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General Introduction

General Introduction

Porphyrins and phthalocyanines

Organic dyes, which absorb and emit photons, are vital in making Earth’s nature vibrant and colorful.
These compounds are essential for life on Earth, and their molecular structures and functions have been
elucidated through the efforts of chemists. Land plants rely on green chlorophyll to absorb sunlight for
photosynthesis (Figure 1a), and mammals use red heme to transport oxygen throughout their body (Figure
1b).! Methylene-bridged tetrapyrrole macrocycles are known as porphyrin (Por, Figure 1c), and similar
compounds are called porphyrinoids. In the last century, many artificial porphyrinoids have been developed
based on organic chemistry and are used in various fields. For example, phthalocyanine (Pc, Figure 1d), an
artificial dye with four isoindole units bridged by nitrogen, has long been used as a heat- and light-resistant
blue pigment.> Porphyrinoids have been extensively studied due to their remarkable heat and light stability,
as well as their unique physical properties. The absorption spectra of porphyrinoids typically feature strong

Soret-band transitions (So— Sz) and weak Q-band transitions (So— Si) (Figure 2a). These spectral

b))
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Figure 1. Structures of (a) chlorophyll a, (b) heme B, (c) porphyrin (Por), and (d) phthalocyanine (Pc).
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characteristics are explained by the Gouterman four-orbital model, which describes the correlation between
absorption properties (wavelengths and intensities) and the HOMO-1, HOMO, LUMO, and LUMO+1 energy
levels.*  Since the HOMO (aj, orbital) and HOMO-1 (ay, orbital) of Por have similar energy levels, transitions
from these orbitals to the degenerated LUMO (eq, €qy) are mixed by the configurational interaction. As a
result, the strong transition dipole moment for the Sg—S, transition causes intense Soret-band absorption,
while the Q-band absorption derived from the Sp—S; transition is weak. In Pc, where nitrogen atoms replace
the meso-position carbons, the ax, orbital is stabilized by the high electronegativity of the nitrogen atoms at the
meso-position, weakening the configurational interaction (Figure 2b). As a result, the Q-band absorption of
Pc, which corresponds to the transition from HOMO to LUMO, has a significant molar absorption coefficient.
Pc derivatives further extend the m-electron conjugation system via benzene ring fusion, shifting the Q-band

absorption into the near-infrared (NIR) region (>650 nm) with a high molar absorption coefficient.
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Figure 2. Frontier molecular orbital diagrams of Por and Pc with configuration interactions.

Synthesis and application of phthalocyanine

Since the beginning of the 20th century, when the synthesis of metal-coordinated Pc (MPc) was first
reported,” MPc has been industrially produced worldwide, mainly as a blue-colored dye. Several known
synthetic methods for MPc rings are used depending on the scale and purpose. In industrial production,
inexpensive phthalic acid derivatives, particularly phthalic anhydride, are mainly used to synthesize Pc (Figure

3).° In this process, urea is used as a nitrogen source and ammonium molybdate (NH4),MoOys) is used as a
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Figure 3. Precursors for MPc synthesis and MPc ring numbering.

catalyst. The key step in this complex cyclization-condensation reaction is thought to be the formation of
1,3-diiminoisoindoline. 1,3-Diiminoisoindoline is used as a substrate for MPc synthesis on a laboratory scale,
but the synthesis of derivatives bearing substituents is a formidable task in many cases. Consequently,
phthalonitrile and its derivatives are commonly used as precursors for synthesizing MPc compounds on a
laboratory scale.

In the past few decades, MPcs have attracted significant attention due to their unique optical and electronic
properties derived from the delocalization of m-electrons in the molecular structure.” MPcs are known as one
of the organic dyes with high stability against light and heat, which finds broad applications. Hence, wide
varitages of MPcs have been intensively investigated for their potential as photosensitizers for photodynamic
and photothermal therapy,® organic semiconductors,’ and catalysts.'® The physical properties of MPcs can be
tuned by modifying the peripheral benzene ring (o- and B-positions) or altering the central metals, leading to
the active development of MPcs with precisely controlled optical and electronic properties (Figure 4).""  Since
the low solubility of MPcs hampers their applications, particularly in biological applications, chemical
modification with bulky substituents that inhibits n-n stacking is limited to the peripheral benzene rings or
axial ligands. Although Pc is known to incorporate a variety of metals as a core metal, MPc with a central

metal from the third or fourth period, which have particularly high stability, are mostly common.
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Figure 4. The substitutable positions within the molecular structure of MPc.

Diagnosis and treatment of diseases using organic dyes

In recent years, technologies that use light energy to visualize internal biological processes and treat diseases
have garnered increasing attention in next-generation diagnostic and therapeutic areas.'> The irradiated light
energy is absorbed by the endogenous or exogenous dyes inside the body and converted into other forms of
energy. Imaging techniques such as fluorescence imaging (FI) and photoacoustic imaging (PAI) can visualize
molecular dynamics inside the body and lesion sites by converting the irradiated light energy into emitted light
of different wavelengths or heat (Figures 5a, b). In the cancer treatment photodynamic therapy (PDT) and
photothermal therapy (PTT) use irradiated light energy to generate reactive oxygen species (ROS) or heat,
offering minimally invasive alternatives to conventional surgery, radiotherapy, and chemotherapy (Figures Sc,
d). For photoirradiation inside the body, near-infrared (NIR) light (650—1400 nm) within the biological
window is used because of its high tissue permeability and minimal absorption by water and hemoglobin
(Figure 5e)."*  Consequently, exogenous dyes need to be designed to efficiently absorb NIR light for diagnosis
and therapeutic purposes. Carbon materials such as fullerenes and inorganic nanoparticles capable of NIR
light absorption have been explored as contrast agents and photosensitizers.'"*  Since photosensitizers based
on NIR-absorbing organic dyes can gain various functions through chemical modification, extensive research
efforts have been made. To date, many NIR-absorbing dyes with narrow HOMO-LUMO energy gaps
(AEnomo-Lumo) have been developed, but their formidable tasks in synthesis often pose challenges. To make
medical advancements using these dyes beneficial and easily accessible to a broader population, it is required

to develop dyes that are not only highly functionalized but also cost-effective and simple to synthesize.
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Dyes excited by photoirradiation within the body release the absorbed energy through three main pathways
(Figure 5f): (1) emission of photons, resulting in fluorescence or phosphorescence; (2) generation of heat,
which converts energy into heat; and (3) generation of ROS, which results from electron transfer or energy
transfer via intersystem crossing (ISC). The energy release pathways play distinct roles in biomedical
applications. Pathways (1) and (2) are used for in vivo imaging with FI and PAI, respectively. Pathways (2)
and (3) are employed in cancer treatment with PTT leveraging heat generation and PDT relying on ROS
production, respectively. These radiative and nonradiative processes are in a trade-off relationship, where the

dominant pathway might be determined by the structure design of dyes.'”” Therefore, it is crucial to develop
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Figure 5. Schematic illustration of (a) fluorescence imaging (FI), (b) photoacoustic imaging (PAI), (c)
photodynamic therapy (PDT), (d) photothermal therapy (PTT), and (e) penetration of NIR light though
biological tissue. (f) Consumption of excitation energy through (1) radiative process, (2) photothermal

conversion, and (3) singlet oxygen generation.
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the appropriate chromophore which controls and optimizes their energy release pathways for specific

applications.

NIR-based imaging technology for cancer diagnosis
Cancer ranks the leading causes of death worldwide, and the mortality rate increases with metastasis.
This underscores the urgent need for advanced techniques to detect cancer at an early stage.'® Although various
techniques are currently developed to diagnose cancer, many imaging methods focus on the observation of
morphological information in cancer tissue.'” However, there is a growing need for the development of the
technologies to acquire functional images that provide more detailed insights into tumor behavior. Magnetic
resonance imaging (MRI), computed tomography (CT) and positron emission tomography (PET), commonly
used in medical screening,'® come with inherent risks of radiation exposure, making them unsuitable for long-
term monitoring (Table 1). In contrast, optical imaging techniques such as FI and PAI can visualize in vivo
information with high resolution and offer the potential to detect even tiny cancer lesions that may elude
conventional methods. Therefore, these minimally invasive diagnostic methods are desired for next-
generation cancer screening technology in medicinal area.
In FI, NIR dyes that efficiently convert light energy into long-wavelength fluorescence are utilized as
chemical probes. Due to its extremely high sensitivity and spatial resolution, FI shows great promise for real-

time imaging during surgical operations, enabling precise visualization of lesion sites.”” However, FI faces

Table 1. Various imaging modalities for cancer diagnosis.

imaging modalities spatial resolution tissue penetration  sensitivity cost other disadvantages
MRI 1mm whole body low high time-consuming
PET 5mm whole body high high radiation risk
CcT 1mm whole body low middle radiation risk
fluorescence imaging 1-10 um mm high low
photoacoustic imaging 0.1 mm cm low middle
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limitations in visualizing tumor tissues located deeper than several millimeters beneath the epidermis, as
fluorescent signals become attenuated in biological tissues.”’ In contrast, PAI employs NIR dyes with low
fluorescence quantum yields that efficiently convert light energy into heat. PAI can visualize tissues at depths
of several centimeters because of the deep tissue penetration of photoacoustic signals.”’ Nevertheless, there
are limited dyes that can generate sufficient intensity of PA signals in response to pulsed laser irradiation for
cancer diagnosis. Therefore, the development of dyes with a high molar absorption coefficient in the NIR
region and high photothermal conversion efficiency is essential.

Although various organic dye scaffolds have been developed for in vivo imaging, some dyes suffer from
low photostability, limiting their use under strong light exposure conditions required for PAL**  When dyes
with low photostability are used for long-term imaging, the signal will decay, making it challenged to identify
tiny lesion sites and potentially reducing diagnostic accuracy. Additionally, there are concerns that
degradation products from unstable dyes may harm the body. Therefore, remarkably photostable dyes are

highly desired to ensure accurate imaging and safety in living systems.

Phototherapy and phototheranostics for cancer treatment

The light energy absorbed by dyes accumulating in tumor tissues can also be utilized for cancer treatment.
Phototherapies such as PDT and PTT are effective only in the irradiated area. This makes them less invasive
than conventional cancer treatments using medicines, being particularly advantageous for treating small
cancers.”” Additionally, these therapies can be repeated because they do not cause a decrease in efficacy due
to drug resistance, which is a fatal flaw of conventional anticancer drugs.”* Since phototherapies can be
continuously applied to patients whose physical condition has deteriorated to be unable to continue
conventional treatments, they are expected to improve the survival rates of elderly cancer patients.

PDT utilizing ROS to damage cells can be classified into two types: type 1, which generates radical species,
and type 2, which generates singlet oxygen ('O,) (Figure 6).” Some ROS generated through type 1 PDT have
relatively long lifetimes and can oxidize extracellular molecules, potentially causing harm. Therefore, to

improve the therapeutic efficacy of PDT, it is necessary to increase the 'O, production efficiency by optimizing
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Figure 6. Mechanism of ROS generation.

the energy transfer from the triplet excited state of the photosensitizer to oxygen molecules. However, PDT
suffers an inevitable limitation in the hypoxic regions of tumors, where the scarcity of oxygen molecules
hampers 'O, generation.”®  Since photosensitizers in PDT can be activated by weak light, the ROS generation
in non-targeted normal tissues may cause serious side effects. For this reason, patients often need to avoid
continuous light exposure during treatment.””  Although PTT causes cancer cell damage by elevating the local
temperature, its therapeutic effectiveness remains intact even in hypoxic tumor regions.”® However,
achieving the necessary local temperature increase to kill cancer cells requires stronger light than that used in
PDT. Therefore, it is crucial to design PTT photosensitizers with high photostability to endure prolonged or
intense light exposure.

Theranostics (therapy + diagnostics), which uses a single drug for diagnosis and treatment, allows seamless
integration of diagnostic findings and therapeutic strategies.”” The development of tumor theranostics
strategies is highly demanded and represents one of the most advanced cancer treatments. A dye utilized in
both cancer imaging and phototherapy can conduct phototherapy immediately after the cancer detection. This
approach significantly enhances therapeutic efficacy while minimizing invasiveness. While PAI/PTT tumor
theranostics make significant progress, the discovery and development of materials with excellent

photothermal conversion efficiency are highly desired.*
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Diagnosis and treatment of cancer using metallophthalocyanine

In recent years, MPcs have attracted attention as promising dyes for PAI contrast agents and photosensitizers
for PDT or PTT due to the more suitable optical properties. In order to apply MPcs in vivo, it is necessary to
improve their solubility in water by introducing water-soluble substituents or loading them into nanoparticles.
There have been many reports on the biological applications of water-soluble MPcs with anionic or cationic
subunits, MPc-loaded nanoparticles, and MPcs modified with amphiphilic polymers such as polyethylene
glycol (PEG) have been widely explored.”’ The deactivation process of excited MPc in water can also be
controlled by chemical modification, including altering the central metal ion. SiPc and ZnPc derivatives as
photosensitizers for PDT are intensively studied because they are prone to intersystem crossing to the triplet
excited state.*> Conversely, NiPc with an insufficient energy gap between So and T, to generate singlet
oxygen generally shows high photothermal conversion efficiency, making it promising as a photosensitizer for
PAI and PTT.”

Since the Q-band absorption of MPcs overlaps with that of hemoglobin, it is possible to improve their
performance as contrast agents or photosensitizers by a bathochromic shift of the Q-band absorption. Metal
naphthalocyanines (MNc) with extended conjugated systems of the isoindole units of MPc absorb
approximately 100 nm longer wavelengths of light than MPc.** MNc can absorb NIR light despite the

hypsochromic shift in the absorption spectrum due to aggregation.

Stimuli-responsive dyes as activatable photosensitizers
Only a small amount of the dye accumulates in the lesion site when dyes are administered into the body for

diagnosis and treatment.*’

This limitation poses challenges when using “always-on” dyes, which act as
photosensitizers wherever they are exposed to light. These dyes generate signals in both lesion and regular
sites in imaging, making diagnosis inaccurate. Because phototherapy using “always-on” dyes involves a risk
of damage to normal cells, carefulness to avoid exposing healthy tissue to excitation light is required. To

address these issues, the development of stimuli-responsive photosensitizers to enhance the activity of the

photosensitizer at lesion sites in response to specific cancer biomarkers is essential.>
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Two main design strategies guide the development of activatable dyes: (1) controlling molecular aggregation
and (2) controlling electronic properties of molecules to shift absorption wavelengths. Because many organic
dyes with a large m-electron conjugation exhibit hypochromic or bathochromic shifts in their absorption spectra
depending on aggregation, fluorescence and 'O, generation are quenched, resulting in photothermal conversion
efficiency increase.”” Dye aggregation enhancing PA signals at lesion sites makes it possible to visualize
cancer cells more clearly or heat cancer tissues effectively. Although these dyes exhibit increased PA signals
upon aggregation, they also generate signals before aggregation that act as noise and degrade the image quality.
To detect tiny tumor tissues with high resolution in PAI, suppressing signal generation in normal cells and
minimizing background noise is necessary.

The optical properties of dyes are closely related to the structure of their m-electron conjugated system.
Therefore, modulating the m-electron conjugation length is a powerful method to control their optical properties.
When the sp*hybridized carbons in the n-conjugated framework of chromophore are chemically converted
into sp*-hybridized carbons, the absorption peaks shift to shorter wavelengths and the solubility of a
chromophore is improved by m-m stacking suppression.®® The absorption spectra of these dyes change
significantly when the n-conjugated structure is reformed, enabling them to be applied as photosensitizers that

can work only at the lesions.

Core-modificated MPc

Most stimuli-responsive MPcs developed so far rely on aggregation control but fail to suppress their activity
before activation. There have been no previous examples of the MPc-based turn-on type contrast agent for
PAI and photosensitizer for PTT.

The optical and electronic properties of MPc are closely related to the 18zn-electron conjugated system of
the Pc core structure. Chemical modifications of sp?-hybridized carbon atoms at the a-position of pyrroles
can lead to the loss of the 18n-electron aromaticity. For example, in Ti and Nb complexes with two distorted
Pc rings sandwiching the central metal, the chemical modification disrupts the 18n-electron conjugated system,

leading to the absence of NIR absorption.**  Other than this structure having eight isoindole units surrounding

10
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the central metal, the penta-isoindole 'helmet'-type CoPc derivative can be converted to a planar CoPc by
heating or electrochemical reduction (Figure 7a).** MPc derivatives with two alkoxy groups on the diagonal
pyrroles have been isolated as intermediates during alcohol-mediated synthesis of MPc (M = Ni, Cu) under
mild conditions (Figure 7b).* The alkoxy groups on the MPc core can be removed through heating or
reduction, converting them into planar MPcs.  These highly distorted Pc macrocycles with two sp*-hybridized
carbons in the Pc core structure have significantly improved solubility in organic solvents compared to planar
MPcs. For example, Kobayashi and co-workers prepared CuPc thin films by annealing core-alkoxylated
CuPc derivatives and applying them to photovoltaic devices. Building on these findings, the author
hypothesized that water-soluble core-alkoxylated NiPc derivatives could serve as a turn-on PAI agent to
visualize glutathione (GSH)-overexpressed cancer cells. Upon reduction by GSH, the core-alkoxylated NiPc
derivatives would be converted to planar NiPc, enabling enhanced PAI through its restored 18m-electron

conjugated system.

“helmet”-type CoPc core-alkoxylated CuPc

Figure 7. Structures of “helmet”-type CoPc and core-alkoxylated CuPc.
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Overview of this thesis

In this study, the author has developed MPc derivatives designed to undergo structural changes in response
to external stimuli, resulting in solubility and absorption spectra changes (Figure 8). Upon stimulus-triggered
conversion from highly soluble MPcs to less soluble MPcs, MPc aggregation occurs, enhancing photothermal
conversion efficiency and generating strong PA signals. First, the author has clarified that the PA signal
intensity of MPcs or metal-coordinated naphthalocyanines (MNcs) with water-soluble axial ligands increases
upon cleavage of these ligands (Chapters 1 and 2). Next, the author has developed core-alkoxylated NiPc

and NiNc derivatives that are converted to NiPc and NiNc under mild conditions via reductive aromatication,

hv or enzyme

weak strong
PA signal PA signal
’ n” I
J}jjj ((/\ ’:J/ \L\\? /\) ”})j)
RS -
\ ! ! 17
‘k_ _’J
N N\ AN
W
reductant \ /
E—— Ny N N
N/ N
) strong
N ) PA signal
no a Y
PA signal U‘:—’Jl \L‘~:’\) )}jjj
heat

or reductant
or electrochemical
reduction

Figure 8. Overview of this thesis.
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respectively. Since the PA signal intensity increases in response to reducing agents such as GSH, conversion
proceeded rapidly in cancer cells overexpressing GSH (Chapters 3 and 4). Finally, the author synthesized
perfluorinated NiPc (NiPcFis) derivatives with alkoxylated core-structures, yielding isomers with different

alkoxy group positions (Chapter 5).

In Chapter 1, the author describes the development of a PA contrast agent for tumor imaging using
activatable MNcs with water-soluble axial ligands cleaved by an enzyme (Figure 9). Aluminum and silicon
naphthalocyanines (AINc and SiNc) conjugated with matrix metalloprotease-2 (MMP-2)-responsive peptide
(PLGLAG) and PEG on axial ligands were designed and synthesized. Cleavage of the peptide chains by
MMP-2 led to MNc aggregation, increasing PA signals from the aggregates while decreasing those from
monomers. By monitoring the ratio of PA signal intensity, MMP-2-overexpressing tumor cells were

visualized both in vitro and in vivo.

matrix metalloprotease-2
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Figure 9. Enzymatic cleavage of the peptide moiety of MNc-pep-PEG.

In Chapter 2, the author describes the development of AlPc and SiPc derivatives with PEGylated axial
ligands (AlPc-PEG and SiPc-PEG), which undergo the elimination of axial ligands under photoirradiation
(Figure 10). The resulting MPc aggregation enhanced the PA signal intensity. The author proposes reaction
mechanism through the formation of radical anions through one-electron transfer between closely located MPc

molecules upon photoirradiation.

13
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Figure 10. Photoinduced axial ligand cleavage of MPc-PEG.

In Chapter 3, PA cancer imaging using core-alkoxylated NiPc is described (Figure 11). The author found
that the conversion of core-alkoxylated NiPc derivatives (ox-NiPcs) could proceed at room temperature using
reductants. An amphiphilic 0x-NiPc¢ derivative with PEG side chains (ox-NiPc-PEG) was converted to NiPc
in the presence of GSH in water. In GSH-overexpressing cancer cells, this conversion proceeded more

efficiently than in normal cells, significantly increasing PA signal.

Sy °
/N
biological
thiols
physiological
conditions

Figure 11. Reductive aromatization of 0x-NiPc-PEG.

In Chapter 4, the author describes the development of core-alkoxylated NiNc derivatives that can be used
as contrast agents for PA cancer imaging (Figure 12). A core-alkoxylated NiNc derivative having PEG side
chains (0x-NiN¢-PEG) could be converted to NiNc in response to GSH under mild conditions, enhancing PA
signal intensity. NiNc exhibits a significant absorption signal in the NIR region even after aggregation in

water, allowing for efficient excitation by NIR laser irradiation. In GSH-overexpressing cancer cells treated

14
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with ox-NiN¢-PEG, NIR laser irradiation induced significant cell death, its potential as a theranostic agent

being confirmed.

biological
thiols

physiological
conditions

Figure 12. Reductive aromatization of 0x-NiNc-PEG.

In Chapter 5, the author describes the synthesis of alkoxylated perfluorinated NiPc derivatives
((RO):NiPcFy6) (Figure 13). In the case of 0x-NiPc, in which benzene rings are not modified, only the 5,
19-alkoxylated isomer is obtained. On the other hand, two isomers were obtained simultaneously in the
synthesis of (RO):NiPcFjs; the major component in which the alkoxy groups were attached to the adjacent
pyrrole rings (adj-(MeQO):NiPcFis) and the minor one in which the alkoxy groups were attached to the
diagonally opposite pyrrole rings (opp-(MeO);NiPcFi6). adj-(MeQO),NiPcF;s was converted to NiPcF s by
heat or reduction. The conversion to NiPcF;s proceeded quantitatively by reductive aromatization using

HzSIlCl4.

heat
or reduction

Figure 13. Reductive aromatization of adj-(MeQO);NiPcF .
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Chapter 1

MMP-2-Activatable Photoacoustic Tumor-Imaging Probes Based on Al- and Si-

Naphthalocyanines

Abstract

Enzyme-activatable photoacoustic probes are powerful contrast agents to visualize diseases in which a
specific enzyme is overexpressed. In this study, aluminum and silicon naphthalocyanines (AINc and SiNc,
respectively) conjugated with matrix metalloprotease-2 (MMP-2)-responsive PLGLAG peptide sequence and
poly(ethylene glycol) (PEG) as an axial ligand were designed and synthesized. AINc-based conjugate
AlNc-pep-PEG formed dimeric species interacting with each other through face-to-face H-aggregation in
water, while SiNc-based conjugate SiNe-pep-PEG hardly interacted with each other because of the two bulky
hydrophilic axial ligands. Both conjugates formed spherical nanometer-sized self-assemblies in water,
generating photoacoustic waves under near-infrared photoirradiation. The treatment of MNc-peptide-PEG
conjugates (M = Al, Si) with MMP-2 smoothly induced the cleavage of the PLGLAG sequence to release the
hydrophilic PEG moiety, resulting in the aggregation of MNcs. By comparing the PA signal intensity changes
at 680 nm and 760 nm, the photoacoustic signal intensity ratios were shown to be enhanced by 3-5 times after
incubation with MMP-2. The author demonstrated that MNc-peptide-PEG conjugates (M = Al, Si) could
work as activatable photoacoustic probes in the in vitro experiment of MMP-2-overexpressed cell line HT-1080

as well as the in vivo photoacoustic imaging of HT-1080-bearing mice.
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Introduction
Photoacoustic (PA) imaging is one of the most powerful modalities to visualize disease by utilizing less-

3 In the visualization of target tissue, disease, and

invasive near-infrared (NIR) pulse laser irradiation.'
biological activity, PA contrast agents that efficiently absorb photoenergy in the tissue-permeable NIR region
and generate PA waves through nonradiative decay have been intensively investigated.*> To obtain
high-contrast PA images, there are three important requirements for PA contrast agents based on organic dyes.
First, NIR nonemissive dyes with high molar extinction coefficients () are required for strong PA wave

% Second, to assess precisely the pharmacokinetics and therapeutic efficacy of drugs, photostable

generation."
PA contrast agents that can be tolerated under continuous pulse laser irradiation for repeated diagnosis and
biological assessment are preferred.”®  Third, to visualize the location of accumulated probes, activatable PA
contrast agents that generate PA waves by responding to biological stimuli, especially enzymes, in cells are
desired.'®'> In light of these requirements, the development of activatable PA probes based on a photostable
NIR dye is most desirable.

Metallonaphthalocyanine (MNc) is one of the photostable NIR dyes with high & value (~1 x 10°), thereby

13,14

being expected to be a good candidate as a photosensitizer for PA imaging in the NIR region. Despite

their blue-shifted absorbance of smaller n-conjugated system, phthalocyanines have widely investigated as a

1316 In contrast, there are a limited number of water-soluble MNcs applying to PA imaging,

PA contrast agent.
probably because their low solubility both in organic solvents and water has hampered their functionalization.
Lovell and co-workers reported tin naphthalocyanine (SnNc) conjugated with poly(ethylene glycol) (PEG) and
its application to PA vascular imaging;'” however, the “always-on” property of MNcs may preclude their
application to PA imaging of target tissues without background noise. Although the “turn-on” property of
probes is known to improve the visualization of target tissues dramatically, to the author’s knowledge, there
have been no reports involving activatable PA contrast agents based on water-soluble MNcs.

Recently, the research team of the author reported self-assemblies consisting of NIR dye- and PEG-grafted
18,19

hyaluronates, in which the aggregated NIR dyes efficiently increased the PA signal intensity in water.

Based on this finding, the author envisioned that the detachment of sterically demanding water-soluble
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substituents from MNcs would lead to the aggregation of MNcs, resulting in PA signal enhancement (Figure
1). Peripheral aromatics of m-system and axial ligands on a center metal are potential modification sites in
MNecs. Although peripheral functionalization is accessible, the aggregation of MNcs cannot be prevented

2021 The author assumed that conjugation of sterically demanding axial ligands can suppress the

effectively.
aggregation of MNcs, and the removal of axial ligands can lead to significant PA signal enhancement induced
by MNc aggregation. Aiming at detaching the water-soluble ligand in specific cells, the author designed
MNc-peptide-PEG conjugates consisting of aluminum naphthalocyanine (AINc) or silicon naphthalocyanine
(SiNc), PEG, and a PLGLAG oligopeptide sequence that is cleaved under neutral conditions by matrix
metalloprotease-2 (MMP-2) as an overexpressed protease related to tumor metastasis and angiogenesis.”> >
While photosensitizers of the reported MMP-2-activatable PA contrast agent are NIR cyanine dyes with

2328 no MMP-2-responsive PA contrast agents based on photostable MNcs have

photobleaching disadvantage,
been reported. Here, the author describes newly developed MNc-peptide-PEG conjugates (MNc-pep-PEG),
which smoothly respond to MMP-2, affording MNc aggregates with strong PA wave generation.
MMP-2-activatable MNc conjugates were found to increase the relative PA signal intensity ratio up to five

times in MMP-2-overexpressed cell line HT-1080 and were successfully applied to in vivo PA tumor imaging

of HT-1080-bearing mice.

680 nm 680 nm strong
v ON N e
1 PN
PLGLAG AN
L ] L I ] N\
PEG MMP-2-responsive )
e ti:e 760 nm /) weak
Rep PA760
APA
760 nm 680 _ up t04.7
PEG-peptide-naphthalocyanine (Nc) conjugate APAzg,

Figure 1. MMP-2-induced MNc-aggregation for PA signal enhancement. AINc (M = Al) and SiN¢ (M
= Si) were used. In the case of SiNc, two PEG-peptide axial ligands were incorporated on the Si atom,

but one of two ligands is omitted for clarity in the figure. P: proline, L: leucine, G: glycine, A: alanine.
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Results and discussion

Synthesis of MNc-pep-PEG conjugates

For grafting MMP-2-responsive hydrophilic functionality, AINe-OH,?’ which has one hydroxy group as an
axial ligand, and SiNe-OH,? which has two hydroxy groups as axial ligands, were chosen as a core structure
of activatable PA probes (Figure 2). The treatment of AINc-OH and SiNc-OH with
3-aminopropylethoxydimethylsilane ~afforded AINe-NH, and SiNe-NH, in moderate yields.*
AlNc-pep-PEG and SiNc-pep-PEG were prepared using a condensation reaction with peptide-PEG conjugate
2 having a free C-terminal, followed by dialysis and lyophilization. The parent signals of AlNc-pep-PEG
and SiNc-pep-PEG were observed in MALDI-TOF mass spectra. Because the conjugation of PEGs whose
average molecular weight was less than 1 kDa led to low water solubility of MNc conjugates, PEG (MW = 2
kDa) as a hydrophilic axial ligand was used. AINc-PEG and SiNc¢-PEG without MMP-2 responsiveness

were synthesized by grafting 1 to MNcs in a similar manner.

HZN\/\/Sl PEG-| N\/\/S| PEG— N\/\/SI

. \ %\&‘ a’

)
AINc OH (M = Al) AlNc- NH2 (36%, M = Al) SsiT"N-PEG
SiNc-OH (M = Si-OH) SiNc-NH; (42%, M = Si-0SiMe(CH,)sNH,) /N H

AINc-PEG (58% from AINc-NHy) SiNc-PEG (43% from SiNc-NHy)

PEG

o

PEG-pep— N\/\/SI PEG-pep— N\/\/Su
OH
CH3+OCH,CH, N
4 H o
1 C

PEG—pep \\ \

EDC cat. DMAP N N /

/ \

CH;‘(»OCHchz«)—N)v HN)\f CHQCIQ it, overnight
N
‘k OH
O

\/Si/\/\N*pep*FEG

AlNc-pep-PEG (36% from AINc-NH,) SiNc-pep-PEG (42% from SiNc-NH,)

Figure 2. Synthesis of AINc and SiNc bearing hydrophilic axial ligands. EDC-HCI:
1-ethyl-(3-dimethylaminopropyl)carbodiimide hydrochloride, DMAP: 4-dimethylaminopyridine.
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Photophysical properties of Nc-pep-PEG conjugates

The absorption maxima of AlNc-pep-PEG and SiNc-pep-PEG in N,N-dimethylformamide (DMF) were
detected at 788 nm (e = 1.0 x 10° M' cm™") and 781 nm (g = 1.3 x 10° M"' em™"), respectively, which were
attributable to the Q-band (orange lines in Figures 3a and 3b).”” The sharp peak in the NIR region indicates

that both conjugates are well-dispersed in DMF as a monomeric form without any intermolecular interaction.
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Figure 3. UV-vis absorption spectra of (a) AINc-pep-PEG and (b) SiNc-pep-PEG in DMF (orange) and
H,O (blue). Concentration: 10 uM. Hydrodynamic diameters of self-assemblies consisting of (c)
AlNc-pep-PEG and (d) SiNc-pep-PEG in H,O measured by DLS. PA signal of (e¢) AINe-pep-PEG and
() SiNe-pep-PEG in H>O (at 760 nm). Signals were detected at ca. 20 us after detection of a trigger

signal.
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Table 1. Molar extinction coefficient of MNcs.

molar extinction coefficient € (M’l cm’l) [Aabs,max (NM)]

DMF H,0

AlNc-pep-PEG 1.0x10° [788] 5.4x10*[726]

SiNc-pep-PEG 1.3x10° [781] 6.6x10*[791]
AINc¢-PEG 9.6x10% [785] 5.9x10% [740]
SiN¢-PEG 1.1x10° [779] 4.8x10% [784]

In contrast, the absorption maximum of AINc-pep-PEG in water was observed at 726 nm (blue line in Figure
3aand Table 1). Because the absorbance of MNc H-aggregates is known to be observed around 710 nm,*'*?
two AlNc-pep-PEG molecules are considered to form dimeric face-to-face H-aggregates with interaction
between their concave faces in water (Figure 4, left). = Nagamura and co-workers reported that
pentacoordinated oxovanadium naphthalocyanine (O=VNc) interacted with each other through both
H-aggregation (Aws = 745 nm) and J-aggregation (Aas = 850-950 nm).*> Because no obvious absorption
signal of J-aggregates of AINcs was observed, the J-aggregation of AINcs shown in Figure 4 seems to be a
minor form probably due to the steric repulsion between the bulky PEG moieties. In the case of SiNc-pep-
PEG, the absorbance of a monomeric form was observed at 791 nm as a sharp signal, although broadened
(blue line in Figure 3b and Table 1). This suggests that the intermolecular interaction of SiNc-pep-PEG is
weak due to the steric bulkiness of the axial ligands (Figure 4, right). AlNc-PEG and SiNc-PEG showed
quite similar absorption spectra to AlNec-pep-PEG and SiNc-pep-PEG, respectively, indicating that an
MMP-2-responsive peptide does not interact intermolecularly through hydrogen bonds (Figure 5 and Table 1).

weak interaction
(J-aggregation)

P

[

strong interaction
(H-aggregation )
PEG [

Figure 4. Plausible aggregation modes (- and J-aggregates) of AIN¢-pep-PEG (left) and SiNc-pep-PEG
(right).
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Figure 5. UV-vis absorption spectra of (a) AINc-PEG and SiNc-PEG in DMF (orange) and H,O (blue).

Dynamic light scattering (DLS) measurements suggest that AlNc-pep-PEG and SiNc-pep-PEG
self-assembled to form nanoparticles with diameters of 121 + 26 and 66 + 17 nm, respectively (Figures 3c and
3d). From transmission electron microscope (TEM) measurements, small spherical nanoparticles (diameter
= 6—7 nm) and slightly larger nanoparticles (diameter = 25-32 nm) were observed in both cases, which might
be a mixture of micelles and multimicellar aggregates (Figure 6 and Table 2). The author measured the PA

waves of AlNc-pep-PEG and SiNc-pep-PEG self-assemblies in water to investigate the effect of MNc

()

Figure 6. Representative TEM images of (a) AINc-pep-PEG and (b) SiNc-pep-PEG. Scale (red bar): 20 nm.

Table 2. Diameters of MNcs estimated by TEM images.

diameter (nm)

AlNc-pep-PEG 6+1 32+£13
SiNc-pep-PEG 7+2 25+6

Average values with standard deviation, n > 50.
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aggregation on PA signal intensity (Figures 3e and 3f). Under photoirradiation with a pulse laser at 760 nm,
PA signal intensity (denoted as PA) of SiNe-pep-PEG was 2.6 times stronger than PA7¢ of AINc-pep-PEG.
The two axial ligands of monomeric SiNc-pep-PEG might convert the excited photoenergy more efficiently
through a nonradiative deactivation pathway, thereby generating stronger PA waves. By contrast, the PAsso
of AINc-pep-PEG and SiNc-pep-PEG under photoirradiation at 680 nm were comparable (AlNc-pep-PEG :
SiNc-pep-PEG =1 : 0.96). By considering that the photoenergy at 680 nm is mainly absorbed by AINc
H-aggregates, the author concluded that PA waves can be generated by dye aggregation. To check the
influence of pH, the author measured PA signal intensities of probes under neutral and slightly acidic conditions.
The author confirmed that PA signal intensities PAgso and PA7¢0 as well as the ratios of PAgso/PA7eo are almost
constant in pH range from 5.0 to 7.7 (Figure 7).

The photostability under NIR photoirradiation was examined by monitoring time-dependent decrement of
the maximum absorbance (Figure 8). Seventy percent of indocyanine green (ICG),**** which is an approved
contrast agent for NIR optical imaging under photoirradiation was bleached after photoirradiation for 2 h,
whereas no absorbance decrease of AINc-pep-PEG was observed. This property is advantageous for PA
imaging under continuous photoirradiation and preferable to lower the limit of detection. SiNec-pep-PEG
was found to be less stable than AINc-pep-PEG and 15% of SiNe-pep-PEG underwent bleaching after 2 h

photoirradiation. Because the photoinduced cleavage of the axial ligand from silicon phthalocyanine has

(a) PAggo (b) PAsgo (€) PAggo/PAs0
- Il AINc-pep-PEG . Il AINc-pep-PEG _ Il AINc-pep-PEG
B SiNc-pep-PEG I SiNc-pep-PEG I SiNc-pep-PEG
1 11 14
- - 3
El Ed g
o o \O
= & <
0- p E 0-
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Figure 7. PA signal intensities at 680 nm and 760 nm and PA signal intensity ratio (PA680/PA760) of
AlNc-pep-PEG (blue) and SiNc-pep-PEG (orange) normalized by the values at pH 7.2.

27



Chapter 1

§ 2 . o <— AINc-pep-PEG
’3-‘ A A <— SiNc-pep-PEG
8 X
)
(8]
: i O ()
o)
S
: g [
X

g TNy

0 E)as’d la (L)ISO3Na

0 ' 1 ' 2 indocyanine green (ICG)
time (h)

Figure 8. Photobleaching test of AlNc-pep-PEG (circle), SiNc-pep-PEG (triangle), and indocyanine
green (cross) under LED photoirradiation. LED: Amax = 737 nm, half-bandwidth = 20 nm, power = 25

mW (at the sample level). Absorbance corresponds to the mean value of two independent experiments.

been reported,* a similar removal of axial ligands is assumed to proceed to form aggregates, resulting in the

absorbance decrease.

MMP-2-responsiveness of MNc-peptide-PEG conjugates
With photostable MNc conjugates in hand, the author next examined their MMP-2-responsiveness.  After

treating MNc conjugates with MMP-2, time-dependent change of absorbance was monitored (Figure 9).

(a) (b) (c)

0.4+ 0.4+ . 0.4 -
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Figure 9. Time-dependent absorbance change of (a) AINc-pep-PEG, (b) SiNc-pep-PEG, and (c) AlNc-
PEG (5.0 uM, pH = 7.2) during incubation with MMP-2 (5.0 nM). Just after (purple), 15 min (blue), 30
min (green), 60 min (red), and 120 min (pink).
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After 2 h incubation with MMP-2, AINc-PEG which does not contain MMP-2-responsive peptide, showed no
change of absorption spectra. The treatment of AINc-pep-PEG and SiNc-pep-PEG with MMP-2 led to a
decrease in absorbance intensity without obvious spectrum shape change. After 2 h incubation, the
hydrodynamic diameters of self-assemblies in solution increased in both cases (Figure 10 and Table 3). These
results indicate that MMP-2 gradually hydrolyzed the peptide sequence, inducing the aggregation of MNcs.
To investigate the aggregation-induced PA signal enhancement, PA signal intensities were measured before
and after incubation of AINc-pep-PEG and SiNc-pep-PEG with MMP-2 for 2 h. By dividing PA signal
intensity measured after incubation by that before incubation, the PA signal intensity change (denoted as APA)
was calculated. APAggo of AlNc-pep-PEG and SiNc-pep-PEG increased to 2.0 and 2.5 after incubation for
2 h, respectively, whereas APA769 decreased to 0.6 and 0.5, respectively (Figure 11, Table 4). Accordingly,

both AINc- and SiNc-conjugates were found to act as activatable probes for MMP-2 detection by monitoring
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Figure 10. Hydrodynamic diameters of (a,c) AINc-pep-PEG and (b,d) SiNc-pep-PEG in buffer solution
(pH =7.2) (a,b) before and (c,d) after treated with MMP-2 (5 nM) for 2 h.

Table 3. Hydrodynamic diameters of MNcs before/after MMP-2 treatment.

Hydrodynamic diameter [nm]

before treatment after treatment
AlINc-pep-PEG 121 + 26 148 + 35
SiNc-pep-PEG 66+ 17 157 £32
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PAsso. By focusing on the increase in APAggo and the decrease in APA 7 after incubation, the author assumed
that the relative PA signal intensity ratio APAgso/APA760 could more clearly track the MMP-2 activity. Indeed,
the ratios APAgso/APA760 were 3.1 for AINe-pep-PEG and 4.7 for SiNc-pep-PEG after incubation for 2 h (Table
4), supporting that the change in APAsgo/APA760 is more accurate for MMP-2 detection than that in APAgs.
To evaluate the enzyme specificity, AINc-pep-PEG and SiNc-pep-PEG were treated with other enzymes

including other MMPs and MMP-2 in the presence of its inhibitor GM6001 (Figure 1 1).36 The APAgz0/ APA 760

Table 4. PA intensity ratios APA680, APA76(), and APAﬁs()/ APA76().

MNc conjugate MMP-2  MMP-2 MMP-9 MMP-7 PLE’ lipase®
APAgso 2.0 0.9 1.1 1.2 1.0 1.2
AlNc-pep-PEG APA769 0.6 0.9 0.9 0.9 0.8 0.9
APAgs0/ APA760 3.1 1.0 1.3 1.3 1.2 1.3
APAgso 2.5 0.9 0.8 0.6 1.1 0.9
SiNec-pep-PEG APA760 0.5 1.3 1.0 0.9 1.0 1.0
APAgs0/ APA760 4.7 0.7 0.8 0.7 1.1 0.9

Enzymes (5 nM) were treated with probes (30 uM) in buffered solution (pH = 7.2) at 37 °C for 2 h.
“GM6001 (inhibitor,100 uM). “Porcine liver esterase. ‘Lipase AK Amano.

AINc-pep-PEG B APA, SiNc-pep-PEG B APA,
B APA,, B APA,,

Figure 11. PA signal intensity change (APA) of (a) AINc-pep-PEG and (b) SiNc-pep-PEG (30 pM, pH =
7.2) after incubation with enzyme (0.32 pg/mL) for 2 h. Values correspond to the mean value of two
independent experiments. PLE: porcine liver esterase, lipase: lipase AK Amano, GM6001: inhibitor of
MMP-2.
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of AINc-pep-PEG and SiNc-pep-PEG did not significantly change, indicating the MMP-2-specific response
of the probes. PA signal intensities PAgso and PA7¢ were affected by the concentration of MMP-2 loaded
(Figure 12a and 12b). At low concentration of MMP-2 (<5 uM), PAgso after 2 h incubation linearly increased
as the concentration increased. In contrast, PAss decreased linearly, therefore, the ratio APAgso/APA760
gradually increased (Figure 12c¢). PA signal intensities reached to a plateau when the initial concentration of
MMP-2 was more than 5 uM, indicating that both probes are potentially applicable as a “turn-on”-type
ratiometric probe for MMP-2 activity at low concentration. To examine the concentration dependence of the
enzymatic reaction, enzymatic kinetic parameters (Michaelis constant Ky, turnover number kcat, and kca/Km) of
MMP-2 hydrolysis of MNc-peptide-PEG conjugates were measured according to Michaelis-Menten analysis
(Figure 13 and Table 5). Those parameters for hydrolysis of both AIN¢-pep-PEG (K, = 22 uM and keat =
0.0023 57", kea/Km = 2.5 x 10* M s7') and SiNe-pep-PEG (K = 27 pM and key = 0.0033 57", kea/Kim = 3.0 x
10* M s7') were obtained. Because the kinetic parameters are comparable to those of the reported
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MMP-2-responsive optical probes,”’ " the enzyme approach to the peptide moiety was found to be not blocked

by the bulky PEG group and MNc¢ moiety.

(a) 3. (b)g - B APA (c) 6 - Il AINc-pep-PEG
AlNc-pep-PEG SiNc-pep-PEG 680 SiNc-pep-PEG
| B APA, | B APA, | pep
Bl APA,, 8
2 s 4 A
5 g
. 5,
0- 0-
1 2 5 10 1 2 5 10 1 2 5 10
concentration {(nM) concentration (nM) concentration (nM)

Figure 12. PA signal intensity changes (APA) of (a) AINc-pep-PEG and (b) SiNc-pep-PEG (30 uM, pH
= 7.2) after incubation with MMP- 2 for 2 h. (c) Ratio (APAsso/APA760) of PA signal intensity changes
of AINc-pep-PEG and SiNc-pep-PEG (30 puM, pH = 7.2) after incubation with MMP-2 for 2 h.
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Figure 13. Concentration-dependent absorbance change of (a) AINc-pep-PEG and (b) SiNc-pep-PEG at
absorption maximum. Michaelis-Menten plots of (c) AINc-pep-PEG and (d) SiNc-pep-PEG in response

to MMP-2 (4.2 nM). Lineweaver-Burk plots of (¢) AINc-pep-PEG and (f) SiNc-pep-PEG.

Table 5. Michaelis constant K.,, maximum rate Vi.x and turnover number kca.

K [pM] Vinax [uM min '] kear [min'] keat / K [M7's71]
AlINc-pep-PEG 21.8 0.14 34 2.6 x 10
SiNc¢-pep-PEG 26.7 0.20 48 3.0 x 10*
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Because the MMP-2 responsiveness of probes utilizing the PA signal output was proven, the author next
evaluated the in vitro sensing ability of probes in MMP-2-overexpressed human sarcoma cell line HT-1080.2%4°
Before cell experiments, the author confirmed the low cytotoxicity of probes using an MTT assay (Figure 14).
After the treatment of HT-1080 with AINc-pep-PEG and SiNc-pep-PEG for 4 h, APAsgo gradually increased
to 4.3 and 2.6, respectively (Figure 15a). Moreover, the values of APAgso/APA76 after 4 h were 5.4 for
AlNc-pep-PEG and 3.9 for SiNc-pep-PEG (Figure 15b). The incubation with inhibitor GM6001 efficiently
suppressed the MMP-2 activity in cells, the PA signal intensities remaining unchanged. The treatment of
probes with human cervical cancer cell line HeLa, which is characterized with low MMP-2 expression level,”

showed a negligible change in PA signal intensities. These results demonstrate that AINc-pep-PEG and

SiNec-pep-PEG can work as activatable probes for MMP-2 activity in a living system.

@ 150 (b)
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i 2 80 -
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Figure 14. MTT assay of the viability of HT-1080 cells after treated with (a) AIN¢-pep-PEG and (b)
SiNc-pep-PEG for 24 h. Mean values and standard deviation (n = 6).
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Figure 15 (a) PA signal intensity change at 680 nm (APAsso) during the incubation of HT-1080 with
AlNc-pep-PEG (blue), SiNc-pep-PEG (orange), SiNc-pep-PEG and GM6001 (green), and the incubation
of HeLa with SiNc¢-pep-PEG (purple). Dyes (30 uM) and GM6001 (100 uM).  (b) Ratio of PA intensity
change (APAgso/APA760) under the same incubation conditions shown in (a). Averages and standard

deviations (n = 3) for cell experiments are shown. Two-tailed Student’s #-test: **P<(.05.

In vivo PA imaging

To verify the MMP-2-responsive enhancement of PA signal intensity in vivo, the author then carried out in vivo
PA imaging experiments using nude mice bearing HT-1080 in the right leg. Because AlNc-pep-PEG showed
a slightly better APAgso/APA760 value than SiNe-pep-PEG in the cell experiments, the author selected
AlNc-pep-PEG for in vivo PA imaging experiments. After intravenous (i.v.) injection of AINc-pep-PEG or
AINc-PEG as a control contrast agent, PA images were obtained under photoirradiation at 680 nm and 760 nm
(Figures 16, and 17). To reduce the effect of background PA signal intensities mainly generated from
hemoglobin, the PA signal intensity at 850 nm was subtracted from those at 680 nm and 760 nm and PA signal
intensities PAsgo,vivo and PA7eo.vivo Of probes at the tumor site were estimated. In the case of AINc-PEG, both
PAssovivo and PAssovivo slightly increased as the probe accumulated through the enhanced permeation and
retention effect.*’ The PA signal intensity ratios (PAsgsovivo/PA760vive) Of AINe-PEG at 1 h and 6 h after

administration were 1.8 + 0.4 and 1.9 + 0.3, respectively (Figure 16c and Table 6). Because these
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Figure 16. Representative in vivo PA images (tumor site) of HT-1080-bearing mice before and 1 h after i.v.
injection of (a) AINc-pep-PEG and (b) AIPc-PEG (100 uM in saline, dose: 200 pL). PA signal image
(right) and merged image of PA signal image with bright field image (left). Red dotted circle: tumor site.
Photoirradiation wavelength: 680 nm and 760 nm. (c) PA signal intensity ratio (PAsso,vivo/PA760.vivo) at the
tumor site of HT-1080-bearing mice 1 h and 6 h after i.v. injection of AIN¢-pep-PEG (blue) and AINc-PEG
(orange). Averages and standard deviations (n = 3) are shown. Two-tailed Student’s t-test: *p<0.1,

**p<0.05.

Table 6. PAgso.vivo/PA760.vivo fOr in vivo PA imaging.

1h 6h
AlNc-pep-PEG 2.5+0.1 25402
AINc-PEG 1.8+0.4 1.9+0.3

PA signal intensity measured in the region of interest (ellipse shape, 10 mmx14 mm axes).
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Figure 17. The representative in vivo PA images of HT-1080-bearing mice before and after i.v. injection
of (a) AlNc-pep-PEG and (b) AlPc-PEG (100 uM in saline, 200 pL) for 1 h and 6 h. Photoirradiation

wavelength: 680 nm and 760 nm.

PA630,vivo/PA760.vivo Values are comparable to the PA signal intensity ratio (PAsso/PA7s0 = 1.3) of AINc-PEG in
water, AINc-PEG was hardly decomposed in the MMP-2-overexpressed tumor site.  On the other hand, the
ratio of PAggo,vivo/PA760,vivo fOr AINc-pep-PEG increased to be 2.5 + 0.1 as early as 1 h after administration and
was retained until 6 h after administration (PAsso,vive/PA760,vivo = 2.5 £ 0.2).  These results clearly indicate that
PA imaging using AINc-pep-PEG can visualize the MMP-2-overexpressed tumor site more clearly than probes
without MMP-2 responsiveness. In addition, by considering that the cumulative photoirradiation for 18 min
(3 min irradiation at each wavelength) did not lead to the significant decrement of PA signal intensities,
AlNc-pep-PEG and SiNc-pep-PEG are good candidates for repeated imaging or diagnosis under continuous

photoirradiation in vivo.
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Conclusion

The author has developed the first example of an enzyme-activatable PA probe based on AINc and SiNc.
AlNc-peptide-PEG conjugate AlNc-pep-PEG forms H-aggregates through n—m interaction between their
concave faces, whereas SiNc-based conjugate SiNc-pep-PEG shows weak intermolecular interaction even in
water. After the treatment of probes with MMP-2, the aggregation of the resulting MNc fragments led to an
increase in PAgso, whereas a decrease in PA7s was observed. Kinetic experiments supported that both
AlNc-pep-PEG and SiNc-pep-PEG respond smoothly to MMP-2. By monitoring the ratio of APAeso/ APA760,
the MMP-2-specific response of probes was confirmed through both enzymatic reactions and in vitro cell
experiments.  Furthermore, at low concentration of MMP-2 (<5 uM), the author confirmed that
AlNc-pep-PEG and SiNc-pep-PEG are applicable as potential “turn-on”-type ratiometric probes for MMP-2
activity. In in vivo PA imaging experiments, the author confirmed that the MMP-2-activatable probe
AlNc-pep-PEG successfully visualized the MMP-2-overexpressed tumor tissues. By assuming their
activatable property as well as photostability, MNc-peptide-PEG conjugates will be applicable as PA contrast

agents for diagnosis and pharmacokinetic evaluation under continuous photoirradiation.
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Experimental
General
Materials and Methods

(3-Aminopropyl)dimethylethoxysilane, 4-dimethylaminopyridine (DMAP), copper sulfate,
dichloromethane (CH»Cl,), pyridine, N,N-dimethylformamide (DMF) Dulbecco’s modified Eagle’s medium
(DMEM), Eagle’s minimum essential medium (EMEM), fetal bovine serum (FBS), and 1%
penicillin/streptomycin (P/S) were purchased from Fujifilm-Wako Pure Chemicals Industries, Ltd. (Japan).
Indocyanine green (ICG) and (3-(4,5-dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Tokyo Chemical Industry Co., Ltd. (Japan). 1-Ethyl-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC-HCI) was purchased from Watanabe Chemical Industries, Ltd. (Japan). Sodium
chloride (NaCl), dimethylsulfoxide (DMSO), and phosphate buffered saline (PBS) were purchased from
nacalai tesque (Japan). Dialysis membrane, Spectra/Por 6 (molecular weight cutoff (MWCO): 3.5K and
25K) was purchased from Spectrum Laboratories Inc. (Rancho Dominguez, CA, USA). Before use, pyridine
was distilled over CaH,. Other reagents and solvents were used as received. AcNe-OH and SiNe-OH were
prepared according to the reported methods.*

UV-vis absorption spectra were recorded by UH5300, Hitachi High Technologies, Japan. Mass spectra
were measured by Ultraflex [II (MALDI-TOF, Bruker Co., USA). Dynamic light scattering was measured
by FPAR-1000 (Otsuka Electronics Co., Ltd., Japan). At least 3 h before measurement, the sample solutions
were diluted in water (Milli-Q, 200 uM) and filtered (syringe filter, 0.45 um pore size, PVDF). The
measurements were performed at scattering angles of 90° at 25 °C and the number distribution was summarized.

Photoacoustic (PA) signals of samples in water (Milli-Q, concentration: 3.0 x 10° M (dye)) or cell
suspension were measured in borosilicate glass cell (volume: ca. 200 pL, length: 1 mm, width: 10 mm)
according to the reported procedure.”” By irradiating a sample solution with pulse laser light, the ultrasonic
wave generated from the sample was detected with a piezoelectric element. The PA signal intensity was
determined by amplifying the detected signal with a high-speed preamplifier, followed by acquiring the

amplified signal with a digital oscilloscope. A pulse laser (nitrogen laser (GL-3300)-dye laser (GL-301),
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Photon Technology International, USA, 3-ethyl-2-[7-(3-ethyl-2(3H)-benzoxazolylidene)-
1,3,5-heptatrienyl]benzoxazolium iodide (DOTC) for 760 nm and oxazine 170 perchlorate for 680 nm) as a
light source, an ultrasonic transducer (Panametrics-NDT V303, Olympus, Japan), an ultrasonic preamplifier
(Model 5682, Olympus, Japan), and digital phosphor oscilloscopes (DPO4104, Tektronix, USA) were used
for measurement. The measurement conditions are as follows: trigger, detection of PA signal with a
photodiode; data acquisition, 128 times (128 pulses). For measurement of dye solutions, the effect of
absorbance difference was eliminated by normalizing the PA signal intensity by the absorbance of MNcs and

the power of pulse laser.

Synthesis of AINc-PEG, SiNc-PEG, AINc-pep-PEG, and SiNc-pep-PEG

Synthesis of peptide-PEG conjugate 2

] 2 o Lo e
CH3+OCH,CH,NH N | +HS%N .\\\‘LN NQLN NJLNWOH
* )/'_F AcHN Q Ho Hog§ = H §
o

o}
PEG-maleimide A CPLGLAG sequence
o)
CH;~{0CH,CH,NH N 0 ? e e
- ® )/—F s N ,\KN NQKN NQKNWOH
J o amn (] N T nloron I
2

PEG derivative A having a maleimide moiety was prepared from poly(ethylene glycol) monomethyl ether
(MW = 2000, Sigma-Aldrich (USA)) according to the reported method.”® Peptide sequence CPLGLAG
having acetyl cap at the N terminus was prepared by solid-phase synthesis. A solution of PEG derivative A
(62 mg, 30 umol), peptide sequence CPLGLAG (20 mg, 30 umol), tris(2-carboxyethyl)phosphine
hydrochloride (9 mg, 30 umol, Tokyo Chemical Industry Co., Ltd. (Japan)) in dry MeOH (10 mL) was stirred
at room temperature overnight. The organic solvent was removed under reduced pressure and the residue
was dissolved in H,O (5 mL). The aqueous solution was dialyzed against H,O for 1 day by using Spectra/Por
6 (MWCO = 3.5K). PEG-peptide conjugate 2 (72 mg, 26 pmol, 88%) was obtained as a white solid after

lyophilization. In MALDI-TOF mass measurement, the m/z distribution center of 2 was around 2000-2100
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mass unit (m.u.), ca. 300 m.u. larger than that of PEG (average MW = 2K, distribution center was 1700—1800)
(Figure 18). This result points out that the conjugation of PEG-maleimide A with larger molecular weight
and a peptide sequence did not efficiently proceed under the reaction conditions. Since the unreacted
PEG-maleimide A cannot react with Ne-NHa, the author used the prepared 2 with a small amount of unreacted

PEG-maleimide for the next conjugation reaction.
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Figure 18. MALDI-TF mass spectra of PEG-maleimide A and peptide-PEG conjugate 2. Matrix: a-cyano-
4-hydroxycinnamic acid (CHCA).

Synthesis of AINc-NH> and SiNc-NH;

In 200 mL flame-dried two-necked round-bottom flask, a solution of AINe-OH (30 mg, 40 pmol) and
(3-aminopropyl)dimethylethoxysilane (38 pL, 0.20 mmol) in pyridine (100 mL) was refluxed under N,
atmosphere overnight. After removal of solvent under reduced pressure, the residue was dissolved in small

amount of CH,Cl,. The organic layer was washed with CuSO4 aqueous solution (5 mL) and dried over
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MgSOs4.  After removal of solvent under reduced pressure, AINe-NH; (crude product, 12 mg, ~36%) was
obtained as a green solid. Further transformation was carried out without purification, because AINc-NH;
stored in a freezer gradually decomposed and aggregated to form insoluble materials. Signals were not
observed in NMR measurements due to aggregation. The parent peak of AINc-NH, was observed by
MALDI-TOF mass spectroscopy (matrix: 2,5-dihydroxybenzoic acid (DHB)), together with inseparable
dimeric byproduct (Figure 19). SiNc-NH; was prepared by the similar synthetic method for SiNe-OH (~42%
yield, a green solid) and used for further transformation without purification. The parent signal of SiN¢-NH>
was not detected in MALDI-TOF mass spectrum, and signals were not observed in NMR measurements due
to aggregation. Because of their low solubility in common solvents, UV-vis absorption spectra were not

measured.
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Figure 19. MALDI-TOF mass spectrum of AINc-NH,. Matrix: 2,5-dihydroxybenzoic acid (DHB).

Synthesis of AINc-PEG, SiNc-PEG, AINc-pep-PEG, and SiNc-pep-PEG

In 50 mL flame-dried two-necked round-bottom flask, dry CH,Cl, (5 mL), compound 1*? (23 mg, 11 pmol),
EDC-HCI (9 mg, 44 pumol), a solution of DMAP (0.3 mg, 2.5 umol) in CH,Cl, (100 puL) were successively
added and the resulting mixture was stirred at room temperature for 1 h. To this solution was added
AINc-NH; (10 mg, 11 pumol) and the resulting mixture was stirred at room temperature overnight. The

organic solvent was removed under reduced pressure and the residue was dissolved in water (5 mL). The
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suspension was centrifuged and the supernatant was dialyzed against water for 1 day by using Spectra/Por 6
(MWCO = 25K). AINe-PEG (15 mg, 5.1 umol, 46%) was obtained as a green solid after lyophilization.
SiNe-PEG (51% yield, a green solid) was prepared from SiNc-NH; by the similar synthetic method for
AlINc-PEG. AlNc-pep-PEG and SiNc-pep-PEG were obtained as a green solid in 58% and 43% yields,
respectively, by the similar synthetic method for AINc-PEG and SiN¢-PEG, in which compound 2 was used
instead of 1. The parent signals of MNc-PEG conjugates and MNc-peptide-PEG conjugates were detected
by MALDI-TOF mass spectrometry (Figures 20 and 21). Although PEG signals were strongly detected in
"H NMR, the signals of MNc skeleton were not observed in CDCls, ds-DMSO, and D,0, probably because of

their amphiphilicity and aggregation.
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Figure 20. MALDI-TOF mass spectra of (a) AINc-PEG and (b) SiNc-PEG. Matrix: 2,5-dihydroxybenzoic
acid (DHB).
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Figure 21. MALDI-TOF mass spectra of (a) AlNc-pep-PEG and (b) SiNc-pep-PEG.

2,5-dihydroxybenzoic acid (DHB).
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Photostability of AINc-pep-PEG and SiNc-pep-PEG

AlNc-pep-PEG, SiNc-pep-PEG, and ICG were dissolved in phosphate buffer solution (pH = 7.2, 3 mL, 15
uM). To minimize the influence of the background signal, the absorbance of all solutions was adjusted to
approximately 1.0.  All solutions were transferred into quartz cells and irradiated using a LED
photoirradiation apparatus (CL-1501, Asahi Spectra Co., Ltd., Japan) equipped with LED head unit (CL-H1-
730-9-1, Amax = 737 nm, half-bandwidth = 20 nm, power = 25 mW at the sample level). The time-dependent

photobleaching was monitored by measuring the absorbance at the maximum.

Enzyme responsiveness

Recombinant human MMP-2 (3 uL, 5.0 uM, PeproTech Inc., USA) in Milli-Q was added to a solution of
dyes (5.0 uM, 3 mL) in PBS (pH = 7.2) and the resulting mixture ((MMP-2]= 5.0 nM) was incubated at 37 °C.
The enzymatic reaction was monitored by measurement of absorbance. For evaluation of enzyme-specificity
of dyes, dyes (30 uM, 3 mL) in PBS (pH = 7.2) were incubated with enzyme (3 pL, 5.0 uM) at 37 °C.  Before
and after 2 h incubation, PA signal intensities were measured at 680 nm and 760 nm Recombinant human
MMP-7 (BioLegend Inc., USA), MMP-9 (RayBiotech Inc., USA), PLE (porcine liver esterase, Roche,
Switzerland), lipase AK Amano (Fujifilm-Wako Pure Chemicals Industries, Ltd., Japan), and GM6001
(inhibitor, 100 uM, Cayman Chemical, USA) were used. For evaluation of enzyme kinetics, see the

Supporting Information.

Cell experiments
Cell culture

Human cervical epithelial adenocarcinoma cell line (HeLa) and Human sarcoma cell line (HT-1080) were
purchased from American Type Culture Collection and National Institutes of Biomedical Innovation, Health
and Nutrition, respectively. HeLa and HT-1080 cells were cultured in DMEM and EMEM supplemented
with 10% FBS and 1% P/S, respectively. The cells were cultured well-humidified incubator with 5% CO,

and 95% air at 37 °C.
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Cell experiment

HeLa and HT-1080 cells were seeded into 12-well plate at a density of 5x10* cells/well. The cells were
incubated at 37 °C for 24 h for cell attachment, and incubated with dyes (30 uM, 1 mL) in DMEM (for HeLa)
and EMEM (for HT-1080) with 10% FBS and 1% P/S at 37 °C for 2 h or 4 h.  After incubation, cells were
detached by cell scraper and the cell suspension was used for PA signal measurement. For inhibition

experiment, cells were incubated with SiNc-pep-PEG (30 uM) and GM6001 (100 uM).

In vivo PA imaging

Female BALB/c mice in 6-9 weeks of age were purchased from Japan SLC, Inc., Japan. The mice were
housed at the Institute of Laboratory Animals at Graduate School of Medicine of Kyoto University. All
animal experiments were approved by the Animal Research Committee of Kyoto University and carried out
with its guidelines.

Female BALB/c mice were chosen to prepare the tumor-bearing mice by injection of HT-1080 cells (1.0—
1.3 x 10° cells) in the right leg of each mouse. The tumor size was carefully monitored in the Radiation
Biology Center, Kyoto University. The tumor-bearing mice were treated with AlNc-pep-PEG and
AINc-PEG (100 uM in 200 pL saline) through i.v. injection. In vivo PA imaging was performed on Nexus
128 scanner manufactured by Endra Life Sciences (Ann Arbor, MI, USA). PA images were obtained under
photoirradiation at 680 nm, 760 nm, and 850 nm at indicated time points. The PA intensities at 680 nm, 760
nm, and 850 nm in the region of interest (ellipse shape, 10 mmx14 mm axes) were calculated by OsiriX
according to the instruction. To omit the effect of PA signal from hemoglobin, the author calculated the PA
signal intensities PAgsovivo at 680 nm and PA7e0,vivo at 760 nm by the subtraction of PA signal intensity at 850
nm from PA signal intensities at 680 nm and 760 nm, respectively. For each probe, two sets of three mice

were conducted to confirm the reproducibility.
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TEM observation
Transmission electron microscopy (TEM, JEM-1400, JEOL Ltd., Japan) was used to visualize the
morphology of dried self-assemblies. Sample solution was dropped onto a TEM copper grid covered with a

carbon film (200 mesh, Nisshin EM, Japan) and dried for 3 h.

Dynamic Light Scattering
Hydrodynamic diameters of MNcs before/after MMP-2 treatment were measured by DLS and are
summarized in Figure 10 and Table 3. Conditions: MNc-peptide-PEG conjugate conc. [S]o = 200 uM,

MMP-2 conc. [E]o =5 nM, temp. = 37 °C.

Enzyme responsiveness and Michaelis-Menten kinetics

Michaelis constant K, and maximum rate Vmax were determined by monitoring the time-dependent
decrement of absorbance of MNc-peptide-PEG conjugates (Figure 13). The absorbance of both
AlNc-pep-PEG and SiNc-pep-PEG conjugates increased proportionally in the range of 0—100 uM (Figures
13a and 13b). Based on this property, the author estimated the conversion of MNc-peptide-PEG conjugates
during the MMP-2 treatment. The initial rate ¥ (uM min ') of MMP-2-mediated reaction was determined
from the absorption decrement (MMP-2 conc.: [E]o = 4.2 nM, temp.: 37 °C). The absorbance decrement was
monitored every 1 min for 10 min and the initial reaction rate /" was obtained from the slope of the linear fitting
(conc. (uUM) vs time (min)). The relationship between the initial reaction rate V' and the substrate
concentration ([S]o, uM) was plotted in Figures 13c and 13d. From the Lineweaver-Burk plot (Figures 13e
and 13f, 1/V vs 1/[S]o), Michaelis constant Ky, and maximum rate Vmax were calculated. The turnover number

keat was determined from [E]o and Vinax.

MTT assay
HT-1080 cells were seeded into a 96-well microtiter plate at a density of 5.0x10* cells/well. The cells were

incubated at 37 °C for 24 h for cell attachment, and for another 24 h with different concentration of dyes (0,
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0.01,0.1, 1, 10, 100 uM) in EMEM with 10% FBS and 1% P/S. The cells were washed with PBS (pH = 7.2)
twice. A solution of MTT (200 pL, 0.5 mg/mL) in EMEM with 10% FBS and 1% P/S was added to each
well. After incubation at 37 °C for 4 h, the medium was carefully removed and the formazan crystals were
dissolved in DMSO (200 pL) with gentle agitation for 5 min. The absorbance at 550 nm was measured using
800TS™ Absorbance Microplate Reader (BioTek Instruments, USA) to evaluate cell viability. 1Cso of

MNc-peptide-PEG conjugates are around 30-70 pM.
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Chapter 2

Photoacoustic Signal Enhancement of Al- and Si-Phthalocyanines Caused by
Photoinduced Cleavage of Water-Soluble Axial Ligand

Abstract

Although a few examples of activatable photoacoustic (PA) contrast agents based on MPcs have been
reported, their “turn-on” properties are considered to be affected by the concentration of endogenous biological
and chemical substances. To avoid such influences, PA signal enhancement triggered by controllable external
stimuli such as photoirradiation is required. Aluminum and silicon phthalocyanines derivatives bearing
water-soluble poly(ethylene glycol) as axial ligands, which formed vesicles in water, released their axial
ligands under continuous photoirradiation. The photoinduced cleavage of axial ligands in water caused the

aggregation of these phthalocyanines, resulting in enhancement of PA signal intensities.
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Introduction

Metallophthalocynanine (MPc), one of cyclic tetrapyrrole family, is a photostable near-infrared (NIR) dye
with high molar extinction coefficient (g) (~1.0 x 10°) and low photoluminescence quantum yield (@) (< 0.10),
converting the excited energy into strong photoacoustic (PA) wave efficiently.'? Because of these properties,
many researchers focused their attentions on MPcs as a promising NIR photosensitizer for practical PA
imaging.*® Although the reported MPc-containing PA contrast agents can generate strong PA wave, their
“always-on” properties may cause the strong background signals from non-targeted tissues and blood vessels.
Hence, activatable PA contrast agents based on MPcs whose PA signal intensity can be enhanced by biological

stimuli have been developed."®

Pu and co-workers developed MPcs bearing oxidant-responsive
water-soluble side chains as an activatable PA contrast agent.” Yoon and co-workers prepared
protein-responsive MPc-based photosensitizers for tumor theranostics.'”  Toriumi, Uchiyama, and
co-workers reported benziphthalocyanines which change PA signal intensities through tautomerization, as a
potent activatable PA contrast agent.'" In Chapter 1, the author has developed naphthalocyanines bearing
enzyme-responsive peptide and water-soluble poly(ethylene glycol) (PEG) as an axial ligand and demonstrated
their application as enzyme-activatable contrast agents to in vivo PA tumor imaging.'> However, the turn-on
properties of these photosensitizers should be affected by the concentration of endogenous oxidant, protein,
and enzyme in the target tissues. To avoid the influence of endogenous biological and chemical substances,
the PA signal enhancement triggered by controllable external stimuli such as photoirradiation is ideal. In the
course of the author’s continuous investigation of MPcs bearing a water-soluble axial ligands, the author found
that photoirradiation induced the cleavage of axial PEG ligands in aluminum phthalocyanine (AlPc) and silicon
phthalocyanine (SiPc) derivatives, resulting in the aggregation of MPcs to enhance PA signal intensity (Figure
1). Because bulky axial ligands grafted on MPcs can more efficiently suppress their aggregation compared
with the peripheral decoration of MPcs, AlPc and SiPc were selected as a backbone of activatable
photosensitizers.”>  Although some of “always-on”-type water-soluble MPcs were applied to tumor therapy

under photoirradiation,'* there is no example of activatable PA probes consisting of PEG and MPcs under

photoirradiation. Here, the author describes the preparation of self-assemblies consisting of PEG-grafted
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MPc derivatives (M = Al, Si) and the evaluation of photoactivatable enhancement of their PA signal intensity.
Based on the theoretical calculation and the isolation of cleaved axial ligands, the author proposes that the
photoinduced cleavage of axial ligands proceeds through the intermolecular electron transfer between two

MPcs, followed by hydrolysis.

PEG photo-cleavable
linker

PEG-grafted metallophthalocyanine (MPc)
with one (M = Al) or two (M = Si) axial ligands

photo-
irradiation

strong
pulsed NIR laser  PA

aggregate

Figure 1. Photoinduced MPc aggregation for PA signal enhancement. AlPc (M = Al) and SiPc (M = Si) were

used. Two PEG axial ligands were incorporated in SiPc, but one of two ligands is omitted for clarity.
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Results and discussion
Synthesis of PEGylated Pcs.

Water-soluble MPc  derivatives AIPc-PEG  and  SiPc-(PEG); were synthesized from
metallooctamethylphthalocyanine MPc¢-OH bearing hydroxy group(s) (M = Al and Si) (Scheme 1).
According to the conventional phthalocyanine synthesis,'> MPc-OH was prepared from phthalonitrile or
diiminoisoindoline species. AlPc-CX and SiPc-CX without PEG chains were also synthesized from

MPc-OH.

PEG

[ o |
CH3+OCHQCH2%N)WOH
45 H o)

PEG-CO,H
EDC, cat. DMAP

CH,Cly, rt, overnight

AIPc-PEG (89% for 2 steps, M = Al) S|
SiPc-PEG (98% for 2 steps, M = Si— ** j(

\
NH
/ EtO” H’ 2
N - - 3 .
\ N/ \N 4 pyridine, reflux, overnight
\ (o}
N\ N/ Y
o)
\/ o \
AlPc-OH (M = Al) AlIPc-NH, (M = Al) Sl NH
SiPc-OH (M = Si-OH) SiPc-NH, (M =Si—0"> 3 %) EDC, cat. DMAP

CH,Cly, rt, overnight /&( Lb\

AIPc-CX (37% for 2 steps, M = Al) \ / H
SiPc-CX (37% for 2 steps, M = Si—0” **a W/@\COOH)

Scheme 1. Synthesis of water-soluble MPc derivatives from MP¢-OH.

Preparation of self-assemblies of MPc-PEG.

Self-assemblies of AIPe-PEG were prepared as follows (Figure 2).'¢

Method A: Powdered AIPc-PEG (1.0 mg) was dissolved in Milli-Q water (3.5 mL) under sonication (100
W, 28 kHz). The resulting solution was filtered by using syringe filter (pore size: 0.45 um) and the filtrate
(A-AlPc) was kept in the dark at room temperature for 3 h before measurement.

Method B: Powdered AlIPc-PEG (1.0 mg) was dissolved in CH,Cl, (2.0 mL) in a 25 mL round-bottom
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AlIPc-PEG or SiPc-{PEG),

dissolved in H,0 dissolved in CH,Cl,
under sonication then drying-up

MPc-PEG
aggregates MPc-PEG film

A-AlPc (from AIPc-PEG)
A-SiP¢ (from SiPc-{PEG),) dissolved in H,0

under sonication
method A

MPc-PEG
vesicles

B-AlPc (from AlPc-PEG)
B-SiPc (from SiPc-(PEG),)

Figure 2. Preparation of MPc-PEG self-assemblies through methods A and B.

flask. The solvent was removed by gentle blowing of nitrogen gas to prepare AlPc-PEG film. To this flask,

Milli-Q water (3.5 mL) was added and the resulting mixture was sonicated (100 W, 28 kHz). The resulting

solution was filtered by using syringe filter (pore size: 0.45 um) and the filtrate (B-AlPc¢) was kept in the dark

at room temperature for 3 h before measurement.

Self-assemblies A-SiPc and B-SiPc were similarly prepared from SiPc-(PEG).. The average particle size

of self-assemblies is summarized in Table 1.

In UV-vis absorption spectra of AIPc-PEG and SiPc-(PEG); in DMF, strong signals attributed to the Q-band

Table 1. Particle size distribution and morphology of self-assemblies composed of MPc-PEG.

self-assembly method Dopris (nm) Drem (nm) morphology
A-AlPc method A 301 £71 143 £ 35 aggregate
B-AlPc method B 307 + 67 312+ 149 vesicle
A-SiPc method A 221 £44 139+ 27 aggregate
B-SiPc method B 321 +£61 572 £193 vesicle
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of their monomeric forms were observed at 679 nm (e =2.4x10*M "' cm') and 678 nm (e =8.0x10*M " cm ™),

respectively (Figures 3a and 3b).

In the case of AIPc-PEG, a broadened signal around 750 nm was observed

besides Q-band, which indicated that a small part of AIP¢c-PEG form aggregates even in DMF solution. In

regard to UV-vis spectra of A-AlPc and A-SiPc¢ prepared according to method A, the absorption signals of

monomeric MPc decreased and new signals which are assigned as J-aggregates'’ were observed at 722 nm

(a) (b)
14 21
g | g
c u c
© ©
< £ 1
o o
3 3
m m /k
0 T T 1 0 T T T 1
300 700 1100 300 700 1100
wavelength (nm) wavelength (nm)
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8 1- g
c < 2
© ©
< <
2 2
& £14
0 T T 1 0 T T T 1
300 700 1100 300 700 1100

(8

wavelength (nm)

wavelength (nm)

(f)

(h)

Figure 3. UV-vis absorption spectra of (a) AIP¢-PEG (3.5 x 10~ M) and (b) SiPc-(PEG); (2.0 x 107 M)

in DMF. UV-vis absorption spectra of (c) A-AlP¢ (blue) and B-AlPc (red) (1.8 x 10 M) and (d) A-SiPc¢

(blue) and B-SiPc (red) (1.0 x 10~* M) in water. TEM images of self-assemblies of (¢) A-AlP¢, (f) B-AlPc,

(g) A-SiPc and (h) B-SiPc.
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and 733 nm, respectively (Figures 3¢ and 3d, blue lines). Interestingly, in UV-vis spectra of B-AlPc and
B-SiPc, which were prepared according to method B shown in above, the absorbance of J-aggregates
decreased and the sharp monomeric signal (Q-band) increased. In transmission electron microscope (TEM)
observation, whereas A-AlPc and A-SiPc formed spherical nanometer-size aggregates (Figures 3e and 3g), it
was observed that B-AlPc and B-SiPc¢ formed vesicles (Figures 3f and 3h). From dynamic light scattering
(DLS) measurement, hydrodynamic diameters of self-assemblies prepared by methods A and B were
estimated to be 220-320 nm (Table 1).

Crystallographic analyses of AlPcs were reported; however, their intermolecular interaction was not
discussed in detail."® Mizuguchi and co-workers reported the bowl-shaped titanium(IV) phthalocyanine
oxide having a small axial ligand." In the crystal structure, Ti(O)Pcs were packed through the concave-
concave interaction (H-aggregation) and the convex-convex interaction (J-aggregation). Considering
Mizuguchi’s observation and UV-vis spectra shown in Figures 3¢ and 3d, it was assumed that AlPc-PEG
which is closed to bowl-shape favors random H- and J-aggregation® in A-AlPc, whereas B-AlPc¢ forms a layer
of AlPc dimers with concave-concave interaction (Figure 4a). In contrast, A-SiPc favors J-aggregate forms
with partial overlap of Pcs (J-aggregation) because of two large hydrophilic axial ligands. The hydrophilic-
hydrophobic-hydrophilic structure of SiPc-(PEG); facilitates forming vesicles composed of a SiPc monolayer
in B-SiPc¢ (Figure 4b).

The photostability of self-assemblies was compared with indocyanine green (ICG), which is an approved

J-aggregation (b) J-aggregation

H-aggregation
(face-to-face) o~ ;

(a)

PEG { ............

Figure 4. Plausible aggregation modes (H- and J-aggregates) in vesicles composed of (a) B-AlP¢ and (b)

l_‘_l

B-SiPc.
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NIR dye for practical diagnosis.”’  Under continuous photoirradiation using light-emitting diode (LED) at 25
mW (A =730 nm) for 1 h, the absorbance decrement of ICG was 45%, whereas the absorbance decrement of
A-AlPc and A-SiPc were 3% and 1%, respectively (Figure 5 and Table 2). In contrast, the absorbance
decrement of B-AlPc and B-SiPc were 9% and 12% for 1 h under the identical photoirradiation conditions,
respectively, the precipitate being gradually generated for several hours. In MALDI-TOF mass spectra of
precipitates, the parent mass numbers of MPc-PEG were not observed, but the corresponding fragment mass
numbers of AIPc-OH and SiPc-OH were detected (Figure 6). These results indicate that the axial ligands of
AlPc-PEG and SiPc-(PEG); were cleaved by continuous photoirradiation, where MPc-OH precipitated due
to the low water solubility. Next, the PA signal intensity were monitored before/after continuous

photoirradiation.”?  As expected, no change of the PA signal intensity of A-AlPc and A-SiPc was observed,

—
Q
-

S e e S N o
% | losh
3 o 1h
g M 2

A-AlPc B-AlPc A-SiPc B-SiPc ICG

Figure 5. Photostability of ICG and self-assemblies of A-AlPc, B-AlP¢, A-SiP¢, and B-SiPc¢ under

continuous photoirradiation at 25 mW (A = 730 nm).

Table 2. UV-vis absorbance of MPc self-assembly or ICG under photoirradiation.”

photoirradiation time (h)

0.5 1 2
A-AlPc 97% 97% 95%
B-AlPc 95% 91% 89%
A-SiPc 99% 99% 95%
B-SiPc 91% 88% 82%
ICG 76% 55% 32%

“Absorbance after photoirradiation was normalized by that before photoirradiation and shown as a

percentage.
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Figure 6. MALDI-TOF spectra of precipitates obtained after photoirradiation (A = 730 nm, 25 mW, 6 h)
of (a) AIPc-PEG and (b) SiPc-(PEG),. Matrix: 2,2:5°,2”-terthiophene.
whereas PA signal intensity of vesicles B-AlP¢ and B-SiPc gradually increased during photoirradiation for 10—
20 min and kept constant after then (Figure 7). The DLS measurement of the irradiated solutions points out
that the hydrodynamic diameters of self-assemblies of B-AlPc¢ gradually increased, whereas those of A-AlPc
showed no significant change (Figure 8). In contrast, PA signal intensities of B-AlP¢ and B-SiP¢ were not
changed in the dark for 48 h (Figure 9). These results support that AIPc-OH generated from B-AlPc¢ under
photoirradiation gradually aggregated to form larger nanoparticles, enhancing PA signal intensity. It is well-
accepted that the aggregation of n-conjugated dyes enhances the PA signal intensity due to fluorescence

quenching.**6¢%

Although Pc-based probes utilizing aggregation-induced PA signal intensity enhancement
have been reported,’ to the author’s knowledge, this is the first example of photo-activatable PA signal intensity

enhancement of MPcs.
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Figure 7. Time-dependent PA signal intensity change of (b) A-AlPc¢ (blue) and B-AlPc (red), and (c)

A-SiPc (blue) and B-SiPc (red) during continuous photoirradiation at 25 mW (A = 730 nm). PA signal

intensities were measured using pulsed

laser (Aex = 680 nm). Conc.: 1.0 x 10 M. The statistical

significances were determined using a two-tailed #-test, *p < 0.05.
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photoirradiation monitored by DLS.
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Figure 9. Time-dependent PA signal intensity change of B-AlPc (orange) and B-SiPc (blue).

The efficiency of photoinduced cleavage of axial ligands in MPc-PEG was next examined by measuring
UV-vis absorbance. In the case of AlPc-PEG, the yields of AlPc aggregates collected by centrifugation after
continuous photoirradiation were 18% (for 10 min), 32% (for 30 min), and 34% (for 60 min), respectively
(Figure 10a). These results as well as time-dependent PA signal intensity change (Figure 7) and size
distribution change (Figure 8) accord to that the cleavage efficiency of axial ligand in AlIPc-PEG was up to
30% under continuous photoirradiation for 30 min. In contrast, the yields of SiPc precipitates generated from

SiPc-(PEG); were 6% (for 10 min), 6% (for 30 min), and 9% (for 60 min), respectively (Figure 10b).

(@) (b)

0.51 0.5

absorbance
absorbance

600 800 1000 600 800 1000
wavelength (nm) wavelength (nm)

Figure 10. Time-dependent absorbance change of the precipitates (in HoSO4) generated from aqueous
solutions of (a) B-AlPc¢ and (b) B-SiPc after continuous photoirradiation for 10 min (blue), 30 min

(orange), 60 min (green).
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Because of the water solubility of SiPc-PEG bearing an unreacted PEG ligand, the yields of SiPc aggregates
are much lower than those of AlPc aggregates. It is not clear that the yields of AlPc and SiPc aggregates were
saturated at about 30% and 10%, but it may be reasoned that the partial transformation of MPc-PEG leads to
the morphology change from vesicles to non-photoresponsive MPc aggregates.

To clarify the mechanism for photoinduced cleavage of axial ligands, the author carried out the continuous
photoirradiation of their aqueous solutions of water-soluble AIPc-CX and SiPc-CX for 2 h and measured high-
resolution mass spectrometry to detect photodegraded fragments of axial ligands (Figures 11 and 12). The
detection of [CoHsNO4Si] and [CoHisNO;3Si] ions in negative ion detection mode supports that the M-O-
Si moiety of AlPc-CX and SiPc-CX was hydrolyzed. Although trialkylsilanol was not observed, the
detection of siloxane A is sufficient evidence to support the photoinduced cleavage of axial ligands (Figures

13 and 14).

0
\/ H
hv Q H \/ \/ H Q Siy_ N
% N._,Si. _Si, N HO™™ ™3 OH
HO ™3 07T ™M, OH o)
water 0 0 CoH1gNO,SI™ (m/z = 232.1005)

A 40% ("H NMR yield)

detected by HRMS

AIPc-CX (M = Al)
SiPc-CX (M = SR)

Figure 11. Photoinduced cleavage of MPc-CX.
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SiPc-CX. Upper chart: LC; lower chart: MS (negative ion mode).
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Recently, Burda, Basilion, and co-workers reported that SiPc bearing OSiMe,(CH,);NH, and
0SiMe,(CH,);NMe; as an axial ligand showed photoinduced decomposition.’* Kobayashi and co-workers
reported that the axial ligand OSiMe>(CH:);N"R3 in SiPc was gradually hydrolyzed by photoirradiation in the
presence of one electron-donating molecules under hypoxic conditions and no cleavage occurred in the absence
of one electron-donating molecules, such as sodium ascorbate and L-cysteine, or under normoxic conditions.”
They pointed out that SiPc radical anion was generated through one electron transfer from electron-donating
molecules, and then an axial ligand was cleaved by H,0.?* Because MPc-PEG undergoes the photoinduced
cleavage in the absence of any external electron donors, the author assumed that MPc radical anion might be
generated from MPc-PEG through the intermolecular electron transfer between two MPc molecules or the
intramolecular electron transfer from an amide moiety to an MPc core. Considering that the vesicle formation
is essential for the photoinduced cleavage of axial ligands, the author assumed the intermolecular electron
transfer between two MPc-PEGs is likely. The plausibility of the intermolecular electron transfer was
supported by the density functional theory (DFT) calculation with consideration of the energy-minimized
structures of the ground state, the excited state, the radical cation, and radical anion states of an MPc derivative.
Consequently, the sum of Gibbs free energies of the ground and excited states is larger than the sum of radical

cation and radical anion states (Table 3), indicating that the closely located MPcs in vesicle membrane can lead

Table 3. Gibbs free energy of energy-minimized structures of AlPc-Ac!,

AlPc-Ac Ecec (hartree) AFE¢ec (€V) G (hartree) AG (eV)
ground state —2680.1680203 0 —2679.598945 0
excited state”! ~2680.0470194 +3.29 —2679.479871 +3.24
radical cation state —2679.9702796 +5.38 —2679.400531 +5.40
radical anion state —2680.3127757 -3.94 —2679.742092 -3.90
[a] AlPc derivatives bearing acetyl group instead of PEG chain on axial ligand. Of\s‘/mnj(
[b] The HOMO-LUMO gap was estimated at 0.10465 hartree. . °
pEvag

N Al
2NN
N N
N A

AlPc-Ac
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to the intermolecular electron transfer to form radical cation and radical anion pairs under photoirradiation.
It has been reported that triplet MPcs (M = Al and Si) form excimers via triplet-triplet annihilation reaction
and then excimers disproportionate to give MPc radical anion and MPc radical cation in protic solvents.*’
Although it is not clear whether the photoinduced electron transfer proceeds through photoredox reaction or
excimer disproportionation, considering the measured redox potential of MPc-PEG (Table 4), the author
concludes that the generation of radical anion species through the intermolecular electron transfer is plausible
pathway for the photoinduced cleavage of an axial ligand.

The plausible reaction mechanism is depicted in Scheme 2.  One of MPcs in a vesicle membrane is excited
by photoirradiation. One electron is transferred between closely located two MPc molecules to form a pair
of radical cation and radical anion. The axial ligand as an siloxide anion from radical anion is released to

1.2°  One electron is transferred from the MPc radical to radical cation and the resulting

generate MPc radica
cation species reacts with H,O or hydroxide to generate water insoluble MPc-OH. It is noted that the
cleavage of axial ligands in MPc-PEG proceeded under both hypoxic and normoxic conditions, although the

PA signal generation was slightly suppressed under normoxic conditions (Figure 15). This result also

indicates that the intermolecular one electron transfer of MPc-PEG is less hampered by oxygen molecules.

Table 4. Redox potentials of AIPc-PEG and SiPc-(PEG); in the ground state or excited state.

on Ered EO,O E*ox E*red
(V vs. Fc*/Fc) (eV) (V vs. Fc*/Fc)

AIPcPEG 0.782 -0.694 1.776 -0.994 1.082
SiPcPEG 0.343 -1.330 1.805 -1.462 0475
\/ \/ \/
(‘),ShR (‘),SLR ((‘),SLR (‘)H
electron = : electron + -
So/ M hv Si/ M transfer MT - @ .. transfer @ OH E
Ny Ny, [/l TN e [w) T[]
\ \ \ \ \
R...-O R...-O R0 .02, \/ RO R...-O R.i©
A A SUOHTH S A A A

Scheme 2. Plausible mechanism of photoinduced cleavage of axial ligands.
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This result and high photostability of MPcs suggests that the singlet oxygen species ('O,)-mediated cleavage
of an axial ligand is negligible, although MPc is known to be a photosensitizer for 'O, generation (Figure 16).%*
Because the photoirradiation efficiently enhanced the PA signal intensity in the absence of additional electron
donors, MPcs having a photocleavable axial ligand in this study are one of good candidates as a

photoactivatable photosensitizer in tumor theranostics.
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Figure 15. Time-dependent PA signal intensity change of (a) B-AlP¢ and (b) B-SiPc under hypoxic (blue)

and normoxic (red) conditions during continuous photoirradiation at 25 mW (A = 730 nm).

absorbance (a.u.)

time (min)
Figure 16. Photobleaching of ADPA in H>O under irradiation with 2.7 mW at 680 nm. AlPc-PEG
(triangle) or SiPc-(PEG); (square) aqueous solutions prepared with method A (blue line) or method B

(red line) were used. Methylene blue (green circle) was used as a control.
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Conclusion

In summary, the author has developed phthalocyanine derivatives AIPc-PEG and SiPc-(PEG); bearing
water-soluble PEG moieties, which exhibit photoinduced enhancement of PA signal intensities via the cleavage
of axial ligands. Vesicles of MPe-PEG prepared by method B gradually released axial ligand under
photoirradiation to generate water insoluble MPc-OH, which aggregated to form larger nanoparticles in water,
enhancing their PA signal intensities up to 1.4 times. The cleavage of axial ligands in J-aggregates of
MPc-PEG prepared by method A was not observed, resulting in no enhancement of PA signal intensity. The
most plausible mechanism of the photoinduced cleavage of axial ligands involves the generation of a pair of
MPc radical anion and redical cation through the intermolecular one electron transfer between closely located
two MPcs, followed by the hydration of formed cation species. Because an amide moiety in an axial ligand
is widely applicable to biological research, further modification using photocleavable axial ligand having
tumor-targeting molecules will provide highly tumor-specific photoactivatable PA contrast agents in near

future.
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Experimental
General
Materials and Methods

Poly(ethylene glycol) monomethyl ether (MW = 2000) was purchased from Sigma-Aldrich (USA). 1-
Ethyl-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl) was purchased from Watanabe
Chemical Industries, Ltd. (Japan). 1-Pentanol, aluminum chloride (AICl;), triethylamine,
(3-aminopropyl)dimethylethoxysilane, 4-dimethylaminopyridine (DMAP), and anhydrous dichloromethane
(CH.Cly) were purchased from Fujifilm Wako Pure Chemicals Industries, Ltd. (Japan).
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU), pyridine, potassium carbonate (K>CO3), N,N-dimethylformamide
(DMF), methanol (MeOH), and succinic anhydride were purchased from Nacalai Tesque (Japan).
Dichloromethane (CH,Cl,) and diethyl ether (Et,O) was purchased from Kishida Chemical Co., Ltd. (Japan).
Tetrachlorosilane (SiCls), quinoline, and indocyanine green (ICG) were purchased from Tokyo Chemical
Industry Co., Ltd. (Japan). Dialysis membrane Spectra/Por 6 (molecular weight cutoff (MWCO): 25 kDa)
was purchased from Spectrum Laboratories Inc. (Rancho Dominguez, CA, USA). Before use as a reaction
solvent, pyridine and DMF were distilled over CaH,, and MeOH was distilled over Mg.  Other reagents and
solvents were used as received.

UV-vis absorption spectra were recorded by UV-vis spectrophotometer (UHS5300, Hitachi High
Technologies, Japan).

Dynamic light scattering (DLS) (FPAR-1000, Otsuka Electronics Co., Ltd., Japan) measurements were
performed at scattering angles of 90° at 25 °C.

PA signals of samples in H;O (3.0 x 10~ M) were measured according to the reported procedure'® or
measured by Nexus 128 (ENDRA Life Sciences Inc., USA). The sample solutions were kept in the dark at
room temperature for more than 3 h before measurement. For measurement using Nexus128 apparatus, a
sample solution was placed in 2 mL microtube.

Mass spectra were measured by Exactive Plus Orbitrap (ESI, Thermo Fisher Scientific Inc., USA) and
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Ultraflex III (MALDI, Bruker Co., USA).

Synthesis of PEGylated Pcs
Synthesis of AIPc-OH and SiPc-OH

In a flame-dried Schlenk tube, a mixture of 4,5-dimethylphthalonitrile? (0.11 g, 0.67 mmol) and AICl; (23
mg, 0.17 mmol) in 1-pentanol (1.5 mL) and DBU (0.20 mL) was stirred at 140 °C.  After stirring for 23 h,
the organic solvents were removed under reduced pressure. The residue was washed by MeOH (10 mL) and
Et,O (5 mL x 3), and then dried under reduced pressure to afford crude solid. A mixture of the crude solid
and K»>COs3 (0.12 g, 0.90 mmol) in H>O (0.50 mL) and DMF (4.5 mL) was stirred at 80 °C.  After stirring for
23 h, the resulting mixture was dispersed in H,O (5.0 mL) and the blue precipitate was collected by
centrifugation. The solid was washed with MeOH (10 mL) and Et,O (5 mL % 3), and then dried under reduced
pressure to afford AIPc-OH (60 mg, 90 umol, 54 %) as a blue solid. No peak was observed in 'H NMR
spectrum because of aggregation. AlPc-OH: mp: >250 °C; IR (neat) 502, 508, 519, 548, 556, 579, 719, 735,
758, 813, 878, 992, 1030, 1086, 1179, 1244, 1313, 1342, 1381, 1409, 1432, 1468, 1515, 1618, 2853, 2920,
3048, 3417 cm™'; HRMS (MALDI-TOF) calcd for C40H33AIN3O (M"): 668.2593, found: 668.2594.

In a flame-dried Schlenk tube, a mixture of 5,6-dimethyl-1,3-diiminoisoindoline’® (86 mg, 0.50 mmol) and
SiCly (68 pL, 0.60 mmol) in quinoline (1.0 mL) was stirred at 200 °C.  After stirring for 3.5 h, the organic
solvent was removed under reduced pressure. The residue was washed by MeOH (10 mL) and Et,O (5 mL
x 3), and then dried under reduced pressure to afford crude solid (82 mg). A mixture of the crude solid (34
mg) and K>COs (29 mg, 0.20 mmol) in H,O (0.50 mL) and DMF (4.5 mL) was stirred at 80 °C.  After stirring
for 23 h, the resulting mixture was dispersed with H,O (5.0 mL) and the bluish green precipitate was collected
by centrifugation. The solid was washed with MeOH (10 mL) and Et,;O (5 mL x 3), and then dried under
reduced pressure to afford SiPc-OH (28 mg, 40 pmol, 80 %) as a bluish green solid. No peak was observed
in '"H NMR spectrum because of aggregation. SiPc-OH: mp: >250 °C; IR (neat) 503, 519, 524, 562, 584,

595, 617, 724, 738, 753, 771, 812, 880, 1020, 1040, 1082, 1135, 1180, 1206, 1315, 1345, 1378, 1411, 1433,
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1471, 1520, 1619, 1657, 1738, 2938, 2971, 3046, 3455 cm™'; HRMS (MALDI-TOF) calcd for C4H3sN3O,Si

(M"): 686.2574, found: 686.2568.

Synthesis of AIPc-NH and SiPc-NH:

Aluminum octamethylphthalocyanine AIPc-NH; bearing an amino group at the end of an axial ligand was
synthesized from AlPc-OH bearing a hydroxy group as an axial ligand according to the reported method
(Scheme 1).*' Silicon octamethylphthalocyanine SiPc-NH; was synthesized from SiPc-OH in the similar
manner.

In a 200 mL flame-dried two-necked round-bottom flask, a mixture of AIP¢-OH (15 mg, 23 pmol) and
3-(aminopropyl)dimethylethoxysilane (50 uL, 0.20 mmol) in dry pyridine (65 mL) was stirred at 100 °C
overnight under N, atmosphere. After stirring for 12 h, the organic solvent was removed under reduced
pressure (< 40 °C). The residue was dissolved in MeOH and an insoluble solid was removed by
centrifugation. After removal of solvents under reduced pressure, the residue was washed with Et;O (5 mL
x 3) and then dried under reduced pressure to afford AIPc-NH; (12 mg, 14 umol, 36%) as a blue solid. No
peak was observed in 'H NMR spectrum because of aggregation. AlPc-NH; was used for the next reaction
without further purification. SiPc-NHz (~42% yield, bluish green solid) was prepared according to the
similar synthetic procedure from SiPc-OH. 3-(Aminopropyl)dimethylethoxysilane (20 equiv) was used.
The crude SiPc-NH; was used in the next step without purification. SiPc-NH,: 'H NMR (400 MHz, CDCls,
25 °C): 6 =9.40 (s, 8H), 2.94 (s, 24H), 1.15 (t,J=7.3 Hz, 4H), —1.18 to —1.26 (m, 4H), —2.28 (t, /= 8.2 Hz,

4H), —2.86 (s, 12H).

Synthesis of AIPc-PEG
In a 50 mL flame-dried two-necked round-bottom flask, a mixture of PEG-COOH>? (70 mg, 35 pmol,
average molecular weight: 2000) and EDC-HCI (9.0 mg, 44 pmol) in dry CH»Cl, (5.0 mL) was stirred at room

temperature for 30 min. This solution was added to a solution of DMAP (2.0 mg, 25 umol) and AlPc-NH>
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(20 mg, 23 umol) in dry CH>Cl; (5.0 mL) under N, atmosphere, and the resulting mixture was stirred at room
temperature overnight. After removal of the solvent under reduced pressure, the residue was dissolved in
pure water (10 mL) and the mixture was centrifuged. The blue supernatant was dialyzed against water
(MWCO: 25 kDa) for 24 h and freeze-dried to afford AIPc-PEG (blue solid, 58 mg, 20 umol, 89% (assuming
as a pure material), probably containing a small amount of free PEG-COOH) as a blue solid. AlPc¢c-PEG:
mp: 51-52 °C; IR (neat) 534, 548, 585, 667, 701, 737,759, 796, 841,962, 1060, 1102, 1147, 1241, 1342, 1360,
1410, 1467, 1548, 1645, 2742, 2883, 3295 cm . Although signals of the PEG fragment were observed in 'H
NMR spectrum (solvent: D,O, CDCIl; or CD30D), no signal of AIPc was observed because of aggregation.
In MALDI-TOF mass spectrum of AlPc-PEG, the weak parent signal was observed along with signals of PEG

fragments.

Synthesis of SiPc-(PEG);

A mixture of PEG-COOH (0.14 g, 70 umol) and EDC-HCI (20 mg, 0.10 mmol) in dry CH,Cl, (10 mL) was
stirred at room temperature for 30 min. This solution was added to a solution of DMAP (2.0 mg, 25 umol) and
SiPc-NH; (20 mg, 22 umol) in dry CH,Cl; (5 mL) under nitrogen atmosphere, and the resulting mixture was
stirred at room temperature overnight. After removal of the solvent under reduced pressure, the residue was
dissolved in pure water (10 mL) and the mixture was centrifuged. The blue supernatant was dialyzed against
water (MWCO: 25 kDa) for 24 h and freeze-dried to afford SiPc-(PEG); (blue solid, 0.11 g, 22 umol, 98%
(assuming as a pure material), probably containing a small amount of free PEG-COQOH) as a bluish green
solid. SiPc-(PEG),: a bluish green solid; mp: 50-51 °C; IR (neat) 506, 516, 521, 534, 546, 570, 584, 738,
759,795, 841,962, 1060, 1103, 1147, 1241, 1279, 1342, 1359, 1467, 1547, 1647,2882,3293 cm™'.  Although
signals of the PEG fragment were observed in '"H NMR spectrum (solvent: D,O, CDCl; or CD;0D), no signal
of SiPc was observed because of aggregation. In MALDI-TOF mass spectrum of SiPc-(PEG),, the fragment
peaks of SiPc bearing one PEG axial ligand and peaks of PEG fragments were observed together with the

parent peaks.
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Synthesis of AIPc-PEG and SiPc-(PEG);

To a mixture of succinic anhydride (12 mg, 0.12 mmol) and triethylamine (25 mg, 0.25 mmol) in dry CH»Cl,
(5 mL) was added AlPc-NH; (13 mg, 17 umol). After stirring for 12 h, the resulting solution was washed
with water and the organic layer was dried over MgSOs. After the organic solvent was removed under reduced
pressure, the residue was dispersed in water (10 mL) and the blue precipitate was collected by centrifugation.
The crude solid was washed with Et;O (5.0 mL x 3), and then dried under reduced pressure to afford AlPc-
CX (5.6 mg, 6.0 umol, 37%) as a blue solid. AlPc-CX: mp: >250 °C; IR (neat) 518, 526, 531, 543, 578, 598,
610, 722, 735, 757, 794, 839, 878, 1029, 1085, 1217, 1229, 1313, 1366, 1619, 1739, 2856, 2928, 2970, 3017,
3456 cm™'; HRMS (MALDI-TOF) caled for C49Ha9AIN9O4Si [M+H]: 884.3649, found: 884.3631.

SiPc-CX was synthesized from SiPc-NH; (23 mg, 26 umol) in a similar manner of AIPc-CX. Succinic
anhydride (36 mg, 0.36 mmol) and triethylamine (75 mg, 0.75 mmol) were used. SiPc-CX: a bluish green
solid (11 mg, 9.4 umol, 37% yield); mp: >250 °C; IR (neat) 509, 515, 527, 541, 561, 578, 723, 737, 758, 773,
830, 879, 1038, 1091, 1206, 1217, 1229, 1316, 1354, 1366, 1412, 1435, 1521, 1619, 1739, 2863, 2946, 2971,
3017, 3456 cm™'; 'TH NMR (400 MHz, CDCls, 25 °C): & = 9.39 (s, 8H), 2.93 (s, 24H), 2.91 to 2.87 (m, 8H),
1.16 (t,J=7.2,4H), —1.18 to —1.26 (m, 4H), —2.28 (t, /= 8.2 Hz, 4H) , —2.86 (s, 12H); HRMS (ESI) calcd for

CssHe7N100sSis [M—H™]: 1115.4457, found: 1115.4459.

Preparation of self-assemblies of MPc-PEG.

Method A: Powdered AlPc-PEG (1.0 mg) was dissolved in Milli-Q water (3.5 mL) under sonication
(100 W, 28 kHz). The resulting solution was filtered by using syringe filter (pore size: 0.45 pm) and the
filtrate (A-AlPc) was kept in the dark at room temperature for 3 h before measurement.

Method B: Powdered AlIPc-PEG (1.0 mg) was dissolved in CH,Cl; (2.0 mL) in a 25 mL round-bottom
flask. The solvent was removed by gentle blowing of nitrogen gas to prepare AlPc-PEG film. To this flask,

Milli-Q water (3.5 mL) was added and the resulting mixture was sonicated (100 W, 28 kHz). The resulting
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solution was filtered by using syringe filter (pore size: 0.45 um) and the filtrate (B-AlPc) was kept in the dark

at room temperature for 3 h before measurement.

TEM observation
Transmission electron microscopy (TEM, JEM-1400, JEOL Ltd., Japan) was used to visualize the
morphology of dried self-assemblies (Figures 17, 18, and 19). Sample solution was dropped onto a TEM

copper grid covered with a carbon film (200 mesh, Nisshin EM, Japan) and dried for 3 h.

(a)

BT i mEEE
20/02/06, 16:5JEM 1400 100 kV. 25000 »

Figure 17. Representative enlarged TEM images of self-assemblies of (a) A-AlPc, (b) B-AlPc, (c)
A-SiPc, and (d) B-SiPc.
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(a) (b)

Figure 18. Representative enlarged TEM images of self-assemblies of (a) B-AlPc¢ and (b) B-SiPc. Both of

the thickness were around 10—11 nm.

Figure 19. Representative TEM images of self-assemblies of B-AlPc after photoirradiation for 30 min.

Photoinduced cleavage of axial ligands in water-soluble AlPc and SiPc.

Photostability of AIPc-PEG and SiPc-(PEG);

Each solution of A-AlPc, B-AlPc, A-SiPc¢, or B-SiPc in water (0.50 mg/mL) was prepared. ICG was
dissolved in Milli-Q water (2.5 puM). Each solution was transferred into a quartz cuvette and irradiated using
a LED photoirradiation apparatus (CL-1501, Asahi Spectra Co., Ltd., Japan) equipped with LED head unit
(CL-H1-730-9-1, Amax = 737 nm, half-bandwidth = 20 nm, illuminance: 25 mW (A = 730 nm) at the sample
level). The time-dependent photobleaching was monitored by measuring the absorbance at the maximum,
and nanoparticle size change was monitored by TEM and DLS. The precipitate was collected by

centrifugation and washed several times with Milli-Q water for MALDI-TOF mass spectrometry.
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Preparation and characterization of authentic siloxane A

The authentic compound A was prepared as follows. In a 100 mL flame-dried two-necked round-bottom
flask, 3-(aminopropyl)dimethylethoxysilane (0.60 mL, 3.2 mmol) was dissolved in dry THF (10 mL). Under
N> atmosphere, a solution of succinic anhydride (0.40 g, 4 mmol) in dry THF (1 mL) was added. After
stirring at room temperature for 20 h, the organic solvent was removed under reduced pressure and the residue
was dissolved in CH>CL, (20 mL). The organic solution was washed with water (30 mL x 3) and saturated
NaCl aq (30 mL) and the organic layer was dried over MgSOs. The organic solvents were removed under
reduced pressure to afford siloxane A (0.45 g, 1.0 mmol) as a white solid. mp: 65—66 °C; IR (ATR) 504, 517,
543,559, 576, 640, 663, 709, 776, 792, 839, 930, 1043, 1183, 1205, 1252, 1303, 1334, 1366, 1384, 1417, 1428,
1549, 1645, 1693, 2874, 2929, 2954, 3085, 3300 cm™'; 'H NMR (400 MHz, CDCls, 25 °C): 6 =3.20 (dd, J =
13.3, 7.3 Hz, 4H), 2.66 (t, J = 6.4 Hz, 4H), 2.52 (t, J= 6.6 Hz, 4H), 1.53 (tt, /= 8.2, 7.6 Hz, 4H), 0.49 (t, J =
8.4 Hz, 4H), 0.05 (s, 12H). *C NMR (100 MHz, CDCl;, 25 °C): 176.1, 172.7, 42.5, 30.5, 29.8, 23.0, 15.2,

0.05. HRMS (ESI) calcd for Ci3H3sN207S1; [M—H]: 447.1988, found: 447.1982.

0O
\ / H N/ \/ H
EtO”S'\/\/NHZ + o — HOOC\/\H/N\/\/SI‘O”S'\/\/N\H/\/COOH
(e} . )
o) siloxane A

Photoinduced cleavage of axial ligands in water-soluble AIPc and SiPc

Aqueous solutions of A-AlP¢, B-AlPc, A-SiPc, or B-SiPc¢ (0.50 mg/mL) were prepared. Each solution
was transferred into quartz cuvettes and irradiated using a LED photoirradiation apparatus (CL-1501, Asahi
Spectra Co., Ltd., Japan) equipped with LED head unit (CL-H1-730-9-1, Amax = 737 nm, half-bandwidth = 20
nm, illuminance: 25 mW (A = 730 nm) at the sample level). For hypoxic conditions, nitrogen bubbling was
conducted for 15 min and the cuvettes were sealed during irradiation. The precipitates were collected by
centrifugation. The precipitates were dissolved in conc. H,SO4 and the amounts of MPc derivatives were

quantified by UV-vis absorbance utilizing the linear relationship as shown in Figure 20.
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Figure 20. Maximum absorbance of (a) AIP¢c-PEG and (b) SiPc-(PEG); in H,SO4.

The fragment generated from the axial ligand under photoirradiation of MPc-CX was corrected as follows.
MPc-CX (1.0 mg) was dissolved in water (10 mL) with K,CO; (2.0 mg). Part of the resulting aqueous
solution in a quartz cuvette (optical path length: 10 mm) was irradiated for 2 h using a Xenon light source
device (MAX-303, Asahi Spectra Co., Ltd., Japan) equipped with a visible mirror module and a rod lens
(RLQLS8O0-1, illuminance: 25 mW (A = 680 nm) at the sample level). After photoirradiation, the precipitate
formed was removed by centrifugation and ESI high-resolution mass spectra of supernatant were measured to
confirm the consumption of MPc-CX and the generation of fragments of the axial ligand (Figure 12).

For isolation of the axial ligand fragment, in a 100 mL round-bottom flask, a mixture of MPe-CX (4.0 mg)
and K>COs3 (8.0 mg) in water (40 mL) was irradiated for 24 h using the same photoirradiation apparatus. To
the resulting solution was added dichloromethane (20 mL) and the organic layer was separated. After
neutralization with HCI aq., the organic solution was concentrated under reduced pressure to afford a white
solid. '"H NMR and liquid chromatography-tandem mass spectrometer (LC-MS) measurements (Figures 13
and 14) of this solid were carried out. Nexera X2 UHPLC liquid chromatograph system (LC-30AD,
Shimadzu Industrial System Co., Ltd. Japan) with column (InertSustain C18 (2 pum, for SiPc-CX) or
InertSustainSwift C18 (1.9 pm, for AlPc-CX), 2.1 L. D. x 150 mm, GL Sciences Inc., Japan) and PDA detector
(SPD M30A) was used for LC-MS/MS measurements. The mobile phase consisted of HO (phase A) and
acetonitrile (phase B). The gradient program was set as follows, 0-3 min, 30% B; 3—5 min, 30-50% B. The
flow rate was 0.3 mL/min with a pump (LC-30AD, Shimadzu Industrial System Co., Ltd. Japan). Detection

was performed on a triple quadrupole mass spectrometer (LCMS-8030, Shimadzu Industrial System Co., Ltd.,
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Japan) with an electrospray ionization (ESI) source. The parameters of the source were set under a N2
generator (AT 10NP5SNSC). The MS was operated in the negative ionization mode with the data acquisition

mode of selective ion monitoring (SIM).

Theoretical Calculation

To reduce the calculation cost, methyl groups on phthalocyanine were omitted and the substituent on the
nitrogen atom was replaced by an acetyl group. The density functional theory (DFT) calculation was
performed for the geometry optimization of the ground state, the excited state, the radical cation state, and the
radical anion state of AlIPc-Ac having acetyl-capped siloxy axial ligand at the UMO06-2X/6-31+G(d,p),”
scrf(cpem, solvent = water)** level by using Gaussian 16 package.>> The energy-minimized structures
estimated are visualized by Avogadro software®® and summarized in Figure 21. Their electronic and Gibbs
free energies are summarized in Table 3. The Cartesian coordinates of the optimized structures are

summarized at the end of experimental section.

top view top view top view top view

side view side view side view side view

Figure 21. Energy-minimized structures of (a) the ground state, (b) the excited state, (c) the radical cation state,
and (d) the radical anion state of AlPc-Ac at UMO06-2X/6-31+G(d,p), scrf(cpcm, solvent = water) level

visualized by Avogadro software.
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The electrochemical data of MPc-PEGs

A solution of AIPc-PEG (5.0x10° M) or SiPe-(PEG); (2.5x10° M) and tetra-n-butylammonium
perchlorate (0.10 M) in CH,Cl, was prepared. Pt electrode (counter), glassy carbon electrode (working), and
Ag/AgNO; electrode (reference) were used. The cyclic voltammogram (scan rate: 0.5 V/s) and differential
pulse voltammogram were measured by electrochemical analyzer (610C-S, ALS Co., Ltd., Japan). The
ferrocene/ferrocenium couple (Fc'/Fc) was also measured in the same electrochemical system. The one-
electron reduction potential (E..q [V]) and one-electron oxidation potential (Eox [V]) of probes in the ground
state was determined by differential pulse voltammetry because the clear reversible signal was not detected in
cyclic voltammetry (Figure 22). The one-electron reduction potential (E*;.q [V]) and one-electron oxidation
potential (E*,x [V]) of MPc-PEGs in the excited state were estimated according to the equation:

E*ted = Erea + Eop

E*ox = Eox — Eoy

Eoo is estimated by calculating the energy of the wavelength at crossing point of the normalized UV-vis
absorption and emission spectra of MPc-PEGs.

Eoo = 1240/x (eV) (x: wavelength of crossing point of normalized UV-vis absorption and emission spectra.)
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Figure 22. Cyclic voltammograms (upper) and differential pulse voltammograms (middle, bottom) of (a)

AIPc-PEG and (b) SiPc-(PEG),.

Effect of singlet oxygen on PA signal enhancement.

Time-dependent PA signal intensity change of B-AlP¢ and B-SiPc under hypoxic and normoxic conditions

were monitored under continuous photoirradiation at 25 mW (A = 730 nm) (Figure 15).

Detection of singlet oxygen.

9,10-Anthracenedipropionic acid (ADPA) sodium salt was prepared according to the reported procedure.’’
Aqueous solutions of AIPc-PEG, SiPc-(PEG),, and methylene blue (standard, Waldeck GmbH & Co. KG,
Germany) (15 pM) and ADPA (sodium salt, 25 uM) in a quartz cuvette (optical path length: 10 mm) were

photoirradiated using a Xenon light source devise (MAX-303, Asahi Spectra Co., Ltd., Japan) equipped with
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VIS mirror module and rod lens (RLQL&0-1, illuminance: 2.7 mW (A = 680 nm) at the sample level).

Absorbance of ADPA at 400 nm were monitored during photoirradiation (Figure 16).

Cartesian coordinates of energy-minimized structures
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Chapter 3

Reductively Convertible Nickel Phthalocyanine Precursor as a Biological Thiol-

Responsive Turn-on Photoacoustic Contrast Agent

Abstract

Metallophthalocyanines can generate strong photoacoustic (PA) waves under near-infrared (NIR) pulsed
laser irradiation. However, avoiding PA signal generation in non-targeted areas is necessary to visualize
cancer tissue clearly when using them as contrast agents for PA cancer imaging. The author prepared a nickel
phthalocyanine (NiPc) precursor bearing poly(ethylene glycol) as a turn-on contrast agent for photoacoustic
imaging. This precursor generates PA signals only after conversion to NiPc. The water-soluble polymeric
chains were smoothly eliminated through thiol-mediated reductive aromatization in cancer cells, enabling the

detection of endogenous biological thiols in vitro and in vivo.
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Introduction

Photoacoustic (PA) imaging has attracted attention as a reliable method to visualize cancer tissues in vivo
because of its advantages, such as high spatial resolution, deeper tissue visualization, and low invasiveness.'
Metallophthalocyanine (MPc) is a photostable near-infrared (NIR)-absorbing dye and is considered one of the
most promising photosensitizers for PA imaging because of its high molar extinction coefficient (g) and
excellent photothermal conversion efficiency.” Although MPc-containing nanoparticles® and water-soluble
MPcs* have been used for PA cancer imaging, they generate PA signals as background noise in normal tissues.
Including the author’s previous works shown in Chapter 1, several ‘activatable’ contrast agents based on MPc,
which can enhance PA signal intensity in response to tumor-specific biological compounds, have been
developed to visualize cancer tissue more clearly.’ Despite the activatable nature of such MPc agents,
generating background PA signals by unreacted MPcs still needs to be suppressed for efficient imaging with
high contrast. Therefore, a ‘turn-on’ PA photosensitizer that generates PA signals only in cancer tissues is
ideal;® however, to the author’s knowledge, there is no example of a turn-on PA contrast agent based on MPc.
Modified MPcs with two alkoxy substituents at the a-position of pyrroles (ox-MPc) were reported as thermally
convertible MPc precursors (Figure 1a).” Considering that the transformation of ox-MPc to MPc is a formal
reduction reaction, reductive aromatization is a more suitable conversion method.® The author envisioned
that biological thiols such as glutathione (GSH) overexpressed in many cancer cell lines can be utilized for the
reductive aromatization of ox-MPcs under physiological conditions.’

Herein, the author reports the turn-on PA contrast agent ox-NiPc-PEG consisting of ox-NiPc and
water-soluble poly(ethylene glycol) (PEG) (Figure 1b). Because the introduction of two alkoxy groups on
the 18m aromatic core structure of NiPc causes a hypsochromic shift in the absorption peak of 0x-NiPc-PEG,
no PA signal is generated under NIR pulsed laser irradiation for PA imaging. The conversion of
ox-NiPc-PEG to NiPc by GSH proceeded under physiological conditions, resulting in strong PA signal

generation. PA imaging using 0x-NiPc-PEG enabled the detection of GSH in xenograft tumor-bearing mice.
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(a) thermal conversion of ox-CuPc
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Figure 1. (a) Thermal conversion of ox-CuPc and (b) reductive-conversion of ox-NiPc.
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Results and discussion
The water-soluble NiPc precursor 0x-NiPc-PEG was synthesized from phthalonitrile in two steps via
ox-NiPc-OH with two hydroxy groups at the side chain terminal (Scheme 1). The structure of ox-NiPc-OH
was confirmed by X-ray crystallographic analysis (Figure 2). The crystal structure clarified that two
hydroxyethoxy groups on the a-carbons of diagonal pyrrole extended to the convex face of the significantly

10" The formation of the thermodynamically less

distorted NiPc macrocycle having sp*-hybridized carbons.”
stable frans-isomer was not observed (Figure 3). ox-NiPc-OH with a distorted structure could dissolve well

in common organic solvents, such as toluene, THF, acetone, CH,Cl,, and CHCI;. To enhance the water

solubility of 0x-NiPc, 0x-NiPc-PEG was synthesized from ox-NiPc-OH by condensation with PEG derivative

0]

! -

)‘J\/\”/ \</\ A \_\
' PEG-COOH (6 equiv) O
CN Ni(OAc),-4H,0 (0.25 equiv) EDC (8 equiv)
@[ NEts (2 equiv) DMAP (cat.)
CN ethylene glycol, 55 °C, 12 h ; j{ CH.Cl,, rt, 6 h ; j{

ox -NiPc-OH
38%

%x-Nch-PEG
45%

Scheme 1. Synthesis of 0x-NiPc-PEG.

PEG-COOH" in 45% yield. ox-NiP¢-PEG dissolved in water at the concentration of 500 uM or below
(Figure 4).

Next, the author examined the reactivity of ox-NiPcs with reductants. The reaction of ox-NiPc-PEG with
GSH in phosphate buffer solution (PBS) at room temperature gave a blue solid.  This solid was identified as
NiPc by MALDI-TOF mass spectrometry, IR absorption spectrometry, and elemental analysis. When
ox-NiPc-OH was treated with GSH at room temperature for 24 h, NiPc was obtained in 98% isolated yield.
The UV-vis absorption spectrum of an aqueous solution of 0x-NiPc-PEG showed no absorption peaks in the

NIR region because of the non-aromatic nature of the distorted NiPc core (Figure 5a, red line). After the
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reaction of 0x-NiPc-PEG with GSH in aqueous solution, a new absorption peak at 606 nm appeared (Figure
5a, blue line). The absorption of the Q band of NiPc, which is generally observed at approximately 670 nm,
was broadened and blue-shifted, indicating that NiPc formed H-aggregates in water. These results showed
that ox-NiPc can be quantitatively transformed to NiPc by reduction and utilized as a biological thiol-

responsive photosensitizing molecule under physiological conditions.

Figure 2. ORTEP drawing of 0x-NiPc-OH (50% ellipsoids). Hydrogen atoms and solvent molecules are

omitted for clarity.

cis-isomer trans-isomer
G =-2295.307470 hartree G =-2295.296876 hartree
AG = 0 kcal/mol AG = 6.65 kcal/mol

Figure 3. Energy-minimized structures and Gibbs free energy of two isomers of 0x-NiPc-OH at the

B3LYP/LANL2DZ level for Ni and the B3LYP/6-31G (d, p) level for C, H, N, O.
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Figure 4. Concentration-dependent absorbance change of 0x-NiPc-PEG in water at 459 nm.
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Figure 5. (a) UV-vis absorption spectra of 0x-NiPc-PEG (50 uM) in water before (red line) and after
(blue line) GSH treatment. (b) Time-dependent PA signal intensity change of 0x-NiPc-PEG in PBS
at various pH (blue: pH 8.0, green: pH 7.0, red: pH 5.8) under GSH treatment (1 mM). Excitation

wavelength is 680 nm.

Next, the author examined the dependency of pH on the GSH-mediated reduction of 0x-NiPc-PEG. The
conversion of ox-NiPc-PEG to NiPc was accelerated in acidic PBS, and the resulting NiPc aggregates
generated strong PA signals under NIR pulsed laser irradiation (Figure 5b). This result suggests that the
protonation of the alkoxy groups attached to pyrrole a-carbons is crucial in the reductive aromatization of

ox-NiPc-PEG.® A plausible reaction mechanism is shown in Scheme 2. Upon protonation, the alcohol is
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Scheme 2. Plausible mechanism of biological thiol-mediated reductive aromatization.

eliminated by a nucleophilic attack of biological thiols on the sp’-hybridized carbon. The subsequent
nucleophilic attack of biological thiol to thioether affords an 18n aromatic structure of the NiPc core together
with a disulfide and alcohols.

To evaluate the GSH-mediated turn-on of the PA signal, the author investigated the increase in the PA signal
intensity of ox-NiPc-PEG under various GSH concentrations (Figure 6a). The PA signal intensity was
dependent on the GSH concentration. By contrast, the PA signal intensity of ox-NiPc-PEG scarcely
increased in the absence of GSH. When 0x-NiPc-PEG was treated with GSH at the intracellular
concentrations, the PA signal intensity was 4.9- and 6.3-fold higher than when treated with Cys and Hcy,
respectively (Figure 6b). These results indicate that NiPc was produced more effectively upon treatment with
GSH at the intracellular concentration. The author confirmed that no 'O, was generated from NiPc, which is
produced from ox-NiPc-PEG under NIR photoirradiation.’>  Therefore, the oxidative stress to normal cells

by 'O, is expected to be avoidable during PA imaging using the NiPc precursor (Figure 7).
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Figure 6. (a) GSH concentration-dependent PA signal intensity of 0x-NiPc¢-PEG (0.25 mM) in PBS (pH =

5.8) after 30 min. (b) PA signal intensity of 0x-NiP¢c-PEG after incubation with GSH (1.0 mM or 0.10 mM,
red) or amino acids (0.10 mM, black) in PBS (pH = 5.8) for 1 h at 37 °C.
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Figure 7. Time-dependent change of absorbance of ADPA at 400 nm in H,O in the presence of NiPc
obtained from 0x-NiPc¢-PEG under photoirradiation (blue). Methylene blue (black) was used as a positive

control.

Having confirmed that the reduction of 0x-NiPc-PEG can be monitored by the PA signal output, the author
next evaluated the PA signal intensity of 0x-NiPc-PEG in GSH-overexpressing human lung cancer cell line
A549."%  After incubation with 0x-NiPc-PEG (10 uM), the PA signal intensity was significantly increased in
A549 cells.  After 4 h, the PA signal intensity in A549 cells was 4.6-fold stronger than that in the normal cell
line HEK293 (Figure 8, red and blue). By a control experiment using N-ethylmaleimide (NEM) as a trapping

agent of biological thiols in A549 cells, the author confirmed that the increase in PA signal intensity was due
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Figure 8. Time-dependent PA signal intensity change during the incubation of A549 (red) and HEK293
(blue) with ox-NiPc-PEG (10 uM), and the incubation of A549 with o0x-NiPc-PEG (10 uM) after
incubation with NEM (green). Excitation wavelength is 680 nm. Two-tailed Student’s #-test: **p <0.01,
**%p <0.001.

to the formation of NiPc (Figure 8, green). It was confirmed that there was no cytotoxicity of ox-NiPc-PEG
for cancer cells and normal cells when the concentration of 0x-NiPc-PEG was less than 50 uM, using an MTT
assay (Figure 9). These results indicate that ox-NiPc-PEG is suitable for use as a PA contrast agent to
visualize the reductive environment of the tumor site in vivo.

Finally, the author conducted PA imaging in living mice to verify the applicability of ox-NiP¢-PEG as a

biological thiol-responsive PA contrast agent in vivo (Figure 10). A549 cells were xenografted into the right
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Figure 9. Cell viabilities of (a) A549 and (b) HEK293 cells in vitro after incubation with 0x-NiPc-PEG

for 24 h. Mean values and standard deviation (n = 8).
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legs of nude mice to prepare tumor-bearing mice. Eight prepared mice were divided into two groups for in
vivo experiments through intratumoral administration. For the first group, saline (30 mL) was pre-treated at
the tumor site in the right leg and the normal muscle in the left leg.  After 30 min pre-treatment, ox-NiPc-PEG
was administered intratumorally in the right leg and subcutaneously in the left leg, respectively. For the
second group, a pre-treatment of NEM (2.0 mM in 30 pL saline) was conducted in tumor sites before the
intratumoral administration of 0x-NiPc-PEG. The PA tomography system was used to obtain horizontal and
vertical view images at the indicated time points of post-injection of 0x-NiPc-PEG (Figure 11), and the PA
signal intensities at the administration sites were evaluated under NIR pulsed laser irradiation (Figure 12).
After the injection of 0x-NiPc-PEG, PA signal intensity in the tumor site significantly increased in three hours
(p<0.05) in good contrast to the non-tumor site, demonstrating its sensitivity to distinguish tumor sites from
normal muscle. Furthermore, the NEM-pretreated tumors exhibited weak PA signals before and after

injection, suggesting that 0x-NiPc-PEG can selectively detect biological thiols in living mice.

A549(-) NEM(-)  A549(+) NEM(-)

1) saline (30 pL) 1) saline (30 L)
2) ox-NiPc-PEG 2) ox-NiPc-PEG 680 nm
(50 puM, 60 pL) (50 uM, 60 L) pulsed laser
o ﬁ 'o' ﬁ :’
% %, S
1

O J
\A549 0-6h & JJJJJ
tumor
A549(+) NEM(+)
1) NEM
(2 mM, 30 L)
2) ox-NiPc-PEG 680 nm
X (50 uM, 60 pL) A plilsed laser
& 5
>
A549 0-6h %)

tumor

Figure 10. Schematic illustration of in vivo experiment.
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Figure 11. (a) In vivo PA top-view images of administrated sites before and 0.5, 3, 6 hours after injection.
(A549(+): tumor site, A549(—): normal muscle) (b) /n vivo PA side-view images of (b) A549(+) NEM(-), (¢)
A549(-) NEM(-), and (d) A549(+) NEM(+) region before and 0.5, 3, 6 h after injection (top: bright field,

middle: PA image, bottom: merged).
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Figure 12. Normalized PA signal intensity at the tumor sites (red: NEM(—), green: NEM(+)) and normal
muscle (blue) at 0.5, 3, 6 h after intratumoral or subcutaneously injection of 0x-NiPc-PEG (Sample size: n

= 4). Excitation wavelength is 680 nm. Two-tailed Student’s ¢-test: *p < 0.05, **p < 0.01.
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Conclusion

In conclusion, the author has developed a turn-on PA contrast agent based on reductive aromatization for
cancer imaging. A water-soluble NiPc precursor 0x-NiPc-PEG was converted to NiPc by biological thiols,
generating strong PA signals under NIR pulsed laser irradiation. Because the biological thiol-mediated
transformation proceeded smoothly under acidic conditions, the protonation of the alkoxy groups was
considered to be crucial in the reductive aromatization. The results obtained in vitro and in vivo demonstrated
that the increase in PA signal intensity was mainly due to the reduction of 0x-NiPc-PEG by GSH overexpressed
in cancer cells. Because biological thiol-mediated reductive aromatization proceeds under mild physiological

conditions, it is suitable for constructing a m-conjugated system of photosensitizer in vivo.
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Exprimental

General
Materials and methods

1-Ethyl-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC-HCI) was purchased from Watanabe
Chemical Industries, Ltd. (Japan). Triethylamine, ethylene glycol, 4-dimethylaminopyridine (DMAP),
dichloromethane (CH,Cl,), Dulbecco’s modified Eagle’s medium (DMEM), and 1% penicillin/streptomycin
(P/S) were purchased from Fujifilm-Wako Pure Chemicals Industries, Ltd. (Japan). Methylene blue was
purchased from Waldeck GmbH & Co. KG (Germany).
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), glycine (Gly), alanine (Ala), valine
(Val), lysine (Lys), and phosphate buffer solution (pH 7.2, 0.1 M) were purchased from Tokyo Chemical
Industry Co., Ltd. (Japan). Nickel acetate tetrahydrate, dimethyl sulfoxide (DMSO), N-ethylmaleimide
(NEM), tyrosine (Tyr), histidine (His), serine (Ser), threonine (Thr), methionine (Met), glutamine (Gln),
glutamic acid (Glu), cysteine (Cys), glutathione (GSH, reduced), and methanol (MeOH) were purchased from
nacalai tesque (Japan). MgSO4 was purchased from Kishida Chemical Co., Ltd. (Japan). Phthalonitrile and
homocysteine (Hcy) were purchased from Aldrich Chemical Co. (USA). Isoflurane was purchased from
Viatris Inc. (USA). Silica gel (SiOz, 230400 mesh) for column chromatography was purchased from
Silicycle (Canada).

PEG-COOH was prepared from poly(ethylene glycol) monomethyl ether (MW = 2000) according to the
reported method. "'

Buffered solutions (pH 5.8-8.0) were prepared by dissolving sodium dihydrogenphosphate (NaH>PO4) and
disodium hydrogenphosphate (Na,HPO4) in water (MilliQ).

UV-vis absorption spectra were recorded by UV-vis spectrophotometer (UH5300, Hitachi High
Technologies, Japan).

PA signals were measured by Nexus 128 (ENDRA Life Sciences Inc., USA). The sample solutions were

kept in dark at room temperature for more than 3 h before measurement.
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Mass spectra were measured by Exactive Plus Orbitrap (ESI, Thermo Fisher Scientific Inc., USA) and
Ultraflex III (MALDI, Bruker Co., USA).
IR absorption spectra were measured by Spectrum Two (FT-IR, PerkinElmer Inc., USA).

The absorbance at 550 nm for MTT cytotoxicity assay was measured using 800TS™

Absorbance Microplate
Reader (BioTek Instruments, USA).
Intensity data for X-ray crystallography were collected on a RIGAKU Saturn 724 HG CCD system with

VariMax Mo Optic using MoKa radiation.

Synthesis
Synthesis of ox-NiPc-OH

In a 100 mL two-necked round-bottom flask, phthalonitrile (0.22 g, 1.8 mmol), nickel acetate tetrahydrate
(0.11 g, 0.43 mmol), and triethylamine (0.50 mL, 3.6 mmol) in ethylene glycol (2 mL) were stirred at 55 °C
under nitrogen atmosphere. After stirring for 12 h, the dark-green suspension was diluted with CH,Cl, (30
mL) and filtered to remove the blue solid. The resulting red crude solution was washed with H,O (30 mL x
3) and the organic layer was dried over MgSO4. After the organic solvent was removed under reduced
pressure, the crude product was purified by column chromatography on SiO;, (eluent: CH,Cl,/MeOH, v:v =
1:0 to 0:1) to afford ox-NiPc-OH (0.11 g, 0.16 mmol, 38%) as a reddish-brown solid. When triethylamine
was not added to the reaction solution, the isolated yield was 11% after the reaction for 24 h.
ox-NiPc-OH: IR (neat) 3323, 3061, 2934, 2871, 1640, 1614, 1568, 1535, 1488, 1455, 1407, 1326, 1292, 1248,
1195, 1166, 1148, 1128, 1093, 1064, 1035, 1004, 957, 923, 884, 845, 773, 727, 678, 659, 623, 603, 589, 581,
567, 542, 533,525, 513 cm™'. UV-vis (CHCl3) Amax (log ) = 561 (3.30), 468 (3.65), 409 (3.53). '"H NMR (400
MHz, CDCls, 25 °C) 6 = 3.36-3.46 (m, 2H), 3.80-3.90 (m, 6H), 7.51-7.58 (m, 6H), 7.60-7.64 (m, 2H), 7.85—
7.87 (m, 4H), 7.96-7.99 (m, 4H). *C NMR (100 MHz, CDCls, 25 °C) § = 61.7, 65.7, 100.4, 122.0, 122.3,
122.7, 123.3, 130.0, 131.7, 131.8, 135.7, 138.1, 147.0, 161.6, 165.2, 168.1. HRMS (ESI) calcd for

C36H26NsNaO, ([M+Na]") 715.1323, found 715.1324.
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Synthesis of ox-NiPc-PEG

In a 50 mL Schlenk tube, EDC-HCI (0.18 g, 0.91 mmol), DMAP (0.15 mg, 1.2 umol), PEG-COOH (1.1 g,
0.51 mmol), and CH,Cl, (3.0 mL) were stirred at room temperature for 20 min. After addition of
ox-NiPc-OH (0.10 g, 0.15 mmol), the solution was stirred at room temperature for 6 h.  The resulting solution
was washed with H,O (50 mL x 3) and the organic solvent was removed under reduced pressure. The crude
red solid was dissolved in water. The aqueous solution was filtered to remove unreacted ox-NiPc-OH. The
filtrate was freeze-dried and 0x-NiPc-PEG (45%, containing a small amount of free PEG-COOH) as a red
solid was obtained. In MALDI-TOF mass spectrum of 0x-NiPc¢-PEG, the fragment peaks of ox-NiPc bearing

one PEG chain and peaks of PEG fragments were observed together with the parent peaks (Figure 13).
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Figure 13. MALDI-TOF mass spectrum of ox-NiPc-PEG. Matrix: dithranol.

Theoretical calculation
The density functional theory (DFT) calculations were performed for the geometry optimization of two
isomers of ox-NiPc-OH having two hydroxyethoxy groups at the B3LYP/LANL2DZ level for Ni and the

B3LYP/6-31G(d, p) level for C, H, N, O by using Gaussian 16 package.'*'>  Their electronic and Gibbs free
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energies are summarized in Table 1. The cartesian coordinates of the optimized structures are summarized at

the end of the experimental section.

Reduction by GSH
Reduction of ox-NiPc-OH to NiPc by GSH

In a 50 mL test tube, GSH (2.1 g, 6.7 mmol) was completely dissolved in PBS (pH 5.8, 20 mL). Then, the
solution of ox-NiPc-OH (1.0 g, 1.5 mmol) in acetone (20 mL) was added dropwise and stirred at room
temperature for 24 h. The reaction mixture was centrifuged to remove the supernatant. After washing with
water (30 mL x 3) and acetone (30 mL x 3), and the precipitate was dried under reduced pressure to give NiPc

(0.83 g, 1.5 mmol, 98%).

Reduction of ox-NiPc-PEG to NiPc by GSH

In a 50 mL test tube, GSH (1.0 g, 3.3 mmol), ox-NiPc-PEG (0.15 g, 0.22 mmol), and water (10 mL) were
stirred at room temperature for 3 d. The reaction mixture was centrifuged to remove the supernatant.  After
washing with water (30 mL % 5) and acetone (30 mL x 5), and the precipitate was dried under reduced pressure
to obtain NiPc. NiPc was identified by MALDI-TOF mass spectrum (Matrix: dithranol), IR absorption
spectrum, and elemental analysis.
NiPc: MS (MALDI) calcd for C3;H;¢NsNi ([M]") m/z = 570, found 570. IR (neat) 3048, 3015, 2934, 2887,
2798,2671,2640,2595,2422,2278,2261,2201, 2102, 1895, 1818, 1645, 1613, 1599, 1533, 1494, 1472, 1428,
1349, 1333, 1289, 1200, 1165, 1120, 1090, 1006, 980, 948, 940, 916, 869, 862, 806, 771, 775, 721, 643, 573,
540, 530 cm ™. Elemental analysis: calcd for C32H;sNgNi (NiPc): C, 67.29; H, 2.82; N, 19.62%, found C, 67.10;

H, 2.83; N, 19.81%.

In vitro PA signal measurement

In 1.5 mL Eppendorf tubes, the PBS (pH 5.8) solution of 0.20-20 mM GSH (50 pL) or 0.20 mM amino
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acids (50 pL) were added to the 500 uM ox-NiPc-PEG solution (50 pL) and incubated at 37 °C for 30 min,
respectively.  After incubation, the PA signal intensities of these samples were measured under 680 nm pulsed

laser irradiation (5 mJ/cm?).

Detection of singlet oxygen

A water-soluble 9,10-anthracenedipropionic acid (ADPA) sodium salt was prepared according to the
reported procedure.!”  0x-NiPe-PEG (10 uM) was incubated with GSH (1 mM) in water for 24 h. A solution
of ADPA sodium salt (0.10 mM) was added to the mixture in a quartz cuvette (optical path length: 10 mm).
The mixture was photoirradiated using a Xenon light source device (MAX-303, Asahi Spectra Co., Ltd., Japan)
equipped with VIS mirror module, rod lens [RLQLS80-1, illuminance: 2.7 mW (A = 680 nm) at the sample
level], and long pass filter (A > 590 nm). For positive control experiment, methylene blue (10 uM) was used
instead of 0x-NiPc-PEG and GSH. During photoirradiation, absorbance of ADPA at 400 nm were monitored

every two minutes (Figure 6c¢).

Cell experiment
Cell culture

The human lung carcinoma cell line, A549, was purchased from American Type Culture Collection
(Manassas, VA). Normal cell line, Human Embryonic Kidney cells (HEK293), were purchased from Japanese
Collection of Research Bioresources Cell Bank (JCRB Cell Bank), Japan. A549 cells and HEK293 cells were
cultured in DMEM with 10% fetal vobine serum (FBS). Cells were cultured in a well-humidified incubator

with 5% CO; and 95% air at 37 °C.

MTT cytotoxicity assay
The cell viability was evaluated by monitoring the reduction of MTT to formazan crystals using

mitochondrial dehydrogenases. A549 cells were seeded into a 96-well microtiter plate at a density of 5x10*
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cells/well. The cells were incubated for 24 h for cell attachment. A549 cells were incubated at 37 °C for
an additional 24 h with various concentrations of ox-NiPc-PEG (0, 0.01, 0.1, 1, 10, 50, and 100 uM). After
washing the cells with PBS, MTT (0.20 mL, 0.5 mg/mL) was added to each well. ~After incubation at 37 °C
for 4 h, the remaining MTT solution was removed, and the formazan crystals were dissolved in 200 uL of
DMSO with gentle agitation for 5 min. For the evaluation of viability of HEK293, HEK293 cells were used

instead of A549 cells. 1Csy of 0x-NiPc-PEG was over 100 uM.

PA signal increment caused by endogenous GSH

A549 and HEK293 cells were seeded into 12-well plates at a density of 1x10° cells/well and incubated at
37 °C for 24 h for cell attachment. For the thiol-trapping experiment, A549 cells were precultured with N-
ethylmaleimide (NEM, 2.0 mM) for 30 min. The aqueous solution of 0x-NiPc-PEG was diluted with DMEM
with 10% FBS and 1% P/S (final concentration: 10 uM). The cells were incubated with the ox-NiPc-PEG
solution (1 mL) at 37 °C for 2 or 4 h. After incubation, the cells were washed with PBS and detached by
trypsin/EDTA solution (0.10 mL). After adding PBS (0.90 mL), the cell suspension was transferred to 1.5
mL Eppendorf tube. After centrifugation, the supernatant was removed and PBS (1.0 mL) was added. The

PA signal intensities were measured under 680 nm pulsed laser irradiation (5 mJ/cm?).

In vivo experiment
A549 xenograft model

Female BALB/c mice in 9 weeks of age were purchased from Japan SLC, Inc., Japan. The mice were
housed at the Institute of Laboratory Animals at Graduate School of Medicine of Kyoto University. All of
animal experiments were approved by the Animal Research Committee of Kyoto University and carried out
within its guidelines. To prepare the tumor-bearing mice, the injection of A549 cells (5x10° cells) in the right

leg of each mouse was carried out.
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In vivo PA signal intensity measurement

The A549 tumor-bearing mice were randomly divided into two groups (n =4). For the first group, saline
(30 mL) was pre-treated at the tumor site in the right leg and at the normal muscle in the left leg, respectively.
After 30 min pretreatment, 0x-NiPc-PEG (50 uM in 60 pL saline) was administered intratumorally in the right
leg and subcutaneously in the left leg, respectively. For the second group, a pre-treatment of NEM (2.0 mM
in 30 pL saline) was conducted in tumor sites before the intratumoral administration of 0x-NiPc-PEG (50 uM
in 60 pL saline). The PA tomography system was used to obtain from horizontal and vertical view images
under pulsed laser irradiation (A = 680 nm, 5 mJ/cm?).  PA images of administrated sites were recorded before
and post-injection at different time points (30 min, 3 h, and 6 h). The PA intensities of regions of interest
(ROI: muscle or tumor sites) were detected from each mouse in the same size (diameter of circle = 1.13 cm).
The represent intensities were calculated in the mean of independent experiments (n = 4) with standard

deviation (s.d.).
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X-ray crystallographic data

Single crystal of 0x-NiPc-OH was obtained from recrystallization in CH>Cly/hexane at room temperature.
Crystal data are summarized in Table 1. The structures were solved by a direct method (SHELXT)'® and
refined by a full-matrix least square method on F2 for all reflections (SHELXL-2016)."  All hydrogen atoms
were placed using AFIX instructions, while all other atoms were refined anisotropically. The residual
scattered electron densities, originating from disordered solvents, were eliminated by the SQUEEZE protocol
equipped in PLATON.?®  The separation of the disorders on the hydroxyethoxy moiety is difficult, resulting
in the Alerts B in the checkCIF/PLATON report. However, this problem does not affect the whole structure

of the molecule. The molecular structure was visualized by Mercury.?!

Table 1. Crystallographic data of ox-NiPc-OH.

CCDC number 2303413
Empirical formula C36H26NgNiO4
Formula weight 693.36
Temperature/K 143(2)
Crystal size/mm’® 0.1 x0.1x0.1
Radiation Mo Ka (A= 0.71075)
Crystal color red

Crystal system orthorhombic
Space group Pbcn

a (A) 12.655(3)
b(A) 15.538(3)
c(A) 17.066(3)
a(°) 90

B () 90

7 (®) 90

Volume (A%) 3355.7(12)

VA 4

Deal (g/cm?) 1.372
u(mm™") 0.63
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Figure 14. (a) Top-view and (b) side-view of ox-NiPc-OH (50% ellipsoids) with labels. Hydrogen atoms

and solvent molecules are omitted for clarity.

Figure 15. Packing structure of ox-NiPc-OH (50% ellipsoids) viewed from the (a) a axis, (b) b axis, and (¢) ¢

axis. Hydrogen atoms and solvent molecules are omitted for clarity.
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Table 2. Selected (a) bond lengths and (b) angles for ox-NiPc-OH.

cis-isomer

fury

-0.000000
0.454115
-0.766380
1.207937
-3.005218
1.718570
-0.644199
-0.127602
-2.014119
-1.008977
-2.217928
-3.215205
-4.067493
-3.339796
-4.270000
3.839016
3.302996
0.000000
2.809527

(a) Length (A) (b) Angle (deg)
Nil—N2 1.845 N2—Nil—N4 90.6
Nil—N4 1.871 N2—Ni1l—N4 90.3
01—Cs8 1.434(4) C1—N2—C8 110.0(2)
01—C17 1.427(4) C1—N1—C16 118.1(3)
N2—C1 1.328(4) C8—N3—C9 116.2(2)
N2—C8 1.474(4) C16—N4—C9 107.9(2)
N3—C8 1.448(4) N2—C1—N1 127.0(3)
N3—C9 1.290(4) N2—C1—C2 110.8(3)
N1—C1 1.352(4) 0O1—C8—N2 111.1(2)
N1—Ci16  1.310(4) 01—C8—N3 103.7(2)
N4—Cl6  1.365(4) 01—-C8—C7 113.4(2)
N4—C9 1.410(4) N2—C8—N3 112.7(2)
02—C18  1.393(6) N2—C8—C7 103.3(2)
Cci1—C2 1.471(4) N4—C16—C15 109.5(3)
C7—C2 1.377(4) N4—Cl16—N1 128.6(3)
C7—C8 1.520(4) N3—C9—N4 127.6(3)
C7—C6 1.378(5) N4—C9—C10 108.6(2)
C15—C10 1.386(5)

C15—C16 1.473(5)
C10—C9 1.472(4)
Cartesian coordinates of energy-minimized structures
H 5.518740 -0.217909

-0.000000  0.359586 C 5.846518 1.909511

2.604034 -1.600607 H 6.846492 1.782313

1.699958 0.246331 C 4.026152 3.407785

3.134359 0.464721 H 3.603538 4.402274

1.242923 0.969480 C 1.958162 2.139819

0.763356 0.585954 C -2.001596 6.160342

1.503251 -4.840079 H -1.930267 7.218412

1.249416 -5.613803 C -0.878630 5.338183

2.038921 0.524193 H 0.064222  5.739035

3.995045 -0.184695 C -0.513388 2.301692

3.480870 0.283450 H -1.133605 3.176722

5.642179 0.138432 H -1.170427 1.482309

6.304185 0.260286 C 5.310126  3.199988

4.285661 0.454773 H 5.902723 4.052170

3.866443 0.823556 C 0.287104 1.874141

1.001525 1.484362 H 0.926177 2.709592

2.287451 1.373837 H 0.937940 1.032174

2.855925 -0.277489 N 0.766380 -1.699958

0.064898 0.989857 o -0.454115 -2.604034

0.785854 1.991248 N -1.207937 -3.134359

o TaZT 00N ToZZ2220 72

5.114652

111

2.069136
2.392604
2.796918
1.759862
1.662514
0.770438
-0.332571
-0.568221
-0.501492
-0.859596
-2.604319
-2.838322
-2.289259
2.279043
2.599004
-3.826511
-4.148680
-3.557781
0.246331
-1.600607
0.464721
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3.005218
-1.718570
0.644199
0.127602
2.014119
1.008977
2.217928
3.215205
4.067493
3.339796
4.270000
-3.839016
-3.302996
-0.000000
-2.809527
-5.114652
-5.518740
-5.846518
-6.846492
-4.026152
-3.603538
-1.958162
2.001596
1.930267
0.878630
-0.064222
0.513388
1.133605
1.170427
-5.310126
-5.902723
-0.287104
-0.926177
-0.937940

aslicsli@oNasli@ Nl o NNl NoNoN-Nol-:Rol--NoNoNoNo Ro R"RoN-"No NoNo No N=-"Re i

trans-isomer
-2.844975
-3.659346
-2.777828
-1.400770
-1.458830
2.982606
1.839632
0.759460
1.229873
2.613769
-0.461549
3.115700
3.968638
3.171539
1.755871
1.770102
3.481940
-2.575444
-1.464255
-0.423730
-0.893284

ZOoOoOoZzaozooaozozaoooaozooA

-1.242923
-0.763356
-1.503251
-1.249416
-2.038921
-3.995045
-3.480870
-5.642179
-6.304185
-4.285661
-3.866443
-1.001525
-2.287451
-2.855925
-0.064898
-0.785854
0.217909

-1.909511
-1.782313
-3.407785
-4.402274
-2.139819
-6.160342
-7.218412
-5.338183
-5.739035
-2.301692
-3.176722
-1.482309
-3.199988
-4.052170
-1.874141
-2.709592
-1.032174

2.849414
1.732723
0.594804
1.108822
2.415612
3.107373
3.860255
2.901673
1.631378
1.688292
3.313096
-2.698635
-1.636086
-0.575801
-1.032500
-2.295974
0.750960
-3.020318
-3.769038
-2.802379
-1.537192

0.969480
0.585954
-4.840079
-5.613803
0.524193
-0.184695
0.283450
0.138432
0.260286
0.454773
0.823556
1.484362
1.373837
-0.277489
0.989857
1.991248
2.069136
2.392604
2.796918
1.759862
1.662514
0.770438
-0.332571
-0.568221
-0.501492
-0.859596
-2.604319
-2.838322
-2.289259
2.279043
2.599004
-3.826511
-4.148680
-3.557781

-0.595530
-0.426382
0.069815
-0.124454
-0.348307
0.531272
0.264724
-0.033657
0.038137
0.323895
-0.314922
0.906250
0.633396
-0.108949
0.044486
0.464092
0.330618
-0.761934
-0.369709
0.031887
-0.088675
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-2.238965
-3.104828
0.768712
3.571935
4.927060
5.785347
5.316170
4.188521
4.208795
3.058038
1.850384
-3.735570
-3.741794
-2.624697
-1.464046
-3.356328
-4.733739
-5.552848
-5.023631
0.173444
3.594680
-2.868785
1.588084
2.140562
2.938015
-3.891019
-5.131700
-4.109927
2.893304
5.321583
6.833414
5.977478
5.074276
5.131435
3.108699
0.953463
-4.598324
-4.627581
-2.663970
-0.594647
-2.700591
-5.172440
-6.616866
-5.658369
1.044575
1.362210
2.811775
3.710694
2.272564
-3.556093
-3.091154
-5.013410
-4.907656
-4.416604

-1.602328
-0.660422
-3.190808
-3.869490
-3.932271
-2.857985
-1.693705
3.712174
5.110048
5.867298
5.249180
-3.631526
-5.029986
-5.781695
-5.157689
4.084537
4.168583
3.042633
1.804599
0.045587
-0.729998
0.467994
-0.110257
-0.912014
0.026568
-0.105465
-0.517291
0.030100
-4.692785
-4.822955
-2.931638
-0.862955
3.116817
5.619778
6.950567
5.821098
-3.041632
-5.543731
-6.865241
-5.726517
4.939861
5.113346
3.127808
0.929680
-0.676097
-1.407080
-1.690361
0.531472
0.788648
0.861940
-0.839045
-0.611377
0.760448
-0.934282

-0.497730
-0.543273
0.435263
1.504163
1.843186
1.571583
0.947580
0.860724
0.930622
0.664718
0.323295
-1.218757
-1.289586
-0.897047
-0.425660
0.976523
-1.207409
-1.061904
-0.666701
-0.033915
-1.464439
1.498521
-4.420905
-3.384004
-2.485465
3.546218
4.104528
2.046473
1.700999
2.323443
1.847953
0.725773
1.055534
1.192613
0.723942
0.110889
-1.510083
-1.651670
-0.959300
-0.113454
-1.100491
-1.514705
-1.263653
-0.574437
-4.981591
-2.786223
-3.778603
-3.075541
-2.075342
3.949852
3.728124
5.056964
1.858461
1.626417
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Chapter 4

Chapter 4

A Reductively Activatable Phototheranostic Agent Based on

a Water-Soluble Nickel Naphthalocyanine Precursor

Abstract

Metallonaphthalocyanines (MNcs) are among the most promising near-infrared (NIR) dyes to serve as
photosensitizers for phototheranostics, combining photoacoustic imaging (PAI) and photothermal therapy
(PTT). However, the extremely low solubility of MNcs has limited their practical application as theranostic
agents. In this study, we synthesized NiNc precursors (0x-NiNc) that exhibit significantly improved
solubility by installing two alkoxy groups on the a-carbons of the diagonal pyrroles. We also prepared an
amphiphilic derivative (0x-NiNc-PEG) and investigated its conversion into NiNc through reductive
aromatization. We demonstrate that ox-NiNc-PEG efficiently converted into NiNc in cancer cells with
elevated glutathione levels, resulting in enhanced photoacoustic signals and increased phototoxicity based on
photothermal conversion under NIR light irradiation. The target-oriented reductive aromatization that occurs
in response to the reducing environment in cancer cells offers an important strategy for developing PAI/PTT

theranostic agents.
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Introduction

Metallo naphthalocyanines (MNCc), a class of tetrapyrrole macrocyclic compounds, are near-infrared (NIR)
light-absorbing dyes renowned for their exceptional photo- and thermal stability.'> Because of their high
molar extinction coefficient (€) in the NIR region and robustness under physiological conditions, MNcs have
garnered significant attention as photosensitizers for in vivo phototheranostics, particularly in applications
combining photoacoustic imaging (PAI) and photothermal therapy (PTT).>”’ However, MNcs suffer from
poor solubility in water and common organic solvents compared to other NIR-absorbing dyes, such as
cyanine,® which limits their chemical modification and hinders the development of highly functionalized MNc-
based theranostic agents. Furthermore, most of the previous MNc-based theranostic agents, which are “always-
on” types, act as photosensitizers whenever they are exposed to light. These photosensitizers cause unavoidable
photoacoustic (PA) signals and phototoxicity in normal tissues, making them difficult to use as selective

phototheranostic agents.”'°

To address these challenges, in Chapter 1, the author developed ratiometric PAI
probes based on amphiphilic MNc-peptide conjugates that change their absorption wavelength in tumor tissue
through aggregation triggered by enzymatic cleavage of the hydrophilic moiety."" Although this approach
enabled tumor-specific activation of photosensitizers, it failed to completely suppress background signals
arising from spectral overlap before and after activation. An ideal solution would involve constructing the
n-conjugated structure of the NIR-absorbing photosensitizer under physiological conditions, ensuring that PA
signals and phototoxicity are induced exclusively at the lesion site.

As the optical properties of MNcs mainly arise from their 18zn-electron aromatic structure, it is plausible that
their absorption wavelength can be modulated by the n-conjugation length. Kobayashi and coworkers reported
the synthesis of copper naphthalocyanine (CuNc) derivative bearing two methoxy groups on the a-carbons of
diagonal pyrroles in its core structure (0x-CuNc-OMe), which lacks absorption in the NIR region. Although
its thermal solid-state transformation into CuNc was demonstrated at 180 °C, the harsh conditions are
unsuitable for biological applications (Figure 1a).'"? In Chapter 3, the author dealt with core-alkoxylated

nickel phthalocyanine (ox-NiPc), which has a distorted macrocyclic structure similar to that of 0x-CuNc¢-OMe,

undergoing the reductive transformation with glutathione (GSH) under physiological conditions to give the
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(a) thermal conversion of ox-CuNc-OMe

ox-NiPc-OR o
weak NIR-absorption in water

(c) reductive conversion of ox-NiNc-OR, this work

ox-NiNc-OR

v strong NIR-absorption in water
Figure 1. (a) Thermal conversion of ox-CuNc-OMe, (b) reductive-conversion of ox-NiPc-OR, and (c)

reductive-conversion of 0x-NiNc¢-OR.

corresponding NiPc (Figure 1b)."> Notably, a water-soluble derivative 0x-NiPc-PEG, bearing poly(ethylene
glycol) (PEG) chains on R groups, underwent smooth GSH-mediated reductive aromatization both in vitro and
in vivo, making it an efficient “turn-on” PA contrast agent. However, the aggregation of the resulting NiPc
caused a hypsochromic shift of its absorption wavelength, limiting its photothermal conversion in the NIR
region. To overcome these limitations, the author hypothesized that water-soluble core-alkoxylated nickel
naphthalocyanine (0x-NiNc) derivatives, which can generate more m-expanded NiNc frameworks compared
to NiPc, would serve as more efficient “turn-on” photosensitizers in NIR photoirradiation-based theranostics.

The author herein reports the synthesis of 0x-NiNe¢ derivatives and the application of amphiphilic 0x-NiNec-
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PEG, bearing PEG chains, for PAI and PTT (Figure 1c). The water-soluble 0x-NiNc¢-PEG was converted into
NiNc in the presence of biological thiols under physiological conditions. In GSH-overexpressing cancer
cells,' this transformation proceeded efficiently, resulting in enhanced PA signal intensity, which enabled clear
discrimination between cancer cells and normal cells. Furthermore, the heat generation by NiNc significantly
reduced cancer cell viability under NIR laser irradiation, demonstrating that 0x-NiN¢-PEG can act as a turn-

on-type photosensitizer for PAI/PTT theranostics.
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Results and discussion

Kobayashi and coworkers reported the synthesis of ox-CuNc-OMe by the reaction of 2,3-
dicyanonaphthalene with lithium methoxide in methanol at 70 °C, followed by the addition of a copper salt. A
similar reaction using nickel(II) salt instead of copper salt was attempted; however, the core-modified ox-NiNc
derivative was not obtained. To increase the reactivity of the starting compound, 1H-benzo[f]1,3-
diiminoisoindoline (1)"° was prepared from 2,3-dicyanonaphthalene. Although the reaction of 1 and nickel salt
in refluxing ethanol or n-propanol failed to yield the corresponding products, 0x-NiNc-OEt and ox-NiNc-OPr
were obtained by heating 1 in a mixed solvent of ethanol/DMF or n-propanol/DMF at 120 °C, followed by the
addition of nickel(I) chloride (Scheme 1). Attempts to use lithium alkoxide in the reaction were unsuccessful,
because the product decomposed at high temperatures in the presence of a base. In reactions using n-butanol
and ethylene glycol, which have higher boiling points, the reaction proceeded without DMF, affording the
corresponding 0x-NiNc-OBu and ox-NiNc-EG in 10% and 32% yields, respectively. Notably, no core-
alkoxylated naphthalocyanine was obtained in the absence of nickel salt, indicating the essential role of the

nickel atom as a template for the macrocycle formation.
The structures of the 0x-NiN¢s were unambiguously determined by single-crystal X-ray structure analysis

(Figure 2). The two alkoxy groups on the a-carbons of diagonal pyrroles in the distorted NiNc core structure

NH 1) ROH
120 °C, 10 min
I L
2) Ni salt
1 NH 90 °C, 10-30 min
+2ROH
— NH3 //
ox-NiNc-OEt (7.5%, R = Et)
RO oR RO oRrR .
ox-NiNc-OPr (14%, R = Pr)
OO NH ——= O /N ox-NiNc-OBu (10%, R = Bu)
-NiNc- 32%, R = (CH,),OH
NH 2 NH2 ox-NiNc-EG ( (J ( 2)2 )

Scheme 1. Synthesis of ox-NiNecs.
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Figure 2. ORTEP drawing of (a) 0x-NiN¢-OEt, (b) 0x-NiNc-OPr, (c) 0x-NiNc-OBu, and (d) ox-NiNc-EG
(50% ellipsoids). Hydrogen atoms and solvent molecules are omitted for clarity. Detailed crystallographic

data and packing structures are summarized in the Experimental Section.

cis-isomer trans-isomer
G =-2909.714073 hartree G =-2909.707142 hartree
AG = 0 keal/mol AG = 4.35 kcal/mol

Figure 3. Energy-minimized structures and Gibbs free energy of two isomers of 0x-NiNc-EG at the

B3LYP/LANL2DZ level for Ni and the B3LYP/6-31G (d, p) level for C, H, N, O.

1316718 Density functional theory calculations suggested that

were located on the same side of the macrocycle.
the cis-isomer, bearing both alkoxy groups on the same side of the macrocycle, is more stable than the trans

isomer (Figure 3). The distorted macrocycle of 0x-NiNc¢s rendered them soluble in common organic solvents

such as acetone, CH>Cl,, and CHCIl3, whereas planar NiNc was poorly soluble in these solvents. The high
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solubility of ox-NiNecs facilitated their purification by column chromatography. The sp*-hybridized carbon
atoms in the 18m-electron conjugated framework of the NiNc were partially replaced with sp*-hybridized
carbon atoms, resulting in the absence of absorption in the NIR region above 700 nm, which is the typical
absorption of MNc (Figure 4)."!

To utilize ox-NiNe¢ derivatives under physiological conditions, the author explored the conjugation of
ox-NiNc with PEG chains. A water-soluble 0x-NiNc-PEG was synthesized in 38% yield via the
condensation of 0x-NiNe¢-EG with PEG-COOH?* (Scheme 2); notably, 0x-NiNc¢-PEG dissolved in water at

the concentration up to 500 uM (Figure 5).

(a) (b)
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Figure 4. UV-vis absorption spectra of (a) 0x-NiNc-OEt, (b) 0x-NiNc-OPr, and (¢) 0x-NiNc-OBu in
CHCI; (red), CH2Cl; (green), and acetone (blue) (concentration: 100 uM).

PEG
I
PEG
O
PEG-COOH (5 equiv)
EDC (7 equiv) ’N
DMAP (cat.) GSH (exceSS)
NiNc
CH,Cly, rt, 6 h water, rt
38%
ox-NiNc-EG ox-NiNc-PEG

Scheme 2. Synthesis and reductive aromatization of 0x-NiNc¢-PEG with GSH.
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Figure 5. Concentration-dependent absorbance change of 0x-NiNc-PEG in water at 543 nm.

The reactivity of 0x-NiN¢ with reducing agents in aqueous solution was then examined. The reduction of
0x-NiNc-EG with GSH (5§ mM) at room temperature yielded a green solid, which was identified as NiNc by
high-resolution mass spectrometry and elemental analysis. The isolated yield of NiNc from the reduction of
ox-NiNc-EG was 91%, suggesting that reductive aromatization proceeded quantitatively. The UV-vis
absorption spectral changes of an aqueous solution of 0x-NiN¢-PEG in the presence of GSH showed an
increment in signal intensity in the NIR region (600-850 nm), attributed to NiNc (Figure 6). This observation
confirmed the conversion of 0x-NiN¢-PEG into NiNc in response to GSH in phosphate buffer solution (PBS)
at room temperature. The absorption spectrum of NiNc produced by GSH-mediated conversion in PBS at room
temperature exhibited two absorption maxima at 784 nm (derived from the monomer) and 710 nm (derived
from the H-aggregate). These results suggest that NiNc forms H-aggregates in aqueous solution, reflecting its
low water solubility. As NiNc in PBS exhibits negligible fluorescence and singlet oxygen ('O,) generation
under NIR light irradiation (Figure 7), non-radiative relaxation pathways are supposed to be predominant,
resulting in high photothermal conversion efficiency.” Thus, 0x-NiN¢, which can be converted into water-
insoluble NiNc, holds potential as a biological thiol-responsive turn-on PA contrast agent and photosensitizer

for PTT.
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Figure 6. Absorbance spectra of 0x-NiNc-PEG (50 uM) in PBS (pH = 5.8) under GSH (5.0 mM) treatment.
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Figure 7. Time-dependent change of absorbance of ADPA at 400 nm in H,O in the presence of NiNc
obtained from 0x-NiNc¢c-PEG under photoirradiation (red). Methylene blue (black) was used as a positive

control.

The PA signal generation after the GSH-mediated reduction of 0x-NiNc-PEG was next examined in PBS
with a range of pH values (Figure 8a). Stronger PA signals were detected under NIR pulsed laser irradiation
as the pH decreased, indicating that the conversion of 0x-NiNc-PEG into NiNc is facilitated under acidic
conditions. The results suggest that protonation is a crucial step in the reductive aromatization of 0x-NiN¢,
which is consistent with the results of the study on ox-NiPc."> The PA signal intensity increased in a GSH
concentration-dependent manner (Figure 8b), whereas negligible changes were observed in the absence of
GSH. When ox-NiNc¢-PEG was treated with GSH at intracellular concentrations (1 mM), the PA signal
intensity increased 10-fold and 6.2-fold compared to treatments with cysteine (Cys) and homocysteine (Hcy),

respectively (Figure 8c), although no significant difference was observed between GSH and HCy at
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Figure 8. (a) Time-dependent PA signal intensities change of 0x-NiNc-PEG (250 pM) in PBS (pH = 8.0
(blue), 7.0 (green), 5.8 (red)) under GSH (1.0 mM) treatment. (b) GSH concentration-dependent PA signal
intensity of 0x-NiNc-PEG in PBS. (c) PA signal intensity of 0x-NiN¢-PEG after incubation with GSH (1.0
mM or 0.10 mM, red) or amino acids (0.10 mM, black) in PBS (pH = 5.8) for 1 h at 37 °C.

concentrations of 0.1 mM. **?*  Considering higher level of GSH than that of Hcy, 0x-NiNe-PEG can serve
as a chemical probe to discriminate between cancer cells with elevated GSH levels and normal cells.

The author then examined the photothermal conversion of an 0x-NiNc¢-PEG in aqueous solution under
continuous NIR laser irradiation after GSH treatment. The increase in temperature depended on both the
laser intensity and the concentration of 0x-NiNc¢-PEG, indicating that NiNc effectively elevated the
temperature of the solution through photothermal conversion (Figures 9a and 9b). NiNc exhibited good
thermal stability under photoirradiation without decomposition under repeated NIR laser irradiation, and the
system presented consistent and repeatable temperature rises (Figure 10a). In contrast, the FDA-approved
NIR dye indocyanine green (ICG) decomposed rapidly under the same photoirradiation conditions. The
photothermal conversion efficiency () was calculated to be 40.7% (Figure 10b),>” %’ which is comparable to
those of previously reported PTT agents based on phthalocyanines and other organic dyes.”” These results

show that 0x-NiPc-PEG is converted into robust NiNc with high photothermal conversion efficiency in
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Figure 9. Time-dependent tempareture change under NIR laser irradiation to 0x-NiN¢-PEG after incubation
with GSH for 24 h in PBS ((a) The laser intensities: (blue) 1.0, (green) 2.0, or (red) 3.3 W, [ox-NiNc-PEG]:
20 uM. (b) The laser intensities: 3.3 W, [ox-NiNc¢-PEG]: (black) 0, (pink) 10, (red) 20 uM.)).
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Figure 10. (a) Temperature change of samples during five ON/OFF cycles of 808nm laser irradiation (3.3
W) to 0x-NiNec-PEG (20 puM, red) incubated with GSH for 24 h. ICG (black) was used for comparison as
a photodegradable dye. (b) Linear time data versus —In(0) of NiN¢ obtained from the first cooling period
of (a).

response to GSH, highlighting the significant potential of 0x-NiN¢-PEG as a turn-on photosensitizer for PTT.

To evaluate the endogenous GSH-mediated conversion of 0x-NiN¢-PEG in cancer cells, we measured the
PA signal of 0x-NiN¢-PEG in the GSH-overexpressing human lung cancer cell line A549.%'  Prior to the cell
experiments, a WST assay confirmed the low cytotoxicity of 0x-NiNe-PEG for both A549 and the normal cell
line HEK293 (Figure 11). After incubating A549 cells with 0x-NiN¢-PEG (10 puM) for 4 h, the PA signal
intensity caused by excitation at 700 nm and 780 nm increased significantly (Figures 12a and 12b). When

A549 cells were pretreated with the biological thiols scavenger N-ethylmaleimide (NEM) to inhibit the
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Figure 11. Viabilities of (a) A549 and (b) HEK293 cells after incubation with 0x-NiNc-PEG for 24 h.
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Figure 12. Time-dependent PA signal intensity changes, excited at (a) 700 nm and (b) 780 nm, during the
incubation of HEK293 (black) with 0x-NiNc-PEG (10 pM) and A549 with 0x-NiNe-PEG (10 uM) after
incubation with (blue) or without (red) NEM. Two-tailed Student’s #-test: **p < 0.05, ***p < 0.005.

conversion of 0x-NiNe-PEG into NiNc, the PA signal enhancement of cells was suppressed These results
support the conclusion that the PA signal enhancement could be caused by the conversion of 0x-NiNc-PEG to
NiNc in response to endogenous biological thiols. The higher levels of intracellular GSH in A549 than in
HEK?293 led to efficient conversion of 0x-NiN¢c-PEG and resulted in the PA signal intensity for A549 being
2.5 fold stronger than that of HEK293 after incubation for 4 h (Aex = 700 nm).  These results confirm that ox-
NiNc-PEG could serve as a PA contrast agent to distinguish cancer cells from normal cells.

Finally, the author investigated the photothermal-induced cytotoxicity of GSH-overexpressing cancer cells,
which are resistant to photodynamic therapy due to the scavenging of reactive oxygen species by GSH.*

After NIR laser irradiation (A = 808 nm), the cell viability of A549 incubated with 0x-NiNc-PEG for 4 h
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decreased with increasing laser power intensity (Figure 5c and d). As no 'O, is generated from NiNc under
NIR photoirradiation, it is reasonable to conclude that cell death was induced by a temperature increase
resulting from the photothermal conversion of NiNc. The photothermal therapeutic efficiency of ox-NiPc-
PEG!"¥ and ox-NiNc-PEG was compared by evaluating the cell viability of A549 cells under NIR
photoirradiation. 0x-NiPc¢-PEG did not induce cell death under NIR laser irradiation because its weak
absorbance (¢ = 3860 at 808 nm) in the NIR region is insufficient for effective photothermal conversion. In
contrast, the extended n-conjugated system and strong NIR absorption of NiNc increased the cytotoxicity of
0x-NiNc-PEG under NIR laser irradiation (2.0 and 3.3 W power) dramatically. The results demonstrate that
PTT using ox-NiNc-PEG is highly effective in causing damage to GSH-overexpressing cancer cells through

temperature elevation.
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Figure 13. (a) Cell viability of A549 incubated with 0x-NiN¢-PEG (20 uM, red) after 5 minutes of NIR
laser irradiation of different light power. (b) Cell viability of A549 incubated with ox-NiPc-PEG (20
uM) or 0x-NiNc-PEG (20 pM) after NIR laser irradiation (1.0 W, red) for 20 min or no irradiation (black).

128



Chapter 4

Conclusion

The author developed a synthetic method to access ox-NiNc¢ derivatives using 1H-
benzo[f]1,3-diiminoisoindoline (1) and primary alcohols. The amphiphilic 0x-NiNc-PEG was then evaluated
as a PAI/PTT theranostic agent. 0x-NiNc¢c-PEG was smoothly converted into NiNc in the presence of GSH
under ambient conditions, triggering PA signal generation under NIR pulsed laser irradiation and a temperature
increase under continuous NIR laser irradiation. This GSH-responsive conversion enables 0x-NiN¢c-PEG to
function as a PA contrast agent to distinguish GSH-overexpressing cancer cells from normal cells and as a
photosensitizer to induce cancer cell death through PTT. Given the absence of NIR absorption prior to

reduction, 0x-NiNc-PEG serves as a highly effective turn-on theranostic agent for PAI/PTT applications.
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Experimental
General
Materials and Methods

1-Ethyl-(3-(dimethylamino)propyl) carbodiimide hydrochloride (EDC-HCI) was purchased from Watanabe
Chemical Industries, Ltd. (Japan). Ethylene glycol, n-proranol, n-buthanol, 4-dimethylaminopyridine (DMAP),
dichloromethane (CH2Cl2), Dulbecco’s modified Eagle’s medium (DMEM), and nickel(Il) chloride
hexahydrate (NiCl,-6H»>O) were purchased from Fujifilm-Wako Pure Chemicals Industries, Ltd. (Japan).
Methylene blue was purchased from Waldeck GmbH & Co. KG (Germany). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), glycine (Gly), alanine (Ala), valine (Val), lysine (Lys), and phosphate
buffer solution (pH 7.2, 0.1 M), and 2,3-dicyanonaphtalene were purchased from Tokyo Chemical Industry
Co., Ltd. (Japan). Formamide, dimethyl sulfoxide (DMSO), N-ethylmaleimide (NEM), tyrosine (Tyr), serine
(Ser), methionine (Met), glutamine (Gln), glutamic acid (Glu), cysteine (Cys), glutathione (GSH, reduced),
methanol (MeOH), and ethanol (EtOH) were purchased from nacalai tesque (Japan). MgSO4 was purchased
from Kishida Chemical Co., Ltd. (Japan). Phthalonitrile and homocysteine (Hcy) were purchased from Aldrich
Chemical Co. (USA). Silica gel (SiO,, 230-400 mesh) for column chromatography was purchased from
Silicycle (Canada).

PEG-COOH was prepared from poly(ethylene glycol) monomethyl ether (MW = 2000) according to the
reported method.”>  2,3-Dicyanonaphtalene® and ox-NiPc-PEG'"® were prepared according to the reported
method.

Buffered solutions (pH 5.8-8.0) were prepared by dissolving sodium dihydrogenphosphate (NaH,PO4) and
disodium hydrogenphosphate (Na,HPO4) in water (Milli-Q).

UV-vis absorption spectra were recorded by UV-vis spectrophotometer (UHS5300, Hitachi High
Technologies, Japan).

PA signals were measured by Nexus 128 (ENDRA Life Sciences Inc., USA). The sample solutions were
kept in dark at room temperature for more than 3 h before measurement.

Mass spectra were measured by Exactive Plus Orbitrap (ESI, Thermo Fisher Scientific Inc., USA) and
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Ultraflex III (MALDI, Bruker Co., USA).
IR absorption spectra were measured by Spectrum Two (FT-IR, PerkinElmer Inc., USA).
The cell viability was estimated using a Cell Counting Kit-8 (CCK-8, Dojindo, Japan). The absorbance at

450 nm was measured by 800TS Absorbance Microplate Reader (BioTek Instruments, USA).

Synthesis of ox-NiNcs
Synthesis of 1"

A mixture of 2,3-dicyanonaphtalene (4.08 g, 23 mmol), NaOH (3.5 g, 88 mmol), formamide (90 mL, 2.3
mmol), and THF (100 mL) was stirred at 50 °C.  After stirring for 24 hours, water (200 mL) was poured into
the reaction mixture and the white precipitate was collected by filtration. The organic solvent was removed

under reduced pressure to afford 1 (4.15 g, 21 mmol, 93%) as a white solid.

Synthesis of ox-NiNc-OEt

1 (0.25 g, 1.3 mmol) in ethanol (3 mL) and DMF (3 mL) was stirred at 120 °C.  After stirring for 10 min,
the reaction temperature was reduced to 90 °C and NiCl,-6H,0 (76 mg, 0.3 mmol) was added to the reaction
solution. After stirring for additional 20 min, solvents were removed under reduced pressure. The resulting
solid was dissolved in CH>Cl, and filtered to obtain red crude solution. After the organic solvent was
removed under reduced pressure, the crude product was purified by silica gel column chromatography
(hexane/CH,Cl/EtsN = 20/20/1) to afford ox-NiNe-OEt (20 mg, 24 umol, 7.5%) as a red solid.
0x-NiNc-OEt: IR (neat) 3057, 2968, 2869, 1650, 1601, 1538, 1486, 1446, 1422, 1381, 1352, 1337, 1270, 1247,
1218, 1173, 1139, 1120, 1108, 1078, 1054, 1019, 985, 953, 923, 894, 887, 850, 811, 799, 788, 766, 746, 701,
622, 605, 583, 567, 544, 508, 497, 485, 477, 468, 457 cm™'; '"H NMR (400 MHz, CDCls, 25 °C) § = 1.41 (t,J
=7.0 Hz, 6H), 3.33 (dq, /= 8.7, 7.2 Hz, 2H), 4.13 (dq, J = 8.7, 7.2 Hz, 2H), 7.60-7.70 (m, 8H), 7.98-8.11 (m,
8H), 8.39 (s, 2H), 8.42 (s, 2H), 8.56 (s, 4H); >*C NMR (100 MHz, CDCls, 25 °C) & = 15.4, 30.9, 59.8, 100.7,
122.4,122.8,123.0, 127.1, 127.9, 128.1, 128.1, 129.2, 129.7, 129.9, 130.0, 133.5, 134.1, 134.2, 134.2, 134.9,

134.9, 135.3, 142.4, 160.8, 164.6, 167.6. HRMS (ESI) caled for CsHzsNsNaNiO, ([M+Na]") 883.2050, found
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883.2049.

Synthesis of ox-NiNc-OPr

1(0.10 g, 0.51 mmol) in n-propanol (2.0 mL) and DMF (2.0 mL) was stirred at 120 °C. After stirring for 10
min, the reaction mixture was cooled to 90 °C and NiCl,-6H»O (30 mg, 0.13 mmol) was added to the reaction
solution. After stirring for additional 15 min, solvents were removed under reduced pressure. The resulting
solids were dissolved in CH,Cl, and filtered to obtain red crude solution. After the organic solvent was
removed under reduced pressure, the crude product was purified by silica gel column chromatography
(hexane/CH,Cl/EtsN = 20/20/1) to afford ox-NiNe-OPr (15 mg, 16 pmol, 14%) as a red solid.
0x-NiNc-OPr: IR (neat) 3056, 2958, 2872, 1636, 1600, 1537, 1446, 1481, 1380, 1338, 1268, 1217, 1245, 1137,
1117, 1054, 1021, 1082, 981, 953, 891, 848, 800, 787, 747, 695, 621, 581, 567, 547, 532, 510, 493, 474, 481,
464 cm™'; "TH NMR (400 MHz, CDCls, 25 °C) & = 0.89 (t, J = 7.4 Hz, 6H), 1.59-1.89 (m, 4H), 3.12 (td, J =
8.0, 7.8 Hz, 2H), 4.04 (td, J = 8.2, 6.0 Hz, 2H), 7.59-7.69 (m, 8H), 7.97-8.11 (m, 8H), 8.36 (s, 2H), 8.42 (s,
2H), 8.56 (s, 4H); *C NMR (100 MHz, CDCls, 25 °C) § = 10.5, 23.2, 66.0, 100.7, 122.3, 122.7, 122.8, 123.0,
127.1,127.9, 128.1, 129.2, 129.7, 129.9, 129.9, 133.6, 134.2, 134.2, 134.9, 134.9, 135.3, 142.5, 160.8, 164.6,

167.7. HRMS (ESI) caled for CssH3sNsNaNiO, ([M+Na]*) 911.2363, found 911.2369.

Synthesis of ox-NiNc-OBu

1 (0.10 g, 0.51 mmol) in n-butanol (4.0 mL) was stirred at 120 °C. After stirring for 10 min, the reaction
mixture was cooled to 90 °C and NiCl,-6H,0 (30 mg, 0.13 mmol) was added to the reaction solution. After
stirring for additional 10 min, n-hexane (30 mL) was added to the reaction mixture and the precipitates were
corrected by filtration. The resulting solids were dissolved in CH,Cl, and filtered to obtain red crude solution.
After the organic solvent was removed under reduced pressure, the crude product was purified by silica gel
column chromatography (hexane/CH,Cly/EtsN = 20/20/1) to afford 0x-NiNc-OBu (12 mg, 13 pumol, 10%) as
a red solid.

ox-NiNc¢-OBu: IR (neat) 3055, 2955, 2930, 2869, 1640, 1600, 1537, 1481, 1444, 1422, 1378, 1337, 1246,
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1218, 1270, 1171, 1137, 1118, 1081, 1019, 981, 952, 890, 848, 800, 788, 701, 746, 655, 621, 608, 587, 567,
546, 497, 485, 472, 457 cm™'; 'H NMR (400 MHz, CDCls, 25°C) & = 0.78 (t, J = 7.3 Hz, 6H), 1.28-1.43 (m,
4H), 1.74 (tt, J = 7.2, 7.2 Hz, 4H), 3.20 (dt, J = 8.7, 7.3 Hz, 2H), 4.13 (dt, J = 8.7, 6.4 Hz, 2H), 7.59-7.70 (m,
8H), 7.98-8.11 (m, 8H), 8.37 (s, 2H), 8.42 (s, 2H), 8.56 (s, 4H): *C NMR (100 MHz, CDCl;, 25°C) § = 13.8,
19.3, 32.0, 64.1, 100.6, 122.3, 122.7, 122.7, 122.9, 127.0, 127.9, 128.1, 129.2, 129.7, 129.9, 133.6, 134.1,
134.1, 134.2, 134.9, 135.2, 142.5, 160.7, 164.5, 167.6. HRMS (ESI) caled for CssH,2NaNsNiO, ([M+Na]")

939.2676, found 939.2676.

Synthesis of ox-NiNc-EG

1(0.51 g, 2.9 mmol) in ethylene glycol (20 mL) was stirred at 120 °C for 15 min, the reaction mixture was
cooled to 90 °C and NiCl,-6H,0 (0.18 g, 0.76 mmol) was added to the reaction solution. After stirring for 30
min, the dark-green suspension was diluted with CHCl; (300 mL) and the resulting mixture was filterated to
remove green solid. The resulting red crude solution was washed with H,O (150 mLx3) and the organic layer
was dried over MgSOs. After the organic solvent was removed under reduced pressure, the crude product was
purified by column chromatography on SiO; (hexane/CH,Cl/EtsN = 30/10/1) to afford ox-NiNc-EG (0.19g,
0.21 mmol, 32%) as a red solid.
ox-NiNc-EG: IR (neat) 3277, 3055, 2925, 1717, 1638, 1600, 1538, 1481, 1446, 1423, 1378, 1338, 1270, 1219,
1171, 1137, 1081, 1019, 986, 955, 892, 849, 787, 748, 701, 604, 567, 546, 534, 514, 497, 480, 460, 456 cm™';
"H NMR (400 MHz, CDCls, 25°C) § = 3.47-3.52 (m, 2H), 3.78-3.83 (m, 2H), 3.88-3.93 (m, 2H), 4.01-4.06
(m, 2H), 7.61-7.71 (m, 8H), 7.99-8.11 (m, 8H), 8.36 (s, 2H), 8.41 (s, 2H), 8.57 (s, 2H), 8.58 (s, 2H); *C NMR
(100 MHz, CDCls, 25°C) 6 =46.1, 61.7, 65.7, 100.3, 122.6, 122.8, 123.0. 123.3, 127.3, 128.0, 128.3, 128.3,
129.2,129.8, 129.9, 130.0, 133.3, 133.8, 134.0, 134.1, 135.0, 135.1, 141.6, 161.0, 164.8, 167.8. HRMS (ESI)

calcd for Cs;H34NaNgNiO4 ([M+Na]") 915.1949, found 915.1948.
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Pre-heating step in synthesis of ox-NiNcs
Dialkoxylated isoindoline derivative 2 and dimerized species 3-OR were

N
formed when 1 was pre-heated in alkohols at high temperatures, which were OO {

N=-Ns_NH,
analysed by ESI-MS. In contrast, 2 and 3-OR were barely detected when Q
heated at 90 °C. These findings suggest that the pre-heating step, which forms O
3

ketal, is crucial for preparation of ox-NiNecs. After the pre-heating step, the

reaction mixture needed to be cooled to avoid the thermal decomposition of ox-NiNcs.

2-OEt (R=Et): HRMS (ESI) calcd for Ci6HisN>O, ([M+Na]") 325.1159, found 325.1152.

2-OPr (R=Pr): HRMS (ESI) calcd for C1sH23N2O, ([M+H]") 299.1755, found 299.1742.

2-OBu (R=Bu): HRMS (ESI) calcd for C20H27N>0, ((M+H]") 327.2068, found 327.2064.

2-EG (R=(CH,),OH): HRMS (ESI) calcd for CisHisN>O4Na ([M+Na]") 325.1159, found 325.1152.

3-OEt (R=Et): HRMS (ESI) calcd for CosH23N4O, ([M+H]") 449.1973, found 449.1972.

3-OPr (R=Pr): HRMS (ESI) calcd for C3;H2oN4O> ([M+H]") 477.2286, found 477.2267, caled for
C30H2sN4NaO; ([M+Na]") 499.2105, found 499.2083.

3-OBu (R=Bu): HRMS (ESI) caled for C3,H33N402 ([M+H]") 505.2599, found 505.2593.

3-EG (R=(CH,),0H): HRMS (ESI) calcd for CaeHasN4O4 ((M+H]") 481.1871, found 481.1862.

Synthesis of ox-NiNc-PEG

EDC-HCI (40 mg, 0.21 mmol), DMAP (7.2 mg, 0.06 mmol), PEG-COOH (0.27 g, 0.14 mmol), and CH»Cl,
(20 mL) were stirred at room temperature for 30 min.  After addition of 0x-NiN¢-EG (28 mg, 0.03 mmol),
the solution was stirred at room temperature. After stirring for 6 h, the reaction solution was diluted with
CH,Cl, (20 mL) and the resulting mixture was filtered to remove green solid. The filtrate was washed with
H>O (50 mL x 3) and the organic solvent was removed under reduced pressure. The crude red solid was
dissolved in water and insoluble solid was removed by filtration. The filtrate was freeze-dried to afford

0x-NiNc-PEG (38%, containing a small amount of free PEG-COOH) as a red solid. In MALDI-TOF mass
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spectrum of 0x-NiNc-PEG, the fragment peaks of 0x-NiNc bearing one PEG chain were observed together

with the parent peaks (Figure 14).
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Figure 14. MALDI-TOF mass spectrum of 0x-NiNe¢-PEG. Matrix: dithranol.

X-ray crystallographic data

Single crystals were obtained from recrystallization in MeOH/CHCI; (for 1) or CHCls/hexane (for
0x-NiNcs) at room temperature. Intensity data were collected on a RIGAKU Saturn 724 HG CCD system
with VariMax Mo Optic using MoKa radiation (for 1, 0x-NiN¢-OEt, 0x-NiNc-OPr, and 0x-NiNc-OBu) or a
Rigaku XtalLAB Synergy-R diffractometer equipped with PhotonJet-R generator and HyPix-6000HE photon
counting detector with CuKa radiation (for 0x-NiNc-EG). Crystal data are summarized in Table 1 and Table
2. The structures were solved by a direct method (SHELXT)* and refined by a full-matrix least square
method on F2 for all reflections (SHELXL-2016).>>  All hydrogen atoms were placed using AFIX
instructions, while all other atoms were refined anisotropically. The residual scattered electron densities,
originating from disordered solvents, were eliminated by the SQUEEZE protocol equipped in PLATON for
0x-NiNc-OEt, 0x-NiNc-OBu, and 0x-NiNc-EG.*®  The separation of the disorders on the alkoxy moiety is
difficult, resulting in the Alerts B in the checkCIF/PLATON report. However, this problem does not affect

the whole structure of the molecule. The molecular structure was visualized by Mercury.*’
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Table 1. Crystallographic data of 1.

CCDC number

Empirical formula
Formula weight
Temperature/K

Crystal size/mm?®
Radiation

Crystal color

Crystal system

Space group

a(A)

b (A)

¢ (A)

B ()

Volume (A%)

VA

Deatc (g/cm?)

u (mm™)

F(000)

20 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [/>=2c (/)]
Final R indexes [all data]
Largest diff. peak/hole (e A7)

2409310

Ci2HoN;

195.22

143(2)

0.2x0.2x0.15

Mo Ka (A =0.71075)
yellow

monoclinic

P2i/c

7.129(2)

9.534(3)

14.008(5)

95.604(5)

947.5(5)

4

1.368

0.085

408

3.580 to 27.489
—8<h<9,-12<k<12,-17<I<18
7242

2161

2161/0/166

1.000

R1=0.0401, wR, = 0.0867
R1=0.0475, wR, = 0.0888
0.287/-0.182
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(b)

Figure 15. (a) Top-view and (b) side-view of 1 (50% ellipsoids) with labels.

Table 2. Crystallographic data of ox-NiNecs.

0x-NiNc-OEt 0x-NiNc-OPr 0x-NiN¢-OBu 0ox-NiN¢-EG
CCDC number 2409312 2409309 2409313 2409311
Chemical formula Cs2H34NgNiO, Cs4H33NsNiO, Cs6H42NgNiO» Cs2H34NsNiO4
Formula weight 861.58 889.63 917.68 893.58
Crystal size/mm3 0.20%0.20x0.05  0.15x0.10x0.10  0.15x0.10%0.05  0.07x0.02x0.01
Crystal color red red red orange
Crystal system triclinic monoclinic triclinic triclinic
Space group P-1 C2/c P-1 P-1
a(A) 7.4733(11) 25.267(12) 13.611(9) 13.6855(7)
b (A) 17.110(3) 12.160(5) 14.492(9) 13.7142(3)
c(A) 19.482(3) 14.706(7) 14.492(9) 14.1611(2)
a(°) 93.581(6) 90 104.015(6) 69.8619(17)
B(°) 97.212(6) 114.555(7) 107.716(4) 86.123(4)
7 (°) 100.449(8) 90 110.892(5) 64.528(4)
Volume (A%) 2421.1(7) 4110(3) 2338(3) 2242.63(15)
VA 2 4 2 2
Temperature (K) 143(2) 143(2) 143(2) 100.00(10)
Radiation source Mo Ka Mo Ka Mo Ka CuKa
Wavelength (A) 0.71075 0.71075 0.71075 1.54184
Deatc (g/cm’) 1.182 1.438 1.303 1.323
u (mm™) 0.447 0.529 0.467 1.075
F(000) 892 1848 956 924

20 range for data collection/°

3.080 to 27.469

3.046 to 27.486

3.026 to 27.477

3.339 to 74.503
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Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2c (/)]

Final R indexes [all data]

Largest diff. peak/hole (e A~)

—6<h<9,
—22<k<22,
—25<1<23
19709

10616
10616/0/654
1.000

Ry =0.0381,
wR> = 0.0668
R =10.0510,
wR> =0.0693
0.310/-0.340

—32<h<29,
-12<k<15,
-18</<19
16136

4694
4694/0/295
1.000
R1=0.0959,
wR,=0.1750
R1=0.1430,
wR>=0.1990
0.906 /-0.353

-17<h<17,
-18<k<18,
-18</<18
18733

10164
10164/0/606
1.003
R1=0.0968,
wRy = 0.1647
R =0.1495,
wR> =0.1900
0.915/-0.956

-17<h<17,
-17<k<17,
—14<i<17
43547

9148
9148/0/588
1.000
R1=0.0718,
wR, =0.1597
R1=0.0816,
WwR> = 0.1645
1.066 /-0.715
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(b)

Figure 16. (a) Top-view and (b) side-view of 0x-NiNe-OEt (50% ellipsoids) with labels. Hydrogen

atoms and solvent molecules are omitted for clarity.

Table 3. Selected (a) bond lengths and (b) angles for ox-NiNc-OEt.

(a) Length (A) (b) Angle (deg)
Nil—N1  1.855(1) N1—Ni1—N2 90.76(6)
Nil—N2  1.875(1) N2—Ni1—N3  90.09(6)
Nil—N3  1.856(1) N3—Nil—N4  90.94(6)
Nil—N4  1.869(1) N4—Ni1l—N1 89.89(6)
01—C12  1.416(2) C1—N1—C12  110.7(1)
02—C36  1.416(2) C13—N2—C24  108.6(1)
N1—-C1  1.322(2) C25—N3—C36  110.9(1)
N1—C12  1.482(2) C37—N4—C48  108.3(1)
N2—C13  1.405(2) C12—N5—C13  117.3(1)
N2—C24  1.360(2) C24—N6—C25  117.8(1)
N3—C25  1.318(2) C36—N7—C37  118.2(1)
N3—C36  1.489(2) C1—N8—C48 117.6(1)
N4—C37  1.415(2) N1—C1—N8 127.9(2)
N4—C48  1.362(2) N1—C12—N5  113.3(1)
N5—C12  1.447(5) N2—C13—N5  128.9(2)
N5—C13  1.288(4) N2—C24—N6 128.6(2)
N6—C24  1.318(5) N3—C25—N6  128.4(2)
N6—C25  1.347(4) N3—C36—N7  114.0(1)
N7—C36  1.447(4) N4—C37—N7  129.0(2)
N7—C37  1.278(5) N4—C48—N8  128.6(2)
N8—C1l  1.350(4) 01—C12—N1  110.0(1)
N8—C48  1.324(4) 01—C12—N5  105.2(1)
C1—C2  1.474(2) 01—C12—C11  114.5(1)
C11—C12  1.512(3) 02—C36—N3  110.7(1)
C13—C14  1.477(2) 02—C36—N7  104.7(1)
C23—C24  1.475(3) 02—C36—C35  113.8(1)

C25—C26 1.473(2)
C35—C36 1.525(2)
C37—C38 1.479(3)
C47—C48  1.470(3)
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Figure 17. (a) Top-view and (b) side-view of 0x-NiNc¢-OPr (50% ellipsoids) with labels. Hydrogen atoms

and solvent molecules are omitted for clarity.

Table 4. Selected (a) bond lengths and (b) angles for 0x-NiN¢-OPr.

(a) Length (A) (b) Angle (deg)
Nil—N1 ~ 1.844 N1—Ni1—N2  91.2
Nil—N2  1.879 N2—Ni1—N1 89.6
01—C12  1.438(6) C1—N1—C12  109.8(4)
N1—Cl  1316(8) C13—N2—C24  108.8(4)
N1—C12  1.486(6) C12—N3—C13  117.4(5)
N2—C13  1.421(6) C24—N4A—C1  117.8(5)
N2—C24  1.366(8) N1—C1—N4 127.5(5)
N3—C12  1.457(8) N1—C12—N3  112.6(4)
N3—C13  1.285(8) N2—C13—N3  128.7(5)
N4—Cl  1.365(7) N2—C24—N4  127.9(5)
N4—C24  1.320(6) 01—C12—N1  109.5(4)
C1—C2  1.475(7) 01—C12—N3  104.7(4)
C11—C12  1.504(9) 01—C12—C11  112.9(4)
C13—C14 1.483(9)

C23—C24  1.481(7)
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Figure 18. (a) Top-view and (b) side-view of 0x-NiNe¢-OBu (50% ellipsoids) with labels. Hydrogen atoms

and solvent molecules are omitted for clarity.

Table 5. Selected (a) bond lengths and (b) angles for ox-NiNc-OBu.

(a) Length (A) (b) Angle (deg)
Nil—N1  1.857(6) N1—Ni1l—N2  90.76(6)
Nil—N2  1.873(5) N2—Ni1—N3  90.09(6)
Nil—N3  1.863(5) N3—Ni1—N4  90.94(6)
Nil—N4  1.882(5) N4—Ni1—N1 89.89(6)
01—C1  1.422(6) C1—N1—C12 110.7(1)
02—C25  1.433(7) C13—N2—C24  108.6(1)
N1—C1  1.481(9) C25—N3—C36  110.9(1)
N1—C12  1.339(9) C37—N4—C48  108.3(1)
N2—C13  1.371(3) C12—N5—C13  117.3(1)
N2—C24  1.398(7) C24—N6—C25  117.8(1)
N3—C25  1.473(6) C36—N7—C37  118.2(1)
N3—C36  1.32(1) C1—N8—C48 117.6(1)
N4—C37  1.359(7) N1—C1—N8 127.9(2)
N4—C48  1.401(9) N1—C12—N5 113.3(1)
N5—C12  1.355(9) N2—C13—N5 128.9(2)
N5—C13  1.320(3) N2—C24—N6  128.6(2)
N6—C24  1.287(8) N3—C25—N6  128.4(2)
N6—C25  1.457(8) N3—C36—N7  114.0(1)
N7—C36  1.359(8) N4—C37—N7  129.0(2)
N7—C37  1.329(8) N4—C48—N8 128.6(2)
N8—C1  1.443(9) 01—C12—N1  110.0(1)
N8—C48  1.30(1) 01—C12—N5  105.2(1)
C1—C2  1.536(2) 01—C12—C11  114.5(1)
Cl1—C12  1.440(9) 02—C36—N3 110.7(1)
C13—C14  1.484(9) 02—C36—N7  104.7(1)
C23—C24  1.498(9) 02—C36—C35  113.8(1)

€25—C26  1.52(1)
C35—C36 1.467(8)
C37—C38 1.466(8)
C47—C48  1.49(1)
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(b)

Figure 19. (a) Top-view and (b) side-view of 0x-NiN¢-EG (50% ellipsoids) with labels. Hydrogen atoms

and solvent molecules are omitted for clarity.

Table 6. Selected (a) bond lengths and (b) angles for 0x-NiNc-EG.

(a) Length (A) (b) Angle (deg)
Nil—N1  1.871(2) N1—Nil—N2 90.4(1)
Nil—N2  1.887(2) N2—Ni1—N3 90.5(1)
Nil—N3  1.857(2) N3—Nil—N4 90.6(1)
Nil—N4  1.880(3) N4—Nil—N1 90.3(1)
01—-C1 1.430(6) C1—N1—C12 110.6(3)
02—C25  1.440(6) C13—N2—C24  108.8(3)
N1—C1 1.487(5) C25—N3—C36  110.0(3)
N1—C12  1.308(4) C37—N4—C48  108.4(3)
N2—C13  1.356(4) C48—N5—C1 118.8(3)
N2—C24  1.404(4) C12—N6—C13  118.7(3)
N3—C25  1.485(5) C24—N7—C25  118.7(3)
N3—C36  1.327(4) C36—N8—C37  118.3(2)
N4—C37  1.363(4) N1—C1—N5 114.2(3)
N4—C48  1.415(4) N1—C12—N6 127.9(4)
N5—C1 1.437(5) N2—C13—N6 128.4(4)
N5—C48  1.281(4) N2—C24—N7 128.9(4)
N6—C12  1.356(5) N3—C25—N7 114.5(3)
N6—C13  1.323(4) N3—C36—N8 128.2(4)
N7—C24  1.281(4) N4—C37—N8 128.9(4)
N7—C25  1.437(5) N4—C48—N5 127.9(4)
N8—C36  1.347(4) 01—C1—N1 109.8(3)
N8—C37  1.317(4) 01—C1—N5 104.4(3)
C1—C2 1.513(4) 01—C1—C2 104.0(3)
Cl11—C12 1.462(4) 02—C25—N3 111.2(3)
C13—C14 1.467(6) 02—C25—N7 103.2(3)
C23—C24 1.477(6) 02—C25—C26  113.8(3)

C25—C26 1.515(4)
C35—C36 1.467(5)
C37—C38 1.468(6)
C47—C48  1.459(6)
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Theoretical calculation

The density functional theory (DFT) calculations were performed for the geometry optimization of two
isomers of 0x-NiNc-EG having two hydroxyethoxy groups at the B3LYP/LANL2DZ level for Ni and the
B3LYP/6-31G(d, p) level for C, H, N, O by using Gaussian 16 package.®* Their electronic and Gibbs free
energies are summarized in Table 1. The Cartesian coordinates of the optimized structures are summarized

at the end of the experimental section.

Reduction by GSH
Reduction of ox-NiNc-EG to NiNc by GSH

In a 50 mL test tube, GSH (0.29 g, 0.93 mmol) was completely dissolved in water (20 mL). Then, the
solution of 0x-NiNc-EG (0.16 g, 0.18 mmol) in acetone (20 mL) was added dropwise and stirred at room
temperature for 24 h. The reaction mixture was centrifuged to remove the supernatant. After washing with
water (30 mL x 3) and acetone (30 mL x 3), and the precipitate was dried under reduced pressure to give NiNc
(0.13 g, 0.14 mmol, 91%) as dark-green solid. NiNc was identified by high-resolution mass spectrometry
and elemental analysis.

HRMS (MALDI): caled for CasH4NsNi ([M]*) 770.1477, found 770.1469.

elemental analysis: calcd for C4sH3:NgOsNi (NiNc-4H»0): C, 68.35; H, 3.82; N, 13.28%, found C, 68.53; H,
3.44; N, 13.25%

Reduction of ox-NiNc-PEG to NiNc by GSH

In a 100 mL test tube, GSH (1.9 g, 6.2 mmol), 0x-NiNc¢-PEG (0.37 g, 75 pmol), and water (35 mL) were
stirred at room temperature for 3 d. The reaction mixture was centrifuged to remove the supernatant.  After
washing with water (30 mL x 5) and acetone (30 mL x 5), and the precipitate was dried under reduced pressure
to obtain NiNc as dark-green solid. NiNc was identified by MALDI-TOF mass spectrum. For UV-vis
absorption spectra measurements, 0X-NiN¢-PEG (50 uM) was reduced by GSH (1.0 mM) in PBS (Figures 6

and 24).
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MS (MALDI): caled for C4sH24NsNi ([M]") 770, found 770.

(@) 2 (b) 2 (¢) 2
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Figure 24. Absorbance spectra of 0x-NiNc-PEG (50 uM) in PBS (pH = (a) 5.8, (b) 7.4, (c) 8.0) under GSH
(1.0 mM) treatment.

Detection of singlet oxygen

A water-soluble 9,10-anthracenedipropionic acid (ADPA) sodium salt was prepared according to the
reported procedure.”” 0x-NiNe-PEG (10 pM) was incubated with GSH (1 mM) in water for 24 h. A
solution of ADPA sodium salt (0.10 mM) was added to the mixture in a quartz cuvette (optical path length: 10
mm). The mixture was irradiated using a Xenon light source device (MAX-303, Asahi Spectra Co., Ltd.,
Japan) equipped with VIS mirror module, rod lens (RLQLS80-1, illuminance: 2.7 mW (A = 680 nm) at the
sample level), and long pass filter (A > 590 nm). For positive control experiment, methylene blue (10 uM)
was used instead of 0x-NiNc-PEG and GSH. During photoirradiation, absorbance of ADPA at 400 nm were

monitored every two minutes (Figure 7).

In vitro PA Signal Measurement

In 1.5 mL Eppendorf tubes, the PBS (pH 5.8) solution of 0.20-20 mM GSH (50 pL) or 0.20 mM amino
acids (50 pL) were added to the 500 uM 0x-NiNc¢-PEG solution (50 uL) and incubated at 37 °C for 30 min,
respectively.  After incubation, the PA signal intensities of these samples were measured under 680 nm pulsed
laser irradiation (Figure 8, 5 mJ/cm?).

In 1.5 mL Eppendorf tubes, the PBS (pH 5.8) solution of 2.0 mM GSH (50 uL) were added to the 500 uM
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0x-NiNc-PEG solution (50 puL) for 2 days. After incubation, the PA signal intensities of these samples were

measured under 680—-880 nm pulsed laser irradiation (Figure 25, 5 mJ/cm?).
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Figure 25. Photoacoustic signal intensity of 0x-NiNc-PEG (250 uM) at various excitation wavelengths after

incubation with GSH for 24 h in water.

Photothermal test

In 1.5 mL Eppendorf tubes, an aqueous solution of GSH (100 pL, 2 mM) was added to an aqueous solution
of 0x-NiNc-PEG (100uL, 40 uM), and the resulting mixture was shaken at room temperature for 1 day. In
a control experiment, an aqueous solution of 0x-NiN¢c-PEG without treatment of GSH was similarly shaken
for 1 day. These tubes were exposed to an NIR light source (1.0 W/em?, L = 808 nm, OPC-B015-808-FCPS,
P9802-368, Opto Power Corp.) for 20 min.  The time-dependent temperature change was monitored using an

IR thermographic camera (FLIR Cx-Series C5; FLIR, Inc.).

Photostability of ox-NiNc-PEG
An aqueous solution of 0x-NiNc-PEG (50 uM) placed in a quartz cuvette (10x10x40 mm) was irradiated
with NIR laser (2.0 W/ecm?, A = 808 nm, OPC-B015-808-FCPS, P9802-368, Opto Power Corp.). UV-vis

absorbance spectra were monitored after laser irradiation for 0, 5, and 10 minutes.

Calculation of the photothermal conversion efficiency
In 1.5 mL Eppendorf tubes, an aqueous solution of GSH (100 pL, 2 mM) was added to an aqueous solution

of 0x-NiNc¢-PEG (100uL, 40 pM), and the resulting mixture was shaken at room temperature for 1 day.
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These tubes are exposed to an NIR light source (3.3 W/em?, A = 808 nm, OPC-B015-808-FCPS, P9802-368,
Opto Power Corp.) for 2 min, followed by cooling without NIR laser irradiation for 7 min. The time-
dependent temperature change was monitored using an IR thermographic camera.

The photothermal conversion efficiency of the NiNc was determined according to the reported method.?**

The photothermal conversion efficiency (1) is defined by the following equation 1.

_ hS(Tmax—Tsurr)—Qbis (1)
1(1-10"A808)

The maximum steady-state temperature (Twvax) of the 0x-NiN¢-PEG solution was 57.9 °C and environmental
temperature (Tsur) was 23.7 °C.  So, the temperature change (Tmax—Tsur) of the 0X-NiNc-PEG solution was
342 °C. The laser power (/) was 3.3 W. The absorbance of NiNc at 808 nm (Aszgs) was calculated to be
0.0575 from Figure 23b.  Qpis expresses heat dissipated from the light absorbed by the solvent and container,
and it was measured independently to be 31.212 mW. The heat transfer coefficient (%) and the surface area

() of the container were defined by the following equation 2.

mpCp

hS = )

Ts
, in which weight of water (mp) and the specific heat capacity of water (Cp) are 0.2 g and 4.2 J/g °C,
respectively.
In order to determine AS, a dimensionless parameter 6, known as the driving force temperature, was

introduced as follows,

9 _ T_TSurr (3)

~ Tmax~Tsurr
A sample system time constant (1s) can be determined to be 145.25 s according to equation 4 and the slope
shown in Figure 9d.
t = —1,In(0) @)
From equation 2—4, &s could be calculated to be 5.78 mW/°C.  As a result, by introducing these values into

equation 1, ) was calculated to be 40.7%.
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Cell experiment
Cell Culture

The human lung carcinoma cell line, A549, was purchased from American Type Culture Collection
(Manassas, VA). Normal cell line, Human Embryonic Kidney cells (HEK293), were purchased from
Japanese Collection of Research Bioresources Cell Bank (JCRB Cell Bank), Japan. A549 cells and HEK293
cells were cultured in DMEM with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (P/S).
Before seeding of HEK293, a 96-well microtiter plate was treated with poly-L-lysine-solution (20 pM) and
washed with PBS for each well. Cells were cultured in a well-humidified incubator with 5% CO; and 95%

air at 37 °C.

Cytotoxicity Assay

A549 cells were seeded into a 96-well microtiter plate at a density of 5x10* cells/well. The cells were
incubated for 24 h for cell attachment. A549 cells were incubated at 37 °C for an additional 24 h with various
concentrations of 0x-NiN¢-PEG (0, 0.5, 1, 5, 10, 25 uM).  After washing the cells with PBS, DMEM/CCK-8
(0.10 mL, 10/1) was added to each well. After incubation at 37 °C for 2 h, the absorbance at 450 nm was

measured. The cell viability of HEK293 was estimated using the same method as for A549.

PA signal increment caused by endogenous GSH

A549 and HEK293 cells were seeded into 12-well plates at a density of 1x10° cells/well and incubated at
37 °C for 24 h for cell attachment. For the thiol-trapping experiment, A549 cells were precultured with
N-ethylmaleimide (NEM, 2.0 mM) for 30 min. The aqueous solution of 0x-NiN¢-PEG was diluted with
DMEM with 10% FBS and 1% P/S (final concentration: 10 uM). The cells were incubated with an
0x-NiNc-PEG solution (1 mL) at 37 °C for 2 or 4 h.  After incubation, the cells were washed with PBS and
detached by trypsin/EDTA solution (0.10 mL). After adding PBS (0.90 mL), the cell suspension was

transferred to 1.5 mL Eppendorf tube. After centrifugation, the supernatant was removed and the cells were
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suspended in PBS (1.0 mL). The PA signal intensities were measured under 680 nm pulsed laser irradiation

(5 ml/cm?).

Phototoxicity of ox-NiNc-PEG and ox-NiPc-PEG

A549 cells were seeded into 96-well plates at a density of 8x10* cells/well and incubated at 37 °C for 24 h
for cell attachment. The aqueous solution of 0x-NiN¢-PEG or 0x-NiPc-PEG was diluted with DMEM with
10 % FBS and 1% P/S (final concentration: 20 uM, water/DMEM = 1/99). The cells were incubated with an
0x-NiNc-PEG or 0x-NiPc-PEG solution (100 pL.) at 37 °C for4 h.  Then, the photoirradiation (808 nm laser,
1 W/cm?) to the 96-well plate on a hotplate (37 °C) was carried out for 20 min.  After washing the cells with
PBS, DMEM/CCK-8 (0.10 mL, 10/1) was added to each well. After incubation at 37 °C for 2 h, the

absorbance at 450 nm was measured.
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Cartesian coordinates
ox-NiNc-EG

cis-isomer

C -3.672857 -1.762389
C -4.101398 -0.553767
C -2.874474 0.310354
N -1.770676 -0.504203
C -2.209707 -1.677014
C 2.014025 -3.429430
C 0.681736 -3.792834
C -0.170291 -2.663820
N 0.607196 -1.670078
C 1.954909 -2.077742
N -1.485210 -2.707888
C 3.699534 1.951597
C 4.124940 0.682865
C 2.889259 -0.166230
N 1.780521 0.691243
C 2.234043 1.898510
N 2.991313 -1.460438
C -1.957186 3.690118
C -0.605113 4.095718
C 0.213708 2.931649
N -0.594560 1.893498
C -1.942536 2.289038
N -3.007504 1.619243
N 1.534361 2977112
C 4.586738 2.962413
C 5.976729 2.708028
C 6.412483 1.410575
C 5.448133 0.395679
C 3.065204 -4.270220
C 2.795843 -5.536469
C 1.438809 -5.905507
C 0.375155 -5.002041
C -2.987403 4.544510
C -2.674083 5.868757
C -1.296790 6.280288
C -0.256982 5.359932
C -4.551827 -2.758985
C -5.937942 -2.556632
C -6.378323 -1.325331
C -5.422793 -0.321157
Ni 0.005069 0.100990
(0] 2.825489 -0.286369
(0] -2.637218 0.555901
C 6.954736 3.702951
C 8.296930 3.440995
C 8.725100 2.165774
C 7.804127 1.176953
C 3.837894 -6.454609
C 3.565930 -7.676223
C 2.233643 -8.038731
C 1.197032 -7.172744
C -6.907018 -3.541257
C -8.245242 -3.330970
C -8.677998 -2.120839

of energy-minimized

-0.278567
0.315192
0.584887
0.008482
-0.416719
-0.891837
-1.202652
-0.789469
-0.279828
-0.290828
-0.896943
0.057881
0.503096
0.761406
0.254726
-0.058323
0.144300
-0.719605
-0.824405
-0.442707
-0.111735
-0.245080
-0.001347
-0.453541
-0.216041
-0.048265
0.400796
0.680355
-1.143608
-1.740956
-2.057802
-1.771180
-1.008845
-1.434527
-1.542763
-1.224047
-0.622520
-0.371977
0.231857
0.574586
0.028967
2.183083
1.963211
-0.318190
-0.155721
0.285041
0.555093
-2.035526
-2.612171
-2.922770
-2.651345
-0.704335
-0.456634
0.136710

structures

-7.765611
-3.691765
-3.377832
-2.025690
-1.011688
-2.508915
-2.104856
-1.826681
1.772701
1.966041
0.954331
4.238617
5.772670
4.083264
-0.652119
-4.021423
0.784684
-4.201143
-5.753502
6.621745
9.032020
9.785969
8.132825
4.860519
4.375446
2.031228
0.173184
-6.570494
-8.973749
-9.735693
-8.097737
-4.729637
-4.169364
-1.790038
0.027478
-3.451365
-1.731568
-1.248428
-2.926229
-0.937148
1.818720
0.790117
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2.968136
1.090368

asjijasfasfiasfasjlanianilaniilaniia sl sl sianiianiianiienfiiaafiaafiasfianfaniiasfas i as flas jlanfanflanilania i a i e i i o MO NO N N No No No No RO No!

trans-isomer
3.690097
4.183646
3.014763
1.824096
2.228958
-1.907472
-0.591817
0.197593
-0.597473

zOoOOoOoozooao

-1.143924
6.804488
8.082462
8.486591
7.605159
-0.570689
-0.032091
-1.085623
-1.053858
-0.973896
-1.787931
3.931810
-0.583652
-3.982937
-5.268736
4.225288
5.657013
-3.679676
0.610135
4.680364
4.212441
1.969026
0.197798
-6.174814
-8.366453
-9.004127
-7.448681
-4.468806
-4.093577
-1.964741
-0.214837
6.492782
8.785384
9.496259
7.913019
-1.128334
-1.255590
0.648186
0.557791
-1.418869
-2.101949
-0.649221
0.071367
-1.342768
-1.781894

-1.939571
-0.703469
0.057327

-0.705437
-1.907952
-3.717295
-4.161961
-2.961837
-1.866642

0.471432
-1.757565
-2.166410
-2.272218
-1.967094
2.831962
4.205844
5.105215
2.753716
4.260818
4.863232
-0.559178
1.018734
-0.898365
-1.999902
-0.919832
-1.297675
-1.078780
1.025135
-0.657485
-0.365596
0.410151
0.893519
-1.796803
-2.830686
-3.377134
-2.889359
-1.160078
-0.715855
0.328094
0.927110
-1.675749
-2.409126
-2.595512
-2.047765
2.903912
2467617
4.078038
4.626298
4.892784
2.433936
2.479806
4.589247
4.515790
5.819087

-0.530180
-0.067830
0.533035
0.068520
-0.347258
0.332290
0.056862
-0.266821
-0.249103
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-1.925853
1.497553
-3.659203
-4.127401
-2.922058
-1.762659
-2.188196
-2.996536
2.017164
0.671162
-0.149202
0.641977
1.996118
3.060356
-1.463540
-4.510501
-5.911399
-6.393512
-5.464592
-2.897673
-2.573541
-1.233911
-0.238317
3.050206
2.739917
1.364970
0.324427
4.516056
5.909261
6.411798
5.512578
0.024314
-2.857049
3.178196
-6.855594
-8.208407
-8.682239
-7.795518
-3.546504
-3.225298
-1.910276
-0.940147
6.824997
8.169978
8.663647
7.803987
3.758885
3.447913
2.097728
1.082889
2.180149
2.607375
1.611122
-2.819000
-2.789425
-2.774404
-4.127141
-5.824102

-2.267981
-3.019465
1.848144
0.575171
-0.286386
0.566628
1.788627
-1.575305
3.635952
4.054283
2.830879
1.732904
2.155859
1.457205
2.896858
2.875581
2.628805
1.326248
0.297882
-4.588923
-5.970993
-6.423240
-5.484051
4.534867
5.925355
6.351389
5.379705
-2.905058
-2.624541
-1.356466
-0.396331
-0.067133
-0.598424
-0.133994
3.637544
3.383444
2.103033
1.101534
-6.927379
-8.262043
-8.706203
-7.806825
-3.566416
-3.281668
-2.035373
-1.097823
6.914081
8.255108
8.673290
7.742094
0.394284
0.033384
0.549281
0.489429
-0.127356
0.950167
3.850855
-0.684712

0.048998
-0.499359
0.097096
-0.282122
-0.627765
-0.243974
0.064817
-0.004972
0.114628
0.197309
0.186095
0.081438
0.127225
0.246597
0.264491
0.421001
0.383194
-0.000097
-0.343746
0.702535
0.827958
0.544786
0.150571
0.091681
0.136388
0.219525
0.252446
-1.048502
-1.140015
-0.676540
-0.121003
-0.088285
-2.023123
1.945999
0.717509
0.678850
0.302858
-0.027375
1.222939
1.334329
1.055087
0.670060
-1.682129
-1.765805
-1.310380
-0.780434
0.104417
0.151893
0.233106
0.266246
2.814343
4.229449
5.101828
-2.942412
-4.332686
-5.259454
0.704922
-0.634547
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1.864794
0.045537
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1.873817
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-3.673644
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1.105111
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-4.422423
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Chapter 5

Synthesis and Reductive Aromatization of Perfluoro Nickel Phthalocyanine

Precursor Having Two Methoxy Groups on Adjacent Pyrrole Rings

Abstract

Methanol-mediated tetramerization of 3,4,5,6-tetrafluorophthalonitrile with nickel(Il) chloride yielded the
perfluoro nickel phthalocyanine (NiPcFi6) derivative adj-(MeQO);NiPcF1¢, in which two methoxy groups are
bound to adjacent pyrrole rings in an 18mn-electron backbone, together with opp-(MeO);NiPcFs as a minor
product, in which two methoxy groups are in diagonal position. The NiPcFis derivative adj-(MeO):NiPcF¢
dissolved in organic solvents was converted to NiPcFi¢ by electrochemical reduction, chemical reduction, or
thermal conversion. A transparent glass electrode coated with an H-aggregate of NiPcF¢ was successfully
prepared by utilizing electrochemical reduction. While thermal conversion of adj-(MeQO):NiPcFs was
inefficient, the tin(II)-mediated reduction quantitatively afforded the corresponding NiPcF e, indicating that
this mild transformation provides a practical method for converting alkoxylated precursors into the

corresponding metallophthalocyanines.
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Introduction

Since its discovery in the early 20th century, metallophthalocyanine (MPc), one of the tetrapyrrole
macrocycles, has been produced and used on a large scale (worldwide) as a heat- and light-resistant blue
colorant.' Over the past several decades, MPcs have garnered significant attention due to their unique optical
and electronic properties derived from the extended delocalization of m-electrons in the molecules.”* MPc
derivatives with modified isoindoles and/or various central metal atoms have been intensively investigated for
potential applications as photosensitizers in photodynamic or photothermal therapy,”® organic
semiconductors,”!" and catalysts.'*"!* Synthetic methods of MPcs involving the reaction of phthalic anhydride
with metal salts at high temperatures (200-250 °C) have been industrially utilized.'® On the other hand, the
alcohol-mediated tetramerization of phthalonitrile or its derivatives, suitable for the synthesis of functionalized
MPcs at lower temperatures (~150 °C), has been employed as a milder synthetic method at the laboratory
scale.'™"?

The formation of the MPc ring was thought to proceed primarily via the macrocyclization of a tetramer
derived from four equivalents of phthalonitrile (pathway (A) in Scheme 1a).**® However, the isolation of
core-modified phthalocyanines with two alkoxy groups on the a-carbons of diagonal pyrrole rings (opp-
(RO);MPc) and their subsequent transformation into MPcs suggested that core-modified phthalocyanines
could serve as key intermediates in alcohol-mediated phthalocyanine synthesis (pathway (B) in Scheme 1a).*”
3! During the author’s investigation of perfluoro nickel phthalocyanine (NiPcFis) synthesis via the alcohol-

mediated tetramerization of perfluorinated phthalonitrile,**>°

the author was pleased to find the formation of
NiPc derivatives, in which the two alkoxy groups are bound to adjacent pyrrole rings (adj-(MeQ);NiPcF1¢)
(Scheme 1b, NiPcF6: perfluoro nickel phthalocyanine). Furthermore, the author demonstrated that adj-
(MeO);NiPcF;6 undergoes direct conversion to the corresponding MPc through electrochemical reduction,
chemical reduction, or thermal conversion. Herein, the author describe the synthesis of perfluoro

phthalocyanine derivative adj-(MeQO):NiPcF;s through the methanol-mediated tetramerization of 3,4,5,6-

tetrafluorophthalonitrile and its transformation into NiPcF s under reductive conditions.
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(a)

LR L

2
N
AN
A N
half-Pc pathway (A): macrocyclization of phthalonitrile tetramer
reduction
2(3'1 ] or thermolysis

OR
OR HN Nx
N
7

N MII

&NH RO

pathway (B): dimerization of half-Pc

(b)
F INi(ID)]
F CN  MeOH
4 —_—
F CN

adj-(MeO),NiPcF¢ opp-(MeO)2NiPcF ¢ NiPcF4g

Scheme 1. Plausible reaction mechanisms of (a) alcohol-mediated MPc synthesis through
cyclotetramerization of phthalonitriles and through opp-(RO):MPc and (b) MeOH-mediated NiPcF¢
synthesis through adj-(MeO);MPcF16 and opp-(MeO);MPcF .
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Results and discussion

Synthesis and structures of (MeQ);NiPcF

The reaction of 3,4,5,6-tetrafluorophthalonitrile with nickel(II) chloride in methanol at 55 °C for 10 days
afforded adj-(MeO);NiPcF 6 and opp-(MeO),NiPcF6 in 10.7% and 0.5% NMR yields, respectively (Figure
la). While adj-(MeO):;NiPcFs could be purified by SiO, column chromatography, purification of
opp-(MeO):NiPcFs by column chromatography was unsuccessful. As the NMR yield of opp-(MeQO),NiPcF;6
decreased as the reaction time increased (the NMR vyields of adj-(MeO);NiPcFis and opp-(MeO);NiPcF16
after the reaction for 24 hours were 4.1% and 1.0%, respectively), this might be due to the isomerization of
opp-(MeO);NiPcF;s into adj-(MeO);NiPcFis (vide infra). The X-ray crystallographic analysis of
(MeO);NiPcF; clearly shows that two methoxy groups are bound to adjacent or diagonal pyrroles (Figures

1b and 1c). In both cases, the two methoxy groups at the a-position of pyrroles are on the same side of the

F
F CN  NiCle6H,0
_—
. oN  MeOH, 55 °C
F
. . _F F FF
reaction time adj-(MeO);NiPcF g opp-(MeO),NiPcF 44
1 day 41% (NMR) 1.0% (NMR)
9 0
10 days 10.7% (NMR) 0.5% (NMR)

9.6% (isolated) -

(b) (c)

Figure 1. (a) Synthesis of adj-(MeO);NiPcFis and opp-(MeO);NiPcFis. ORTEP drawings of (b)
adj-(MeO),NiPcF6 and (¢) opp-(MeO),NiPcF6 (50% ellipsoids). Hydrogen atoms and solvent molecules

are omitted for clarity.
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macrocycle. The presence of two sp’-hybridized methoxylated carbon atoms caused a significant distortion

9,10,12

of the macrocyclic structure. The distortion of the macrocycle resulted in a loss of the Dy symmetry of

%10 whereas the bent

NiPc. The twisted structures of opp-(MeQO):NiPcF;¢ exhibit C, symmetry and chirality,
structure of adj-(MeO):NiPcF¢ exhibits C; symmetry and is achiral. The distances between the nickel atom
and the nitrogen atoms in the methoxylated pyrroles (1.85-1.87 A) are slightly shorter than those in the non-
methoxylated pyrroles (1.87-1.88 A). The dihedral angles of N,..—C(sp’)-N—C reflect the distorted

macrocyclic structures, with values of 124°-134° for adj-(MeO);NiPcFis and 129°-130° for opp-

(MeO)zNiPcFm.

Reaction mechanism for adj-(RO);NiPc¢ formation
Considering that opp-(MeO):NiPcF;¢ isomerizes into adj-(MeQO):NiPcF;¢ during purification, it can be
inferred that the activation energy for the isomerization from opp-(MeQ):NiPcFis to adj-(MeQO):NiPcFj; is

relatively low. Given that HCI and the solvent methanol are present in the reaction, an intrinsic reaction
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Figure 2. The energy profile for the formation of adj-(MeQ),;NiPcF ¢ from opp-(MeO):NiPcFs, along with

/\

\

the relative free energies.

158



Chapter 5

Table 1. Gibbs free energy of energy-minimized structures of core-methoxylated NiPcs at

®B97X-D/6-31++G(d,p), scrf (solvent = MeOH) level.

solvent G (hartree) AG (kcal/mol)
opp-(MeO):NiPcF 6 MeOH  —3653.186469 0
adj-(MeQO);NiPcFi; MeOH  —3653.187737 —-0.80

coordinate (IRC) calculation was performed for opp-(MeO):NiPcF;s and adj-(MeO):NiPcF;s (Figure 2).
The results revealed that the isomerization from opp-(MeO):NiPcF1s to adj-(MeQO),NiPcF;s involves two
energy barriers, which were calculated to be 17.2 kcal/mol and 7.26 kcal/mol, respectively, suggesting that
isomerization can occur even at room temperature.  Similarly, for the reverse reaction in which
adj-(MeO),;NiPcF converts back to opp-(MeQO):NiPcF6, two energy barriers were also identified, with
activation energies of 17.9 kcal/mol and 7.38 kcal/mol, respectively. Since the energy barrier for the reverse
reaction is higher than that of the forward reaction, and adj-(MeQ):NiPcF; is thermodynamically more stable

than opp-(MeQ),NiPcF;¢ (Table 1), it is reasonable that adj-(MeQO),NiPcF¢ was preferentially obtained.

Optical and electrochemical properties of adj-(MeQO);NiPcF¢
The optical properties of core-methoxylated MPc with sp*-hybridized carbons in the core structure
significantly differ from those of planar MPcs. The distortion of the macrocycle prevented n-m stacking

between the Pc rings, resulting in improved solubility of adj-(MeQO):NiPcF¢ in various organic solvents, such

—
Q
-

16 (b) (c) Fc
401 -
Fc 30
o 124 201 251
Q —_— —_—
c -
g 3 o4 320
5 0.8 4 = 2 15 |
Re) o -204 [9)
° 0.4 g g 107
“ © 404 O 5
0 : . . . . 60 . . . r : 0 T T - - - -
250 350 450 550 650 750 2 15 1 -0.5 0 0.5 -18 -15 -12 -09 -0.6 -03 0
wavelength (nm) Potential (V, vs Ag/AgNO,) Potential (V, vs Ag/AgNO,)

Figure 3. (a) UV-vis absorption spectrum of adj-(MeO);NiPcFis (25 uM in CHCI;). (b) Cyclic
voltammograms of 0.5 mM of adj-(MeO);NiPcFi¢ with 1.0 mM of ferrocene at a scan rate 0.05 V/s. (¢)
Differential pulse voltammograms of 0.5 mM of adj-(MeQO):NiPcF ¢ with 1.0 mM of ferrocene.
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as toluene, diethyl ether, acetone, dimethylformamide, dichloromethane, chloroform, and 1,2-dichloroethane,
although NiPcFs is barely soluble in these solvents. The loss of the 18zn-electron conjugated system of the
NiPc resulted in a significant hypsochromic shift of the absorption spectra and no absorbance in the NIR region
(> 650 nm) (Figure 3a).

Because the methoxylated core structure can be considered to be an oxidized form of phthalocyanine, the
author next performed cyclic voltammetry (CV) measurements of adj-(MeQO):NiPcF in dichloromethane to
investigate its reduction potential (Figure 3b). In a cyclic voltammogram, adj-(MeO),NiPcF¢ exhibited two
reduction peaks: at —1.3 and —1.7 V. The current values obtained from differential pulse voltammetry (DPV)
showed two reduction steps in the irreversible reduction of adj-(MeQ);NiPcF¢, indicating that the electrolytic
conversion proceeded via radical anion states (Figure S2). Density functional theory (DFT) calculation of the
ground state showed that the lowest unoccupied molecular orbital (LUMO) of adj-(MeO),NiPcF1s was mainly
localized in the macrocyclic skeleton (Figures 3¢ and S4). Furthermore, the spin distribution analysis of the
radical anion showed that the nickel atoms contribute minimally to the spin density (Figure S5). Results suggest
that the first reduction step involves a one-electron reduction localized within the macrocycle.

Since the electrochemical properties of adj-(MeQO):NiPcF;¢ was clarified, the author next investigated the
electrochemical reduction of adj-(MeQO),NiPcF6. At a constant potential of —1.5 V, adj-(MeQO),NiPcFs was

successfully converted to NiPcF s in 85% isolated yield. Utilizing electrochemical transformation, the author

Ve

Figure 4. [sosurfaces for the LUMO orbitals of (a) adj-(MeO):NiPcFis and (b) opp-(MeO):NiPcF. (c)
Isosurface (0.005 a.u.) plots of Mulliken spin population for the one-electron reduced species of
adj-(MeQO),NiPcFjs.
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attempted to fabricate an electrode coated with NiPcFi;s. When the electrochemical reduction of adj-
(MeO);NiPcF;6 was conducted at a constant potential of —1.5 V on a transparent indium-tin-oxide (ITO) glass
electrode as cathode, a blue solid adhered to the electrode surface. Spectroscopic analysis of the coated
electrode revealed an absorption signal at 595 nm (Figure 3d), assignable to an H-aggregate of NiPcF;s.[*14%]

This result indicated that the electrochemical transformation of adj-(MeO):NiPcF¢ provides a useful method

for preparing NiPcF¢-coated materials without the need for the sublimation of insoluble NiPcFjs.

Thermal conversion of adj-(MeO);NiPcFi6

To assess the potential for the thermal conversion of adj-(MeQO):NiPcF;j¢ to planar NiPcFs in the solid
state,”® differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed
(Figure 6a). Upon heating adj-(MeQO):NiPcFs, noticeable weight loss occurred at 270 °C. The weight loss at
200-300 °C was 6.7%, corresponding to the elimination of the methoxy groups (comparable to a theoretical
value of 6.7%). After heating adj-(MeQ):NiPcFs followed by washing the resulting solid with chloroform

and methanol, a dark blue solid with low solubility was obtained. It was identified as NiPcF;s by MALDI-TOF

(a) (b)
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0
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o - =) ©
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20 =) )
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Figure 6. (a) TGA (solid line) and DSC (dashed line) curves of adj-(MeQ),NiPcF;¢ during the course of
thermal elevation. Scan rate = 5.0 K min ™. (b) IR spectra of adj-(MeO);NiPcF ¢ (red), adj-(MeO),NiPcF ¢

after thermal conversion (blue), and authentic sample of NiPcF s (black)."
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mass spectrometry and IR absorption spectrometry (Figure 6b). These results show that adj-(MeQO):NiPcF;¢
can be thermally converted to NiPcFjs.

The thermal conversion of adj-(MeQO):NiPcF;s was further examined in organic solvents. After refluxing
a toluene solution of adj-(MeQ),NiPcF;s for 36 h, the red solution became colorless, and NiPcF;s was
precipitated as an insoluble blue solid (Scheme 2). This thermal conversion of adj-(MeQO):NiPcF¢ afforded
NiPcFi6 in 46% yield. Despite the complete consumption of these precursors during thermal conversion, the
yields of NiPcF ¢ did not exceed 50%. In the absence of external reducing agents, this is probably because half
of the core-alkoxylated NiPcF ¢ acted as a sacrificial two-electron reducing agent to facilitate the formation of
NiPcFs. Because of the potential contamination by impurities generated during sacrificial reduction, the
thermal conversions of core-alkoxylated MPcs involving adj-(MeO);NiPcF;s are unsuitable for practical
applications, including the preparation of pure MPc thin films.*¥ Given the higher MPc yield of
electrochemical conversion, this method could be more suitable for various applications than thermal

conversion.

Reductive aromatization of adj-(MeO),NiPcFs with SnCl,

Previously, the author had demonstrated that water-soluble opp-isomers of core-alkoxylated MPcs could be
quantitatively converted to MPcs in water using glutathione as a reducing agent.”’ However, water-insoluble
adj-(MeQ);NiPcF6 could not be applied to reduction with glutathione. Among the various reducing agents

for reductive aromatization, H,SnC1,**

prepared from tin(II) chloride and hydrochloric acid was applicable.
When adj-(MeO):NiPcF;¢ was treated with H,SnCls in CH,Cl,, NiPcFi6 was obtained in 95% isolated yield
(Scheme 2). The tin(Il)-mediated reductive aromatization approach was also applied to the opp-isomer of non-
fluorinated core-alkoxylated MPc (Scheme S1, Figure S3). These findings demonstrate that the tin(II)-

mediated reductive aromatization is a highly efficient and practical method to convert both adj- and opp-

isomers into the corresponding MPcs, regardless of periferal benzene ring modification.
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CH,Cly, rt.
95%

F F
adj-(MeO),NiPcF

Scheme 2. Thermal and Reductive conversion of adj-(MeQ),NiPcF;6 to NiPcFis.

N
HCl aq 7S
SnCl, y N /Ni\

_ Ni\ N
acetone, r.t. ) N/ N=
93% _— N/ VY

Scheme 3. Reduction of opp-(OCH,CH,OH),;NiPc to NiPc by SnCl,
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Conclusion

In conclusion, the author prepared the NiPcFis precursor adj-(MeO);NiPcFi¢ with two methoxy groups
located on the a-carbons of adjacent pyrrole rings through methanol-mediated tetramerization of 3,4,5,6-
tetrafluorophthalonitrile with nickel(II) chloride. Indications are that it is essential to consider adj-(RO);MPc
as a synthetic intermediate of MPcs alongside the previously recognized linear tetramer and opp-(RO);MPc.
The conversion of adj-(MeQ),NiPcF;s to NiPcF ¢ was successfully achieved under both thermal and reductive
conditions. By utilizing electrochemical reduction, a NiPcFs-coated ITO electrode was successfully prepared.
The reductive transformation of adj-(MeO):NiPcFs using H>SnCls proceeded to afford NiPcFis in a
quantitative yield. Given that both electrochemical and chemical reduction of core-alkoxylated MPcs with
good solubility affords MPcs under mild conditions, these transformations represent promising complementary

methods for preparing MPc-coated materials and MPc films.
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Experimental
General
Materials and methods
Dichloromethane (CH,Cl,), chloroform (CHCls), toluene, 1,2-dichloroethane, hexane, and tin chloride
dehydrate (SnCl,2H>0) were purchased from Fujifilm-Wako Pure Chemicals Industries, Ltd. (Japan).
Nickel dichloride hexahydrate (NiCl,-6H,0), tetra-n-butylammonium perchlorate, methanol (MeOH) and
ethanol (EtOH) were purchased from nacalai tesque (Japan). 3,4,5,6-Tetrafluorophthalonitrile was purchased
from BLD Pharmatech Ltd. (China). Silica gel (SiO,, 230-400 mesh) for column chromatography was
purchased from Silicycle (Canada).
UV-vis absorption spectra were recorded by UV-vis spectrophotometer (UH5300, Hitachi High-Tech, Japan).
Mass spectra were measured by Exactive Plus Orbitrap (ESI, Thermo Fisher Scientific Inc., USA) and
Ultraflex I1I (MALDI, Bruker Co., USA).
IR absorption spectra were measured by Spectrum Two (FT-IR, PerkinElmer Inc., USA).
The cyclic voltammogram (CV) (scan rate: 0.1 V/s) and differential pulse voltammogram (DPV) were
measured by electrochemical analyzer (610C-S, ALS Co., Ltd., Japan).
TG analysis was performed on TG/DTA6300 (Hitachi High-Tech, Japan) analyzer under a nitrogen
atmosphere at a heating rate of 5 °C min .

Differential Scanning Calorimetry was performed on Thermoplus Evo DSC 8230 (Rigaku, Japan).

Synthesis of core-alkoxylated NiPcF;

Synthesis of adj-(MeO),;NiPcF 15 and opp-(MeQ) NiPcF s

In a 50 mL Schlenk tube, 3,4,5,6-tetrafluorophthalonitrile (1.0 g, 5.0 mmol), NiCl,-6H,0O (0.30 g, 1.25 mmol),
and methanol (4.0 mL) were mixed and stirred at 55 °C.  After stirring for 10 days, the dark-green suspension
was diluted with methanol (30 mL) and filtered through celite pad. The organic solvent was removed under

reduced pressure. The residue was dissolved in CH,Cl, and filtered to remove the blue solid. After the
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organic solvent was removed under reduced pressure, the crude product was purified by column
chromatography on SiO; (eluent: hexane/CH,Cly, v:v = 3:1) to afford adj-(MeO);NiPcF6 (0.11 g, 0.12 mmol,
9.6%) as a reddish-brown solid together with a mixture of adj-(MeO);NiPcFs and opp-(MeQO):NiPcFi6 (18
mg, 20 umol, 1.6% total yield, adj-(MeQO):NiPcFis : opp-(MeO);NiPcFs = 69:31 determined by NMR
(Figure S10)). Single crystal of adj-(MeO);NiPcFis and opp-(MeO);NiPcF;s were obtained from
recrystallization in 1,2-dichloroethane/hexane at room temperature. Due to its low solubility, no obvious
signals of adj-(MeO):NiPcF was not detected in '*C NMR (Figure S8).

adj-(MeO),;NiPcF¢: IR (neat) 3287, 3005, 2937, 2834, 2630, 2450, 1653, 1545, 1534, 1517, 1492, 1468, 1434,
1416, 1364, 1309, 1294, 1219, 1181, 1138, 1105, 1066, 1046, 1006, 991, 967, 940, 908, 845, 834, 822, 803,
786, 770, 749, 743, 704, 694, 688, 670, 653, 614, 596, 571, 551, 527, 518, 508 cm™'; '"H NMR (400 MHz,
CDCls, 25 °C) = 3.59 (s, 4H). HRMS (MALDI-TOF) calcd for C3sH7NsO2F16Ni ([M+H]") 920.9785, found
920.9777.

opp-(MeO),NiPcF;¢:'H NMR (400 MHz, CDCls, 25 °C) 5= 3.37 (s, 4H).

Heating of NiPcFjs in methanol
NiPcFi6 (10 mg) was dispersed in methanol (5 mL) and stirred at 60°C. After heating and stirring for 12
hours, MeOH was removed under reduced pressure. MALDI-TOF mass spectrometry confirmed that

(MeO);NiPcFj¢ did not form.

Electrochemical data of adj-(MeO),NiPcFi6

adj-(MeO):NiPcF5 (5.0x10* M), ferrocene (1.0x10° M), and tetra-n-butylammonium perchlorate (0.10
M) were dissolved into CH,Cl,. Pt electrode (counter), glassy carbon electrode (working), and Ag/AgNO3

electrode (reference) were used.

Electrochemical reduction of adj-(MeO);NiPcFi¢

adj-(MeQO);NiPcF6 (31 mg, 33 umol) and tetra-n-butylammonium perchlorate (0.10 M) were dissolved in
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CH,Cl, (50 mL). Ptelectrode (counter), glassy carbon (working), and Ag/AgNO;s electrode (reference) were
used. The electrochemical reduction of adj-(MeO):NiPcF¢ was performed at a constant potential of —1.5 V.
The blue precipitate was collected by centrifugation and washed with acetone and water to obtain NiPcF s (24
mg, 28 umol, 85%).

IR (neat) 1643, 1625, 1531, 1498, 1467, 1391, 1355, 1327, 1286, 1153, 1140, 1075, 1030, 1015, 965, 952, 845,

770, 753, 700, 663, 604, 577 cm™'; LRMS (MALDI-TOF): caled for C3,NsFi6Ni ([M]") 858, found 858.

Thermal Conversion at solid state

DSC analysis was performed by heating adj-(MeO);NiPcF6 (2.8 mg) on an aluminum dish to 350 °C at a
rate of 5.0 K/min"'. TGA was performed by heating adj-(MeO);NiPcFis (3.46 mg) on an aluminum dish to
350 °C at a rate of 5.0 K/min™ in a nitrogen atmosphere. ~Alumina was used as the reference material for the
DSC and TGA measurements.  After DSC analysis, the solid sample was washed with CHCl; (3 mL x 3) and
methanol (4 mL) to obtain NiPcFjs.

IR (neat) 1642, 1626, 1530, 1498, 1468, 1393, 1357, 1327, 1287, 1152, 1074, 1029, 1014, 966, 951, 845,

771, 750, 664, 604, 569 cm™'; LRMS (MALDI-TOF): calcd for C3,NsFieNi ([M]") 858, found 858.

Thermal Conversion at solution state
Thermal Conversion of adj-(MeO);NiPcF s in toluene

In a 50 mL flask, adj-(MeO);NiPcF6 (72 mg, 78 umol) in toluene (10 mL) was refluxed for 36 h. The
reaction mixture was centrifuged to remove the supernatant. After washing with CHCl; (4 mL x 3) and
methanol (4 mL), the solidwas dried under reduced pressure. The resulting solid was sublimed to afford
NiPcFis (32 mg, 37 pmol, 46%).
IR (neat) 1642, 1626, 1530, 1500, 1471, 1393, 1358, 1329, 1289, 1158, 1075, 1031, 1013, 968, 953, 846, 771,

750, 664, 605, 568 cm™'; MS (MALDI): calcd for C3:NgF6Ni ([M]") 858, found 858.

Reduction with SnCl,
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Reduction of adj-(MeQ),;NiPcF s to NiPcF'1s with SnCl;

In a 50 mL flask, adj-(MeO);NiPcF6 (18 mg, 20 umol), SnCl,-2H,0 (40 mg), 10% HCI aqueous solution
(0.5 mL), CH,Cl, (12 mL), and methanol (6.0 mL) were mixed and stirred at room temperature for 36 h. The
reaction mixture was centrifuged to remove the supernatant. After washing with water (4 mL x 3) and
acetone (4 mL x 5), and the solid was dried under reduced pressure. The resulting solid was sublimed to
afford NiPcFs (16 mg, 19 umol, 98%).

IR (neat) 1644, 1625, 1532, 1499, 1470, 1391, 1355, 1328, 1287, 1153, 1141, 1075, 1031, 1015, 966, 954, 846,

770, 753, 702, 664, 605, 568 cm™'; MS (MALDI): caled for C3:NsF1eNi ([M]*) 858, found 858.

Reduction of opp-(OCH,;CH;0H):NiPc to NiPc by SnCl,

In a 50 mL flask, opp-(OCH,CH,OH),NiPc’' (21 mg, 30 umol), SnCl,-2H,O (60 mg), 10% HCI aqueous
solution (0.5 mL), and acetone (6.0 mL) were mixed and stirred at room temperature for 36 h. The reaction
mixture was centrifuged to remove the supernatant. ~ After washing with water (4 mL x 3), methanol (4 mL x
3) and acetone (4 mL x 5), the solid was dried under reduced pressure. The resulting solid was sublimed to
afford NiPc'” (16 mg, 28 pmol, 93%).

IR (neat) 2671, 2595, 2422, 2203, 1612, 1599, 1531, 1492, 1471, 1428, 1333, 1290, 1202, 1120, 1089, 1078,
1022, 1006, 952, 866, 805, 773, 755, 722, 644 cm™'; MS (MALDI): caled for C3,Hi¢NsNi ([M]") 570, found

570.

Theoretical calculation

The density functional theory (DFT) calculations were performed for the geometry optimization of the ground
state and radical anion state of adj-(MeO):NiPcF1s and opp-(MeO);NiPcF 6 at the ©B97X-D/LANL2DZ level
for Ni, the ®B97X-D/6-31++G(d, p) level for C, H, N, O, F, and scrf(solvent = MeOH) level by using Gaussian

47,48

16 package. The molecular geometries for the transition states were first estimated by Reaction plus Pro

(ver. 2) software package (Software to optimize reaction paths along the user's expected ones, HPC Systems
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Inc., http://www.hpc.co.jp/chem/react2.html (written in Japanese)), based on the nudged elastic band (NEB)
method,**° and were subsequently re-optimized at ®B97X-D/6-31G(d,p) level for C, H, N, O, F, and
scrf(solvent = MeOH) by using Gaussian 16 package. Single point energies were calculated at ®B97X-D/6-
31++G(d, p) level for C, H, N, O, F, and scrf(solvent = MeOH) level by using Gaussian 16 package. The

cartesian coordinates of the optimized structures are summarized at the end of the ESI.

X-ray crystallographic data

Intensity data were collected on a RIGAKU Saturn 724 HG CCD system with VariMax Mo Optic using
MoK radiation. The structures were solved by a direct method (SHELXT)’! and refined by a full-matrix
least square method on F2 for all reflections (SHELXL-2016).*  All hydrogen atoms were placed using AFIX
instructions, while all other atoms were refined anisotropically. The residual scattered electron densities,
originating from disordered solvents, were eliminated by the SQUEEZE protocol equipped in PLATON.
Crystal data are summarized in Table 2. The separation of the disorders on the alkoxy moiety is difficult,
resulting in the Alerts B in the checkCIF/PLATON report. However, this problem does not affect the whole
structure of the molecule. The molecular structure was visualized by Mercury, which is provided by The
Cambridge  Crystallographic  Data  Centre (CCDC):  https://www.ccdc.cam.ac.uk/solutions/csd-

system/components/mercuryy/.

Table 2. Crystallographic data of adj-(MeO):NiPcF1¢ and opp-(MeO);NiPcF .
tldj—(MeO)zNiPCFls 0pp-(MeO)2NiPCF16

CCDC number 2401667 2401666
Chemical formula Ci4HgF16NgNiO, C34HgF1sNgNiO,
Formula weight 921.18 921.18
Crystal size/mm?® 0.30%0.20x0.15 0.25%0.02x0.15
Crystal color red red
Crystal system triclinic triclinic
Space group P-1 P-1
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Figure 7. (a) Top-view and (b) side-view of adj-(MeQ),NiPcFs (50% ellipsoids) with labels. Hydrogen atoms

and solvent molecules are omitted for clarity.

Table 3. Selected (a) bond lengths, (b) angles, and (c) torsion for adj-(MeQ);NiPcFis.

(a) Length (A) (b) Angle (deg) Angle (deg)
Ni1l—N1 1.857(2) N1—Ni1—N2 87.8(1) N9—Ni2—N10 88.9(1)
Ni1—N2 1.853(3) N2—Ni1—N3 90.5(1) N10—Ni2—N11 90.3(1)
Ni1—N3 1.874(2) N3—Ni1—N4 91.2(1) N11—Ni2—N12 91.2(1)
Ni1l—N4 1.872(3) N4—Ni1—N1 90.2(1) N12—Ni2—N9 89.5(1)
Ni2—N9 1.851(3) 01—C1—N1 111.1(2) 03—C35—N9 110.5(2)
Ni2—N10 1.853(2) 01—C1—N8 103.7(2) 03—C35—N16 103.7(2)
Ni2—N11 1.875(3) 01—C1—C2 114.4(2) 03—C35—C36 113.2(2)
Ni2—N12 1.880(2) 02—C16—N2 111.2(2) 04—C50—N10 109.3(2)
C1—01 1.411(3) 02—C16—N6 109.1(2) 04—C50—N14 102.2(2)
C1—N1 1.470(5) 02—C16—C15 105.6(2) 04—C50—C49 114.1(2)
C1—N8 1.448(4) N1—C1—N8 114.6(2) N9—C35—N16 114.1(2)
C1—C2 1.524(4) N1—C1—C2 102.8(2) N9—C35—C15 103.5(2)
C16—02 1.416(3) N2—C16—N6 115.8(2) N10—C50—N14 117.4(2)
C16—N2 1.473(4) N2—C16—C15 103.9(2) N10—C50—C49 103.1(2)
C16—N6 1.444(3)

C16—C15 1.514(5) (©) Torsion (deg)

C35—03 1.404(3)

C35—N9 1.478(4) N8—C1—N1—C8 124.3(3)

C35—N16 1.448(4) N6—C16—N2—C9 -130.8(3)

C35—C36 1.516(4) N16—C35—N9—C42 128.1(3)

C50—04 1.419(4) N14—C50—N10—C43  -134.2(3)

C50—N10 1.483(4)

C50—N14 1.437(4)

C50—C49 1.514(4)
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Figure 8. (a) Top-view and (b) side-view of opp-(MeO):NiPcFis (50% ellipsoids) with labels. Hydrogen

atoms and solvent molecules are omitted for clarity.

Table 4. Selected (a) bond lengths, (b) angles, and (c) torsion for opp-(MeO):NiPcFjs.

(a) Length (A) (b) Angle (deg) Angle (deg)
Nil—N1 1.862(5) N1—Nil—N2 90.8(2) N9—Ni2—N10 90.9(2)
Nil—N2 1.883(4) N2—Nil—N3 90.0(2) N10—Ni2—N11 89.9(2)
Ni1l—N3 1.863(5) N3—Nil—N4 90.5(2) N11—Ni2—N12 90.7(2)
Nil—N4 1.879(4) N4—Ni1—N1 89.5(2) N12—Ni2—N9 89.6(2)
Ni2—N9 1.871(4) 01—C8—N1 109.6(4) 03—C42—N9 109.0(4)
Ni2—N10 1.884(5) 01—C8—N5 102.4(4) 03—C42—N14 103.1(4)
Ni2—N11 1.854(4) 01—C8—C7 114.6(5) 03—C42—C41 114.0(5)
Ni2—N12 1.884(6) 02—C24—N3 109.9(4) 04—C58—N11 110.0(4)
c8—01 1.449(7) 02—C24—N7 102.8(4) 04—C58—N16 102.3(4)
C8—N1 1.504(7) 02—C24—C23 114.3(5) 04—C58—C57 115.2(5)
C8—N5 1.439(7) N1—C8—N5 115.3(5) N9—C42—N14 115.0(5)
c8—C7 1.50(1) N1—C8—C7 103.0(4) N9—C42—C41 103.0(4)
C24—02 1.439(6) N3—C24—N7 113.5(5) N11—C58—N16 113.6(5)
C24—N3 1.503(8) N3—C24—C23 103.6(4) N11—C58—C57 104.1(4)
C24—N7 1.445(7)

C24—C23  152(1) © Torsion (deg)

C42—03 1.446(7)

C42—N9 1.512(8) N5—C8—N1—C1 -129.4(5)

C42—N14 1.440(8) N7—C24—N3—C17 -130.4(5)

C42—C41 1.525(9) N14—C42—N9—C35 -129.6(5)

C58—04 1.436(6) N16—C58—N11—C51 -130.2(5)

C58—N11 1.507(6)

C58—N16 1.466(9)

C58—C57 1.508(9)
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Cartesian coordinates of energy-minimized structures

adj-(MeO);NiPcFi6 (neutral)
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2.4274898
3.3799077
2.6878611
1.3085345
1.1338614
-3.3799324
-2.4275259
-1.1338899
-1.3085475
-2.6878722
-0.0000182
-2.4334153
-3.4287740
-2.7407695
-1.3500582
-1.1456476
-3.3674836
3.4288042
2.4334563
1.1456803
1.3500755
2.7407847
3.3674857
0.0000200
-2.7496284
-4.0993850
-5.0919328
-4.7637251
-4.6963120
-5.0598057
-4.1101960
-2.7751607
4.7637594
5.0919822
4.0994451
2.7496843
2.7751094
4.1101413
5.0597624
4.6962840
0.0000013
-6.3233708
-4.4887031
-4.4473401
-6.3635414
6.3635952
4.4474146
4.4886340
6.3233239
-5.7417562
-1.8400710
1.8401372
5.7417808
5.6299542

-3.1756757
-2.3855185
-1.1658532
-1.2998558
-2.4750400
-2.3854812
-3.1756510
-2.4750274
-1.2998397
-1.1658177
-3.0383059
3.3582517
2.3903406
1.1146918
1.3668174
2.6629054
0.0395486
2.3903052
3.3582267
2.6628931
1.3668025
1.1146621
0.0395105
3.3173482
4.6765579
5.0141704
4.0480222
2.7171797
-2.7806487
-3.9926611
-4.7838427
-4.3834956
2.7171314
4.0479714
5.0141299
4.6765305
-4.3835204
-4.7838807
-3.9927118
-2.7806993
0.0414052
-4.4023622
-5.9314428
6.2686205
4.4026139
4.4025509
6.2685772
-5.9314811
-4.4024251
1.8326724
5.6291867
5.6291686
1.8326139
-2.0622992

-0.3419898
0.2899298

0.8667390

0.3732978

-0.2148085
0.2899472

-0.3419735
-0.2148026
0.3733002

0.8667440

-0.6190479
-0.2119040
-0.0710752
0.2289796

0.2240015

-0.0324511
0.4725718

-0.0710516
-0.2118848
-0.0324431
0.2240075

0.2289928

0.4725800

-0.1488759
-0.4844037
-0.6128703
-0.4726336
-0.1956459
0.3720556

-0.2195199
-0.8602690
-0.9226223
-0.1956121
-0.4725936
-0.6128347
-0.4843787
-0.9226473
-0.8603045
-0.2195567
0.3720281

0.3640218

-0.1756837
-1.4165829
-0.8734453
-0.6036990
-0.6036489
-0.8734037
-1.4166275
-0.1757307
-0.0711181
-0.6252365
-0.6252155
-0.0710801
0.9871035
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1.9029964
-1.9030590
-5.6299714
2.7547700
2.1844034
-2.7547778
-2.1844545
2.3199817
2.6939920
1.1135458
-1.1136073
-2.6941021
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-5.1699762
-5.1699634
-2.0622356
-1.3176774
-0.2947658
-1.3176287
-0.2946866
-0.6151791
0.6643232

-0.1789747
-0.1788301
0.6643725

-0.6151114

-1.5394507
-1.5394263
0.9871325
2.2604534
3.0549257
2.2604598
3.0549245
4.0877997
2.9075296
2.8508334
2.8508143
2.9075398
4.0877999

adj-(MeO);NiPcF; (radical anion)

2.4279299
3.3724605
2.6840447
1.3070838
1.1327482
-3.3724922
-2.4279713
-1.1327812
-1.3071021
-2.6840629
-0.0000199
-2.4304773
-3.4168789
-2.7171421
-1.3630723
-1.1499755
-3.3696756
3.4169142
2.4305272
1.1500140
1.3630904
2.7171573
3.3696741
0.0000245
-2.7861823
-4.1323624
-5.1139942
-4.7617990
-4.6839347
-5.0507867
-4.1099731
-2.7815515
4.7618399
5.1140552
4.1324378
2.7862520
2.7814951
4.1099117
5.0507350
4.6838979
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-3.1659189
-2.3880833
-1.1524674
-1.2884212
-2.4560072
-2.3880383
-3.1658898
-2.4559929
-1.2884020
-1.1524254
-3.0218412
3.3723410
2.3859376
1.1229207
1.3785062
2.7106952
0.0305130
2.3858952
3.3723116
2.7106807
1.3784877
1.1228850
0.0304678
3.3455238
4.6882968
4.9997347
4.0157214
2.7007812
-2.7980243
-4.0047326
-4.7804042
-4.3689567
2.7007228
4.0156605
4.9996868
4.6882645
-4.3689864
-4.7804507
-4.0047952
-2.7980863

-0.3583502
0.3001416
0.8569277
0.3432906
-0.2470650
0.3001423
-0.3583444
-0.2470642
0.3432845
0.8569186
-0.6618816
-0.2111561
-0.0613761
0.2380299
0.2429462
-0.0303287
0.4715261
-0.0613290
-0.2111171
-0.0303112
0.2429602
0.2380605
0.4715550
-0.1503093
-0.4899209
-0.6152272
-0.4672488
-0.1871994
0.4049418
-0.1905297
-0.8610736
-0.9461256
-0.1871319
-0.4671685
-0.6151548
-0.4898695
-0.9461390
-0.8610901
-0.1905412
0.4049385
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opp-(MeO);NiPcF;¢ (neutral)
C
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0.0000003
-6.3148084
-4.4951312
-4.5122595
-6.4012799
6.4013470
4.5123540
4.4950557
6.3147515
-5.7340183
-1.8889959
1.8890797
5.7340463
5.6151058
1.9182919
-1.9183579
-5.6151336
2.6959939
2.2014952
-2.6960169
-2.2015586
2.2801258
2.7985416
1.1518268
-1.1519093
-2.7986609
-2.2801441

0.0636042
-4.4312934
-5.9300603
6.2543760
4.3594287
4.3593527
6.2543250
-5.9301076
-4.4313719
1.7996747
5.6633220
5.6633014
1.7996038
-2.0996679
-5.1478795
-5.1478646
-2.0995898
-1.3400897
-0.2715211
-1.3400340
-0.2714444
-0.6012524
0.6367860
-0.0534446
-0.0533024
0.6368295
-0.6011910

3.5078080 2.1678800
4.0138000 0.9502860
2.8385010 -0.0097590
1.7144790 0.7476770
2.0584490 1.9815990
-2.2507140  3.3618450
-0.9606860  3.8727380
-0.0321190  2.8092450
-0.7375500  1.7334410
-2.1047600  1.9997150
1.2705800 2.9842120
-3.5078150  -2.1678850
-4.0138200  -0.9502980
-2.8385350  0.0097780
-1.7145300  -0.7476380
-2.0584620  -1.9815680
-3.0986380  1.2623390
2.2507280 -3.3618240
0.9607000 -3.8726850
0.0321140 -2.8091970
0.7375400 -1.7334130
2.1047550 -1.9996920
3.0986040 -1.2623340
-1.2705850  -2.9841610
-4.3390940  -3.2490690
-5.7062510  -3.0953400
-6.2149100  -1.8760450
-5.3663060  -0.7901370

0.3480496
-0.1226031
-1.4248953
-0.8825223
-0.5977062
-0.5976055
-0.8824370
-1.4249198
-0.1226180
-0.0558304
-0.6394504
-0.6394061
-0.0557546
1.0512929
-1.5944290
-1.5944106
1.0512917
2.2616293
3.0435339
2.2616222
3.0435247
4.0808059
2.9048647
2.8119688
2.8119357
2.9048786
4.0807952

0.2955190
0.7477890
0.9214170
0.3625940
0.0904990
-0.6092090
-0.7578540
-0.3180570
0.0843720
-0.0488540
-0.3346550
0.2954620
0.7477400
0.9213130
0.3624490
0.0903870
0.2610800
-0.6091930
-0.7579470
-0.3181850
0.0843140
-0.0488300
0.2612000
-0.3348220
0.0693820
0.2926090
0.7212750
0.9461040
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-3.3563000
-3.1552600
-1.8707660
-0.7550470
3.3563160
3.1552810
1.8707880
0.7550640
4.3391120
5.7062770
6.2149210
5.3662880
-0.0000220
-4.1983230
-1.7102730
-6.5372740
-7.5251580
4.1983520
1.7103040
6.5373190
7.5251740
-5.9130280
-3.8963820
-0.4520760
4.6031260
5.9129930
3.8964180
0.4520840
-4.6031110
-2.4852510
-3.4165120
2.4852440
3.4164830
-3.7222060
-4.2974620
-2.8900710
2.8901120
3.7219870
4.2975540

4.1192200
5.4102530
5.9194670
5.1502120
-4.1192230
-5.4102460
-5.9194260
-5.1501430
3.2490280
3.0952560
1.8759550
0.7900830
0.0000190
6.1661100
7.1535320
-4.1144750
-1.7462100
-6.1661200
-7.1534760
4.1143610
1.7460820
0.3648640
-4.4259470
-5.6845390
-3.6747570
-0.3649220
4.4259170
5.6846630
3.6747170
0.1977510
0.8870690
-0.1977160
-0.8870670
1.8379620
0.2687500
1.0723460
-1.0721400
-1.8380670
-0.2688670

-0.9319210
-1.4239460
-1.5742750
-1.2389650
-0.9318270
-1.4238900
-1.5743340
-1.2391010
0.0693720
0.2925210
0.7211840
0.9460950
0.2772570
-1.7538940
-2.0441780
0.0817300
0.9112530
-1.7537670
-2.0442770
0.0815690
0.9110940
1.3353030
-0.3663070
-1.3971210
-0.8021290
1.3353120
-0.3663090
-1.3968690
-0.8023330
2.2689250
3.0993000
2.2690370
3.0993960
2.6549080
3.2997820
4.0350850
4.0352620
2.6551000
3.2997190

opp-(MeO):NiPcF¢ (radical anion)
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-3.5303029
-4.0379880
-2.8743777
-1.7347746
-2.0776164
2.2344671
0.9437624
0.0116208
0.7221441
2.0858331
-1.2869910
3.5135529
4.0118387
2.8231192
1.7137473
2.0550197

2.1700875
0.9546011
-0.0299724
0.7558033
1.9802378
3.3685958
3.8765620
2.8108018
1.7415433
2.0051241
2.9871828
-2.1732605
-0.9403636
0.0025933
-0.7450937
-2.0223010

0.2871786
0.7433751
0.8894153
0.3757359
0.0900091
-0.5967162
-0.7572028
-0.3148169
0.0979958
-0.0287551
-0.3433622
0.3115571
0.7359664
0.9263268
0.3930087
0.1392272
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3.0815280
-2.2492775
-0.9448877
-0.0400998
-0.7667198
-2.1098687
-3.1346400
1.2919561
4.3670349
5.7350769
6.2333562
5.3678802
3.3422665
3.1397446
1.8537338
0.7372871
-3.3582231
-3.1632640
-1.8678015
-0.7606385
-4.3568781
-5.7193746
-6.2284028
-5.3862499
-0.0127481
4.1841100
1.6972556
6.5868170
7.5526741
-4.2074250
-1.7276996
-6.5514552
-7.5388086
5.9047023
3.9456024
0.4494004
-4.6076689
-5.9338921
-3.9137895
-0.4681491
4.5906652
2.5241223
3.4766897
-2.5524853
-3.1500882
2.9820726
4.3652005
3.7867444
-2.7931486
-2.8402661
-4.2432174

0.4885630
-0.1945630
0.2800040
-0.6464050

1.2733963
-3.3395995
-3.8752879
-2.8548251
-1.7512293
-1.9964647
-1.2235462
-3.0183271
-3.2410531
-3.0564188
-1.8218571
-0.7525137
4.1276000
5.4129388
5.9185969
5.1511210
-4.1007019
-5.3857392
-5.9198816
-5.1775909
3.2606495
3.1189851
1.9066304
0.8149847
-0.0150129
6.1743651
7.1529028
-4.0651211
-1.6673227
-6.1474128
-7.1705652
4.1479190
1.7989530
0.4184027
-4.4364498
-5.7309441
-3.6363097
-0.3205444
4.4376313
5.6834840
3.6916821
0.2074509
0.9010759
-0.2010117
-1.3007174
1.1118381
0.2859530
1.8408207
-2.2555005
-1.2069505
-1.2772735

-2.5101880
-3.7150280
-4.8735460
-5.8526850

0.2831954
-0.6307542
-0.7390598
-0.2878532
0.0930144
-0.0867574
0.1905519
-0.2351282
0.0854253
0.2759610
0.6757007
0.9030345
-0.9194698
-1.4234875
-1.5864549
-1.2520121
-0.9923246
-1.4658879
-1.5747805
-1.2145623
0.0747279
0.3263833
0.7791986
0.9903200
0.3051449
-1.7548594
-2.0693414
0.0612233
0.8374516
-1.8288212
-2.0396738
0.1331841
1.0135866
1.2708633
-0.3218279
-1.3354970
-0.9040027
1.4329620
-0.3648635
-1.4231976
-0.7787089
2.3015296
3.0836725
2.2674197
2.9310638
4.0338132
3.2751595
2.6145428
2.5316336
3.9739320
2.8679967

-0.7805180
-1.2906740
-1.8699820
-2.2371810
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-2.0057780
-2.4783280
-1.5602780
-1.7049410
-0.4316910
-2.8299040
-2.8232780
-4.1749800
-5.4204260
-6.5067850
-6.3263740
-5.0572610
-3.9903360
-2.5475480
-1.9193770
-2.0247770
-0.7134910
-0.0605970
-0.5658150
0.3396970
1.7091600
2.2131930
1.3153660
1.4963720
0.2245830
2.6358510
2.6578770
4.0126460
5.2923550
6.3555250
6.1289430
4.8344220
3.7916840
2.3431900
1.7344930
1.7912150
1.5668860
-0.2293620
-2.8601170
-3.7829610
-5.6267410
-7.7253790
-7.3780420
-4.9287570
-1.8629820
-0.1070860
2.5430370
3.5270450
5.5650420
7.5992650
7.1605030
4.6605970
-0.0947360
-2.4489750
-2.3708410
-2.0855890
-1.6132430

-5.6635240
-4.4902010
-3.5244110
-2.2128040
-1.6561820
-1.7471880
-0.5185810
0.1722650
-0.2892450
0.5812070
1.8844570
2.3493220
1.4780470
1.6382930
0.5057460
2.8065390
2.9335130
4.1923950
5.4027130
6.4171460
6.2102130
4.9832280
3.9838000
2.6068400
2.0335470
2.0962300
0.7930030
0.1158850
0.5431630
-0.3311960
-1.6024580
-2.0232550
-1.1491460
-1.2742780
-0.1675260
-2.3838970
-5.1013650
-6.9794730
-6.6123650
-4.3544330
-1.5240050
0.1683990
2.6896210
3.6001610
5.6480400
7.5944540
7.1932170
4.8312810
1.7576180
0.0532700
-2.4119530
-3.2350490
0.1747950
-0.8662050
0.1958340
-0.2738170
0.9282720

-2.0191900
-1.4253560
-1.0748770
-0.4088900
-0.2745170
-0.0191340
0.7194490
0.6738440
1.0262290
0.9102800
0.4602960
0.1148490
0.2286530
-0.0343800
0.1885010
-0.4326760
-0.4366560
-0.8452260
-1.2737230
-1.5942280
-1.4800630
-1.0401620
-0.7349300
-0.2282850
-0.0848110
0.0322970
0.6491300
0.4642090
0.7345380
0.5015790
-0.0124870
-0.3127410
-0.0757550
-0.3022750
0.0419300
-0.8275800
-2.0918000
-2.8010030
-2.3801970
-1.2302190
1.4725840
1.2337370
0.3603260
-0.3072810
-1.3931650
-2.0133940
-1.7935900
-0.9431470
1.2120080
0.7633760
-0.2296850
-0.8236380
0.0225830
2.0428530
2.9962020
3.9366000
2.7052760
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a

TS1

ZzzoooooooozzoooooooozzZzoooooooozzZooooooaoao

-3.3425500
2.2509520
2.9988070
3.9866710
3.1097460
2.4281970
2.6984050
3.3694410
1.7521560
3.2743710
4.4298550
3.0119280
-1.3897900
-0.6552230

0.6409730
0.0269030
0.5592510
-0.3138300
-1.6729860
-2.2045240
-1.3394530
-1.5445910
-0.3428610
-2.7172970
-2.8435480
-4.2000070
-5.4257350
-6.5342770
-6.3932030
-5.1400060
-4.0531500
-2.6215830
-1.9598530
-2.1358620
-0.8144900
-0.2266590
-0.7908610
0.0680840
1.4472690
2.0107210
1.1590000
1.4017970
0.1446950
2.5524920
2.6099820
3.9948990
5.2462650
6.3497600
6.1892700
4.9225190
3.8410970
2.4097230
1.7433770
1.9207900

0.6832070
0.8605260
1.7124080
1.2913780
2.7140930
1.7670560
-2.9490230
-2.1730540
-2.8886990
-2.5983900
-2.1641760
-1.1373400
-2.1587800
-3.1545810

-2.5381130
-3.8184430
-4.9912800
-6.0591530
-5.9391050
-4.7461430
-3.6981970
-2.3378650
-1.6904300
-1.9014100
-0.6190820
-0.0174830
-0.5625960
0.2915150
1.6485120
2.1947500
1.3446380
1.5693270
0.3983410
2.7594350
2.9226540
4.2192020
5.4303620
6.4904010
6.3253080
5.0963050
4.0531120
2.6693360
2.0340900
2.1985500
0.8921150
0.2739470
0.7558840
-0.0798450
-1.3670650
-1.8436570
-1.0048350
-1.1844690
-0.1024130
-2.3364490

3.1135470
1.9931960
2.8535820
3.0656390
2.4308320
3.7800840
2.1161450
3.0896660
2.2889690
4.0978600
2.8213300
3.1038690
2.4201310
2.8843630

-0.8483120
-1.2399710
-1.7273370
-1.9651050
-1.7068130
-1.2040650
-0.9792680
-0.4542260
-0.4075020
-0.1039010
0.3298400

0.4178330

0.7161260

0.7321760

0.4673860

0.1754930

0.1578290

-0.0988690
-0.0238050
-0.3750660
-0.4435680
-0.8121330
-1.1572940
-1.4602850
-1.4112130
-1.0529090
-0.7669850
-0.3167220
-0.1841180
-0.0526970
0.5599180

0.4199160

0.7260370

0.5397780

0.0408930

-0.2946400
-0.1093210
-0.3803910
-0.0841530
-0.8987190
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a

IM2

ZZooooooooaozzooooooaoa

1.8477760
0.1588440
-2.4732210
-3.5051850
-5.5984780
-7.7349030
-7.4636350
-5.0489460
-2.0977770
-0.4333610
2.2339620
3.3299420
5.4534330
7.5674790
7.2569780
4.8112860
-0.1029470
-2.5614440
-2.2102430
-2.0365280
-1.3112190
-3.0545110
2.1509700
2.8685080
3.8473830
2.9933450
2.2648620
2.5254400
3.1538520
1.5795880
3.2234490
4.1718530
2.6431060
-1.8501790
-0.5358140

-1.1414620
-2.4368980
-2.8191990
-4.1772230
-5.1047630
-4.7066270
-3.3706460
-2.6218140
-1.3128720
-3.2119920
-2.4800650
-3.0717930
-4.3640900
-4.5893210
-3.5411130
-2.2293120
-2.0180300
-0.8035160
-1.1366860
0.3586140

-5.1532120
-7.2021030
-6.9692440
-4.6776840
-1.8460290
-0.1941740
2.4297360
3.4912500
5.6336290
7.6696050
7.3495930
4.9841070
1.9849790
0.3566100
-2.1390450
-3.0701450
0.1551040
-0.8497170
0.3127950
0.0069550
0.7898430
1.0025740
0.9397570
1.7704610
1.3418960
2.7825300
1.8019660
-2.6121490
-1.9691540
-2.6951600
-2.6178060
-1.7105690
-1.0417140
-1.5549660
-2.8544290

-2.5740760
-3.1527300
-4.4289110
-4.6587610
-3.6311590
-2.3360660
-2.1190130
-0.9298560
-1.2263540
0.2350880
1.3172840
2.6399150
3.0531270
4.4242040
5.3322460
4.9018740
3.5549060
2.7672210
1.4348070
3.2999020

-1.9828750
-2.4411830
-1.9416980
-0.9686100
0.9896430
1.0079600
0.4911010
-0.0715100
-1.2112330
-1.8009310
-1.7071280
-1.0127290
1.1958680
0.8354390
-0.1274870
-0.7859540
-0.1388340
2.1626730
2.9145470
3.9475780
2.5144560
2.8783040
1.8823160
2.7884840
3.0251810
2.3949500
3.6946940
2.0256710
3.1109650
2.2398130
3.9958800
2.8008810
3.3955310
2.3056050
2.8714160

-0.6863310
-1.0662060
-1.4082310
-1.6711600
-1.5759000
-1.2175710
-0.9704740
-0.5526220
-0.4273970
-0.3614450
-0.1999350
0.0251020

0.2578800

0.4388700

0.3777210

0.1363390

-0.0400430
-0.2782150
-0.3274110
-0.5238030
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1.4399040
2.7474740
3.1517380
4.5046310
5.4101050
4.9932260
3.6576100
2.8974630
1.5364830
3.4268760
2.5863190
3.2143920
4.4748630
4.7608390
3.7976160
2.5262740
2.2563790
1.0727510
1.2786180
-0.0578490
-1.9726270
-4.5825000
-6.3810750
-5.6265040
-5.3899590
-5.8168480
-3.7864890
-1.2602120
2.3242440
4.9340180
6.6844160
5.8906440
5.4371990
5.9663420
4.1003630
1.6408940
0.0848860
-0.4212150
0.8514810
0.9660850
1.0643290
1.6014750
2.2506010
3.3250020
3.8570500
4.0268370
2.8582830
-2.8256640
-4.2047340
-2.6030660
-4.8167970
-4.4718640
-4.4675570
-1.0672440
-2.4061380

M m m ™ m ™ ™M ™M™ ™ ™™™ ™™ THZZO0000000zz2z00000000

TZTZIZTZTQO0OIZTITZTTZTOOT T T OOZ

a

TS2

2.5176840
3.0540800
43062310
4.4902810
3.4433660
2.1800960
2.0020890
0.8514180
1.2323370
-0.2391330
-1.1934990
-2.5804470
-3.0182580
-4.3815470
-5.2749170
-4.8248920
-3.4741520
-2.6803730
-1.4090250
-3.2734460
-5.4399050
-5.8721370
-3.8799680
-1.3905340
2.2231760
4.8624870
6.6210310
5.7993130
5.3305220
5.6747970
3.6495500
1.2136370
-2.2022640
-4.8316080
-6.5628600
-5.7009010
0.0117310
2.8928380
2.4609110
2.5401260
1.4267360
3.1098330
-0.7657290
-0.4769600
-1.3884020
0.2384650
-0.0393310
-2.2376950
-2.4346350
-1.3586640
-1.6720800
-3.4124150
-2.4296050
2.2092270
0.6320000

-0.5902600
-0.9860750
-1.4019700
-1.7020840
-1.5767840
-1.1424260
-0.8622850
-0.3405840
-0.2647000
0.0373070
0.7157700
0.6851070
1.0140930
0.8961540
0.4431470
0.0879870
0.2113300
-0.1357440
0.0696570
-0.5993980
-1.5026470
-2.0124700
-1.8260530
-1.1205890
0.3255340
0.6720100
0.5553180
0.0905980
-1.5278990
-2.1127870
-1.8717380
-1.0287980
1.4373380
1.2128130
0.3372860
-0.3632270
-0.1979400
2.3531830
2.7834820
3.8738950
2.4837930
2.3193770
2.0035520
2.8942560
3.1813240
2.4580220
3.7757680
1.9510900
2.1644430
2.3140630
1.6603920
1.7528280
3.2309480
2.6181450
3.0852120

mm ™ ™ m ™ ™ T ™™ ™™™ ™™™ T ZZO0O0000000zzoo0oo0o00000zzZzo0000o000zzo0oo0oo0oo0n0an0a0n

z

-0.5932510
-1.8011370
-1.9828520
-3.2871790
-4.3625600
-4.1683670
-2.8831840
-2.3264870
-0.9630460
-3.1169050
-2.5877630
-3.4072230
-4.7673460
-5.2313310
-4.3432520
-2.9599630
-2.5139760
-1.1683410
-1.2532910
-0.0917460
1.1119390
2.3299640
2.5299510
3.8466920
4.9169730
4.7045970
3.4045870
2.8275770
1.4185990
3.5300420
2.8738630
3.7483920
5.0734630
5.6045880
4.8149600
3.4760900
2.9637690
1.6380370
1.6233980
0.6104130
-0.9882740
-3.5049020
-5.5848230
-5.2158510
-5.6510100
-6.5346910
-4.8138820
-2.1509860
1.5417180
4.0842900
6.1531600
5.7536140
5.8760910
6.8784470
5.3480040
2.7603790
0.2005290

-2.6458640
-3.4686310
-4.7683270
-5.2732290
-4.4894950
-3.1736270
-2.6823140
-1.3719190
-1.3998430
-0.2672540
0.9082570
2.1255390
2.3284400
3.6482350
4.7131280
4.4955060
3.1948590
2.6089010
1.2615770
3.3580180
2.7943770
3.5993310
4.9413170
5.3963700
4.5211990
3.1641640
2.7211630
1.3981230
1.5204230
0.3811870
-0.8111470
-2.0333100
-2.2800560
-3.5277690
-4.4957410
-4.2360740
-2.9974800
-2.3974110
-1.1498570
-3.1305580
-5.5508510
-6.5143400
-4.9985760
-2.4657800
1.3455200
3.8866170
5.9504520
5.5414340
5.8105060
6.6773980
4.9845920
2.3668500
-1.3834070
-3.7938060
-5.6707140
-5.1762540
0.0648880

-0.7448690
-0.9425640
-1.3640220
-1.3885980
-0.9892990
-0.5543980
-0.5477920
-0.1330330
-0.3473060
-0.2370380
-0.2840850
-0.3819780
-0.3881440
-0.4634010
-0.5241310
-0.5111440
-0.4378820
-0.3810530
-0.2998290
-0.4364590
-0.3437250
-0.5098980
-0.7642210
-0.8736110
-0.7293040
-0.4660840
-0.3683310
-0.0630600
-0.1011030
0.2262240

0.6916360

0.4370820

0.7086010

0.3706310
-0.2377000

-0.5292460
-0.1906830
-0.3992710
-0.0028110
-0.8805210
-1.7505770
-1.7983560
-1.0205430
-0.1634280
-0.3273580
-0.4764500
-0.5941540
-0.5653720
-0.9042350
-1.1195800
-0.8418200
-0.3315110
1.2779420

0.6256610

-0.5518300
-1.1304330
-0.1478610
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0 24217860  1.8177230  2.4476090 c 29329220  -0.7464340  0.6998620
C -1.2057750  1.3516570  2.9908000 c 3.8734280  -1.8725390  0.2776060
H -1.1923900  1.4055960  4.0884550 c 52301770  -2.0369830  0.4371950
H -0.9893930  0.3183550  2.6905540 c 5.8268310  -3.2028920  -0.0481010
H -0.4042960  1.9925750  2.6108640 C 5.0674250  -4.1746790  -0.6867290
0 24821250  -0.6777990  2.0301820 c 3.6949050  -3.9987240  -0.8606650
C 3.5051860  -0.3895760  2.9785330 c 3.1166410  -2.8395560  -0.3797070
H 41753970 -1.2444210  3.1105720 C 1.7303800  -2.3365290  -0.4405160
H 40853700  0.4904130  2.6894600 N 1.6724620  -1.1179080  0.0623480
H 2.9857720  -0.1938710  3.9156380 N 0.7299790  -3.0958800  -0.8945790
0 -2.3582480  -1.5081430  1.7450080 F -0.8108860  -5.5624400  -1.7301450
C -1.9465720  -2.7208340  2.3666100 F -3.2304980  -6.7317200  -1.5183750
H -3.2275280  -1.1782880  2.1384250 F -5.2950610  -5.4460220  -0.3670170
H 2.6085120  -3.5520140  2.1064570 F -4.9985480  -2.9370910  0.6126590
H -0.9270330  -2.9318670  2.0397850 F 57348850  0.8678660  -0.7017330
H -1.9485140  -2.5696870  3.4478610 F -6.7475520  3.3275580  -1.1452680
H -3.1280730  1.2096330  2.7268880 F -5.1484380  5.4874520  -1.2530650
cl -4.6423860  -0.3886300  3.1881680 F 24843100  5.2623510  -0.9238970
F 1.1615320  5.8328060  -0.7972250
IM3 F 3.6436850  6.8753930  -0.8801610
C -0.4989460  -2.6918850  -0.5911560 F 5.8109860  5.3268120  -0.5159760
C -1.6619330  -3.6007830  -0.6799120 F 55708910  2.6811660  -0.0530380
C -1.8032370  -4.8876730  -1.1633060 F 6.0066100  -1.1314690  1.0314670
C -3.0523400  -5.4993820  -1.0544460 F 7.1343390  -3.3862730  0.0940760
C 41203940  -4.8350560  -0.4610890 F 56611380  -5.2725950  -1.1438050
C -3.9637500  -3.5390630  0.0336490 F 3.0092870  -4.9424260  -1.4945120
C 2.7351060  -2.9361480  -0.0969380 Ni 0.1817300  0.0077750  -0.0146230
C -2.2623880  -1.5700310  0.3654440 0 2.1756130  2.5306830  2.4031480
N -0.8818790  -1.5244890  -0.0943070 C -1.1447480  1.7289090  2.9475840
N -3.1344530  -0.5345620  -0.1029750 H -1.1301910  1.7623670  4.0452500
C 2.6739710  0.6360250  -0.2979270 H -1.2242570  0.6823480  2.6274200
C -3.5448220  1.7888180  -0.6029090 H -0.1948060  2.1241200  2.5782890
C 449086720  1.9033170  -0.7555510 0 26393730 -0.7601060  2.0750090
C 54393620  3.1763400  -0.9833890 C 3.7107520  -0.4816440  2.9687350
C -4.6128930  4.2919300  -1.0393170 H 44456720 -1.2930230  2.9738620
C 32309180  4.1682590  -0.8726380 H 42086170  0.4593650  2.7211590
C 27161220 2.9081100  -0.6538930 H 32566020  -0.4063300  3.9562940
C -1.3461920  2.4212750  -0.4229660 0 23073470 -1.4300440  1.7798320
N -1.3497910  1.0978750  -0.2323560 C -1.5437600  -2.3519640  2.5571820
N -0.3158080  3.2526850  -0.4564380 H -3.6256580  -0.5966270  2.4653910
C 0.9107060  2.7844720  -0.2806380 H -1.8522400  -3.3835940  2.3628030
C 2.0797290  3.6756850  -0.3778550 H -0.4770090  -2.2306470  2.3528260
C 2.1997070  5.0304120  -0.6139280 H -1.7500190  -2.0990460  3.5962290
C 3.4844900  5.5770200  -0.6565520 H -3.0155130  2.1263690  2.6484300
C 46051570  4.7766230  -0.4680540 cl 45305610  0.1415700  3.0849060
C 44745610  3.4059310  -0.2281930
c 3.2049460  2.8727940  -0.1921420
C 27101170 1.5025390  0.0569510
N 13042130 1.5318430  -0.0260600
N 3.4815700  0.5282610  0.3206770
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General Conclusion

General Conclusion

In this thesis, the author has developed stimuli-responsive MPc and MNc derivatives that form MPc and
MNc aggregates by eliminating axial ligands or alkoxy groups on the core-structure. The following two
approaches have been conducted for axial ligand dissociation in these derivatives. The first one involves
axial ligands containing a peptide sequence that can be cleaved by enzymes highly expressed in tumor cells.
The second one involves cleavage between the central metal and the axial ligand through photoinduced
intermolecular electron transfer. The following three methods have been demonstrated for the dissociation
of alkoxy groups on the core structure: (1) a thermal conversion reaction using the central metal of another
molecule as a sacrificial reductant, (2) an electrochemical two-electron reduction reaction, and (3) a reductive
aromatization via external reductants such as glutathione or tin(Il) chloride. The author has also elucidated
the structures and photophysical properties of all MPc and MNc precursors prepared. The author has
achieved tumor theranostics and thin-film fabrication by employing methods that enable stimuli-responsive
conversion into MPc and MNc. These findings are summarized in the following five chapters.

Chapter 1 described MNc-pep-PEG conjugates in which the peptide linker connecting MNc and PEG is
cleaved in response to MMP-2. After enzyme-responsive cleavage of PEG moieties, the water solubility of
MNc decreases, resulting in a change in PA signal intensity and the PA signal intensity ratio because of MNc
aggregation. MNc-pep-PEG was found to act as an activatable PA probe in vitro and in vivo, demonstrating
that the absorption wavelength shift caused by MNc aggregation can serve as a design principle for activatable
PA probes.

Chapter 2 described the photoinduced cleavage of PEGylated axial ligands of MPc. The photolysis of the
hydrophilic axial ligand was found to occur through the generation of a pair of MPc¢ radical anion and radical
cation caused by intermolecular electron transfer. This reaction mechanism suggested photoimmunotherapy
can be applied to lesions by using amphiphilic phthalocyanines that form self-assemblies under non-reductive
conditions.
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Chapter 3 dealt with GSH-responsive reductive aromatization of core-alkoxylated NiPc and its PA signal
enhancement. NiPcs having alkoxy groups on their a-carbons of the pyrroles exhibited remarkably high
solubility because of their distorted macrocycles due to the replacement of sp*hybridized carbons with
sp*-hybridized carbons in the macrocyclic framework. They showed no absorption in the NIR region above
700 nm, causing only negligible PA signal generation before conversion to NiPc during PA cancer imaging.
Since core-alkoxylated NiPc is converted to water-insoluble NiPc through GSH-mediated reductive
aromatization in vivo, it can serve as a turn-on PA contrast agent.

Chapter 4 described the synthesis of core-alkoxylated NiNc and its GSH-responsive reductive aromatization.
Although the NIR photothermal conversion of NiPc in water was inefficient due to a hypsochromic shift of
the absorption spectrum caused by aggregation, NiNc with extended n-conjugated structure showed high NIR
photothermal conversion efficiency enough to induce cell death of cancer cells, which will find application in
photothermal therapy (PTT). PA signal intensity of core-alkoxylated NiNc was increased in response to its
conversion to NiNc, showing the potential as a PAI/PTT theranostic agent.

Chapter 5 dealt with two isomers of core-alkoxylated perfluorinated (RO);NiPcFis.  The author
demonstrated that (RO),NiPcFis derivative with two methoxy groups on a-carbons of the adjacent pyrroles
was isolated and its transformation to planar NiPcF;¢ by heat, electrochemical reduction, and reaction with a
reducing agent. These transformation was applied to prepare MPc-coated materials and MPc films.

MPcs and MNcs possess optical properties that make them suitable as photosensitizers for photoacoustic
imaging and phototherapy for cancer; however, their low solubility has posed a challenge in their development.
This thesis demonstrated that modifying the core structure with axial ligands or alkoxy groups bound to the
a-carbon of pyrrole units effectively suppresses n-m stacking, thereby enhancing the solubility of MPcs and
MNcs in water or organic solvent. Furthermore, several methods were developed to convert these
core-modified MPcs and MNcs into their corresponding MPcs and MNcs under mild conditions. Notably,
core-modified MNcs undergo reductive aromatization by glutathione (GSH) in a biological environment,

leading to the formation of MNcs that absorb near-infrared (NIR) light. This property enables their application
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as turn-on photosensitizers for photoacoustic imaging and photothermal therapy. These findings provide
significant insights into the development of drugs that facilitate minimally invasive cancer theranostics. The
development of core-alkoxylated MPcs with substituents on the peripheral benzene ring is expected to simplify
the fabrication of functionalized MPc thin films, thereby promoting the advancement of high-performance

organic semiconductors.
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