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ABSTRACT 

Photodynamic therapy (PDT) is an alternative cancer treatment which utilizes 

a photosensitizer to generate a cytotoxic singlet oxygen species upon light irradiation. 

The efficacy of PDT relies heavily upon the photochemical properties of the 

photosensitizer, properties which many commercially approved photosensitizers lack. 

Subsequently, much work has been done focusing on the development of a 

photosensitizer which is capable of strongly absorbing light within the 

phototherapeutic window, and which displays a high singlet oxygen quantum yield. 

Previous work in the Rosenthal group resulted in the development of Pd[DMBil1], a 

compound which has shown great potential as a photosensitizer for PDT. This 

compound, however, is unable to strongly absorb light within the phototherapeutic 

window, and thus has been the target of modification and functionalization to refine 

the spectroscopic and photophysical characteristics of the framework to refine its 

properties so that it may be a more potent photosensitizer.  

Investigation into the extension of the absorbance profile of the scaffold has 

resulted in the substitution of the sp(  hybridized geminal substituents at the 10-

position of the compound with cyclic carbon chains, resulting in a novel family of 

cyclobiladiene derivatives, namely Pd[CHBil1], Pd[CPBil1], and Pd[CBBil1]. The 

introduction of these groups aims to investigate the impact of incorporating a bulky, 

non-electronically active substituent, and to increase the strain on the complex, and 

examine the spectroscopic and photophysical characteristics of the resulting 

compounds. It was found that the introduction of these groups has drastic impacts on 



 xi 

many of the photochemical properties of the Pd[DMBil1] scaffold, which were 

characterized through UV-Vis absorption spectroscopy in order to assess steady-state 

spectroscopic characteristics. It was revealed that substitution of the 10-position with 

cyclic carbon chains led to an overall decrease in molar absorptivity, coupled with a 

slight redshift in absorbance compared to their parent compound, Pd[DMBil1]. In 

addition, Pd[CHBil1] exhibited a significantly lower molar absorptivity than 

Pd[CBBil1], with a difference of 17,000 M-!  cm-!  at their respective λ./0 . 

Furthermore, when compared to Pd[DMBil1] derivatives with a phenyl-substituted 

10-position (Pd[MPBil1] and Pd[DPBil1]), the cyclobiladienes displayed an 

increased λ./0  but a lower molar absorptivity across all wavelengths. 

The findings of this study offer valuable insights into the relationship between 

structure and photochemical properties of the Pd[DMBil1] scaffold and its potential as 

a photosensitizer for PDT. The observed changes in spectroscopic properties upon 

substitution at the 10-position contribute to a more well-rounded understanding of the 

mechanisms of these compounds. Moreover, the results of this work offer guidance for 

the rational design and development of future biladiene-based photosensitizers with 

optimized properties for PDT Further studies on the singlet oxygen quantum yield of 

these novel Pd[DMBil1] derivatives are warranted to fully assess their potential as 

PDT agents. 
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Chapter 1 

INTRODUCTION 

1.1! Triple Negative Breast Cancer 

Female breast cancer is a type of cancer that makes up roughly 15.5% of all 

new cancer cases, and 6.9% of all cancer deaths, partly due to its propensity to 

metathesize to the lungs and brain.!  A rare form of this disease, Triple Negative Breast 

Cancer, accounts for roughly 15-20% of cases."  The name is derived from the lack of 

expression of three key protein receptors in the cancer cells: estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2).(  

Because these receptors are absent from the cells, triple negative breast cancers cannot 

be treated with hormonal therapies, and patients must rely on chemotherapy and 

radiation as their primary treatment modes, treatment plans with harsh side effects, 

including fatigue, nausea, and lymphedema.#&) The lack of targeted treatment options 

leaves patients with triple negative breast cancers a 77% 5-year relative survival rate, 

the lowest amongst breast cancers.# We in the Rosenthal group believe that 

photodynamic therapy could be a potential avenue for improving treatment plans of 

triple negative breast cancers. 

1.2! Mechanism of Photodynamic Therapy 

Photodynamic therapy  (PDT) is an alternative cancer treatment which utilizes 

a drug known as a photosensitizer to generate cytotoxic reactive oxygen species 

(ROS) through selective irradiation of a treatment site.+ The phototherapeutic window 
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is the optimal wavelength range for irradiation of photosensitizers in photodynamic 

therapy, situated between 600-900 nm.$ This window was established due to the  

 

Figure 1.1: Visualization of light penetration into biological tissue (left).% Absorption 
of compounds present in biological tissues and representation of 

phototherapeutic window (right).!"  

properties of biological tissue, where wavelengths shorter than 600 nm does not 

penetrate tissue deep enough for thorough activation of a photosensitizer, and 

wavelengths longer than 900 nm are not energetic enough to initiate the generation of 

ROS (Figure 1.1).% Many current PDT protocols utilize lasers as a light source, which 

allows for generation of light within the phototherapeutic window, and for the 

focusing of the light source on a specific area to minimize collateral damage to 

surrounding tissues and minimize side effects.*&'!,   
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1.3! Singlet Oxygen Generation and Cell Death Pathway 

Photosensitizer irradiation promotes the drug into the excited singlet state, 

from which the photosensitizer can either relax back to the ground state or undergo 

intersystem crossing into an excited triplet state. In this excited triplet state, a 

photosensitizer can undergo energy transfer to relax to its ground state, whilst 

simultaneously molecular oxygen in its ground triplet state is excited into the singlet 

state through the process of triplet-triplet annihilation, generating the ROS, ! O" .!"  

Molecular oxygen, when excited, exists in two different singlet states: Σ and Δ.!(  Σ, 

the higher energy state, exhibits a short lifetime due to the transition to the lower Δ 

excited state being spin allowed, however the Δ excited state’s transition to the triplet 

ground state is spin forbidden, and therefore exhibits a longer lifetime.!#  While an 

exact lifetime for ! O"  has not been discovered, a range (ns) hints at a localization of  
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Figure 1.2: Jablonski diagram displaying electronic transitions relevant to the 
formation of 1O2, the reactive oxygen species generated for 

Photodynamic Therapy.!"   

the excited molecular oxygen to its area of generation.!)  Once excited, molecular 

oxygen can then interact with organic matter due to its matching singlet spin states,!+  

and seems to favor interactions with local biomolecules,!$  especially aromatic and 

sulfur containing amino acids within proteins.!% The subsequent formation of peroxide 

intermediates can trigger a cascade of reactions which alter protein structure and 

impair function, resulting in extensive cellular damage and, eventually, cell death.!*  

This protein damage does not appear to fragment proteins, but instead leads to protein-

protein crosslinking and aggregation, severely impacting the function of the cell.",   

A key consideration when optimizing PDT is the mechanism of cellular death 

within patients. Cells impacted by a PDT treatment either survive, or die, through 
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either necrosis or apoptosis."!  Necrosis is a form of passive cell death wherein the cell 

collapses, and the internal contents of the cell can leak out into the intracellular matrix, 

which can lead to secondary tumor generation. Necrosis also causes unwanted side 

effects through an induced inflammatory response from the body’s immune system.""  

Apoptosis, on the other hand, is a programmed cell death which does no cause such 

effects, and is the primarily induced pathway by PDT, mostly due to the presence of 

the photosensitizer within the cell itself."(&'"#'Another aspect of photosensitizers which 

much be considered is its hydrophilicity, as evidence has pointed to hydrophobic drugs 

being capable of directly destroying tumor cells, while hydrophilic drugs kill cells 

through damage of the surrounding vasculature."+ This difference in mechanism can 

have a large impact on the efficiency of the photosensitizer, as vascular damage 

creates regions of hypoxia within tumors, which attracts macrophages that can 

continue to destroy tumor cells.")&'"$ This generation of hypoxic regions within tissues 

also presents an opportunity to combine PDT with other treatment options, such as 

bio-reductive drugs, which can aid macrophages in the destruction of cells within a 

hypoxic environment."%&'"*'

1.4! Photosensitizer History 

Currently, PDT is used to treat a range of cancers and other illnesses. Thanks to 

its low invasiveness, it commonly is used for the treatment of basal cell carcinomas, 

and Bowen’s disease, in addition to other dermatological ailments.( ,  PDT has also 

been proven to be a safe and effective treatment of Barrett’s esophagus and esophageal 

cancer.( , &'(!  Photofrin, the photosensitizer used most commonly for treatment of 

esophageal cancer, is also able to effectively combat endobronchial lesions in lung 

cancers.( " &'((  Photofrin, however, has its own drawbacks, like many other 
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photosensitizers. Hemorrhage is a common, yet still dangerous side effect of 

Photofrin, and additionally, patients treated with Photofrin remain photosensitive for 

up to 12 weeks following treatment, due to its slow metabolism.( #&'( )  Due to drawbacks 

like those with Photofrin, there is an obvious need for the development of modified 

photosensitizers. an ideal photosensitizer should generate high levels of singlet 

 

Figure 1.3: Structure and photochemical properties of commercially available 

photosensitizers.#! &'#"  

oxygen, absorb light strongly within the phototherapeutic window (600-900 nm), 

feature low dark toxicity, and clear quickly from tissues to avoid patient 

photosensitivity.(+&'($  Porphyrin-based compounds, similar to Photofrin, have shown 

the most potential as photosensitizer candidates, however all seem to have some sort 

of draw back. For example, while Photofrin possesses a high ! O"  quantum yield (Φ1 = 

0.89), it does not absorb strongly within the phototherapeutic window (λ./0  = 630 nm 

at ε = 3,000 M-!  cm-! ) and is difficult to synthesize.(% Foscan and Tookad, both based 
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upon chlorin complexes, display much stronger absorbances (ε = 35,000 M-!  cm-!  and 

ε = 88,000 M-!  cm-!  respectively), however they also have their own drawbacks, 

where Foscan absorbs strongest near the edge of the phototherapeutic window (λ./0  = 

652 nm), and Tookad exhibits a weak ! O"  quantum yield (Φ1 = 0.50) and detrimental 

side effects.(* &'#,  The main attributes of photosensitizer drugs which remain consistent 

is that they tend to accumulate within tumor cells and are macrocyclic.#! &'#"  We in the 

Rosenthal group believe that non-traditional, non-aromatic tetrapyrrole structures hold 

much potential as photosensitizers for PDT. 

1.5! Previous Work in Rosenthal Lab 

The Rosenthal group has previously developed a linear, non-macrocyclic, 

tetrapyrrole compound to use as a ligand scaffold for various metal centers and 

functionalization. The synthesis of this scaffold began with a condensation reaction of 

5,5-dimethyldipyrromethane and pentafluorobenzoyl chloride to generate the 

diacylated product. This product is then reduced with NaBH# and reacted with pyrrole 

and indium chloride, which serves as a Lewis acid catalyst. The coupled product was 

then oxidized with DDQ and quenched with triethylamine to form free base 

dimethylbiladiene (DMBil1) with ancillary pentafluorophenyl groups.#(  DMBil1 

exhibits two strong absorption bands at 423 and 450 nm (ε = 40,0000 M-!  cm-! ), 

however this absorption is not practical for a photosensitizer, as it does not reside 

within the phototherapeutic window.## Absorption studies showed that insertion of a 

first-row transition metal center (Cu, Zn), increased the molar absorptivity of the 

molecule, as well as slightly redshifting the absorption to 467 and 474 nm 

respectively.#(  The insertion of these metal centers also introduced two additional 

weakly absorbing bands at 513 and 548 nm respectively.#(  Performing singlet oxygen 
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studies of these compounds demonstrated low quantum yields (Φ1'< 0.02) upon 

irradiation at 500 nm.#(  In order to improve the ! O"  quantum yield for the DMBil1 

framework, steps were taken to enhance the intersystem crossing step from the singlet 

to the triplet excited state. Studies have shown that the incorporation of a heavy atom 

into the structure of the molecule can improve the spin orbit coupling in order to 

enhance the intersystem crossing of system.#) &'#+ Taking advantage of this effect, the 

DMBil1 framework was metalated with palladium, producing Pd[DMBil1], and 

drastically impacting the photochemical properties of the complex.## This resulted in a 

significant redshift to the absorption spectra coupled with a slight decrease in the 

extinction coefficient at the λ./0  (ε ≈ 45,000 M-1 cm-1) (Figure 1.4).## Singlet oxygen 

studies were performed, and it was found that Pd[DMBil1] exhibited an greatly 

enhanced singlet oxygen generation with Φ1'= 0.54 when irradiated at 500 nm.#$ This 

quantum yield is comparable to other photosensitizers currently approved and utilized 

for PDT (Fig. 1.3), demonstrating the potential of DMBil1 derivative frameworks as 

novel photosensitizers for PDT.#%'
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Figure 1.4: Crystal structure of Pd[DMBil1] (left). Absorption and emission spectra 

for Pd[DMBil1] versus DMBil1 (right)#( &'## 

In order to evaluate the potential of Pd[DMBil1] as a photosensitizer for PDT, 

cell studies were performed.#*  Since Pd[DMBil1] is not natively water soluble, the 

structure was modified to improve hydrophilicity and allow it to become 

bioavailable.#*  Polyethylene glycol (PEG) has been proven to increase water solubility 

and improve bioavailability, as well as helping to lessen inherent toxicity and drive 

towards an apoptotic cell death pathway.) ,  Functionalization of PEG onto 

Pd[DMBil1] produced Pd[DMBil1]-PEG750, a water soluble photosensitizer with a 

high quantum yield for ! O" .#* The absorption and emission spectra of this PEGylated 

compound in an aqueous environment remained nearly identical to those of 

Pd[DMBil1], indicating that the addition of a PEG chain to the scaffold makes 

minimal impact to the photophysical properties, while successfully allowing the 

photosensitizer to become soluble in water.#* Singlet oxygen studies showed a slight 

increase in quantum yield (Φ1'= 0.57) when in methanol, but when in PBS, the 

complex was found to have a decrease in quantum yield with Φ1'= 0.23, which can 
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possible be attributed to decreased solubility of molecular oxygen in water, or the 

shorter lifetime of excited ! O"  in aqueous conditions.#* Using tiple negative breast 

cancer cells, the LD50 of Pd[DMBil1]-PEG750 was found to be 1.87 mM, and the 

ED50 was found to be 0.354 µM, giving Pd[DMBil1]-PEG750 a phototoxicity index 

of PI ≈ 5300, an exceptionally high value when compared to commercial 

photosensitizers (Figure 1.3). In addition, Pd[DMBil1]-PEG750 induced a primarily 

apoptotic cell death pathway, with 82% of cell death occurring through apoptosis.#* 

These cell studies illustrate the effectiveness and potential of Pd[DMBil1]-PEG750 as 

a PDT photosensitizer. The main drawback of this molecule is the lack of absorption 

within the phototherapeutic window, but despite this, Pd[DMBil1] provides an 

excellent framework with the potential for modification to develop a more effective 

photosensitizer. 

1.6! Functionalization of the Pd[DMBil1] Scaffold 

Recent work in the Rosenthal group has involved investigation into the 

functionalization of the Pd[DMBil1] framework in order to develop a photosensitizer 

adequate for PDT, including efforts to redshift the absorbance deeper into the 

phototherapeutic window, and increase the ! O"  quantum yield of the photosensitizer. 

This functionalization includes the extension of the conjugation system)! -)(  and the 

substitution of the sp(  hybridized geminal substituents at the 10-position of the 

Pd[DMBil1] structure.#$'Complexes synthesized with an extended conjugation system 

were labeled Pd[DMBil2-R], and featured a phenyl-alkynyl appendage at the  
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Figure 1.5: Structure of Pd[DMBil2-R] and R group substituents) (  

2 and 18-positions on the DMBil1 scaffold.) (  The systems synthesized featuring 

extended conjugation found much success in both the redshifting of the absorbance, as 

well as increasing the ! O"  quantum yield of the novel compounds, however it was 

found during these studies that often the compounds which featured the highest 

redshift also were found to have a largely negative impact on the ! O"  quantum yield.) (  

It is hypothesized that the electronic properties of the R group has a dramatic impact  

Table 1: Spectroscopic and ! O"  quantum yield data of Pd[DMBil1] and  

Pd[DMBil2-R] derivatives 

Compound λ!"#  M.A. @ λ!"#  Φ$ 
Pd[DMBil1] 483 45,300 0.54 

Pd[DMBil2-CN] 510 45,800 0.91 

Pd[DMBil2-CF%] 513 56,700 0.92 

Pd[DMBil2-CO&CH%] 512 47,600 0.61 

Pd[DMBil2-H] 518 37,500 0.58 

Pd[DMBil2-'Bu] 518 39,000 0.30 

Pd[DMBil2-OCH%] 525 38,900 0.21 

Pd[DMBil2-N(CH%)& 541 32,800 0.07 

N

C6F5
N

Pd
N

C6F5
N

R R

R = N(CH3)2, OCH3, tBu, H, CO2CH3, CF3, CN
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on the spectroscopic and photophysical characteristics of the Pd[DMBil2-R] 

framework, where electron-deficient groups (red) significantly increased the ! O"  

quantum yield, generating yields upwards of 90%, whereas electron-rich variants 

(blue) suffered from reduced ! O"  quantum yield, however were also capable of 

absorbing light as far as ~700 nm.) (   

 

Figure 1.6: UV/Vis absorption data of (a) Pd[DMBil1] vs. Pd[DMBil2-H], (b) 
Pd[DMBil2-R] derivates bearing electron-deficient groups, and (c) 

Pd[DMBil2] derivatives bearing electron-rich groups)"  
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Previously reported work on the substitution of the sp(  hybridized geminal 

substituents included the synthesis and characterization of Pd[MPBil1] and 

Pd[DPBil1]. These biladiene derivatives exchanged one or both methyl groups at the 

 

Figure 1.7: Structure of three biladiene derivatives with varied substituents at the sp(  

hybridized 10-position#$ 

10-position for a phenyl group and were examined to determine the spectroscopic and 

photophysical impact that substitution at this position has on the complex.#$ 

Substitution at this position required altering the synthetic pathway that had previously 

remained consistent throughout the development of the Pd[DMBil1] framework as 

previous work concerned functionalization of the scaffold post-synthetically.  
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Figure 1.8: Synthetic route to phenyl-substituted biladiene derivatives#$'

UV/Vis absorbance screening revealed that the phenyl-substituted biladienes 

featured a slightly higher total molar absorptivity, as well as a slight shift of 

absorbance towards the red and closer to the phototherapeutic window.#$ Singlet 

oxygen studies also showed that, compared to the base Pd[DMBil1], both newly 

synthesized derivatives produced a notable increase in the quantum yield of ! O" , 

indicating that the introduction of phenyl groups had a significant impact on the 

electronic and physical state of the biladiene framework.#$ The addition of phenyl  

Table 2: Spectroscopic and photophysical characteristics of Pd[DMBil1] and its 

phenyl-substituted derivatives#$ 

Compound λ!"#  M.A. @ λ!"#  Φ$ 

Pd[DMBil1] 482 44,100 0.54 

Pd[MPBil1] 482 52,800 0.76 

Pd[DPBil1] 489 55,200 0.66 

groups introduced a new source of electronic perturbation to the standard biladiene 

framework, as well as introducing a novel generally bulky substituent which has the 
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potential to introduce strain into the structure.#$ This discovery, when considered that 

it could be utilized in conjunction with the previously discussed work on extending the 

conjugation of the scaffold provides evidence supporting the potential of the DMBil1 

framework as a photosensitizer for use in PDT.  

To further investigate the effects of substitution of the 10-position of the 

DMBil1 framework, this thesis will cover the development and spectroscopic analysis 

of a family of novel biladienes, the 10-cyclobiladiene. Probing the effect of a bulky 

substituent at the sp(  hybridized geminal 10-position, methyl groups at this position 

are exchanged for a cyclized chain of carbons, creating new compounds dubbed 

Pd[CHBil1], Pd[CPBil1], and Pd[CBBil1]. The introduction of these cyclized groups  

 

Figure 1.9: Structure of three biladiene derivatives with cyclized substituents at the 

sp(  hybridized 10-position 

was designed to observe the effects of introduction of a bulky, but not electronically-

active substituent, as well as causing increased strain in the DMBil1 framework in 

order to investigate the effects on the resulting compounds spectroscopic and 

photophysical characteristics, providing insight into the mechanism of the DMBil1 
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scaffold as a photosensitizer and to guide future developments of biladiene based 

compounds for PDT and other photochemical applications. 
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Chapter 2 

EXPERIMENTAL METHODS 

2.1! General Methods and Materials 

All glassware was dried at 140 °C for at least 3 hours, and all reactions 

requiring an inert atmosphere utilized standard Schlenk techniques and flasks fitted 

with Suba-Seal rubber septas. Air and moisture sensitive reagents were manipulated 

via syringe or cannula techniques. Reagents and solvents were purchased from Sigma-

Aldrich, Acros, Fisher, Strem, Alfa Aesar, VWR, Matrix Scientific, Decon 

Laboratories, Inc., or Cambridge Isotopes Laboratories, and solvents for synthesis 

were of reagent grade or better. Anhydrous solvents were dried prior to use by passage 

through activated alumina and then stored over 4 Å molecular sieves. Column 

chromatography was performed with 40–63 μm silica gel from Silicycle.  

2.2! Compound Characterization 
! H NMR, !( C NMR, and !* F NMR spectra were recorded at 25 °C on a Bruker 

400 MHz spectrometer with a cryogenic QNP probe. Proton spectra are referenced to 

the residual proton resonance of the deuterated solvent (CDCl(  = δ 7.26, (CD( )"CO = δ 

2.05), and carbon spectra are referenced to the carbon resonances of the solvent 

(CDCl(  = δ 77.16). Fluorine spectra are referenced to an external trifluoroacetic acid 

standard (TFA = δ −76.55 in CD( CN).All chemical shifts are reported using the 

standard δ notation in parts-per-million; positive chemical shifts are to higher 

frequency from the given reference. Low-resolution MS data were obtained using an 
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LCQ Advantage LC/MS system with an ion trap mass analyzer from Thermofinnigan. 

High-resolution mass spectrometry analyses were performed by the Mass 

Spectrometry Laboratory in the Department of Chemistry and Biochemistry at the 

University of Delaware. 

2.3! Synthetic Protocols 

 

Figure 2.1: Synthetic route to novel 10-cyclobiladiene derivatives  

The synthesis of the 10-cyclobiladiene family was based upon the previously 

reported synthetic pathway to Pd[DMBil1].## Naming conventions of novel 

compounds utilized CX, where X is replaced with a letter to indicate the size of the 

cyclic group present at the 10-position; i.e. palladium 10,10-cyclohexyl-5,15-

bis(pentafluorophenyl)biladiene is referred to as Pd[CHBil1], and DPCB is 

dipyrrolylcyclobutane. Each synthetic step includes the structure of the compound 

being synthesized for clarity. 
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2.3.1! Synthetic Pathway to (Pd[CHBil1]) 

2.3.1.1! Synthesis of DPCH 

 A 100 mL round bottom flask containing 22.55 mL pyrrole (325 

mmol) and 1.35 mL cyclohexanone (13 mmol) was capped with a 

septum and degassed with N"  gas for 10 minutes. Trifluoroacetic 

acid (0.1 ml, 1.3 mmol) was added via syringe and stirred under N"  gas for 20 

minutes, before the solution was quenched with 0.1 M NaOH (40 mL) and transferred 

to a separatory funnel. The solution was then extracted with EtOAc, and the aqueous 

layer was washed with EtOAc (2 !  50 mL). The combined organic layers were washed 

sequentially with H"O and brine before being dried over Na"SO# and subjected to 

rotary evaporation. Excess pyrrole was removed via vacuum distillation and the 

product was purified by column chromatography on silica gel using an eluent of 3:7 

EtOAc in hexanes to yield a white solid (1.023 g, 39%). ! H NMR (400 MHz, CDCl( , 

25 °C) δ/ppm: 7.71 (br s, 2 H), 6.62 – 6.60 (m, 2 H), 6.17 – 6.14 (m, 2 H), 6.12 – 6.10 

(m, 2 H), 2.12 – 2.09 (m, 2 H), 1.61 – 1.55 (m, 2 H), 1.50 – 1.46 (m, 2 H). !( C NMR 

(400 MHz, CDCl( , 25 °C) δ/ppm: 137.99, 116.81, 108.10, 104.39, 40.03, 37.41, 26.11, 

22.96. 

2.3.1.2! Synthesis of DPCH Diacyl 

To an oven dried (160º C) Schlenk flask, 500 mg 

DPCH (2.5 mmol) was added and dissolved in 75 mL 

of anhydrous toluene. 11.11 mL of 0.9 M EtMgBr (10 

mmol) was added by canula and stirred under N"  gas 

for 30 minutes, after which 0.73 mL of 2,3,4,5,6-

Pentafluorobenzoyl chloride (5.25 mmol) was added by syringe and allowed to react 

HNNH

HNNH

C6F5
O O

C6F5
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NN

C6F5 C6F5
HNNH

under N"  gas for 45 minutes. The solution was quenched with sat. NH#Cl (75 mL) 

before being extracted with EtOAc. The aqueous layer was washed with EtOAc (2 !  

50 mL), and the combined organic layers were washed sequentially with H"O and 

brine before being dried over Na"SO# and subjected to rotary evaporation. The 

resulting viscous brown oil was purified via column chromatography on silica gel 

using an eluent of 1:9 EtOAc in hexanes. Eluted solvent was monitored via TLC, 

where any UV-active material was collected and subject to recrystallization in hexanes 

at 0 ºC to yield an off-white solid (0.198 g, 13%) ! H NMR (400 MHz, (CD( )"CO, 25 

°C) δ10.24 (br s, 2 H), 6.07 – 6.04 (m, 2 H), 5.54 – 5.49 (m, 2 H), 1.76 – 1.73 (m, 4 

H), 0.88 – 0.82 (m, 4 H), 0.79 – 0.74 (m, 2 H). !( C NMR (400 MHz, CDCl( , 25 °C) 

δ/ppm: 172.13, 147.56, 131.48, 122.83, 110.08, 40.66, 35.44, 25.55, 22.60. !* F NMR 

(400 MHz, CDCl( , 25 °C) δ/ppm: -143.51 (dd, 4 F), -155.27 (t, 2 F), -163.08 (td, 4 F). 

2.3.1.3! Synthesis of CHBil1 

 DPCH Diacyl (151 mg, 0.25 mmol) was dissolved in 

20 mL of THF and MeOH (3:1) and reacted with 473 

mg of NaBH# (12.5 mmol). The NaBH# was added as a 

solid in a single batch at room temperature. The mixture 

was stirred for 2 hours at room temperature, after which 

the reaction was quenched with H"O and extracted with EtOAc. The aqueous layer 

was washed with EtOAc (2 !  50 mL), and the combined organic layers were washed 

sequentially with H"O and brine before being dried over Na"SO# and subjected to 

rotary evaporation. The resulting residue was dissolved in 100 mL of dichloromethane 

and combined with InCl(  (7.5 mg, 34 µmol) and pyrrole (52 µL, 0.75 mmol). The 

reaction was stirred for 30 minutes at room temperature after which DDQ (85 mg, 
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0.375 mmol) was added to the solution. After the reaction was stirred for 5 minutes, 7 

mL of triethylamine (50 mmol) was added, and the reaction was stirred for a further 

16 hours. Following solvent removal via rotary evaporation, the crude product was 

purified via column chromatography on silica gel using an eluent of 1:4 

dichloromethane in hexanes to yield an orange solid (55 mg, 28%) ! H NMR (400 

MHz, CDCl( , 25 °C) δ/ppm: 12.44 (br s, 2 H), 7.18 – 7.16 (q, 2 H), 6.61 – 6.60 (d, 2 

H), 6.57 – 6.56 (d, 2 H), 6.27 – 6.25 (m, 2 H), 6.22 – 6.21 (d, 2 H), 2.36 – 2.33 (t, 4 

H), 1.76 – 1.70 (m, 4 H), 1.60 – 1.57 (m, 2 H). !( C NMR (400 MHz, CDCl( , 25 °C) 

δ/ppm: 176.12, 148.09, 132.87, 132.67, 130.85, 124.50, 120.31, 112.79, 60.54, 46.59, 

34.29, 25.98, 22.97, 21.20, 14.35, 2.03. !* F NMR (400 MHz, CDCl( , 25 °C) δ/ppm: -

152.65 (dd, 4 F), -161.08 (t, 2 F), -183.23 (td, 4 F).  

2.3.1.4! Synthesis of Pd[CHBil1] 

CHBil1 (30 mg, 0.043 mmol) and 1.2 equiv of 

Pd(OAc)"  (12 mg, 0.051 mmol) were dissolved in 20 

mL of acetonitrile. The headspace of the reaction 

vessel was evacuated, and the reaction was stirred at 60 

°C for 4 h under static vacuum. After cooling the 

reaction to room temperature, the solvent was removed under reduced pressure, and 

the resulting residue was redissolved in dichloromethane and filtered through Celite to 

remove any insoluble materials. The desired product was purified via column 

chromatography on silica using hexanes and dichloromethane (3:1) as the eluent to 

deliver 12 mg of a bright red solid (yield = 35%). ! H NMR (400 MHz, CDCl( , 25 °C) 

δ/ppm: 7.43 (br s, 2 H), 6.63 – 6.62, (d, 2 H), 6.59 – 6.58 (d, 2 H), 6.58 – 6.57 (d, 2 

H), 6.49 – 6.47 (dd, 2 H), 2.5 – 2.48 (m, 4 H), 1.64 – 1.59 (m, 4 H), 1.52 – 1.47 (m, 2 

N
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N

Pd
N
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H). !( C NMR (400 MHz, CDCl( , 25 °C) δ/ppm: 167.80, 152.40, 135.61, 134.64, 

130.38, 129.43, 118.15, 45.02, 38.48, 37.26, 32.08, 27.24, 23.50, 22.85, 14.27. !* F 

NMR (400 MHz, CDCl( , 25 °C) δ/ppm: -138.36 (dd, 4 F), -152.40 (t, 2 F), -160.98 

(td, 4 F). 

 

2.3.2! Synthetic Pathway to Pd[CBBil1] 

2.3.2.1! Synthesis of DPCB 

 A 100 mL round bottom flask containing 22.55 mL pyrrole (325 

mmol) and 0.971 mL cyclobutanone (13 mmol) was capped with a 

septum and degassed with N"  for 10 minutes. Trifluoroacetic acid 

(0.1 ml, 1.3 mmol) was added via syringe and stirred under N"  for 20 minutes, before 

the solution was quenched with 0.1 M NaOH (40 mL) and transferred to a separatory 

funnel. The solution was then extracted with EtOAc, and the aqueous layer was 

washed with EtOAc (2 !  50 mL). The combined organic layers were washed 

sequentially with H"O and brine before being dried over Na"SO# and subjected to 

rotary evaporation. Excess pyrrole was removed via vacuum distillation and the 

product was purified by column chromatography on silica gel using an eluent of 3:7 

EtOAc in hexanes to yield a white solid (0.804 g, 33%). ! H NMR (400 MHz, CDCl( , 

25 °C) δ7.67 (br s, 2 H), 6.64–6.60 (m, 2 H), 6.21–6.19 (m, 2 H), 6.17–6.15 (m, 2 H), 

2.56–2.53 (t, 4 H), 2.06–2.01 (m, 2 H). !( C NMR (400 MHz, CDCl( , 25 °C) δ/ppm: 

137.87, 117.46, 108.08, 104.87, 41.62, 35.10, 16.80. 

2.3.2.2! Synthesis of DPCB Diacyl 

HNNH
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 To an oven dried (160º C) Schlenk flask, 0.931 g 

DPCB (5 mmol) was added and dissolved in 100 mL of 

anhydrous toluene. 22.5 mL of 0.9 M EtMgBr (20 

mmol) was added by canula and stirred under N"  gas 

for 30 minutes, after which 2.16 mL pentafluorobenzoyl chloride (15 mmol) was 

added by syringe and allowed to react under N"  gas for 45 minutes. The solution was 

quenched with sat. NH#Cl (100 mL) before being extracted with EtOAc. The aqueous 

layer was washed with EtOAc (2 !  50 mL), and the combined organic layers were 

washed sequentially with H"O and brine before being dried over Na"SO# and 

subjected to rotary evaporation. The resulting viscous brown oil was purified via 

column chromatography on silica gel using an eluent of 1:9 EtOAc in hexanes. Eluted 

solvent was monitored via TLC, where any UV-active material was collected and 

subject to recrystallization in hexanes at 0 ºC to yield an off-white solid (0.317 g, 

12%) ! H NMR (400 MHz, CDCl( , 25 °C) δ10.24 (br s, 2 H), 6.69–6.66 (m, 2 H), 

6.31–6.27 (m, 2 H), 2.81–2.75 (t, 4 H), 2.18–2.09 (m, 2 H).'!( C NMR (400 MHz, 

CDCl( , 25 °C) δ/ppm: 172.31, 147.73, 131.68, 122.88, 109.99, 42.16, 34.30, 17.47. 

!* F NMR (400 MHz, CDCl( , 25 °C) δ/ppm: -139.75 (dd, 4 F), -151.05 (t, 2 F), -160.12 

(td, 4 F). 

2.3.2.3! Synthesis of CBBil1 

 DPCB Diacyl (144 mg, 0.25 mmol) was dissolved in 

20 mL of THF and MeOH (3:1) and reacted with 473 

mg of NaBH# (12.5 mmol). The NaBH# was added as a 

solid in a single batch at room temperature. The mixture 

was stirred for 2 hours at room temperature, after which 
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the reaction was quenched with H"O and extracted with EtOAc. The aqueous layer 

was washed with EtOAc (2 !  50 mL), and the combined organic layers were washed 

sequentially with H"O and brine before being dried over Na"SO# and subjected to 

rotary evaporation. The resulting residue was dissolved in 100 mL of dichloromethane 

and combined with InCl(  (7.5 mg, 34 µmol) and pyrrole (52 µL, 0.75 mmol). The 

reaction was stirred for 30 minutes at room temperature after which DDQ (85 mg, 

0.375 mmol) was added to the solution. After the reaction was stirred for 5 minutes, 7 

mL of triethylamine (50 mmol) was added, and the reaction was stirred for a further 

16 hours. Following solvent removal via rotary evaporation, the crude product was 

purified via column chromatography on silica gel using an eluent of 1:4 

dichloromethane in hexanes to yield an orange solid (33 mg, 19%) ! H NMR (400 

MHz, CDCl( , 25 °C) δ12.41 (br s, 2 H), 7.19–7.17 (q, 2 H), 6.66–6.65 (d, 2 H), 6.58–

6.57 (d, 2 H), 6.27–6.25 (m, 2 H), 6.23–6.22 (d, 2 H), 2.91–2.87 (t, 4 H), 2.26–2.18 

(m, 2 H).'!( C NMR (400 MHz, CDCl( , 25 °C) δ/ppm: 176.08, 148.34, 133.45, 132.28, 

130.32, 124.82, 120.20, 112.59, 47.99, 32.23, 16.97. !* F NMR (400 MHz, CDCl( , 25 

°C) δ/ppm: -138.40 (dd, 4 F), -152.64 (t, 2 F), -161.10 (td, 4 F). 

2.3.2.4! Synthesis of Pd[CBBil1] 

 CBBil1 (41 mg, 0.043 mmol) and 1.2 equiv of 

Pd(OAc)2 (16 mg, 0.072 mmol) were dissolved in 20 

mL of acetonitrile. The headspace of the reaction 

vessel was evacuated, and the reaction was stirred at 60 

°C for 4 h under static vacuum. After cooling the 

reaction to room temperature, the solvent was removed under reduced pressure, and 

the resulting residue was redissolved in dichloromethane and filtered through Celite to 
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remove any insoluble materials. The desired product was purified via column 

chromatography on silica using hexanes and dichloromethane (3:1) as the eluent to 

deliver 13 mg of a bright red solid (yield = 29%). ! H NMR (400 MHz, CDCl( , 25 °C) 

δ/ppm: 7.41 (br s, 2 H), 6.78 – 6.77 (d, 2 H), 6.73 – 6.72 (d, 2 H), 6.58 – 6.57 (d, 2 H), 

6.48 – 6.47 (dd, 2 H), 2.78 – 2.74 (t, 4 H), 2.24 – 2.16 (m, 2 H).'!( C NMR (400 MHz, 

CDCl( , 25 °C) δ/ppm: 165.37, 152.18, 134.52, 131.27, 128.72, 128.24, 118.40, 

117.34, 47.32, 36.78, 29.86, 16.98. !* F NMR (400 MHz, CDCl( , 25 °C) δ/ppm: -

138.49 (dd, 4 F), -152.46 (t, 2 F), -161.02 (td, 4 F). 

2.3.3! Synthetic Pathway to Pd[CPBil1] 

2.3.3.1! Synthesis of DPCP 

 A 100 mL round bottom flask containing 22.55 mL pyrrole (325 

mmol) and 1.15 mL cyclopentanone (13 mmol) was capped with a 

septum and degassed with N"  for 10 minutes. Trifluoroacetic acid 

(0.1 ml, 1.3 mmol) was added via syringe and stirred under N"  for 20 minutes, before 

the solution was quenched with 0.1 M NaOH (40 mL) and transferred to a separatory 

funnel. The solution was then extracted with EtOAc, and the aqueous layer was 

washed with EtOAc (2 !  50 mL). The combined organic layers were washed 

sequentially with H"O and brine before being dried over Na"SO# and subjected to 

rotary evaporation. Excess pyrrole was removed via vacuum distillation and the 

product was purified by column chromatography on silica gel using an eluent of 3:7 

EtOAc in hexanes to yield a white solid (0.383 g, 15 %).  ! H NMR (400 MHz, CDCl( , 

25 °C) δ7.59 (br s, 2 H), 6.59–6.57 (m, 2 H), 6.15–6.13 (m, 2 H), 6.12–6.10 (m, 2 H), 

HNNH
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2.18–2.15 (m, 2 H), 1.79–1.77 (m, 2 H).'!( C NMR (400 MHz, CDCl( , 25 °C) δ/ppm: 

137.77, 117.31, 107.66, 104.35, 47.20, 39.38, 23.88. 

2.3.3.2! Attempted Synthesis of DPCP Diacyl 

 To an oven dried (160º C) Schlenk flask, 1.002 g 

DPCP (5 mmol) was added and dissolved in 100 mL of 

anhydrous toluene. 22.5 mL of 0.9 M EtMgBr (20 

mmol) was added by canula and stirred under N"  gas 

for 30 minutes, after which 2.16 mL pentafluorobenzoyl chloride (15 mmol) was 

added by syringe and allowed to react under N"  gas for 45 minutes. The solution was 

quenched with sat. NH#Cl (100 mL) before being extracted with EtOAc. The aqueous 

layer was washed with EtOAc (2 !  50 mL), and the combined organic layers were 

washed sequentially with H"O and brine before being dried over Na"SO# and 

subjected to rotary evaporation. The resulting viscous brown oil was purified via 

column chromatography on silica gel using an eluent of 1:9 EtOAc in hexanes. Eluted 

solvent was monitored via TLC, where any UV-active material was collected and 

subject to recrystallization in hexanes at 0 ºC to yield an off-white solid. ! H NMR 

(400 MHz, CDCl( , 25 °C) δ/ppm: 10.69 (br s, 1 H), 9.70 (br s, 2 H), 8.34 (br s, 2 H), 

6.68–6.65 (m, 2 H), 6.65–6.61 (m, 3 H), 6.25–6.22 (dd, 1 H), 6.21–6.18 (dd, 2 H) , 

6.15–6.10 (m, 4 H), 2.37–2.20 (m, 8 H) , 1.84–1.75 (m, 8 H). !* F NMR (400 MHz, 

CDCl( , 25 °C) δ/ppm: -139.91 (m, 2 F), -140.02 (m, 4 F), -151.06 (t, 1 F), -151.34 (t, 

2 F), -160.10 (m, 2 F), -160.23 (m, 4 F). 
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2.4! 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 for Beer’s Law experiments 

were collected in dichloromethane containing samples at concentrations ranging from 

4.0 – 20.0 µM. 
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Chapter 3 

RESULTS AND DISCUSSION 

3.1! Synthesis and Characterization of 10-Cyclobiladiene Family 

The synthetic plan for the creation of the 10-cyclobiladiene family was based 

upon the previously reported synthesis of Pd[DMBil1]. The synthesis utilized began 

with a condensation of a cyclic ketone and pyrrole, generating the corresponding  

 

Figure 3.1: Synthetic route to generate Pd[DMBil1], of which the synthesis of 10-

cyclobiladienes was based upon (Fig. 2.1)#(  

dipyrromethene (DPM) analogue. This analogue, either DPCH, DPCP, or DPCB, 

was then reacted with ethyl Grignard and pentafluorobenzoyl chloride to produce the 

diacylated product. This product was then reduced with NaBH# and reacted with 

excess pyrrole and indium chloride, which serves as a Lewis acid catalyst. The 
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coupled product was then oxidized with DDQ and quenched with triethylamine to 

form free base cyclobiladiene (CXBil1) with ancillary pentafluorophenyl groups. 

Installation of palladium into the center of this complex with Pd(OAc)"  resulted in 

Pd[CXBil1], the metalated final product.#(  It was observed throughout the synthetic 

process that generation of the novel 10-cyclobiladienes and their precursors were of a 

significantly lower yield compared to the Pd[DMBil1] synthesis (Table 3). While the  

Table 3: Yields of each synthetic step in generation of metalated 10-cyclobiladienes 

and Pd[DMBil1] 

Step Pd[DMBil1] Pd[CHBil1] Pd[CPBil1] Pd[CBBil1] 
Condensation 47% 39% 15% 33% 
Diacylation 30% 13% N/A 12% 

Biladiene 53% 28% N/A 19% 
Metalation 68% 35% N/A 29% 

cause of  the decrease in yield is unknown, it does provide insight into the scale of 

impact which the cyclization of the 10-position substituents has on the properties of 

the compounds. A major side-product during the synthesis of the diacylated 

compounds was a monoacyl variant, which proved difficult to separate from the 

desired product. This likely a partial cause of decreased yield, as significant  

 

Figure 3.2: Structure of the diacylated and monoacylated products 
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portions of the starting material remained incompletely reacted regardless of the length 

of reaction or reaction conditions. In an effort to drive the reaction to completion, 

various changes were implemented to the synthetic process, including increasing the 

equivalences of reagents and allowing the reaction to run for a significantly longer 

period. Regardless, no changes to the proportion of desired product and incompletely 

reacted material were identified. In the cases of the cyclohexyl and cyclobutyl  

 

Figure 3.3: Zoomed in ! H (left) and !* F NMR (right) spectra of DPCP Diacyl product 

displaying monoacyl contamination 

derivates, the major product of the diacylation reaction was the desired compound, 

which was able to be purified from what small amount of monoacyl was produced 

through column chromatography and recrystallization. The diacylation of DPCP 

produced a much higher quantity of the monoacyl compared to the quantity of desired 

product and was unable to be separated following repeat column chromatography with 

a range of solvents and recrystallization. Figure 3.3 displays a zoomed in portion of 

the ! H and !* F NMR spectra of the DPCP Diacyl product with its monoacyl 

contaminant. The ! H NMR displays the amino peaks, where the most downshifted 
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peaks correspond to the diacylated product and the other two compound peaks 

correspond to the monoacylated compound, where the peak found at δ9.70 is more 

downshifted due to its proximity to the acyl group. Based upon the relative intensities 

and integrations of the amine proton peaks, it was determined that the major product 

of the diacylation of DPCP is the monoacylated incompletely reacted material. The 

!* F NMR spectra shows two triplet peaks, the more intense of which has double the 

integration of the lesser, and is representative of the diacylated product, providing 

more evidence for the presence of DPCP Monoacyl present in the sample. Full 

spectra of the portions portrayed in Figure 3.3 are available in the appendices (Figure 

A.33, A.34). Due to the inability to separate the two reaction products, the synthesis of 

the cyclopentyl series was left incomplete and efforts were focused on the cyclohexyl 

and cyclobutyl series. 

3.2! Absorption Analysis 

Following the completion of the synthesis and physical characterization of the 

10-cyclobiladienes, the steady state spectroscopic properties of the complexes were 

analyzed. The UV/Vis absorption profiles of the compounds were recorded in DCM 

and can be seen in Figure 3.4. Stock solutions of 50 µM of the analyzed compounds 

were created and diluted down in 5 concentrations for Beer’s law studies. Strong 

absorption within the phototherapeutic window by a photosensitizer is required in 

order for a photosensitizer to be considered for use in PDT. In order to study the effect 

the sp(  hybridized geminal substituents at the 10-position have on the spectroscopic 

and photophysical effects, methyl groups present at this position were substituted for 

phenyl groups, and the resulting products, Pd[MPBil1] and Pd[DPBil1], were subject 

to photochemical analysis, including absorption, emission, and singlet oxygen studies. 
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It was determined that the substitution of one or both methyl groups for phenyl 

substituents caused an increase in molar absorptivity of the complex as well as causing 

a slight redshift in the absorption profile. In addition, the ! O"  quantum yield of the 

 

Figure 3.4: Beer’s law absorbance graph comparing Pd[DMBil1], Pd[MPBil1], and 

Pd[DPBil1] 

compounds with phenyl groups were significantly increased, leading to an interest to 

further investigate the substitution of the 10-position of the Pd[DMBil1] framework. 

The substitution of the 10-position with cyclic groups resulted in a decreased overall 

molar absorptivity and a slight redshift in the absorbance. Pd[CHBil1] was found to 

have a much lower molar absorptivity compared to Pd[CBBil1], a difference of 

17,000 M-!  cm-!  at the ! ./0 . Apart from this difference in absorbative strength, the  
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Figure 3.5: Beer’s law absorbance graph comparing Pd[CHBil1] and Pd[CBBil1] 

shapes of the traces remain very similar, where both feature a ! ./0  = 492 nm, as well 

as a secondary absorption feature at !  = 550 nm. When compared to Pd[DMBil1], the 

cyclobiladiene derivatives exhibited a marked decrease in molar absorptivity, and  

 

Figure 3.6: Beer’s Law absorbance graph comparing Pd[DMBil1] and derivatives 

with substitution at the 10-position 
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displayed a slight redshift in ! ./0 . Relative to the other derivatives featuring a 

substitution at the 10-position, Pd[MPBil1] and Pd[DPBil1], the cyclobiladienes still 

possessed a slight increase in ! ./0 , although due to their lower molar absorptivity, 

absorbed less light at all wavelengths than Pd[DPBil1].  

Table 4: Spectroscopic properties of Pd[DMBil1] derivatives with substitution at the 

10-position 

Compound λ!"#  M.A. @ λ!"#  
Pd[DMBil1] 482 44,100 

Pd[CHBil1] 492 19,400 

Pd[CBBil1] 492 36,600 

Pd[MPBil1] 482 52,800 

Pd[DPBil1] 489 55,200 

3.3! Conclusions and Future Directions 

Photodynamic therapy is an alternative cancer therapy which utilizes a 

photosensitizer to excite ground state molecular oxygen into an excited singlet state, 

where it is capable of interacting with cellular structures and cause damage which 

eventually can lead to the death of that cell. The development of photosensitizers for 

use in PDT is an ongoing endeavor. It is important for photosensitizers to have a high 

! O"  quantum yield, such that they are capable of producing enough excited molecular 

oxygen to cause enough damage to the cell to ensure its death. In addition, 

photosensitizers must be capable of absorbing light within the phototherapeutic 

window, a range of wavelengths wherein light is capable of penetrating deep into 

biological tissue but also capable of imparting enough energy to the photosensitizer to 

induce excitation and eventual creation of ! O" . Work in the Rosenthal group has 

focused on the development of a non-traditional tetrapyrrole which has the 
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photophysical characteristics necessary to be utilized as a photosensitizer. This work 

resulted in the creation of Pd[DMBil1], a compound which displays significant 

potential for use in PDT, displaying a phototoxicity index of PI ≈ 5300, however this 

compound is limited by its absorption profile, which is unable to strongly absorb light 

within the phototherapeutic window. In order to attempt to extend the absorption 

profile of Pd[DMBil1], two strategies were utilized: extended conjugation and 

substitution of the sp(  hybridized geminal substituents. Extending the conjugation of 

the molecule resulted in the redshifting of the absorbance deeper towards and into the 

phototherapeutic window, although exhibited its own limitations through significant 

decreases in the ! O"  quantum yield the further into the phototherapeutic window the 

absorbance was shifted. Previously, phenyl groups were inserted into the 10-position 

of the Pd[DMBil1] framework, which resulted in significant increases in the molar 

absorptivity of the compound, coupled with an increase in the ! O"  quantum yield and a 

slight redshift in the absorbance profile. To continue the investigation into the effects 

of substitution at the 10-position, cyclic carbon chains were installed. The addition of 

these groups resulted in the creation of a new family of biladiene, the cyclobiladiene. 

These compounds exhibited significant changes to their photophysical characteristics, 

where the molar absorptivity significantly decreased, especially Pd[CHBil1], while 

the absorption profile of the compound itself was slightly redshifted towards the 

phototherapeutic window. To completely characterize the photophysical potential of 

these compounds, ! O"  generation studies would have to be completed, in order to fully 

determine the impact that the addition of the cyclic carbon chains has on the 

framework. In addition, revisiting the synthesis of the cyclopentyl derivatives could 

prove very useful in determining any sort of trend that develops based upon the size of 
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the cyclic carbon chain present at the 10-position, possibly providing clarity as to why 

the cyclohexyl derivative displayed a much lower molar absorptivity relative to both 

Pd[DMBil1] and Pd[CBBil1]. These compounds helped to provide insight into the 

mechanism of the Pd[DMBil1] scaffold as a photosensitizer, and guide future 

developments of biladiene-based compounds for use in photodynamic therapy.  



 37 

REFERENCES 

1.! !"#$%&'()'*+%',&%"-*'./%0"1%2'3'!"#$%&'4*"*'/"$*-. SEER. 
https://seer.cancer.gov/statfacts/html/breast.html (accessed 2024-04-06). 

2.! Kalimutho, M.; Parsons, K.; Mittal, D.; López, J. A.; Srihari, S.; Khanna, 
K. K. Targeted Therapies for Triple-Negative Breast Cancer: Combating a 

Stubborn Disease. 5&%#6-'7#'8+"&0"$(1(97$"1'4$7%#$%- 2015, :;  (12), 
822–846. https://doi.org/10.1016/j.tips.2015.08.009. 

3.! CDCBreastCancer. 5&7<1%3=%9"*7>%',&%"-*'!"#$%&. Centers for Disease 
Control and Prevention. https://www.cdc.gov/cancer/breast/triple-

negative.htm (accessed 2024-04-07). 

4.! 5&7<1%3#%9"*7>%',&%"-*'!"#$%&'?'@%*"71-A'@7"9#(-7-A'"#6'479#-. 

https://www.cancer.org/cancer/types/breast-cancer/about/types-of-breast-
cancer/triple-negative.html (accessed 2024-05-06). 

5.! 5&%"*0%#*'()'5&7<1%3#%9"*7>%',&%"-*'!"#$%&'?'5&%"*0%#*'()'5=,!. 
https://www.cancer.org/cancer/types/breast-cancer/treatment/treatment-of-

triple-negative.html (accessed 2024-05-06). 

6.! Castano, A. P.; Demidova, T. N.; Hamblin, M. R. Mechanisms in 

Photodynamic Therapy: Part One—-Photosensitizers, Photochemistry and 
Cellular Localization. 8+(*(67"9#(-7-'8+(*(6B#'5+%& 2004, C (4), 279–

293. https://doi.org/10.1016/S1572-1000(05)00007-4. 

7.! Agostinis, P.; Berg, K.; Cengel, K. A.; Foster, T. H.; Girotti, A. W.; 

Gollnick, S. O.; Hahn, S. M.; Hamblin, M. R.; Juzeniene, A.; Kessel, D.; 
Korbelik, M.; Moan, J.; Mroz, P.; Nowis, D.; Piette, J.; Wilson, B. C.; 

Golab, J. PHOTODYNAMIC THERAPY OF CANCER: AN UPDATE. 
!D'!"#$%&'E'!17# 2011, ;C (4), 250–281. 

https://doi.org/10.3322/caac.20114. 

8.! Sorbellini, E.; Rucco, M.; Rinaldi, F. Photodynamic and Photobiological 

Effects of Light-Emitting Diode (LED) Therapy in Dermatological 
Disease: An Update. F"-%&-'G%6'4$7 2018, ::  (7), 1431–1439. 

https://doi.org/10.1007/s10103-018-2584-8. 

https://seer.cancer.gov/statfacts/html/breast.html
https://doi.org/10.1016/j.tips.2015.08.009
https://www.cdc.gov/cancer/breast/triple-negative.htm
https://www.cdc.gov/cancer/breast/triple-negative.htm
https://www.cancer.org/cancer/types/breast-cancer/about/types-of-breast-cancer/triple-negative.html
https://www.cancer.org/cancer/types/breast-cancer/about/types-of-breast-cancer/triple-negative.html
https://www.cancer.org/cancer/types/breast-cancer/treatment/treatment-of-triple-negative.html
https://www.cancer.org/cancer/types/breast-cancer/treatment/treatment-of-triple-negative.html
https://doi.org/10.1016/S1572-1000(05)00007-4
https://doi.org/10.3322/caac.20114
https://doi.org/10.1007/s10103-018-2584-8


 38 

9.! Correia, J. H.; Rodrigues, J. A.; Pimenta, S.; Dong, T.; Yang, Z. 
Photodynamic Therapy Review: Principles, Photosensitizers, Applications, 

and Future Directions. 8+"&0"$%H*7$- 2021, C: (9), 1332. 
https://doi.org/10.3390/pharmaceutics13091332. 

10.! Borgia, F.; Giuffrida, R.; Caradonna, E.; Vaccaro, M.; Guarneri, F.; 
Cannavò, S. P. Early and Late Onset Side Effects of Photodynamic 

Therapy. ,7(0%67$7#%- 2018, ;  (1), 12. 
https://doi.org/10.3390/biomedicines6010012. 

11.! Zhu, T. C.; Finlay, J. C. The Role of Photodynamic Therapy (PDT) 
Physics. G%6'8+B- 2008, :I  (7), 3127–3136. 

https://doi.org/10.1118/1.2937440. 

12.! Dąbrowski, J. M.; Pucelik, B.; Regiel-Futyra, A.; Brindell, M.; Mazuryk, 

O.; Kyzioł, A.; Stochel, G.; Macyk, W.; Arnaut, L. G. Engineering of 
Relevant Photodynamic Processes through Structural Modifications of 

Metallotetrapyrrolic Photosensitizers. !((&67#"*7(#'!+%07-*&B'J%>7%K- 
2016, :LI , 67–101. https://doi.org/10.1016/j.ccr.2016.06.007. 

13.! Kawaoka, K.; Khan, A. U.; Kearns, D. R. Role of Singlet Excited States of 
Molecular Oxygen in the Quenching of Organic Triplet States. 5+%'E(H&#"1'
()'!+%07$"1'8+B-7$- 1967, M; (5), 1842–1853. 
https://doi.org/10.1063/1.1840943. 

14.! DeRosa, M. C.; Crutchley, R. J. Photosensitized Singlet Oxygen and Its 
Applications. !((&67#"*7(#'!+%07-*&B'J%>7%K- 2002, L:: NL:M, 351–371. 

https://doi.org/10.1016/S0010-8545(02)00034-6. 

15.! Redmond, R. W.; Kochevar, I. E. Spatially Resolved Cellular Responses to 

Singlet Oxygen. 8+(*($+%0'8+(*(O7(1 2006, PL (5), 1178–1186. 
https://doi.org/10.1562/2006-04-14-IR-874. 

16.! Schweitzer, C.; Schmidt, R. Physical Mechanisms of Generation and 
Deactivation of Singlet Oxygen. !+%0Q'J%>Q 2003, CR: (5), 1685–1758. 

https://doi.org/10.1021/cr010371d. 

17.! Sjöberg, B.; Foley, S.; Staicu, A.; Pascu, A.; Pascu, M.; Enescu, M. Protein 

Reactivity with Singlet Oxygen: Influence of the Solvent Exposure of the 
Reactive Amino Acid Residues. E(H&#"1'()'8+(*($+%07-*&B'"#6'
8+(*(O7(1(9B',S',7(1(9B 2016, CIT, 106–110. 
https://doi.org/10.1016/j.jphotobiol.2016.03.036. 

https://doi.org/10.3390/pharmaceutics13091332
https://doi.org/10.3390/biomedicines6010012
https://doi.org/10.1118/1.2937440
https://doi.org/10.1016/j.ccr.2016.06.007
https://doi.org/10.1063/1.1840943
https://doi.org/10.1016/S0010-8545(02)00034-6
https://doi.org/10.1562/2006-04-14-IR-874
https://doi.org/10.1021/cr010371d
https://doi.org/10.1016/j.jphotobiol.2016.03.036


 39 

18.! Pattison, D. I.; Rahmanto, A. S.; Davies, M. J. Photo-Oxidation of 
Proteins. 8+(*($+%0Q'8+(*(O7(1Q'4$7Q 2011, CC (1), 38–53. 

https://doi.org/10.1039/C1PP05164D. 

19.! Jensen, R. L.; Arnbjerg, J.; Birkedal, H.; Ogilby, P. R. Singlet Oxygen’s 

Response to Protein Dynamics. EQ'D0Q'!+%0Q'4($Q 2011, C::  (18), 7166–
7173. https://doi.org/10.1021/ja2010708. 

20.! Davies, M. J. Singlet Oxygen-Mediated Damage to Proteins and Its 
Consequences. ,7($+%07$"1'"#6',7(<+B-7$"1'J%-%"&$+'!(00H#7$"*7(#- 

2003, :RI  (3), 761–770. https://doi.org/10.1016/S0006-291X(03)00817-9. 

21.! Plaetzer, K.; Kiesslich, T.; Oberdanner, C. B.; Krammer, B. Apoptosis 

Following Photodynamic Tumor Therapy: Induction, Mechanisms and 
Detection. !H&&'8+"&0'@%- 2005, CC (9), 1151–1165. 

https://doi.org/10.2174/1381612053507648. 

22.! Syntichaki, P.; Tavernarakis, N. Death by Necrosis. UG,V'J%< 2002, :  

(7), 604–609. https://doi.org/10.1093/embo-reports/kvf138. 

23.! Rock, K. L.; Kono, H. The Inflammatory Response to Cell Death. D##H'
J%>'8"*+(1 2008, : , 99–126. 
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151456. 

24.! Yang, Y.; Jiang, G.; Zhang, P.; Fan, J. Programmed Cell Death and Its 
Role in Inflammation. G71'G%6'J%- 2015, L, 12. 

https://doi.org/10.1186/s40779-015-0039-0. 

25.! Yuan, J.; Peng, R.; Su, D.; Zhang, X.; Zhao, H.; Zhuang, X.; Chen, M.; 

Zhang, X.; Yuan, L. Cell Membranes Targeted Unimolecular Prodrug for 
Programmatic Photodynamic-Chemo Therapy. 5+%&"#(-*7$- 2021, CC (7), 

3502–3511. https://doi.org/10.7150/thno.55014. 

26.! Triesscheijn, M.; Ruevekamp, M.; Aalders, M.; Baas, P.; Stewart, F. A. 

Outcome of mTHPC Mediated Photodynamic Therapy Is Primarily 
Determined by the Vascular Response. 8+(*($+%0'8+(*(O7(1 2005, PC (5), 

1161–1167. https://doi.org/10.1562/2005-04-04-RA-474. 

27.! Ochsner, M. Photophysical and Photobiological Processes in the 

Photodynamic Therapy of Tumours. E'8+(*($+%0'8+(*(O7(1', 1997, :T  
(1), 1–18. https://doi.org/10.1016/s1011-1344(96)07428-3. 

https://doi.org/10.1039/C1PP05164D
https://doi.org/10.1021/ja2010708
https://doi.org/10.1016/S0006-291X(03)00817-9
https://doi.org/10.2174/1381612053507648
https://doi.org/10.1093/embo-reports/kvf138
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151456
https://doi.org/10.1186/s40779-015-0039-0
https://doi.org/10.7150/thno.55014
https://doi.org/10.1562/2005-04-04-RA-474
https://doi.org/10.1016/s1011-1344(96)07428-3


 40 

28.! Nowis, D.; Stokłosa, T.; Legat, M.; Issat, T.; Jakóbisiak, M.; Gołąb, J. The 
Influence of Photodynamic Therapy on the Immune Response. 

8+(*(67"9#(-7-'8+(*(6B#'5+%& 2005, L (4), 283–298. 
https://doi.org/10.1016/S1572-1000(05)00098-0. 

29.! van Geel, I. P.; Oppelaar, H.; Rijken, P. F.; Bernsen, H. J.; Hagemeier, N. 
E.; van der Kogel, A. J.; Hodgkiss, R. J.; Stewart, F. A. Vascular Perfusion 

and Hypoxic Areas in RIF-1 Tumours after Photodynamic Therapy. ,&'E'
!"#$%& 1996, W: (3), 288–293. 

30.! Babilas, P.; Schreml, S.; Landthaler, M.; Szeimies, R.-M. Photodynamic 
Therapy in Dermatology: State-of-the-Art. 8+(*(6%&0"*(1'8+(*(700H#(1'
8+(*(0%6 2010, L;  (3), 118–132. https://doi.org/10.1111/j.1600-
0781.2010.00507.x. 

31.! Weiss, A. A.; Wiesinger, H. A.; Owen, D. Photodynamic Therapy in 
Barrett’s Esophagus: Results of Treatment of 17 Patients. !"#'E'
X"-*&(%#*%&(1 2006, LR (4), 261–264. 
https://doi.org/10.1155%2F2006%2F954153  

32.! Qumseya, B. J.; David, W.; Wolfsen, H. C. Photodynamic Therapy for 
Barrett’s Esophagus and Esophageal Carcinoma. !17#'U#6(-$ 2013, M; (1), 

30–37. https://doi.org/10.5946/ce.2013.46.1.30. 

33.! Overholt, B. F.; Lightdale, C. J.; Wang, K. K.; Canto, M. I.; Burdick, S.; 

Haggitt, R. C.; Bronner, M. P.; Taylor, S. L.; Grace, M. G. A.; Depot, M.; 
International Photodynamic Group for High-Grade Dysplasia in Barrett’s 

Esophagus. Photodynamic Therapy with Porfimer Sodium for Ablation of 
High-Grade Dysplasia in Barrett’s Esophagus: International, Partially 

Blinded, Randomized Phase III Trial. X"-*&(7#*%-*'U#6(-$ 2005, ;L  (4), 
488–498. https://doi.org/10.1016/j.gie.2005.06.047. 

34.! Allison, R.; Moghissi, K.; Downie, G.; Dixon, K. Photodynamic Therapy 
(PDT) for Lung Cancer. 8+(*(67"9#(-7-'8+(*(6B#'5+%& 2011, P (3), 231–

239. https://doi.org/10.1016/j.pdpdt.2011.03.342. 

35.! Nyst, H. J.; Tan, I. B.; Stewart, F. A.; Balm, A. J. M. Is Photodynamic 

Therapy a Good Alternative to Surgery and Radiotherapy in the Treatment 
of Head and Neck Cancer? 8+(*(67"9#(-7-'8+(*(6B#'5+%& 2009, ;  (1), 3–

11. https://doi.org/10.1016/j.pdpdt.2009.03.002. 

https://doi.org/10.1016/S1572-1000(05)00098-0
https://doi.org/10.1111/j.1600-0781.2010.00507.x
https://doi.org/10.1111/j.1600-0781.2010.00507.x
https://doi.org/10.1155%2F2006%2F954153
https://doi.org/10.5946/ce.2013.46.1.30
https://doi.org/10.1016/j.gie.2005.06.047
https://doi.org/10.1016/j.pdpdt.2011.03.342
https://doi.org/10.1016/j.pdpdt.2009.03.002


 41 

36.! Shen, Z.; Ma, Q.; Zhou, X.; Zhang, G.; Hao, G.; Sun, Y.; Cao, J. Strategies 
to Improve Photodynamic Therapy Efficacy by Relieving the Tumor 

Hypoxia Environment. =8X'D-7"'G"*%& 2021, C: (1), 1–19. 
https://doi.org/10.1038/s41427-021-00303-1. 

37.! Ormond, A. B.; Freeman, H. S. Dye Sensitizers for Photodynamic 
Therapy. G"*%&7"1-'.,"-%12 2013, ;  (3), 817–840. 

https://doi.org/10.3390/ma6030817. 

38.! Golab, J.; Wilczynski, G.; Zagozdzon, R.; Stoklosa, T.; Dabrowska, A.; 

Rybczynska, J.; Wasik, M.; Machaj, E.; Oldak, T.; Kozar, K.; Kaminski, 
R.; Giermasz, A.; Czajka, A.; Lasek, W.; Feleszko, W.; Jakobisiak, M. 

Potentiation of the Anti-Tumour Effects of Photofrin®-Based 
Photodynamic Therapy by Localized Treatment with G-CSF. ,&'E'!"#$%& 
2000, PL (8), 1485–1491. https://doi.org/10.1054/bjoc.1999.1078. 

39.! Borle, F.; Radu, A.; Fontolliet, C.; van den Bergh, H.; Monnier, P.; 

Wagnières, G. Selectivity of the Photosensitiser Tookad® for 
Photodynamic Therapy Evaluated in the Syrian Golden Hamster Cheek 

Pouch Tumour Model. ,&'E'!"#$%& 2003, PT (12), 2320–2326. 
https://doi.org/10.1038/sj.bjc.6601428. 

40.! Baskaran, R.; Lee, J.; Yang, S.-G. Clinical Development of Photodynamic 
Agents and Therapeutic Applications. ,7(0"*%&'J%- 2018, LL, 25. 

https://doi.org/10.1186/s40824-018-0140-z. 

41.! Castano, A. P.; Demidova, T. N.; Hamblin, M. R. Mechanisms in 

Photodynamic Therapy: Part Three—Photosensitizer Pharmacokinetics, 
Biodistribution, Tumor Localization and Modes of Tumor Destruction. 

8+(*(67"9#(-7-'8+(*(6B#'5+%& 2005, L (2), 91–106. 
https://doi.org/10.1016/S1572-1000(05)00060-8. 

42.! O’Connor, A. E.; Gallagher, W. M.; Byrne, A. T. Porphyrin and 
Nonporphyrin Photosensitizers in Oncology: Preclinical and Clinical 

Advances in Photodynamic Therapy. 8+(*($+%0'8+(*(O7(1 2009, PI (5), 
1053–1074. https://doi.org/10.1111/j.1751-1097.2009.00585.x. 

43.! Pistner, A. J.; Pupillo, R. C.; Yap, G. P. A.; Lutterman, D. A.; Ma, Y.-Z.; 
Rosenthal, J. Electrochemical, Spectroscopic, and 1O2 Sensitization 

Characteristics of 10,10-Dimethylbiladiene Complexes of Zinc and 
Copper. EQ'8+B-Q'!+%0Q'D 2014, CCP (45), 10639–10648. 

https://doi.org/10.1021/jp506412r. 

https://doi.org/10.1038/s41427-021-00303-1
https://doi.org/10.3390/ma6030817
https://doi.org/10.1054/bjoc.1999.1078
https://doi.org/10.1038/sj.bjc.6601428
https://doi.org/10.1186/s40824-018-0140-z
https://doi.org/10.1016/S1572-1000(05)00060-8
https://doi.org/10.1111/j.1751-1097.2009.00585.x
https://doi.org/10.1021/jp506412r


 42 

44.! Potocny, A. M.; Pistner, A. J.; Yap, G. P. A.; Rosenthal, J. 
Electrochemical, Spectroscopic, and 1O2 Sensitization Characteristics of 

Synthetically Accessible Linear Tetrapyrrole Complexes of Palladium and 
Platinum. Y#(&9Q'!+%0Q 2017, I;  (21), 12703–12711. 

https://doi.org/10.1021/acs.inorgchem.7b00796. 

45.! Detty, M. R.; Merkel, P. B. Chalcogenapyrylium Dyes as Potential 

Photochemotherapeutic Agents. Solution Studies of Heavy Atom Effects 
on Triplet Yields, Quantum Efficiencies of Singlet Oxygen Generation, 

Rates of Reaction with Singlet Oxygen, and Emission Quantum Yields. EQ'
D0Q'!+%0Q'4($Q 1990, CCL (10), 3845–3855. 

https://doi.org/10.1021/ja00166a019. 

46.! De Simone, B. C.; Mazzone, G.; Russo, N.; Sicilia, E.; Toscano, M. Metal 

Atom Effect on the Photophysical Properties of Mg(II), Zn(II), Cd(II), and 
Pd(II) Tetraphenylporphyrin Complexes Proposed as Possible Drugs in 

Photodynamic Therapy. G(1%$H1%- 2017, LL (7), 1093. 
https://doi.org/10.3390/molecules22071093. 

47.! Cai, Q.; Rice, A. T.; Pointer, C. A.; Martin, M. I.; Davies, B.; Yu, A.; 
Ward, K.; Hertler, P. R.; Warndorf, M. C.; Yap, G. P. A.; Young, E. R.; 

Rosenthal, J. Synthesis, Electrochemistry, and Photophysics of Pd(II) 
Biladiene Complexes Bearing Varied Substituents at the Sp3-Hybridized 

10-Position. Y#(&9Q'!+%0Q 2021, ;R (20), 15797–15807. 
https://doi.org/10.1021/acs.inorgchem.1c02458. 

48.! Kwiatkowski, S.; Knap, B.; Przystupski, D.; Saczko, J.; Kędzierska, E.; 
Knap-Czop, K.; Kotlińska, J.; Michel, O.; Kotowski, K.; Kulbacka, J. 

Photodynamic Therapy - Mechanisms, Photosensitizers and Combinations. 
,7(0%6'8+"&0"$(*+%& 2018, CR;, 1098–1107. 

https://doi.org/10.1016/j.biopha.2018.07.049. 

49.! Potocny, A. M.; Riley, R. S.; O’Sullivan, R. K.; Day, E. S.; Rosenthal, J. 

Photochemotherapeutic Properties of a Linear Tetrapyrrole Palladium(II) 
Complex Displaying an Exceptionally High Phototoxicity Index. Y#(&9'
!+%0 2018, IW (17), 10608–10615. 
https://doi.org/10.1021/acs.inorgchem.8b01225. 

50.! Li, W.; Zhan, P.; De Clercq, E.; Lou, H.; Liu, X. Current Drug Research on 
PEGylation with Small Molecular Agents. 8&(9&%--'7#'8(1B0%&'4$7%#$% 

2013, :P (3), 421–444. 
https://doi.org/10.1016/j.progpolymsci.2012.07.006. 

https://doi.org/10.1021/acs.inorgchem.7b00796
https://doi.org/10.1021/ja00166a019
https://doi.org/10.3390/molecules22071093
https://doi.org/10.1021/acs.inorgchem.1c02458
https://doi.org/10.1016/j.biopha.2018.07.049
https://doi.org/10.1021/acs.inorgchem.8b01225
https://doi.org/10.1016/j.progpolymsci.2012.07.006


 43 

51.! Rice, A. T.; Martin, M. I.; Warndorf, M. C.; Yap, G. P. A.; Rosenthal, J. 
Synthesis, Spectroscopic, and 1O2 Sensitization Characteristics of 

Extended Pd(II) 10,10-Dimethylbiladiene Complexes Bearing Alkynyl–
Aryl Appendages. Y#(&9Q'!+%0Q 2021, ;R (15), 11154–11163. 

https://doi.org/10.1021/acs.inorgchem.1c01127. 

52.! Rice, A. T.; Yap, G. P. A.; Rosenthal, J. A P-61 Black Widow Inspired 

Palladium Biladiene Complex for Efficient Sensitization of Singlet 
Oxygen Using Visible Light. 8+(*($+%0 2022, L (1), 58–68. 

https://doi.org/10.3390/photochem2010005. 

53.! Martin, M. I.; Pham, T.-N.; Ward, K. N.; Rice, A. T.; Hertler, P. R.; Yap, 

G. P. A.; Gilmartin, P. H.; Rosenthal, J. Mapping the Influence of Ligand 
Electronics on the Spectroscopic and 1O2 Sensitization Characteristics of 

Pd(II) Biladiene Complexes Bearing Phenyl–Alkynyl Groups at the 2- and 
18-Positions. @"1*(#'5&"#-Q 2023, IL  (22), 7512–7523. 

https://doi.org/10.1039/D3DT00691C. 

54.! Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.; Nudelman, 

A.; Stoltz, B. M.; Bercaw, J. E.; Goldberg, K. I. NMR Chemical Shifts of 
Trace Impurities: Common Laboratory Solvents, Organics, and Gases in 

Deuterated Solvents Relevant to the Organometallic Chemist. 
V&9"#(0%*"117$- 2010, LT (9), 2176–2179. 

https://doi.org/10.1021/om100106e. 
  

https://doi.org/10.1021/acs.inorgchem.1c01127
https://doi.org/10.3390/photochem2010005
https://doi.org/10.1039/D3DT00691C
https://doi.org/10.1021/om100106e


 44 

Appendix A 

Supporting Information 

A.1! NMR and MS Spectra 

A.1.1! Pd[CHBil1] Series 

A.1.1.1! DPCH 

 

Figure A.1: ! H NMR of DPCH in CDCl( '
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Figure A.2: !( C NMR of DPCH in CDCl(  
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Figure A.3: LR-MS data recorded of DPCH: [M+H]2 m/z: calcd for  

C!# H!%N"' = 214.15 
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A.1.1.2! DPCH Diacyl 

 

Figure A.4: ! H NMR of DPCH Diacyl in (CD( )"CO 
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Figure A.5: !( C NMR of DPCH Diacyl in CDCl(  

  

������������������ ���� ���� ���� ���	���
 ���� ������ ������������������ ������ ������ ������ �����	�����
 ������ ������ ��������
�����
�������� ��

���� �� �� �� ��

��

�� �� �� �� ��

���� �� �� �� ��

���� �� �� �� ��

���� �� �� �� ��

���� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

���
����

��
�

���
��

���
��

��
��

����
��

��
��

����
��

�	�
	���

���
�
��

��
��

����

���
���

����
�


���
���

���

��

���
��

����
��




���
��

	���
��

�

���
	��

����
��



 49 

 

Figure A.6: !* F NMR of DPCH Diacyl in (CD( )"CO 

  

������ �������� �������� �������� �������� �������� �������� �������� �������� �������� �������� �������� �������� �������� ��
�	���
�������
 ��

��

�� �� �� �� �� ��

���� �� �� �� �� ��

���� �� �� �� �� ��

���� �� �� �� �� ��

���� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

��
����

��

���
���

��

��
����

��

���
���

��
����

��
���

���
��

����
��

���
���

��
����

��
���

���
��

����
��

���
���

��
����

��
���

���
��

����
��

���
���

��
����

��
���

���
��

����
��

���
���

��
����

��
���

���
��

����
��

���
���

��
����

��
���

���
��

����
��

���
���

��
����

��

���
���

��
����

��
���

���
��

����
��

���
���

��
����

��
���

���
��

����
��



 50 

 

Figure A.7: LR-MS data recorded of DPCH Diacyl: [M+H]2 m/z: calcd for 

C"%H!+F!, N"O"  = 602.11 
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A.1.1.3! CHBil1 

 

Figure A.8: ! H NMR of CHBil1 in CDCl(  
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Figure A.9: !( C NMR of CHBil1 in CDCl(  
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Figure A.10: !* F NMR of CHBil1 in CDCl(  
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Figure A.11: HR-ESI-MS data recorded of CHBil1: [M+H]2 m/z: calcd  

for C(+H"" F!, N# = 700.17 
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A.1.1.4! Pd[CHBil1] 

 

Figure A.12: ! H NMR of Pd[CHBil1] in CDCl(  
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Figure A.13: !( C NMR of Pd[CHBil1] in CDCl(  
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Figure A.14: !* F NMR of Pd[CHBil1] in CDCl(  
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Figure A.15: HR-ESI-MS data recorded of Pd[CHBil1]: [M+H]2 m/z: calcd  

for C(+H", F!, N#Pd = 804.06 
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A.1.2! Pd[CBBil1] Series 

A.1.2.1! DPCB 

 

Figure A.16: ! H NMR of DPCB in CDCl(  
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Figure A.17: !( C NMR of DPCB in CDCl(  
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Figure A.18: LR-MS data recorded of DPCB: [M+H]2 m/z: calcd for  

C!" H!# N"  = 186.12 
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A.1.2.2! DPCB Diacyl 

 

Figure A.19: ! H NMR of DPCB Diacyl in CDCl(  
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Figure A.20: !( C NMR of DPCB Diacyl in CDCl(  
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Figure A.21: !* F NMR of DPCB Diacyl in CDCl(  
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Figure A.22: LR-MS data recorded of DPCB Diacyl: [M+H]+ m/z: calcd for 

C"+H!" F!, N"O"  = 574.07 
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A.1.2.3! CBBil1 

 

Figure A.23: ! H NMR of CBBil1 in CDCl(  
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Figure A.24: !( C NMR of CBBil1 in CDCl(  

  

������������������ ���� ���� ���� ���	���
 ���� ������ ������������������ ������ ������ ������ �����	�����
 ������ ������ ��������
�����
�������� ��

��

�� �� �� �� ��

���� �� �� �� ��

���� �� �� �� ��

���� �� �� �� ��

���� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�� �� �� �� �� ��

�	�� �� �� �� ��

�	�� �� �� �� ��

�
 �� �� �� �� ��

���
��

���
�	

��
���

����
�

��
�	�

���
��

�	�
	���

���
�
��

��
��

����

���
���

����
��

���
���

����
��

���
���

���

��

���
��

��
���

��
���

��
����

��

���

��
��

���
��

���
��


�
���

��

���
	��

����
�




 68 

 

Figure A.25: !* F NMR of CBBil1 in CDCl(  
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Figure A.26: HR-ESI-MS data recorded of CBBil1: [M+H]2 m/z: calcd  

for C(#H!%F!, N# = 672.14 
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A.1.2.4! Pd[CBBil1] 

 

 

Figure A.27: ! H NMR of Pd[CBBil1] in CDCl(  
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Figure A.28: !( C NMR of Pd[CBBil1] in CDCl(  
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Figure A.29: !* F NMR of Pd[CBBil1] in CDCl(  
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Figure A.29: HRMS data recorded of Pd[CBBil1]: [M+H]2 m/z: calcd for 

C(#H!+F!, N#Pd = 776.03 
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A.1.3! Pd[CPBil1] Series 

A.1.3.1! DPCP 

 

Figure A.30: ! H NMR of DPCP in CDCl(  
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Figure A.31: !( C NMR of DPCP in CDCl(  
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Figure A.32: LRMS data recorded of DPCP: [M+H]2 m/z: calcd for 

C!( H!+N"  = 200.13 
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A.1.3.2! DPCP Diacyl 

 

Figure A.33: ! H NMR of DPCP Diacyl in CDCl(  
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Figure A.34: !* F NMR of DPCP Diacyl in CDCl( '
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