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Abstract: Photodynamic therapy (PDT) is a promising treatment option that ablates cancerous cells
and tumors via photoinduced sensitization of singlet oxygen. Over the last few decades, much
work has been devoted to the development of new photochemotherapeutic agents for PDT. A wide
variety of macrocyclic tetrapyrrole based photosensitizers have been designed, synthesized and
characterized as PDT agents. Many of these complexes have a variety of issues that pose a barrier
to their use in humans, including biocompatibility, inherent toxicity, and synthetic hurdles. We
have developed a non-traditional, non-cyclic, and non-aromatic tetrapyrrole ligand scaffold, called
the biladiene (DMBil1), as an alternative to these traditional photosensitizer complexes. Upon
insertion of a heavy atom such as Pd2+ center, Pd[DMBil1] generates singlet oxygen in substantial
yields (Φ∆ = 0.54, λexc = 500 nm) when irradiated with visible light. To extend the absorption
profile for Pd[DMBil1] deeper into the phototherapeutic window, the tetrapyrrole was conjugated
with alkynyl phenyl groups at the 2- and 18-positions (Pd[DMBil2-PE]) resulting in a significant
redshift while also increasing singlet oxygen generation (Φ∆ = 0.59, 600 nm). To further modify
the dialkynyl-biladiene scaffold, we conjugated a 1,8-diethynylanthracene with to the Pd[DMBil1]
tetrapyrrole in order to further extend the compound’s π-conjugation in a cyclic loop that spans
the entire tetrapyrrole unit. This new compound (Pd[DMBil2-P61]) is structurally reminiscent of
the P61 Black Widow aircraft and absorbs light into the phototherapeutic window (600–900 nm).
In addition to detailing the solid-state structure and steady-state spectroscopic properties for this
new biladiene, photochemical sensitization studies demonstrated that Pd[DMBil2-P61] can sensitize
the formation of 1O2 with quantum yields of Φ∆ = 0.84 upon irradiation with light λ = 600 nm.
These results distinguish the Pd[DMBil2-P61] platform as the most efficient biladiene-based singlet
oxygen photosensitizer developed to date. When taken together, the improved absorption in the
phototherapeutic window and high singlet oxygen sensitization efficiency of Pd[DMBil2-P61] mark
this compound as a promising candidate for future study as an agent of photodynamic cancer therapy.

Keywords: biladiene; phototherapeutic window; singlet oxygen; Sonogashira coupling; spectroscopic
properties; non-aromatic tetrapyrrole

1. Introduction

Photodynamic therapy (PDT) is an alternative treatment option for various types of
cancers [1,2], whereby a photosensitizer is administered to a patient, and the treatment
site is selectively irradiated with light of a particular wavelength [3]. The photosensitizer
absorbs the photons and is promoted into an excited electronic state [4]. From this excited
state, the complex then undergoes intersystem crossing, flipping the spin of an electron,
and entering into an excited triplet state [5]. The energy in that excited triplet state can then
be intermolecularly transferred to ground state triplet molecular oxygen (3O2) [6], resulting
in triplet–triplet annihilation. This process returns the photosensitizer to its singlet ground
state, while promoting molecular oxygen into an excited singlet state (1O2) [7]. Singlet
oxygen is a potent reactive oxygen species (ROS) that can readily oxidize organic matter [8].
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For this therapy, the ROS causes oxidative damage to various organelles inside the cell,
ultimately leading to cellular death, preferentially via apoptosis rather than necrosis [9,10].

Much research has gone into developing new photosensitizers for PDT against can-
cer [11–13], microbes/viruses [14–16], and for various dermatological applications [17].
Many of these complexes are comprised of cyclic, aromatic tetrapyrroles that absorb
strongly in the phototherapeutic window (600–900 nm) [18–20]. Within this arena, our
laboratory and others have actively developed non-traditional tetrapyrroles that contain a
single tetrapyrrole, with an sp3-hybridized meso-carbon for applications in photomedicine
and catalysis. Some platforms of interest include 10,10-dimethylphlorins [21–29] and
10,10-dimethylisocorroles [30–35], however, the most attractive alternative platforms we
have prepared and studied for PDT applications have been new oligotetrapyrrole com-
plexes based upon a 10,10-dimethyl-5,15-dipentfluorophenylbiladiene (DMBil1) core [36].
The DMBil1 architecture is a linear oligotetrapyrrole, with an sp3 hybridized meso-carbon
at the 10-position. This freebase tetrapyrrole absorbs light as far red as 500 nm with
minimal singlet oxygen generation (Φ∆ = 0.015), however, metalation of DMBil1 with
Pd2+ to invoke the heavy atom effect [37], induces enhanced intersystem crossing (ISC)
through improved spin orbit coupling [38]. Accordingly, the parent biladiene bound
to Pd2+ (Pd[DMBil1]) showed a modest redshift in absorption to ~550 nm, and high
ISC efficiency and excited state triplet lifetimes on the order of 15–30 µs [39]. These al-
tered photophysics result in improved quantum yields for sensitization of singlet oxygen
as Pd[DMBil1] supports Φ∆ = 0.54, upon excitation at 550 nm. Water solubilization of
Pd[DMBil1] and related derivatives showed that the biladiene construct is well tolerated
by triple-negative breast cancer cell lines in culture [40]. Irradiation of Pd[DMBil1] [40] as
well as Pd[DMBil1]–(gold nanoshell) conjugates [41,42] within TNBC cells demonstrated
that these architectures provide an exceptionally high phototoxicity index (PI = 5300), and
preferentially phototrigger cell death via apoptotic pathways. To date, the main limitation
of the Pd[DMBil1] framework for PDT applications is its lack of absorption in the pho-
totherapeutic window of light (600–900 nm) that most deeply penetrates biological tissues.

Recent work has aimed at modifying the biladiene periphery to drive the tetrapyrroles
absorbance profile to the long end of the visible region. In recent work, regioselective
bromination of Pd[DMBil1] at the 2- and 18-positions to deliver Pd[DMBilBr2] followed
by Sonogashira coupling with aryl alkynes provided a series of biladienes with extended
π-systems (see Figure 1 and Scheme 1) [43]. An extended biladiene variant bearing phenyl-
alkyne based moieties at the 2- and 18-positions was shown to absorb light out to ~650 nm
and sensitized the formation of 1O2 with an improved quantum yield of Φ∆ ~ 0.6. The
basic structural motif of the phenyl-alkyne appended biladiene provides a conceptual
opportunity for additional modification. As shown in Figure 1, the addition of an unsatu-
rated linker between the ancillary phenyl groups would form a π-conjugated bridge that
spans both of the dipyrrin units that comprise the biladiene architecture. This structure,
which is structurally reminiscent of the Northrop P-61 Black Widow aircraft, places a
1,8-disubstituted anthracene across the biladiene’s alkyne appendages, giving rise to an
extended macrocyclic framework that remains non-aromatic. We hypothesized that the
installation of the anthracenyl diyne unit would serve to buttress the biladiene core and
provide much greater rigidity to the oligotetrpyrrole scaffold. We envisioned that this
structural reinforcement could improve the complex’s triplet excited-state lifetime and
engereder a higher Φ∆ than had been observed for previously studied biladienes.

Herein, we report an concise synthetic route to the Pd[DMBil2-P61] complex, which
is also subjected to full structural and steady state spectroscopic analysis. These results
demonstrate that this new biladiene bearing a dialkynylanthracene bridge at the 2- and
18- pyrrole positions can absorb light in the phototherapeutic window and supports a
triplet photochemistry that can be leveraged for PDT and other applications. Additional
experiments also demonstrate that Pd[DMBil2-P61] is by far the most efficient biladiene-
based photosensitizer for 1O2 that has been prepared and studied to date. The exceptional
ability of Pd[DMBil2-P61] to sensitize the formation of 1O2 may well be due to its relatively
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rigid, macrocyclic structure, which is unique among palladium biladiene complexes studied
prior this work.
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Figure 1. Conceptual strategy to target an extended palladium biladiene complex (Pd[DMBil2-P61])
possessing a conjugated bridge that spans both halves of the tetrapyrrole. This biladiene construct
bears structural resemblance to the P-61 Black Widow aircraft.

2. Materials and Methods

All reagents and solvents used for synthesis were purchased from commercial sources
(i.e., Sigma, Fisher, Acros, Alfa Aesar, VWR, Oakwood Chemicals, TCI, etc.). All glassware
was dried at 150 ◦C for at least 3 h prior to use. Reactions requiring an inert atmosphere
were performed under nitrogen utilizing standard Schlenk techniques. Anhydrous and air
free solvents were transferred into reaction vessels via syringe or cannula methods. Solvents
for synthesis were of reagent grade or better. Column chromatography was performed
using 43-60 mM silica gel from Silicycle. 1,8-diethynylanthracene [44], Pd[DMBil1] [37],
and Pd[DMBil1Br2] [43] were each prepared using previously described methods. Spectra
for newly synthesized compounds are provided in the Supplementary Materials.

2.1. Compound Characterization
1H, 13C, and 19F NMR spectra were recorded at 25 ◦C on a Bruker 400 MHz spec-

trometer with a cryogenic QNP probe. Proton and carbon spectra are referenced to the
residual proton signal of the deuterated solvent (CDCl3 = δ 7.26 for 1H, δ 77.16 for 13C).
Fluorine spectra are referenced to an external trifluoroacetic acid standard (TFA = δ −76.55
in CD3CN). All chemical shifts are reported in parts-per-million. High-resolution mass
spectrometry analyses were performed by the Mass Spectrometry Laboratory in the Depart-
ment of Chemistry and Biochemistry using High Resolution Electrospray Ionization (ESI)
or Liquid Injection Field Desorption Ionization (LIFDI) Mass Spectrometry techniques.

P-61 Black Widow Biladiene Complex (Pd[DMBil-P61]). To a hot 200 mL oven dried
Schlenk flas was added 92 mg (0.10 mmol) of Pd[DMBil1Br2], 12 mg (0.10 mmol, 10 mol %)
Pd(PPh3)4, 2 mg (0.10 mmol, 10 mol%) CuI, and 70 mg (0.3 mmol) of 1,8-diethynylanthracene.
This solid mixture was placed under vacuum for 10 min while it cooled to room temperature,



Photochem 2022, 2 61

after which 50 mL of anhydrous toluene was added by cannula transfer under nitrogen. To
the resulting solution was then added 3.0 mL of triethylamine via syringe. The resulting
reaction solution was allowed to stir for 18 h at 100 ◦C under an atmosphere of N2, after
which time, the reaction was cooled to room temperature. The solution was diluted with
100 mL of ethyl acetate and transferred to a separatory funnel. The organic layer was
washed sequentially with water and brine, and then dried over sodium sulfate. Following
solvent removal via rotary evaporation the product was purified by flash chromatography
on silica using 10% dichloromethane in hexanes as the eluent, to deliver 50 mg of the
desired product as a purple solid. (51% yield) 1H NMR (600 MHz, Chloroform-d) δ 9.31 (s,
1H), 8.43 (s, 1H), 7.97 (d, J = 9.2 Hz, 1H), 7.83 (d, J = 1.4 Hz, 2H), 7.68 (dd, J = 6.9, 1.1 Hz,
2H), 7.43 (dd, J = 8.5, 6.9 Hz, 2H), 6.80 (d, J = 1.3 Hz, 2H), 6.77 (d, J = 4.6 Hz, 2H), 6.66 (d,
J = 4.6 Hz, 2H), 1.85 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 167.80, 156.40, 146.01, 144.34,
141.28, 136.95, 136.30, 135.14, 132.45, 132.03, 131.97, 130.50, 129.29, 128.62, 128.48, 128.32,
125.43, 123.97, 121.72, 118.18, 113.99, 111.99, 91.40, 88.97, 77.57, 77.36, 77.15, 42.75, 31.51. 19F
NMR (565 MHz, Chloroform-d) δ −138.01–−138.43 (m, 4F), −151.81 (t, J = 20.8 Hz, 2F),
−160.57 (td, J = 22.6, 8.2 Hz, 4F).

2.2. X-ray Crystallography

Crystals of Pd[DMBil-P61] were grown by slow evaporation of saturated solutions
in a 1:1 solution of dichloromethane and hexanes containing five drops of toluene at
room temperature. A crystal suitable for single-crystal X-ray diffraction was selected
and mounted using viscous oil onto a plastic mesh and cooled to the data collection
temperature. Data were collected on a Bruker-AXS APEX II DUO CCD diffractometer with
Cu-Kα radiation (λ = 1.54178 Å) focused with Goebel mirrors. Unit cell parameters were
obtained from 48 data frames, 0.5◦ ω, from different sections of the Ewald sphere.

The unit-cell dimensions, equivalent reflections and systematic absences in the diffrac-
tion data are consistent with Cc, and C2/c. The centrosymmetric space group option, C2/c,
yielded chemically reasonable and computationally stable results of refinement. The data
were treated with multi-scan absorption corrections [45] Structures were solved using
intrinsic phasing methods [46] and refined with full-matrix, least-squares procedures on
F2 [47]. A disordered, half-occupied hexane solvent molecule which could not be modeled
was treated as diffused contributions using Squeeze [48]. Non-hydrogen atoms were re-
fined with anisotropic displacement parameters. Hydrogen atoms were treated as idealized
contributions with geometrically calculated positions and with Uiso equal to 1.2 Ueq (1.5 Ueq
for methyl) of the attached atom. Atomic scattering factors are contained in the SHELXTL
program library. The structures have been deposited at the Cambridge Structural Database
under the following CCDC depositary numbers: CCDC 2123257.

2.3. UV-Vis Absorption Experiments

All UV–vis absorbance spectra were collected at room temperature on a StellarNet
CCD array UV–vis spectrometer using quartz cuvettes (6Q) with a 1.0 cm path length
from Firefly Scientific. Absorption spectra were collected in methanol containing the
biladiene sample at concentrations ranging from 4.0–20.0 µM. A 5.0 mM stock solution of
Pd[DMBil2-P61] was prepared in ethyl acetate, and diluted in methanol to make a 50 µM
stock solution (1:99/ethyl acetate: methanol). This stock solution was used to make the
samples of varying biladiene concentration for Beers Law analysis (all of which contained
less than 1% ethyl acetate in methanol).

2.4. Emission Experiments

Emission spectra were recorded on an automated Photon Technology International
(PTI) QuantaMaser 40 fluorometer equipped with a 75 W xenon arc lamp, an LPS-220B lamp
power supply, and a Hamamatsu R2658 photomultiplier tube. Solutions of Pd[DMBil2-P61]
were prepared in nitrogen saturated toluene (within an N2-filled glove box) in varying con-
centrations such that the absorbance value at 500 nm was approximately 0.5 a.u. Samples
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were excited at λex = 500 nm and emission was scanned from λem = 515 to 1000 nm using
a step size of 1 nm, an integration time of 0.25 s. Emission spectra presented herein are
averages compiled from five separate scans. Emission data was also collected following
exposure of the above samples to air. The caps were removed from the cuvettes, and the
spectroscopic samples were allowed to equilibrate with the atmosphere for at least 5 min.
The cuvettes were then recapped and shaken to ensure thorough mixing of the air-saturated
headspace and solution. Emission scan parameters for the air saturated samples were
identical to those recorded under N2.

Emission quantum yields for the samples were calculated using a solution of [Ru(bpy)3][PF6]2
in nitrogen saturated acetonitrile (Φref = 0.094) [49] as a reference. The [Ru(bpy)3][PF6]2
solution was prepared in a 1 cm pathlength quartz cuvette such that its absorbance at
500 nm was approximately 0.5 a.u. The expression below (Equation (1)) was used to
determine emission quantum yields:

Φs = Φre f

(
Is

Ire f

)(Are f

As

)(
ηs

ηre f

)2

(1)

where Φs and Φref are the emission quantum yields of the sample and the reference,
respectively. Is and Iref are the integrated emission intensities of the sample and reference.
As and Aref refer to the absorbance values recorded for the solutions at λex = 500 nm. Lastly,
ηs and ηref are the respective solvent refractive indices for the sample and the reference.

2.5. Singlet Oxygen Experiments
1O2 production was quantified by monitoring the fluorescence quenching of 1,3-

diphenylisobenzofuran (DPBF) as a trapping agent for 1O2 [50]. Measurements were carried
out on an automated Photon Technology International (PTI) QuantaMaster 40 fluorometer
equipped with a 75-W Xenon arc lamp, an LPS-220B lamp power supply and a Hamma-
matsu R2658 photomultiplier tube using quartz cuvettes (6Q) of 1.0 cm path length. from
Firefly Scientific. Each cuvette contained 3.0 mL of methanol solution that was 10.0 µM
in biladiene or 10.0 µM methylene blue (used as a reference, Φref = 0.5) [51] and 25.0 µM
in DPBF. An additional cuvette containing only methanol and 25.0 µM DPBF was used
as a control. Consumption of DPBF was monitored by observing the change in its in-
tegrated emission intensity following irradiation with light from an Intralux 9000 light
source (Volpi) fitted with a 10 nm (fwhm) bandpass filter centered at 600 nm (Thor Labs,
FB600-10). During the studies, each cuvette was irradiated for 5 s intervals for a total of
25 s. DPBF emission spectra were obtained by exciting at λex = 405 nm and scanning from
λem = 400–600 nm using a step size of 1 nm and an integration time of 0.25 s.

Calibration curves were generated by increasing the proportion of DPBF to the pho-
tosensitizer. Five emission spectra were collected from samples containing 10.0 µM of
photosensitizer and 10.0, 20.0, 30.0, 40.0, or 50.0 µM of DPBF. Logarithmic regression fits to
the calibration data from each solution enabled the integrated emission intensity values
obtained from the 1O2 sensitization experiments to be converted into the corresponding
concentrations of unreacted DPBF. A final plot of the concentration of unreacted DPBF
versus irradiation time formed a straight line of slope m, which allowed for calculation of
the 1O2 quantum yields via Equation (2):

Φs = Φre f

(
ms

mre f

)(
εre f

εs

)
(2)

where Φs and Φref are the 1O2 sensitization quantum yields of the sample and the methylene
blue reference, respectively; ms and mref are the slopes correlating to the concentration of
unreacted DPBF vs. irradiation time plots for the sample and reference; and, εs and εref
are the extinction coefficients for the sample and the methylene blue reference at the
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wavelength of irradiation (λirr = 600 nm). All reported 1O2 quantum yields were obtained
from an average of three trials.

3. Results and Discussion

The route employed to prepare Pd[DMBil2-P61] is shown in Scheme 1. Briefly, Pd[DMBil1]
was selectively brominated at the 2- and 18- positions using NBS to deliver Pd[DMBil1Br2] in
excellent yield. This brominated biladiene was then subjected to Sonogashira coupling with
1,8-diethynylanthracene (prepared separately from 1,8-dibromoanthracene and (triisopropylsi-
lyl)acetylene [44]) in anhydrous toluene at 100 ◦C, using a Pd(PPh3)4/CuI catalyst system
and triethylamine as base. The Sonogashira coupling shown in Scheme 1 yielded the
desired Pd[DMBil2-P61] compound in reasonable 51% yield. We did not observe the for-
mation of oligomerized products formed upon addition of multiple dialkynylanthracenes
moieties to a single Pd[DMBil1Br2] scaffold. This result suggests that the second Sono-
gashira coupling required to close the cyclic Pd[DMBil2-P61] framework is fast relative to
the first coupling between 1,8-diethynylanthracene and the dibromo-palladium biladiene.
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Scheme 1. Methodology employed for synthesis of Pd[DMBil2-P61].

The molecular structure of Pd[DMBil2-P61] was confirmed by single crystal X-ray
diffraction studies. The molecular structure of the Black Widow inspired biladiene complex
is represented in Figure 2. Despite creating a macrocyclic structure, and imparting greater
rigidity to the tetrapyrrole scaffold, the Pd2+ center of Pd[DMBil2-P61] is unable to adopt
a true square planar geometry. While the coordination geometry of palladium biladiene
complexes often approaches planarity, steric clashing between the α-hydrogens at the
biladiene 1- and 19-positions on the open end of the tetrapyrrole distort the geometry
of the Pd–N4 core. From a more quantitative standpoint, the geometry index for Pd–N4
coordination of Pd[DMBil2-P61] was determined to τ’4 = 0.1681 [32,52], which is the most
distorted from square planar (and toward tetrahedral) of any palladium biladiene complex
that has been structurally characterized to date. By contrast, the parent Pd[DMBil1]
complex presents a geometry index of τ’4 = 0.109, while other dialkyne appended palladium
biladiene complexes displayed geometry indices of τ’4 ~ 0.114–0.135. The average Pd−N
bond distances for Pd[DMBil2-P61] were determined to be 2.018 Å, which are very similar
to those observed for Pd[DMBil1] and other extended biladiene frameworks.
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Figure 2. Solid-state structure of Pd[DMBil2-P61] shown (a) face on and (b) in profile. Several
bonding metrics are highlighted in orange.

Upon completing the synthesis and characterization of Pd[DMBil2-P61], we characterized
the steady state photochemical and spectroscopic properties of this macrocyclic system. The
UV-Vis absorption spectrum for Pd[DMBil2-P61] was recorded in methanol, and is shown in
Figure 3a against those of Pd[DMBil1] and a previously reported extended biladiene bearing
aryl-alkyne groups at the 2- and 18-positions (Pd[DMBil2-PE]). The extended π-system of
Pd[DMBil2-P61] effectively pushes this compound’s light harvesting abilities past those dis-
played by the parent Pd[DMBil1] complex. More specifically, Pd[DMBil2-P61] absorbs light in
the phototherapeutic window to wavelengths as long as ~650 nm and also displays a second
strong absorption feature toward the high energy end of the visible region. The main absorption
feature is centered at λmax = 520 nm (ε = 43,600 M–1 cm–1) and the weaker local maximum is
centered at 437 nm (ε437 = 30,000 M–1cm–1).
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Pd[DMBil2-P61] displays attractive light absorption properties for PDT applications
as compared to the parent palladium biladiene (Pd[DMBil1]), which does not absorb
light in the phototherapeutic window. Comparisons between Pd[DMBil2-P61] and a
previously reported extended biladiene derivative (Pd[DMBil2-PE]), akin to that shown
on the bottom left of Figure 1, are more nuanced. While the overall shape and ab-
sorbance profile of Pd[DMBil2-P61] is nearly identical to that of Pd[DMBil2-PE] (see
Figure 3a), the new Black Widow inspired construct does absorb slightly more strongly at
its maximum (εmax = 43,600 M–1cm–1 for Pd[DMBil2-P61]; (εmax = 40,900 M–1cm–1 for
Pd[DMBil2-PE]). In addition, Pd[DMBil2-P61] also displays a significantly stronger
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absorption feature toward the high energy end of the visible region compared to both
Pd[DMBil1] (ε402 = 19,280 M−1 cm−1) and Pd[DMBil2-PE] (ε414 = 18,300 M–1cm–1). We
attribute this increase in absorptivity from ~350–450 nm to the larger conjugated anthracene
bridge of Pd[DMBil2-P61], in contrast to the two independent aryl-alkyne units present
for Pd[DMBil2-PE].

Previous studies of Pd[DMBil1] have shown that this tetrapyrrole supports a triplet
photochemistry and dual emission profiles (i.e., both singlet and triplet emission) [37], and
the emission properties of Pd[DMBil2-P61] were probed in N2 saturated toluene. We note
that toluene was specifically employed for photoluminescence spectroscopy experiments
to avoid aggregation of the extended biladiene architecture in solution. As shown in
Figure 3b, Pd[DMBil2-P61] displays a main fluorescence feature centered at λfl = 638 nm.
Phosphorescence was also observed as a plateau that spans from λem = 750–850 nm. Upon
exposure of the Pd[DMBil2-P61] sample to air, this longer wavelength luminescence was
completely quenched (Figure S4), consistent with this feature corresponding to emission
from a triplet excited state. Like other previously studied palladium biladiene derivatives,
Pd[DMBil2-P61] is weakly luminescent, displaying fluorescence and phosphorescence
quantum yields of ΦFl = 3.22 × 10–4 and ΦPh = 5.09 × 10–5, respectively. These values are
very similar to those recorded for Pd[DMBil1] as well as other Pd2+ containing biladienes.

The observation that the long-wavelength luminescence observed for Pd[DMBil2-P61]
is quenched in the presence of air (vide supra), suggests that the triplet excited-state of
this biladiene can be deactivated via energy transfer to molecular oxygen. Accordingly,
we evaluated the efficacy with which Pd[DMBil2-P61] sensitizes the formation of 1O2
to assess its potential for use as a PDT agent. Based on prior work, both Pd[DMBil1]
(Φ∆ = 0.54) and Pd[DMBil2-PE] (Φ∆ = 0.59) can sensitize the generation of singlet oxygen
with reasonable efficiencies for photomedical applications when irradiated at λex = 500 or
600 nm, respectively. Repetition of such studies for Pd[DMBil2-P61] using methylene blue
as an actinometer (Φ∆ = 50%) and 1,3-diphenylisobenzofuran (DPBF) as a 1O2 trapping
agent [50] demonstrated that the Black Widow inspired biladiene construct is a potent
triplet photosensitizer. Upon irradiation at λex = 600 nm, Pd[DMBil2-P61] was determined
to generate singlet oxygen with nearly 85% efficiency (Φ∆ = 0.84 (±0.01)), marking this
complex as the most potent biladiene-based 1O2 sensitizer that has been developed to date.

The heightened efficacy with which the Black Widow inspired biladiene generates
singlet oxygen is particularly impressive when compared against the aryl-alkyne appended
biladiene (Pd[DMBil2-PE]), which is ~25% less efficient at sensitizing the formation of 1O2
upon excitation at 600 nm. The improved quantum yield that is realized upon linking both
alkyne appendages via the anthracene bridge of Pd[DMBil2-P61] may be attributed to
the heightened rigidity of the macrocyclic architecture (over Pd[DMBil2-PE]). Since the
luminescence efficiency of Pd[DMBil2-P61] is very similar to more structurally flexible
biladienes that have been previously studied, it is likely that the more rigid anthracene
bridged dialkynyl biladiene photosensitizer undergoes vibrational relaxation from the
triplet excited state more slowly than other Pd2+ biladienes that have been previously
considered. The ability of the rigid Pd[DMBil2-P61] biladiene construct to absorb light in
the phototherapeutic window and sensitize the formation of 1O2 with a quantum yield of
~85% highlights the potential of this compound for evaluation as an PDT agent. We note
that Pd[DMBil2-P61] sensitizes the formation of 1O2 with efficiencies that rival some of the
best porphyrinoid based photosensitizers that have been clinically evaluated as agents of
PDT, including Photofrin (Φ∆ = 89%), Foscan (Φ∆ = 87%), Laserphyrin (Φ∆ = 77%), Tookad
(Φ∆ = 50%), Redaporphine (Φ∆ = 43%), and Photosens (Φ∆ = 38%) [53–56].

4. Conclusions and Future Directions

Photodynamic therapy (PDT) holds significant potential as an alternative treatment
option for a variety of different cancers and other disease states. To date, much work has
been dedicated to the development of new agents for PDT that absorb strongly in the
phototherapeutic window and generate significant amounts of singlet oxygen. We have
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previously reported that biladienes are oligotetrapyrroles that upon coordination to Pd2+

can serve as biocompatible agents of PDT toward triple negative breast cancer cells. While
the parent Pd[DMBil1] architecture displays a reasonable 1O2 quantum yield of Φ∆ = 0.54,
it must be activated using 500 nm light, which is outside the phototherapeutic window that
most deeply penetrates biological tissues.

Synthetic modification of Pd[DMBil1] via introduction of alkynes at the 2- and
18-positions effectively shifts the absorbance profile for this architecture toward the low
energy end of the visible region. To this end, a new biladiene framework (Pd[DMBil2-P61]),
the structure of which was inspired by the P-61 Black Widow patrol aircraft, places an an-
thracene bridge across the two alkynes and effectively absorbs light from 600–650 nm. X-ray
crystallography confirms the macrocyclic nature of the Pd biladiene complex, which main-
tains a pseudo-square planar geometry about the metal center. Most notably, in addition
to absorbing light capable of penetrating epithelial tissues, Pd[DMBil2-P61] also demon-
strated a drastic increase in singlet oxygen generation quantum yield (Φ∆ = 0.84) compared
to previously reported Pd2+ biladienes, including those that bear unbridged alkynyl units.
When all of these characteristics are taken into consideration, the Black Widow inspired
biladiene complex (Pd[DMBil2-P61]) emerges as an attractive candidate for further consid-
eration and study as a potential phototherapeutic agent. We anticipate that future efforts
to employ this (and related) biladiene phototherapeutics will require PEGylation of the
tetrapyrrole periphery for enhanced solubilization in biological media [40–42]. Solubilized
biladiene agents will be evaluated for in-vitro efficacy and dark toxicity against various cell
lines in culture, and in vivo efficacy using murine tumor models.

The development of Pd[DMBil2-P61] opens doors to many different research direc-
tions going forward. Future efforts in our laboratory will focus on synthetically modifying
the anthracene bridge of Pd[DMBil2-P61] to further improve the compound’s light absorb-
ing properties in the phototherapeutic window and map the impact that such alterations
have on the biladiene’s excited state dynamics. We expect that such efforts may lead to next
generation Black Widow inspired PDT agents that can absorb toward the near-IR, while
maintaining exceptionally high quantum yields for singlet oxygen sensitization. Our work
along these lines will be disclosed in due course.
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