splashing between wells) for 3 min until homog-
enized. Finally, the absorbance was measured at 550 nm.
This whole process was repeated in triplicate. Cytotox-
icity measurements in the absence of light were carried
out by repeating this entire protocol except the irradiation
dose. The results obtained in the photocytotoxicity tests
were expressed graphically as the mean * three standard
deviations. Statistical significance was calculated using
the Student’s t-test where P < 0.05, < 0.01 and < 0.001 is
expressed as *, ** and *** respectively.

Synthesis of P2.In a 100 mL round bottom flask, a solu-
tion containing 60.0 mg (0.098 mml) of d2 and 30.1 mg
(0.049 mmol) of TPyP in 30 mL of MeOH, was prepared.
The solution was refluxed for 12 hr, then cooled to room
temperature. The solution was filtered off and the resulting
brown solid was washed with Et,O (5 x 10 mL).

P2. Yield 86% (78 mg). 'H NMR (DMSO-d,, 25 °C,
500 MHz): 6 9.08 (m, 8H, CH,), 8.92 (br s, 8H, CH,,,,,,),
8.28 (m, 8H, CH,,), 5.98 (m, 8H, m-CH,), 5.76 (over-
lapping doublets, 8H, 0-CH,,), 5.75 (overlapping trip-
lets, 4H, p-CH,), 4.59 (s, 4H, OH), 3.45 (m, 8H, CH,),
247 (m, 8H, CH,), 1.73 (m, 8H, CH,), -3.06 (s, 2H,
NH). *C NMR (DMSO-d,, 25 °C, 125 MHz):  142.06
(C,y), 128.16 (C,y), 128.10 (C,pp), 125.46 (C,)), 107.83
(Coropano)» 88.79 (m-C,), 84.80 (0-C,), 8291 (p-C,),
59.89 (CH,), 32.04 (CH,), 29.42 (CH,). UV/vis (DMSO),
A, nm (g, M~.em™): 445 (262300), 523 (197400), 588
(152500), 638 (125300). FT-IR (ATR, solid, cm™): v;
br s (3700-3200), s (3108), s (2916), s (2824), s (1614),
s (1418).

The synthesis of P3 and P4 utilize the same protocol
and molar ratio as in P2, but using the corresponding dimer
(d1, d2) and porphyrin. P5-P8 are synthesize in the same
manner but using a molar ratio of 1:1 (dimer:porphyrin)
(DPhDPyP or Zn-DPhDPyP).

P3. Yield 81% (234 mg). "H NMR (DMSO-dg, 25 °C,
400 MHz): § 9.03 (d, *J,, = 5.55 Hz, 8H, CH,,), 8.85
(s, 8H, CH,op), 8.23 (d,*Jyy, = 5.72 Hz, 8H, CH,), 5.83
(d,3Jy, = 6.14 Hz, 8H, CH,), 5.78 (d, *J,;; = 6.15 Hz,
8H, CH,,), 2.84 (m, *J,;; = 6.91 Hz, 4H, CH ), 4.58 (bs,
4H, OH), 2.09 (s, 12H, CH;), 1.20 (m,*J,;, = 5.55 Hz,
24H, CH, ,). *C NMR (DMSO-dg, 25 °C, 101 MHz): &
149.12 (C,), 148.50 (C,,), 132.48 (Cporpn)s 129.72 (C,y),
118.57 (C,y), 106.83 (C,pn), 100.56 (C,), 86.83 (CH,),
85.99 (CH,,), 30.44 (CH ), 21.97 (CHj; p,), 18.34 (CHj).
Elemental analysis: Calcd. for Cgy,Hg,CIN;O,Ru,Zn +
4 H,0: C, 48.56; H, 4.48; N 5.66. Found: C, 48.46; H,
4.63; N, 5.90. UV/vis (DMSO), A, nm (¢, M'.cm™):
472 (59400), 518 (138300), 558 (55000), 599 (53300).
FT-IR (ATR, solid, cm™): v; br s (3600-3250), s (3091),
s (2944), s (2881), s (1609).

P4. Yield 88% (82 mg). 'H NMR (DMSO-dq, 25 °C,
400 MHz): 69.02 (brs, 8H, CH,,), 8.65 (brs, 8H, CH,,,;,),
8.22 (brs, 8H, CH,,), 5.98 (m, 8H, m-CH,,), 5.75 (over-
lapping doublet, 8H, 0-CH,), 5.73 (overlapping triplet,
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4H, p-CH,,), 4.58 (br s, 4H, OH), 3.45 (m, 8H, CH,), 2.48
(m, 8H, CH,), 1.73 (m, 8H, CH,). *C NMR (DMSO-d,,
25 °C, 101 MHz): & 149.11 (C,), 148.47 (C,,), 132.48
(Cpopn)> 12972 (C,), 108.44 (C,ppumo)» 89.40 (m-C,),
85.33 (0-C,), 83.43 (p-C,), 60.46 (CH,), 32.64 (CH,),
30.00 (CH,). Elemental analysis: Calcd. for C;sH;,Cls-
N;O,Ru,Zn: C, 47.67; H, 3.79; N 5.85. Found: C, 47.67;
H 3.79; N 6.09. ESI-MS, m/z, 954.8 [M — [Ru(PhPrOH)-
CL,], — CI*'. UV/vis (DMSO), A, nm (¢, M~'.cm™): 522
(95300), 561 (45200), 598 (49800). FT-IR (ATR, solid,
cm™): v; br s (3500-3200), s (3067), s (2910), s (2881), s
(1619), s (1408).

P5. Yield 51% (51 mg). 'H NMR (CDCl,, 25 °C,
400 MHz): 6 9.47 (m, 4H, CH,), 8.87 (m, 10H, CHy,),
8.21 (m, 8H, CH,,,;, and CH,), 7.78 (br s, 4H, CH ).
5.69 (d, 3J,; = 5.72 Hz, 4H, CH,), 5.47 (d, 3J,;, = 5.48
Hz, 4H, CH,)), 3.20 (m, 2H, CH ;,), 2.23 (s, 6H, CH,),
1.47 (d, J,;; = 6.86 Hz, 12H, CH, ), -2.81 (s, 1H, NH),
-2.87 (s, 1H, NH). 3C NMR (CDCl,, 25 °C, 101 MHz):
8 153.04 (C,)), 141.76 (C,,), 134.54 (C,,), 130.20 (C,p),
127.97 (C,), 126.77 (Coopn)s 121.55 (C,opp), 120.93
(Cporpn)» 83.23 (CH,), 82.55 (CH,,), 30.92 (CH ,), 22.50
(CHj p,), 18.42 (CH;). Elemental analysis: Caled. for
C,HsC1,N(Ru,: C, 60.99; H, 4.59; N 6.84. Found: C,
62.76; H 4.81; N 7.09. UV/vis (DMSO), A, nm (g, M.
cm™): 513 (143500), 549 (319100), 590 (134400), 648
(29000). FT-IR (ATR, solid, cm™): v; br s (3550-3400), s
(3080), s (2968), s (1638), s (1491).

Pé. Yield 61% (60 mg). "H NMR (CDCl,, 25 °C, 400
MHz): § 9.50 (d, *J,, = 5.96 Hz, 4H, CH,), 8.89 (m,
10H, CHy,), 8.23 (m, 8H, CH,,.;, and CH,,), 7.80 (m, 4H,
CH ), 5.93 (t, *Jyy = 5.64 Hz, 4H, m-CH,,), 5.81 (t,
3]y =15.58 Hz, 2H, p-CH,,), 5.62 (d, *J,;;,; = 5.72 Hz, 4H,
0-CH,), 3.88 (q,Jy,y = 5.83 Hz, 4H, CH,), 2.84 (t,°J ;=
7.71 Hz, 4H, CH,), 2.07 (m, 4H, CH,), 1.69 (overlapping
multiplet, 2H, OH), -2.80 (s, 2H, NH). Elemental analy-
sis: Caled. for C4Hs,CI,N,O,Ru,: C, 58.45; H, 4.25; N
6.82. Found: C, 59.85; H 4.56; N 6.88. UV/vis (DMSO),
A, nm (g, M~'.cm™): 509 (43400), 550 (154700), 589
(48200), 648 (4000). FT-IR (ATR, solid, cm™): v; br s
(3600-3200), s (3102), s (2892), s (1641).

P7. Yield 54% (68 mg). 'H NMR (DMSO-d,, 25 °C,
400 MHz): 6 9.00 (m, 4H, CH,), 8.82 (m, 10H, CHy,),
8.20 (m, 8H, CH,,,, and CH,)), 7.81 (m, 4H, CH,,;).
5.83 (d, 3J,; = 5.39 Hz, 4H, CH,), 5.78 (d, 3/, = 6.18
Hz, 4H, CH,), 2.84 (m, 2H, CH ;,), 2.09 (s, 6H, CH,),
1.20 (d, *J = 6.94 Hz, 12H, CH,5,). Elemental analysis:
Calcd. for C,H,,Cl,N(Ru,Zn: C, 57.62; H, 4.21; N 6.50.
Found: C, 58.51; H 4.32; N 6.59. ESI-MS, m/z, 950.9
[M — [Ru(p-cymene)Cl,] — CI]*!, 680.8 [Zn-DPhDPyP +
HJ™'. UV/vis (DMSO), A, nm (g, M~'.cm™): 493 (55600),
524 (99900), 562 (349500), 600 (221100), 626 (81300)
(. FT-IR (ATR, solid, cm™): v; br s (3650-3200), s (3080),
s (2988), s (1639).

P8. Yield 67% (84 mg). '"H NMR (DMSO-d,, 25 °C,
400 MHz): 6 9.01 (m, 4H, CH,), 8.82 (m, 10H, CHy,),
8.20 (m, 8H, CH,,,, and CH,)), 7.82 (m, 4H, CH,,;,),
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5.99 (m, 4H, m-CH,,), 5.75 (m, 6H, p-CH, and 0-CH,),
4.59 (m, 2H, OH), 3.46 (m, 4H, CH,), 2.47 (m, 4H,
CH,), 1.73 (m, 4H, CH,). Elemental analysis: Calcd.
for CqHs,CI,NsO,Ru,Zn: C, 55.59; H, 3.89; N 6.48.
Found: C, 56.44; H 4.09; N 6.56. ESI-MS, m/z, 952.9
[M — [Ru(PhPrOH)Cl,] — CI]*'. UV/vis (DMSO), A, nm
(e, M'.cm™): 482 (21700), 521 (46900), 559 (253400),
600 (108700), 626 (37900). FT-IR (ATR, solid, cm™): v;
br s (3580-3150), s (3012), s (2917), s (1591).
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